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Abstract  

Toxic cyanobacterial harmful algal blooms (cyanoHABs) are proliferating in freshwater 

ecosystems due to excess nutrient inputs, causing eutrophication and threatening human, 

wildlife, and ecosystem health. These blooms are dominated by cyanobacteria with diverse 

repertoires of biosynthetic gene clusters (BGCs) that encode for the synthesis of secondary 

metabolites, bioactive compounds that confer functional advantages beyond growth or 

reproduction such as defense or competition. Among these are cyanopeptides, a broad class of 

peptidic metabolites with diverse bioactivities, including disruption of enzymatic and cellular 

functions. Microcystins, a hepatotoxic subset of cyanopeptides, are classified as cyanotoxins due 

to their potent toxicity to humans and wildlife. While monitoring often focuses on cyanotoxins, 

other cyanopeptides, such as anabaenopeptins, may also contribute to bloom toxicity. The 

cosmopolitan bloom-forming genera Microcystis and Dolichospermum frequently co-occur in 

freshwater bodies and dominate different bloom phases, each encoding numerous BGCs for both 

known and uncharacterized metabolites. Intraspecific variability in secondary metabolite 

production shapes bloom toxicity and drives ecological interactions across trophic levels during 

cyanoHABs. However, the temporal dynamics, environmental drivers, and health risks of 

individual and co-occurring cyanopeptides beyond microcystins remain poorly defined. 

Emerging evidence suggests these compounds may act synergistically, amplifying their toxic 

effects towards humans, wildlife, and aquatic organisms.  
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To address these gaps, this thesis integrates multi-omics (metagenomics and 

metabolomics) and toxicological approaches to investigate the dynamics, drivers, and 

understudied risks of natural cyanoHAB communities and their bioactive metabolites from two 

geographically distant but similarly eutrophic Great Lakes basins, western Lake Erie (WLE) 

(USA) and the Winam Gulf of Lake Victoria (Kenya). 

Chapter 2 investigated the temporal patterns of Microcystis and Dolichospermum 

dominance, BGC abundance, and cyanopeptide production in WLE. Lower temperatures and 

nitrogen availability were most closely associated with late season Dolichospermum dominance. 

Beyond taxonomic shifts, co-varying modules of BGCs and their associated cyanopeptides 

exhibited distinct temporal patterns, revealing biosynthetic successions across the bloom season 

that extended beyond microcystins. The cyanopeptide phases were linked to changes in the 

environment, including eDNA detection of grazers, dissolved organic matter composition, and 

nitrogen availability, suggesting both top-down and bottom-up controls on cyanoHAB ecology 

and toxicity.  

Chapter 3 characterized the cyanobacterial community and its BGC repertoire in the 

Winam Gulf of Lake Victoria using metagenomic sequencing. Extensive spatial variation in 

cyanobacterial composition was observed, with Dolichospermum as the dominant genus during 

most large bloom events, while Microcystis dominated non-visible blooms in turbid regions at 

the time of sampling. Microcystin production was attributed specifically to Microcystis, 

resolving a long-standing ambiguity in the region. Additionally, over 300 novel cyanobacterial 

BGCs with unknown products were identified, revealing a vast and previously unexplored 

chemical landscape. 
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Chapter 4 evaluated the toxicological effects of two commonly co-occurring 

cyanopeptide classes, anabaenopeptins and microcystins, on human lung, kidney, and liver cell 

lines. Varying synergistic interactions between the cyanopeptides were observed across all three 

cell lines, highlighting the importance of investigating mechanisms of toxicity for co-occurring 

metabolites. Toxicity assays using Microcystis culture extracts demonstrated that microcystin 

and anabaenopeptin concentrations alone poorly explained the variation in cytotoxicity across 

cell lines. This suggests that additional compounds or interactive effects between metabolites 

may play a more substantial role in overall toxicity.  

Overall, these findings underscore the need to expand research, monitoring, and 

management efforts beyond microcystins to better capture the complexity of cyanoHAB toxicity 

and its risks to public and ecological health.  
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Chapter 1 Introduction 

1.1 Introduction and Overview 

Freshwater ecosystems are essential to global environmental and human well-being, yet 

they are increasingly threatened by human activity. They play a vital role in regulating Earth’s 

climate, supporting biodiversity, and providing essential societal resources (1). However, 

freshwater ecosystems face increasing threats from eutrophication, driven by excessive nitrogen 

and phosphorus inputs from industrial, urban, and agricultural sources (2). Rapid urbanization, 

invasive species, and pollution are further accelerating declines in water quality and biodiversity 

within these systems (3). Worldwide, these anthropogenic pressures are leading to the 

widespread proliferation of cyanobacterial harmful algal blooms (cyanoHABs) (Figure 1.1) 

(4,5). Nuisance cyanobacteria are responsible for these blooms, relying on photosynthesis and 

nutrient enrichment to proliferate and produce toxins that pose serious risks to human health, 

aquatic ecosystems, and wildlife (6,7). CyanoHABs and their toxins are detrimental to the 

prosperity of ecosystems and societies, costing the United States approximately 2.2 billion 

dollars annually (8). The issues they pose are multi-faceted, resulting in degraded drinking water 

and hypoxic ecosystems, thus reducing biodiversity, health, tourism, and recreation in effected 

areas (8). Alarmingly, cyanoHAB proliferation and toxicity are expected to intensify with rising 

temperatures, carbon emissions, and nutrient inputs. Temperate freshwater systems are projected 

to experience more than twice as many cyanoHAB-affected days by 2050 (5,9). Together, these 

trends emphasize the need to understand the dynamics and drivers of bloom-forming 

cyanobacteria to prevent, mitigate, and manage their global consequences.  
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CyanoHABs consist of diverse bloom-forming cyanobacteria with distinct 

ecophysiological adaptations (10–12). Microcystis, the most widespread bloom-forming genus, is 

found on nearly every continent and frequently produces the hepatotoxin microcystin (MC) (13). 

Unlike Microcystis, which is unicellular, colony forming, and non-diazotrophic, other globally 

dominant genera are filamentous and can often fix atmospheric nitrogen (diazotrophic), 

including Dolichospermum (previously Anabaena), Anabaena, Aphanizomenon, Planktothrix, 

Raphidopsis, Nodularia, and Phormidium (14). Diazotrophic and non-diazotrophic genera often 

bloom in succession of one another (12). These genera-specific temporal patterns are mediated 

by strain-specific morphological and physiological adaptations which control buoyancy, provide 

resistance to grazing, determine nutrient uptake efficiency, and regulate growth and temperature 

response (12,15–19). Additionally, each bloom-forming genus, species, and strain poses distinct 

threats to human and environmental health through unique toxin production abilities (20–22). 

However, resolving phylogenetic relationships at the species and strain levels in common bloom-

forming genera such as Microcystis and Dolichospermum remains challenging due to the limited 

availability of complete genomes, highly plastic and open pangenomes, extensive repetitive 

regions, phenotypic diversity, and low genomic synteny (10,13,23). While genus-specific 

ecophysiological traits likely drive the dominance of particular cyanobacteria under specific 

environmental conditions, our understanding of how these traits respond to, and shape, bloom 

dynamics remains limited, constraining our ability to predict and manage blooms effectively.  

Beyond genus-level variation, cyanobacterial strains exhibit substantial heterogeneity in 

key functional traits including carbon concentration, nutrient metabolism, and host-microbiome 

interactions, with secondary metabolism standing out as the most diverse trait of them all (20–

22,24–27). Cyanobacterial secondary metabolism, the act of producing molecules for purposes 
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other than growth and reproduction, is highly diverse, documented to synthesize 2,425 unique 

molecules (as of September 2025), many of which having negative effects on phytoplankton, 

microbes, plants, invertebrates, and vertebrates, including humans (7). The ability to synthesize 

secondary metabolites is encoded in the genome through biosynthetic gene clusters (BGCs) 

which are made up of tightly linked sets of genes that encode the enzymes and protein necessary 

to synthesize a secondary metabolite (21,22,28). Freshwater cyanoHAB research on secondary 

metabolism largely focuses on the synthesis of MCs, accounting for over 90% of current 

literature but only 13% of known cyanobacterial metabolites (7,29). However, bloom-forming 

genera produce a vast array of other structurally complex hepatotoxins, neurotoxins, taste and 

odor compounds, and molecules which remain to be characterized and linked to their 

corresponding BGC (Figure 1.2). Secondary metabolites produced within cyanoHABs are 

temporally variant and are hypothesized to serve diverse ecological functions including nutrient 

storage, grazer defense, allelopathy, photosynthetic support, phycosphere recruitment, and 

oxidative stress protection (30–34). Few studies investigate the temporal distributions and 

putative drivers of cyanobacterial secondary metabolism beyond MCs, leaving a large gap in 

understanding the functional roles, harmful effects, and potential mitigation strategies of these 

toxic molecules.   

One reason for this gap is that robust phenological modeling of cyanobacterial dominance 

and secondary metabolism requires extensive multi-omics data, including data analyzing 

multiple types of macromolecules such as DNA, RNA, proteins, metabolites, to reveal 

meaningful and conserved temporal patterns (35–37). Producing these long-term, multi-omics 

(metagenomics, metatranscriptomics, proteomics, metabolomics) datasets is costly and requires 

close-knit collaboration. Eutrophic Great Lakes basins such as western Lake Erie (U.S.) and the 
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Winam Gulf of Lake Victoria (Kenya) are ideal systems for generating such valuable datasets, as 

they are well-monitored and experience frequent, severe cyanoHABs with significant local 

impacts (38–41). These systems provide an opportunity to comprehensively study the 

spatiotemporal dynamics of cyanobacterial secondary metabolism across a vast latitudinal 

gradient.  

1.2 CyanoHABs in Eutrophic Great Lakes 

1.2.1 CyanoHABs in Western Lake Erie, United States: Past and Present  

CyanoHABs have been detected and cause detrimental local effects in all Laurentian 

Great Lakes and their surrounding tributaries (42). Of these water bodies, Lake Erie, which is 

divided into eastern, central, and western basins and provides drinking water for ~11 million 

people, experiences some of the most prolific cyanoHAB events (43). These events are 

concentrated in Sandusky Bay and western Lake Erie (WLE) (Figure 1.3), the shallowest, 

warmest, and most biologically productive area in the Great Lakes (44,45).  

CyanoHABs in WLE have been documented for more than a century, but the 

phytoplankton composition has been constantly shifting in response to changes in nutrient 

accumulation driven by lakeside population, land use, and lake management changes (43,44). In 

the mid-1900’s, rapid increases in nutrient concentrations, both nitrogen and phosphorus, were 

reported and hypothesized to originate mainly from fertilizers (46). As WLE became 

increasingly eutrophic in the 1950’s, the dominant phytoplankton switched from diatoms to 

filamentous, nitrogen-fixing (diazotrophic) cyanobacteria from the genera Anabaena, 

Dolichospermum, and Aphanizomenon, now considered the ADA clade, accompanied by a 

relatively small population of Microcystis (43,47). Policymakers and researchers recognized the 

declining trophic state of WLE in the early 1970’s and passed the binational Great Lakes Water 
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Quality Agreement (GLWQA) in 1972 to reduce phosphorus delivery to the western and central 

basins of Lake Erie by 40% (48).  The GLWQA reduced point-source phosphorus pollution in 

WLE, improving water clarity and lowering algal biomass through the 1980s, an process that 

was also aided by the introduction of invasive Dreissenid mussels (49–51).  

Although total phosphorus inputs from point sources have substantially declined in 

western Lake Erie (WLE), increasing nutrient inputs from non-point sources, particularly since 

the mid-1990s, have reshaped cyanoHAB phytoplankton composition. Specifically, rising levels 

of bioavailable phosphorus and chemically reduced nitrogen forms (e.g., urea, ammonia, and 

dissolved organic nitrogen [DON]) from non-point source, agricultural runoff have fueled the 

proliferation of non-diazotrophic bloom-forming genera like Microcystis during summer months 

(42,52–55). Microcystis rapidly respond to externally loaded, chemically reduced nitrogen, likely 

due to its energetic favorability and Microcystis' superior ability to scavenge these resources 

compared to its eukaryotic competitors (56–58). Moreover, external loading and internal 

recycling of bioavailable nitrogen increases the production of the nitrogen-rich hepatotoxin, MC 

(59). Researchers collectively hypothesize that the rising levels of DON and bioavailable 

phosphorus are driving the increased intensity and toxicity of Microcystis-dominated 

cyanoHABs in WLE and surrounding freshwater ecosystems (60). In the last five years, the 

diazotrophic genus Dolichospermum has been blooming in mass in the colder fall months 

(Chapter 2, (61)). These shifts over the past two decades likely reflect the combined influence of 

legacy phosphorus accumulation in the Lake Erie watershed, climate variability, evolving 

agricultural practices (e.g., no-till farming), and altered nutrient dynamics driven by invasive 

species (62–65). Together with rising inputs of bioavailable nitrogen and phosphorus, these 

factors have contributed to increasingly variable and intense phytoplankton blooms in WLE. 
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This evolving nutrient landscape underscores the need for a dual-nutrient management approach 

that addresses both nitrogen and phosphorus inputs to mitigate cyanoHAB impacts.  

Starting in the mid-1990’s, monitoring of WLE consisted mostly of opportunistic 

sampling of a limited set of physicochemical parameters by National Oceanic and Atmospheric 

Administration Great Lakes Environmental Research Laboratory (NOAA GLERL) and United 

States Geological Survey (USGS), and cyanotoxin (MC, cylindrospermopsins (CYL), anatoxin-a 

(ATX), and saxitoxin (SXT)) monitoring by the Environmental Protection Agency (EPA) 

(Figure 1.4) (41). More intense monitoring, collaboration with universities, and the use of 

molecular tools to monitor the genomes and metabolites of bloom-forming cyanobacteria in 

WLE began in 2014 due to the Toledo drinking water crisis, in which MCs made it into the 

Toledo’s processed water and resulted in a three day “do not drink” advisory (66). This event 

cost the city an estimated 65 million dollars, damaged residents’ trust with their water source, 

and underscored the importance of monitoring and managing WLE, which is now declared an 

impaired water source under the Clean Water Act (67). Today, monitoring of WLE consists of 

satellite monitoring, early warning forecasting, measurement of over 50 physicochemical and 

biological water quality measurements, buoy deployment, cyanotoxin monitoring (MC, CYL, 

ATX, SXT), autonomous vehicle sampling, sample collection for DNA, RNA, and metabolomics 

analysis, and in situ experimental studies (41,68). With substantial investments in monitoring 

infrastructure and long-term data collection, WLE serves as an ideal system for studying bloom 

dynamics and drivers, supporting early warning modeling and informed management planning. 

1.2.2 CyanoHABs in Winam Gulf, Lake Victoria, Kenya: Past and Present  

The African Great Lakes are among the most ecologically and socioeconomically vital 

freshwater systems on the planet yet remain critically understudied. Together, Lakes Victoria, 
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Tanganyika, Malawi, Turkana, Albert, Kivu, and Edward hold nearly a quarter of Earth’s 

unfrozen freshwater, supporting millions of people through fishing, agriculture, and drinking 

water (69). However, these lakes are increasingly threatened by cyanoHABs, which jeopardize 

biodiversity, ecosystem productivity, and the resources communities depend on for daily life 

(70). For example, Lake Victoria, the world’s second-largest lake by surface area, supports over 

half of Kenya’s population and is experiencing widespread eutrophication due to rapid 

population growth and land-use changes, resulting in widespread cyanoHABs concentrated in its 

shallow, nutrient-rich gulfs (71).  

Some of the most prolific and dangerous cyanoHAB events in Lake Victoria take place in 

the Winam Gulf (Nyanza Gulf), a shallow inlet in the southwestern corner of Kenya (Figure 1.5) 

(39,72). The gulf provides water for drinking, bathing, daily tasks, subsistence fishing, and 

aquaculture to approximately 4.5 million people from Kenya’s third largest city, Kisumu, and 

smaller nearby fishing villages such as Homa and Kendu Bays (73,74). Substantial population 

growth in these lakeside communities and increasing sewage and urban runoff, mainly via the 

Nyando, Sondu-Miriu, Awach-Tende, Awach-Kibuon, Kibos, and Kisat rivers, have led to year-

around cyanoHABs in the gulf. Despite the abundant sources of both nitrogen and phosphorus to 

the gulf, total nitrogen: total phosphorus (TN:TP) ratios indicate nitrogen limitation relative to 

phosphorus (75). These conditions should select for diazotroph dominance in the gulf, although 

there are plenty of non-diazotrophic cyanobacteria (i.e., Microcystis) present at high densities, 

suggesting non-diazotrophs may be employing alternative adaptation strategies to proliferate in 

the nitrogen limited gulf (76,77).  

Monitoring in this region is mostly conducted by the Kenya Marine and Fisheries 

Research Institute (KMFRI) and local universities (39,78,79). Quarterly cruises assess key water 
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quality indicators, classify phytoplankton morphology through microscopy, and survey fish 

populations. Prior to 2022, studies on cyanoHABs in this region identified Microcystis as the 

dominant bloom-forming cyanobacterium via microscopy (39). A collaborative grant between 

2022 and 2024 funded through the National Science Foundation International Research 

Experience for Students (NSF-IRES) initiated the first 16s ribosomal RNA and metagenomic 

sequencing projects studying the molecular composition of Winam Gulf cyanoHABs (link). The 

first study used 16s rRNA sequencing and quantitative polymerase chain reaction (qPCR) 

approaches to study the microbial community and toxin biosynthesis genes along a spatial 

gradient in the gulf in 2022 (76). The results identified Dolichospermum as the main bloom-

former across cyanoHAB events in the gulf, inconsistent with previous reports of Microcystis 

dominance. qPCR analysis revealed alarmingly high levels of toxin biosynthesis genes for MC 

and CYL, mcyE and cyrA, near Homa Bay and the Nyando river mouth, respectively. Prior to 

this study, no genomic investigations had characterized the taxonomic composition or 

biosynthetic potential of cyanoHABs in the Winam Gulf, Lake Victoria’s most eutrophic and 

bloom-prone region. This gap highlights the need for increased molecular-based monitoring in 

the Winam Gulf to better understand the dynamics and threats of cyanoHABs locally, while also 

addressing the global data scarcity for this ecologically and economically critical freshwater 

system. 

1.2.3 Implications for Environmental, Human, and Economic Prosperity 

Human-induced eutrophication is deteriorating water quality worldwide primarily due to 

the rapid expansion of toxic cyanoHABs, which have severe consequences for environmental 

health and stability (80). The environmental consequences of cyanoHABs are far-reaching, 

affecting water quality, biodiversity, and ecosystem stability. Bloom-forming cyanobacteria 
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outcompete beneficial phytoplankton, altering the energy flux of the ecosystem and reducing 

resources available to higher trophic levels (81). The die off and subsequent decomposition of 

cyanoHABs results in hypoxic dead zones. Hypoxia can cause major fish kills and also selects 

for aquatic organisms adapted to hypoxia, leading to a loss of biodiversity and ecosystem 

sustainability (81). Toxins produced by bloom-forming cyanobacteria greatly affect aquatic 

organisms, livestock, domestic animals, and wildlife. Cyanotoxins accumulate in fish and 

bivalves, causing death and biomagnifying toxins throughout the food web (82). Animal sickness 

and death due to cyanotoxin exposure have been reported in over 50 countries, but this number is 

known to be significantly underreported (83,84). Cyanotoxin exposures have caused massive 

die-offs of wading wildlife such as birds and non-wading animals in African countries such as 

zebra, impalas, giraffes, and elephants (85). Livestock are especially vulnerable to cyanotoxin 

exposure, often developing skin irritation, organ damage, liver injury, and even death due to 

drinking from and swimming in visibly contaminated, foul-smelling, cyanoHAB-laden ponds 

(86). Domestic animals such as cats and dogs are particularly affected by cyanobacterial 

neurotoxins, ATX and SXT, and die every year due to cyanoHABs around the world (85,86). 

CyanoHABs negatively affect every part of an ecosystem, reducing its overall quality and safety.  

Beyond environmental and megafauna disruptions, cyanoHABs pose serious risks to 

human health through a variety of exposure routes. 80% of exposures are caused by 

contaminated drinking water, with over 2,000 human poisonings annually (87,88). The effects of 

human cyanotoxin exposure greatly depends on the route of exposure and type of toxin (80). The 

main routes of exposure are dermal, oral, inhalation, parenteral, and exposure medias such as 

food, water, dietary supplements, aerosols, and dust (80). Acute exposure to cyanotoxins causes 

symptoms such as conjunctivitis, vomiting, blistered mouth, rashes, abdominal pain, fever, skin 



 
 

10 

irritation, hepatic failure, and in extreme cases, death (89,90). One instance of acute cyanotoxin 

poisoning took place at a hemodialysis center in Brazil where the facilities’ reverse osmosis 

center failed and resulted in the delivery of MCs and CYLs directly to 126 patients. This led to 

acute liver failure in 100 patients, with 60 of the patients succumbing to the exposure (90).  

Long-term, chronic exposure to cyanotoxins leads to liver and kidney damage and cancer 

(4). Cyanotoxin exposures have even more detrimental effects towards populations with pre-

existing conditions such as non-alcoholic fatty liver disease, liver failure, dermal ailments such 

as eczema and psoriasis, various cancers, immunomodulating diseases, and asthma (91–93). 

Inhalation of cyanotoxins leads to approximately 15% of asthma cases in the coastal regions of 

the U.S., and contributes to the symptoms of bronchitis, allergies, rhinitis, and dermatitis (93,94). 

The Asthma and Allergy Foundation of America has declared the Ohio-Lake Erie region one of 

the most challenging places to live with asthma in the U.S., and researchers believe the 

aerosolization of cyanoHABs and their toxins may be exacerbating asthmatic conditions in these 

lakeside communities (95). The complex, chronic, and irreversible effects of cyanotoxin 

exposure warrant greater public awareness and education to help prevent these consequences. 

The consequences of cyanoHABs on the environment, human health, and society are 

costly to socioeconomic sectors such as fisheries, tourism, public health, real estate, and 

recreational centers and disrupt social and cultural practices (80). As of 2009, they were 

estimated to cost the U.S. an estimated $2.2 billion annually, with nearly half of the losses 

stemming from declines in waterfront property values (96). CyanoHABs also increase water 

treatment costs, with effects tricking down into consumer water bills. Water supply has been shut 

down for over 48 hours in major cities such as Toledo, Ohio, and Wuxi, China due to 

cyanotoxins and taste and odor compounds making their way into treated water supply (97,98). 
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Emergency response measures to these crises are expensive, costing Toledo over $65 million, 

and an additional $100 annually in water bills for every family in Toledo thereafter (97). 

Cyanotoxin poisoning from contaminated water increases medical costs and contributes to lost 

workdays, harming local and national economies. Additionally, cyanoHABs' toxicity and 

unsightly appearance reduces tourism, business revenue, fishing, and boating activities (74,80). 

These economic costs affect the global economy, but they especially affect vulnerable 

communities relying directly on lakes for their livelihood, emphasizing the importance of 

managing these environmental events.  

The Winam Gulf region is severely threatened by the public health risks posed by 

cyanoHABs, as nearly half of the population relies on untreated lake water for drinking and daily 

use, with limited access to consistent water treatment or filtration. (38). Studies have found that 

over 60% of samples taken from the gulf exceed maximum MC levels for children and 

immunocompromised individuals recommended by the US EPA (74). This is of particular 

concern due to the high prevalence of immunomodulating diseases such as HIV and malaria in 

this area (99,100). Fishing and fish consumption are deeply rooted in the region's culture, making 

cyanotoxin ingestion, primarily MCs, a significant concern, with reported MC levels in local fish 

reaching levels up to 89 µg/kg. Alarmingly, data shows that small-scale fishing communities 

remain unaware of cyanoHABs in the region, and their water use remains unchanged despite 

awareness, as it is often their only accessible water source (38). Beyond human health effects, 

cyanoHABs affect the livelihood of these vulnerable communities, resulting in fish die-offs, 

livestock poisoning, and decreases in tourism, all of which are major contributors to the 

maintenance and growth of the local economy. The Winam Gulf is just one example of how 
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cyanoHABs obstruct the safe use of locally and culturally important water bodies, leading to a 

decline in the environmental, human, and economic health of an emerging region.  

1.3 Microcystis and Dolichospermum Bloom Formation: Ecophysiology and Drivers of 

Dominance 

Microcystis and Dolichospermum are cosmopolitan bloom-forming cyanobacteria, 

frequently co-occurring in nutrient-rich freshwater systems prone to cyanoHABs. Alongside 

other genera such as Planktothrix, Aphanizomenon, Anabaena, Raphidiopsis, Nodularia, and 

Oscillatoria, they contribute significantly to bloom dynamics and toxicity in freshwater lakes 

(101). Their frequent dominance in systems like the Laurentian and African Great Lakes 

(11,13,40,76,102), coupled with their genetic diversity, morphological variation, and toxin-

producing potential, make them ideal models for understanding the ecological and functional 

complexity of cyanoHABs (10,23). 

1.3.1 Ecophysiology of Microcystis  

 Microcystis spp. employ diverse functional traits to fill changing ecological niches in 

cyanoHABs worldwide. Microcystis is a buoyant, unicellular, coccoid, colony forming 

cyanobacterium (Figure 1.6) that, often in temperate systems, overwinters in the benthos and 

rises to the epilimnion in the summer to form blooms (103–105). They thrive across diverse 

physicochemical conditions and have been documented in 108 countries across every continent 

except Antarctica, with 79 of these countries also reporting the presence of MC (13,106). The 

study of Microcystis spp. often focuses on the presence or absence of the mcy operon, which 

encodes the synthesis of MC, due to its potential human and ecosystem health risks and roles in 

fitness (10,107,108). Beyond the mcy operon, Microcystis spp. greatly differ in their 

morphology, physiology, and ecology due to genome mutations and rearrangements and flexible 
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gene variation, which is equal to ~50% of the genome, and phenotypic plasticity (10,109). The 

highly plastic genetic makeup, characterized by high amounts of repeat sequences, low synteny, 

and phenotypic diversity of Microcystis spp. allows it to dominate in a wide-range of ecosystems 

(109,110). Specifically, Microcystis spp. leverage this diversity in its response to light and 

temperature, buoyancy regulation, nutrient cycling, secondary metabolite synthesis, and colony 

formation to enhance nutrient uptake, decrease the negative effects of unfavorable 

physicochemical conditions, mitigate inter- and intra-species competition, and deter predation 

(7,10,17,107,111–115).  

 Microcystis generally like it hot and sunny. Blooms dominated by this genera often occur 

at temperatures above 20°C, but their temperature optimum is strain-specific and ranges between 

25°C and 30°C (10). Because of their preference for warmer temperatures, Microcystis bloom 

occurrence and intensity are expected to increase in tandem with global temperatures (5). Light 

intensity also greatly impacts the growth rate of Microcystis, with an optimum around 50 µm 

photons m-2 s-1. The effects of light on Microcystis spp. fitness are difficult to disentangle, as 

they depend on light quality (e.g., wavelength), photoacclimation, colony size, and water depth, 

with individual cells experiencing light differently due to microenvironmental variation. Water 

temperature and light intensity dually impact strain-specific physiological responses and fitness 

in cyanoHABs.  

 Microcystis uses buoyant gas vesicles and high pH tolerance to outcompete other 

microorganisms during stressful conditions such as nutrient and light limitation (108,116). 

Buoyant behavior in Microcystis is driven by the balance between carbon fixation and nutrient 

acquisition, allowing cells to sink for nutrient uptake from the benthos and rise to the surface to 

form scums and photosynthesize (13,117). With the ability to rise to the surface and form dense 
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scums, Microcystis increases light attenuation and limitation, ultimately limiting resources for 

competing photosynthetic organisms (118). Microcystis spp. are well-adapted to both low and 

high CO2 concentrations due to strain-specific carbon concentrating mechanisms and encoding 

of both low- and high-affinity bicarbonate uptake systems (114,119). As blooms progress, 

photosynthesis drives pH to levels above 9, creating unfavorable conditions for competitors like 

diatoms whose siliceous frustules dissolve at such levels (114,120). Microcystis spp. CCM 

diversity and buoyant properties enable strains to thrive in conditions with fluctuating pH and 

climate-driven acidification (114,121).   

As light requirements and carbon fixation strategies are strain-specific, so are nutrient 

requirements, even displaying intraspecific niche divergence within ecosystems of different 

trophic statuses (10,122). Microcystis excels at scavenging phosphorus in low concentrations, 

particularly in shallow, turbid waters like WLE and the Winam Gulf, where it can access 

phosphorus-rich benthos (116,123). It can also endure phosphorus deprivation by storing 

intracellular polyphosphate bodies and accumulating phosphorus on its surface (116,124). While 

research and policy focus on the role of phosphorus in driving and sustaining Microcystis 

blooms, Microcystis is non-diazotrophic and depends entirely on external and regenerated 

nitrogen sources (65). Nitrogen is critical not only for global bloom expansion but also for bloom 

toxicity, as most Microcystis-produced hepatotoxins are nitrogen-rich (7,125,126). The form and 

concentration of nitrogen influence Microcystis spp. growth and behavior in a strain-specific 

manner. Field studies suggest that mcy-encoding strains, which require more nitrogen than non-

mcy strains, preferentially use inorganic nitrogen sources like nitrate and ammonia, whereas non-

mcy strains favor organic forms such as urea and glutamic acid (127). This preference may 

explain the shift from mcy to non-mcy strains observed in many temperate lakes following peak 



 
 

15 

bloom conditions, when external nitrate is depleted and the community relies on organic 

nitrogen, favoring non-mcy strains (108,111,127).   

Microcystis is well-known for its ability to form dense blooms in freshwaters and for its 

dynamic production of MC. The factors that control MC production are complex as the mcy 

operon is phylogenetically scattered and is not directly related to the presence of specific 

functional genes (10). High light conditions, up to a certain maximum, favor mcy-encoding 

strains and MC production, contributing to the toxigenic to non-toxigenic bloom succession as 

light limitation increases later in the season  (128,129). This supports the proposed role of MC in 

protecting Microcystis and key proteins like rubisco from oxidative stress, as MCs have been 

shown to bind such proteins during early and peak bloom periods characterized by high light and 

reactive oxygen species (ROS) (81,130). Although extracellular transport of MCs remains 

unconfirmed, extracellular MCs increase colony size and exopolysaccharide substance (EPS) 

production. These effects enhance Microcystis fitness by improving nutrient and light acquisition 

via microbial interactions while also deterring grazers who typically avoid feasting on larger 

colonies (131). Although MC production can deter grazers in experimental settings, it likely did 

not evolve for this purpose, as MC biosynthesis predates metazoans (132–134).  Instead, physical 

defense mechanisms, such as increased colony size and EPS composition may be stronger 

predictors of grazer deterrence (135–138). Moreover, Microcystis spp. produce many other 

bioactive secondary metabolites that have detrimental behavioral and lethal effects on common 

phytoplankton grazers such as daphnia (139,140). Compared to other algae, Microcystis have 

lower rates of mortality due to zooplankton grazing, however, the factors mediating this trait 

likely go far beyond the ability to produce MC including colony formation, EPS makeup, and the 

diverse secondary metabolite repertoire of Microcystis (115,141).  
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Microcystis spp. harbor a strain-specific phycosphere of associated microbes that both 

benefit from and support the cyanobacteria within a colony (17,142). The phycosphere enhances 

Microcystis spp. fitness by exchanging vitamins, cofactors, regenerated nutrients, and oxidative 

stress protection in return for organic matter and sulfur (143–145). As a result, photosynthetic 

performance and growth rates are higher in xenic versus axenic cultures. Colony formation 

further enhances fitness by reducing resource demands, particularly for limited nutrients like iron 

and organic nitrogen (146,147). Within colonies, light and oxidative stress are mitigated with 

photoprotectants produced by Microcystis and ROS decomposition by heterotrophic bacteria 

(148,149). In addition to chemical exchanges, Microcystis spp. EPS mucilage is strain-specific, 

attracting specific bacterial populations who adhere to and use the mucilage as a carbon source 

while also maintaining colony integrity (17,150). The phycosphere of Microcystis spp. remains 

understudied, especially in terms of how it changes temporally and in response to strain 

successions.  

Given the strain-specific functional traits that shape Microcystis spp. ecophysiology 

across diverse latitudes, access to locally relevant isolates and genomes is crucial. The Western 

Lake Erie Culture Collection (WLECC) has begun addressing this need in the Laurentian Great 

Lakes region by curating and sequencing 21 Microcystis cultures from WLE (24). This collection 

serves as a vital resource for Great Lakes researchers studying strain-specific fitness the region, 

while also providing a model for developing other regional culture collections.  

1.3.2 Ecophysiology of Dolichospermum 

As globally distributed bloom-forming cyanobacteria, Microcystis and Dolichospermum 

share many functional traits and responses to changing physicochemical conditions, but they also 

employ unique adaptations to outcompete one another and other phytoplankton (12). Notably, 
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they share genetic features, including buoyancy-regulating genes and diverse repertoires of 

biosynthetic gene clusters (BGCs) and mobile genetic elements (11,22). However, 

Dolichospermum is distinct for its ability to form secondary nitrogen-fixing cells, enabling it to 

thrive under nitrogen-limited conditions that typically lead to decline of Microcystis blooms 

(151). Moreover, this genus can produce hepatotoxins and potent neurotoxins such as ATX, 

guanitoxin (formerly anatoxin-a(S)), and SXT (Figure 1.2B) (22,152). Because of these fitness 

adaptations, Dolichospermum is one of the most ubiquitous bloom-forming cyanobacteria in 

freshwater and brackish ecosystems worldwide, tolerating salinities up to 15 g/L NaCl (153–

155). Its range and bloom duration are expanding, driven by rising temperatures and increasingly 

common dry periods followed by intense rainfall, rapidly elevating water levels and 

resuspending labile nutrients in the littoral zone (156).  

Studying Dolichospermum, a member of the order Nostocales, is complicated by its 

taxonomic ambiguity and overlap with related genera (157). Originally classified as Anabaena 

Bory ex Bornet et Flahault 1888, planktonic strains were reclassified as Dolichospermum by 

Wacklin et al. (2009) (158,159). However, this distinction can sometimes be problematic, as 

there is no clear phylogenetic separation between benthic and planktonic strains, and some 

Nostocales even oscillate between these two lifestyles (160,161). With the advent of genome 

sequencing, phylogenomic analyses have revealed a unified Nostocales clade encompassing 

Anabaena, Dolichospermum, and Aphanizomenon—collectively termed the ADA clade. This 

group shares a large pangenome, including core genes for photosynthesis, cell differentiation, 

and the assimilation of nitrogen, phosphorus, and sulfur (157). As of 2021, 40 ADA genomes are 

publicly available, and phylogenomics has identified eight sub-clades within this group (23). 
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Unlike Microcystis, the ability to produce neurotoxins and hepatotoxins is phylogenetically 

ordered in the ADA clade, suggesting a strong evolutionary basis for toxin diversity (22,157).  

For the purposes of this thesis, Dolichospermum, including literature referring to 

planktonic Anabaena, will be the focus. Dolichospermum is characterized by uniseriate 

trichomes capable of forming gas vesicles and differentiating into heterocysts and akinetes  

(Figure 1.7) (117,162). Heterocysts are specialized cells found every 10–20 vegetative cells that 

fix atmospheric nitrogen under nitrogen-deprived conditions (151,163,164). Nitrogen limitation 

activates the ntcA gene, which induces hetR expression, ultimately leading to heterocyst 

formation within 18–24 hours (18). These cells also contain the nif operon, encoding nitrogenase 

subunits essential for nitrogen fixation (165,166). Fixed nitrogen from heterocysts and fixed 

carbon from vegetative cells are exchanged along the filament via the continuous periplasm (18). 

This diazotrophic capability can supply up to 25 to 50% of the total nitrogen in lakes, 

ameliorating nitrogen-deplete scenarios (167). Heterocyst formation often precedes bloom 

formation during periods of low dissolved inorganic nitrogen (DIN), particularly nitrate, and 

Dolichospermum proliferation is more strongly correlated with increases in phosphorus relative 

to DIN (168,169). Although less studied than in Microcystis spp., nitrogen form also influences 

Dolichospermum spp. dynamics. Culture-based experiments on Dolichospermum FACHB-1250 

showed enhanced biomass accumulation on ammonia and urea, but inhibition of growth in the 

presence of nitrate (170). Both nitrogen and phosphorus, and their different forms, regulate 

Dolichospermum and Microcystis blooms, highlighting the need for dual-nutrient management 

strategies to mitigate toxic cyanobacterial proliferation. 

The Dolichospermum life cycle is also distinct from that of Microcystis as it forms 

akinetes, which are dormant, spore-like cells that develop under light or phosphorus limitation to 
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survive harsh conditions such as overwintering, dry seasons, and flooding (151). Akinetes settle 

in the sediment and are recruited in late spring and mid- to late autumn into the hypolimnion, 

which is nutrient replete due to upwelling and mixing (171–173). Beyond nutrients, light and 

temperature also play a role in akinete formation and recruitment (174). Wind-driven turbulence 

can lift akinetes into shallow zones where they are exposed to light, warmer temperatures, and 

labile nutrients, fueling growth into vegetative cells (175). Dolichospermum is better adapted to 

cooler temperatures than Microcystis, with optimal growth and heterocyst formation around 

20°C (176). However, Dolichospermum blooms also like it cold, being the most documented 

taxa to bloom in waters below 15°C (177). Moreover, Dolichospermum spp. have even been 

observed to bloom at water temperatures between 2-4°C, although over 25% of the cells were 

akinetes, indicating bloom senescence (178). Together, akinete and heterocyst formation give 

Dolichospermum a competitive advantage during early and late bloom phases characterized by 

low temperatures and nutrient concentrations.  

Another competitive advantage for Dolichospermum is its extracellular organic matter 

(EOM), particularly its EPS, which is rich in nitrogenous compounds including proteins 

containing -NH functional groups (179). Unlike non-diazotrophs, Dolichospermum increases 

EPS production under nitrogen limitation, likely due to its ability to fix nitrogen (180). Like 

Microcystis spp., Dolichospermum spp. hosts a distinct phycosphere within their EPS that shapes 

nutrient cycling by associated bacteria (181). A comparative study found that Dolichospermum 

EOM composition is simple, made up of mainly small molecules and α-glucosidase genes for 

carbohydrate breakdown. Meanwhile, Microcystis EOM was richer in organic acids and genes 

for nitrate-to-ammonium conversion. These differences suggest that Microcystis promotes 

microbial nitrogen recycling within its EOM, while Dolichospermum relies on internal processes 
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for nutrients like nitrogen fixation and phosphorus hydrolysis, but may also benefit from 

carbohydrate breakdown by its phycosphere (182). These distinct phycosphere dynamics may 

explain in part how both species coexist and fill different niches within cyanoHABs. 

Dolichospermum uniquely produces both hepatotoxins and neurotoxins while supplying 

its own nitrogen through nitrogen fixation. Its blooms are expanding globally, driven in part by 

imbalanced nutrient reductions during different bloom phases, shifting phytoplankton 

communities in its favor (167,183). Despite its growing impact, the genetics and ecophysiology 

of Dolichospermum remain far less studied than Microcystis, leaving significant gaps in our 

understanding of its ecology (184). 

1.3.3 Dueling Bloom Dynamics of Microcystis and Dolichospermum in Shared Waters 

Microcystis and Dolichospermum are two of the most widespread bloom-forming 

cyanobacteria globally and frequently co-occur or succeed one another in shared waters (11,13). 

In temperate lakes, seasonal phytoplankton cycles typically begin with spring diatom blooms that 

sequester phosphorus, followed by nitrogen- and phosphorus-rich runoff fueling diazotrophic 

blooms, and finally non-diazotrophic blooms in warmer summer waters (185). Temperature and 

nutrients are major drivers of the transition from diazotroph- to non-diazotroph-dominated 

blooms (186). In systems where Microcystis and Dolichospermum co-occur, such as Winam 

Gulf, studies suggest they may suppress each other’s growth via nutrient-dependent 

allelochemical interactions—e.g., ATX and MC production (33,76). In these tropical and 

subtropical systems, wet and dry seasons strongly influence nutrient fluxes and understanding 

how their co-occurrence shapes bloom toxicity is especially critical (39).  

Nutrient management policies often focus on phosphorus reduction, such as enhanced 

wastewater treatment or phosphorus detergent bans. Experimental lake studies show that 
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phosphorus-only reductions may shift phytoplankton dynamics rather than eliminate 

eutrophication-driven cyanoHABs, potentially exacerbating bloom severity or toxicity (187,188). 

For example, WLE has been experiencing intense, Microcystis-dominated cyanoHABs in the 

summer for decades (42). However, Dolichospermum becomes abundant later in the season, 

bringing with it the ability to produce the potent neurotoxin, SXT (62,189). The production of 

SXT in Lake Erie has been documented in the central basin and Maumee River, making its 

production in WLE a novel and alarming occurrence (190–192). Managing nitrogen and 

phosphorus loads to the basin, as well as understanding the role of regenerated nutrients on 

bloom dynamics, is vital in mitigating the consequences of cyanoHABs.  

Despite regional variation, the shifting dynamics between Microcystis and Dolichospermum 

in shared waters underscore the urgent need for long-term monitoring of taxa and toxin 

production in major water bodies. Frequent and consistent monitoring is especially important, as 

these dynamics are likely evolving in response to rapidly shifting anthropogenic stressors (65).  

1.4 The Diverse Biosynthetic Repertoire of Microcystis 

Bacteria, fungi, and plants are prolific producers of secondary metabolites, a trait largely 

attributed to the abundance of BGCs encoded in their genomes (193). BGCs are groups of 

physically co-localized genes that collectively encode the enzymatic machinery for the synthesis 

of specific secondary metabolites and their congeners (28). Recent advances in genomics, 

bioinformatics, synthetic biology, and analytical chemistry, and the creation of gold standard 

BGC detection tools like antiSMASH now allow for the rapid discovery and analysis of BGCs 

across thousands of genomes (194,195). However, the rate of BGC discovery far exceeds our 

ability to experimentally characterize their metabolic products, resulting in a large number of 

uncharacterized BGCs (196). Confirmed BGCs, typically validated through molecular and 
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synthetic biology approaches such as gene knockouts or heterologous expression in non-native 

host organisms, are curated in the MIBiG database, which contains over 2,500 entries as of 2025. 

(193). 

Microcystis biosynthetic potential is well documented in the MIBiG database, 

characterized to produce a wide array of secondary metabolites from over seven chemical 

classes, many of which co-occur in cyanoHABs worldwide. However, more than 90% of 

research has focused on MCs, likely because they are potent hepatotoxins that frequently reach 

dangerous, micromolar concentrations in blooms (7). The following sections explore both 

characterized and cryptic secondary metabolism in Microcystis, focusing on biosynthetic gene 

clusters (BGCs) with known and unknown synthesis products, respectively. 

1.4.1 Characterized Secondary Metabolites  

Microcystis secondary metabolism relies on three main biosynthetic pathways: 

nonribosomal peptide synthetases (NRPS), ribosomally synthesized and post-translationally 

modified peptides (RiPPs), and polyketide synthases (PKS) (21). Each pathway encodes a 

variety of core mega-synthases, accessory proteins, and tailoring enzymes, producing a 

chemically diverse range of metabolites (28). Each BGC can synthesize a diverse panel of 

congeners with some structural similarities and differences, arising from factors like substrate 

availability, enzyme promiscuity, and environmental conditions (197,198). NRPS and RiPP 

BGCs encode the production of molecules rich in amino acids and peptidic bonds, termed 

cyanopeptides. Peptides comprise over 60% of the known biologically active compounds 

produced by cyanobacteria, ranging in size between 400 and 1900 Daltons (199,200). In 

Microcystis, NRPS pathways produce compounds like anabaenopeptins and cyanopeptolins 

(Figure 1.2A), while hybrid NRPS-PKS pathways synthesize MCs, aeruginosins, and 
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microginins (Figure 1.2A) (21,198,201–203). RiPP pathways produce cyclic peptides such as 

microviridins, aerucyclamides, and piricyclamides (Figure 1.2A) (140,204,205). These 

molecules can have both proteinogenic and non-proteinogenic amino acids, and other non-amino 

acid moieties, incorporated into their structures with high variability across almost all positions 

resulting in a diverse congener suite for each metabolite class (206,207).  

 While hybrid NRPS-PKS pathways are well studied in Microcystis due to their role in 

MC synthesis, PKS-only pathways remain poorly characterized. In fact, there are no Microcystis 

BGCs annotated solely as PKS pathways in the MIBiG database (193). Some evidence suggests 

Microcystis may produce cyclophane-like compounds (e.g., merocyclophanes) using a hybrid 

Type I and Type III PKS system paired with a NRPS domain, though synthesis has not been 

confirmed (208,209). These cryptic PKS pathways are discussed in more detail in the following 

section on cryptic biosynthesis.  

 As with other functional traits, secondary metabolism in Microcystis is highly strain-

specific. Over 50 unique BGCs were identified from a metabologenomics analysis of 21 

Microcystis isolates from the WLE culture collection, with each isolate encoding approximately 

5-15 BGCs each. While some phylogenetic patterns of secondary metabolism emerged, no two 

strains shared the exact same BGC profile, each differing by the presence or absence of at least 

one BGC (21). This diversity likely contributes to strain-specific niche partitioning within 

eutrophic freshwater systems.  

1.4.2 Cryptic Microcystis Secondary Metabolism 

Microcystis genomes encode a wealth of biosynthetic gene clusters (BGCs), many of which 

remain cryptic, or “orphan”, due to the lack of experimentally confirmed products (109). Despite 

encoding up to 50 unique BGCs across only 21 isolates, only seven of these have been 
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definitively linked to their corresponding metabolite classes to date in Microcystis (Figure 1.2A) 

(21,193). Linking BGCs to their products is non-trivial, typically requiring heterologous 

expression in a non-native host followed by structural validation using techniques such as NMR 

spectroscopy (210). Orphan BGCs in Microcystis have been recognized since at least 2013 with 

few successful linking studies thereafter, highlighting the persistent gap between BGC discovery 

and functional characterization. 

Characterized Microcystis BGCs typically produce cyanopeptides, while cryptic clusters are 

predicted to encode a more diverse set of products from PKS, terpene, and RiPP bacteriocin and 

cyanobactin pathways (211). These pathways are predicted to produce molecules that are less 

nitrogen-rich than cyanopeptides, potentially playing different or parallel ecological functions. 

One notable example of a cryptic BGC encoded by Microcystis is a hybrid Type I/III PKS BGC 

that closely resembles the [7,7] paracyclophane-producing BGCs in Nostoc (212). This BGC, 

termed PmNT3 by Yancey and Hart et al. (2024), has been studied across three research articles 

but remains unlinked to a confirmed compound (21,208,213). Interestingly, in Microcystis PCC 

7806, PmNT3 has an inverse transcriptional relationship with the mcy operon, suggesting a 

possible regulatory or reciprocal role with MC production (213). This underscores how 

characterizing cryptic BGCs can reveal insights into bloom toxicity and the evolutionary 

pressures shaping cyanobacterial secondary metabolism.  

Cyanobacterial metabolites serve as a dual source of environmental toxins and bioactive 

compounds with pharmaceutical potential, and linking BGCs to their products provides access to 

these molecules for further functional and therapeutic investigation. Notable cyanobacterial 

therapeutic leads include cryptophycins, curacin A, and dolostatins, which exhibit 

antiproliferative, antimitotic, and anticancer properties, respectively (214–217). Fortunately, 
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emerging tools like NPLinker and synthetic biology platforms such as CRAGE (Chassis-

Independent Recombinase-Assisted Genome Engineering) are accelerating efforts to connect 

BGCs to their chemical products (218,219). Despite these advancements, the cryptic world of 

biosynthesis encoded by Microcystis remains mostly uncharted, warranting in silico and in vivo 

characterization of these BGCs.  

1.5 The Understudied Biosynthetic Potential of Dolichospermum 

The secondary metabolism of Dolichospermum is significantly less characterized than 

that of Microcystis, despite its capacity to produce a broader array of cyanotoxins than any other 

cyanobacterial genus (22). Alongside the broader ADA clade, Dolichospermum is well known 

for synthesizing MCs and potent neurotoxins including saxitoxin (SXT), anatoxin-a (ATX), 

guanitoxin, and β-N-methylamino-L-alanine (BMAA) (Figure 1.2B) (152,220–223). The 

research bias toward Microcystis likely stems from its status as the primary microcystin (MC) 

producer in most freshwater systems and its dominance among bloom-forming genera, leading to 

a greater number of publicly available genomes (>150 for Microcystis vs. <40 for 

Dolichospermum) and a more extensively studied role in bloom dynamics (224). However, the 

ability of Dolichospermum to produce a diverse array of hepatotoxins, neurotoxins, and other 

chemically complex metabolites underscores the urgent need to investigate its biosynthetic 

potential. 

The increasing availability of ADA clade genomes has enabled deeper exploration of 

their secondary metabolite biosynthetic potential. Österholm et al. (2020) analyzed BGC content 

across 31 publicly available ADA clade genomes and revealed that biosynthetic potential 

clustered phylogenetically by sub-clade. (22). Among the genomes annotated as 

Dolichospermum, one sub-clade included strains encoding BGCs for MC, anabaenopeptin, and 
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hassallidin, while a separate sub-clade encoded BGCs for anacyclamide and SXT. BGCs 

encoding the production of ATX, microviridins, pseudospumigins, aeruginosins, and 

anabaenolysins were primarily associated with Aphanizomenon and benthic strains of Anabaena. 

These findings contrast with phylogenetic studies of Microcystis, where the ability to produce 

cyanotoxins and toxic cyanopeptides is less phylogenetically ordered. This discrepancy may 

reflect genus-specific evolutionary dynamics underlying biosynthetic potential and could offer 

valuable insight into the ecological and functional roles of these metabolites.  

In lakes where Dolichospermum is abundant at specific phases of the bloom, such as 

WLE, its region-specific biosynthetic potential remains largely understudied. A study analyzing 

metagenomic data from the 2014 WLE cyanoHAB season identified BGCs from ADA 

metagenome-assembled genomes (MAGs) putatively encoding the synthesis of aeruginosins, 

pseudospumigins, cyanopeptolins, and geosmin. These BGCs were increasingly transcriptionally 

active later in the bloom season (September/October). However, no MAGs in the study 

contained neurotoxin-encoding BGCs (62). More recently, a study in WLE analyzing data from 

2016–2022 detected the sporadic presence of SXT BGCs in MAGs annotated as 

Dolichospermum sp000312705 in the Genome Taxonomy Database (GTDB), suggesting the 

emergence of neurotoxin-producing strains in this critical drinking water source (189). The 

biosynthetic potential of Dolichospermum in the Winam Gulf is even less studied than in WLE, 

remaining largely unexplored despite its potential public health and ecological relevance. The 

first targeted investigation of Dolichospermum biosynthetic potential in this region is presented 

in Chapter 3 of this thesis (225). 
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1.6 Environmental Drivers of Microcystis and Dolichospermum Secondary Metabolites 

The expansion, intensification, and increasing toxicity of cyanoHABs worldwide is 

closely linked to anthropogenic eutrophication and climate change related events like increasing 

temperatures and CO2 (125). These abiotic drivers, along with biotic factors such as grazing and 

allelopathy, shape cyanobacterial patterns of synthesizing secondary metabolites. While the exact 

contributions of these factors remain poorly constrained, substantial research has explored how 

they affect toxin biosynthesis, particularly MCs, and to a lesser extent, ATX, SXT, and 

anabaenopeptins. However, comparing these studies remains challenging due to variability in 

experimental design, analytical methods (e.g., inclusion or exclusion of protein-bound toxins), 

and limited transcriptomic research beyond MCs, owing to the recent elucidation and complexity 

of other BGCs (226,227). 

Experimental studies show that altering growth conditions such as temperature, light 

intensity, and CO₂ levels trigger strain- and toxin-specific responses in cyanobacteria. While MC 

production is often positively correlated with growth rate, toxins like SXT, ATX, and 

anabaenopeptins show an inverse relationship (228,229). SXT and ATX are typically produced 

under lower light and temperature, while higher temperatures enhance anabaenopeptin 

production but suppress growth of the producing strain (228–230). Congener-specific patterns 

also emerge, with CO₂ enrichment favoring the production of homoanatoxin, a methylated 

variant of anatoxin-a, over anatoxin-a itself (226). For anabaenopeptins, increased light intensity 

selects for the production of anabaenopeptolide 90B over anabaenopeptins A and C, all three of 

which have very similar carbon-to-nitrogen (C:N) ratios (229). This may indicate that strains 

producing anabaenopeptins maintain the production of molecules with similar properties and 

functions to improve survival under varying conditions.  
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For MCs, toxin production and growth rate appear to be linked, with fast growing 

Microcystis cells containing higher levels of intracellular MCs (231). This could be explained by 

the experimental evidence linking active photosynthesis with MC production (232,233). 

However, this relationship may be nutrient-dependent, as experimental studies have shown a 

much stronger linkage between CO2 enrichment and MC production when cultures were grown 

with dissolved organic phosphorus rather than dissolved inorganic phosphorus (233,234). High 

light and UV-B also upregulate mcy expression and select for toxic strains of Microcystis 

(233,235). It has been hypothesized that MCs provide intracellular protection under high light 

conditions that generate harmful levels of reactive oxygen species. Under such stress, MC has 

been shown to bind specifically to proteins involved in photosynthesis, such as Rubisco (130). 

Taken together, these data suggest that climate-driven abiotic stressors shape the toxin 

composition of cyanoHABs, and that these toxins may, in turn, enhance the fitness of specific 

cyanobacterial strains under varying environmental conditions. 

Nitrogen and phosphorus availability are key components mediating cyanobacterial 

secondary metabolism and growth. Many cyanotoxins are nitrogen-rich, with SXT having a C:N 

ratio below 1.5, and some cyanopeptides like microviridins containing over 16 nitrogen atoms. 

While phosphorus limitation generally increases toxin production across multiple metabolite 

classes (e.g., MCs, anabaenopeptins, SXT, ATX), the effects of nitrogen are more complex and 

congener-specific (229,236,237). For example, SXT and ATX are often produced at higher 

levels under nitrogen-limited conditions (230,238). This pattern may reflect a growth versus 

defense tradeoff, where bloom-forming cyanobacteria shift toward increased toxin production 

under nutrient stress to deter grazing, store nutrients, or reduce competition. Although SXT and 

ATX are nitrogen-rich, their relatively simple biosynthetic pathways may still offer an efficient 
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defense investment when nitrogen is scarce (239). These responses may also be influenced by 

co-varying physicochemical factors such as temperature or conductivity (61). For MCs, the 

response to changing nitrogen conditions is highly strain- and context-dependent. Although the 

presence of three ntcA binding sites in the mcyA/D promoter region suggests that nitrogen may 

regulate MC production, transcriptomic studies show inconsistent patterns under nitrogen 

depletion (227,231,240). These discrepancies hint at more complex, nutrient-dependent 

interactions involving nitrogen form, carbon metabolism, or micronutrients such as iron. For 

example, urea can act as both a nitrogen and carbon source for MC production, especially under 

high pH conditions (241). Field studies indicate that reduced nitrogen forms (e.g., ammonium, 

urea) enhance Microcystis growth and toxicity (53).  

Nitrogen availability also influences MC congener composition (242,243). Under low 

nitrogen conditions, more toxic congeners such as MC-LA, which contain leucine and alanine, 

are favored over less toxic, arginine-rich congeners like MC-RR in large eutrophic basins like 

WLE (197). Modeling of Microcystis populations with and without the mcy operon suggests that 

phosphorus reduction alone may inadvertently promote toxic bloom conditions when nitrogen 

concentrations remain unregulated and unmanaged (244,245). These findings underscore the 

importance of nutrient dynamics, specifically concentration, chemical form, and N:P ratio, in 

shaping cyanotoxin composition and overall bloom toxicity. Together, they highlight the urgent 

need for dual nutrient management strategies in eutrophic lakes dominated by toxin-producing 

cyanobacteria. 

In addition to complex abiotic drivers, cyanobacterial toxin production is also shaped by 

biotic interactions, particularly those involving grazers, which cyanotoxins may help deter. 

Microcystis’ ability to produce MCs and form large colonies protects them from common grazers 
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such as mussels and daphnia (115). Daphnia are common grazers of phytoplankton and are 

highly sensitive to MCs, though their survival depends on the specific congener ingested (246).  

Interestingly, Microcystis has been shown to increase MC production upon direct contact with 

daphnia in the water column, suggesting that cyanotoxin synthesis may function as an inducible 

defense mechanism (247). Protozoan grazers such as amoebae selectively consume certain 

Microcystis strains, though the extent to which this selectivity is influenced by toxin-producing 

capability remains poorly understood (248). These findings support the hypothesis that 

cyanotoxins provide a defensive advantage in freshwater ecosystems. However, grazing pressure 

and toxin production are both likely co-regulated by changing environmental conditions, adding 

to the complexity of disentangling the biotic and abiotic drivers of cyanotoxin production. 

Although considerable work has examined temporal shifts in bloom taxonomic composition and 

the strain-specific BGC profiles of bloom-forming cyanobacteria, far less is known about how 

BGC composition and the synthesis of metabolites—especially those beyond the traditionally 

studied cyanotoxins—change over time or responds to environmental and ecological pressures 

(12,21,22). 

1.7 Combinatorial Toxic Effects of Cyanobacterial Secondary Metabolites on Human and 

Environmental Health  

1.7.1 Combinatorial Toxic Effects of Cyanotoxins on Aquatic Organisms 

CyanoHABs are made up of complex mixtures of metabolites that have adverse, toxic 

effects towards organisms within the water column that often cannot be explained by the 

presence of an individual cyanotoxin (249,250). However, most studies either focus on the 

effects of individual cyanotoxins or uncharacterized cyanobacterial extracts against mammalian 

cell models and aquatic organisms. Since cyanotoxins and cyanopeptides almost always co-occur 
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within cyanoHABs, testing the toxicity of individual metabolites is not representative of their in-

situ effects. Naturally occurring mixtures of cyanobacterial metabolites should be tested for their 

adverse effects, but without accurate characterization of the molecules present in the extract, the 

toxic effects of cyanobacterial metabolite mixtures remain elusive. Moreover, studies often 

fraction whole extracts, which may remove the toxic effects of co-occurring and potentially 

synergistic molecules when they are separated.  The combinatorial toxic effects of co-occurring 

cyanotoxins and complex cyanobacterial extracts on aquatic organisms such as plants, 

zooplankton, microcrustaceans, Daphnia, and fish have been extensively studied with a range of 

results indicating some additive and synergistic toxic effects.  

Duckweeds (Lemna minor and Spirodela polyrhiza) play an important role in freshwater 

ecosystems, and are even hypothesized as a potential bioremediation strategy for cyanoHABs 

due to their ability to compete with cyanobacteria for nutrients (251). However, the combination 

of MC-LR with aeruginosins, anabaenopeptins, cylindrospermopsins, and microginins exhibit 

synergistic deleterious effects towards the growth and oxygen evolution ability of duckweed 

(252). Increased research on the effects of cyanotoxins on vital freshwater flora are needed to 

understand this trophic interaction and to provide necessary data to inform flora-based 

bioremediation of cyanoHABs.  

Zooplankton feed on primary consumers like toxigenic cyanobacteria and are greatly 

affected by ingesting cyanotoxins. For example, ternary mixtures of MCs, anabaenopeptins, and 

microginins synergistically inhibited the swimming speed, degraded F-actin, and triggered 

cytotoxicity in the rotifer Brachionus calyciflorus (253). B. calyciflorus can thrive well under 

eutrophic conditions that drive cyanoHABs, leading to their high population densities 

particularly in the absence of large zooplankton such as daphnia (254,255). The toxic effects of 



 
 

32 

cyanotoxins on rotifers affects multiple trophic levels within an ecosystem by reducing the 

fitness of competing zooplankton and decreasing primary producer consumption.  

The viability, physiology, and behavior of large zooplankton such as daphnia, which are 

common water fleas and known cyanobacteria grazers, are affected by extracts of Microcystis 

from culture- and field-based studies. In these studies, intracellular cyanobacterial extracts with 

lower MC content were more toxic than high MC containing extracts, suggesting that other 

components of the extracts contributed to toxicity individually or through an interactive 

mechanism (256). Anabaenopeptin-B and MC-LR exhibit synergistic toxic effects towards 

daphnia (257,258). Additionally, combinations of aeruginosin, anabaenopeptins, and microginins 

have synergistic and additive toxic effects on daphnia viability and behavior (259). Beyond 

intracellular metabolites, exuded metabolites from Microcystis can also inhibit the viability of 

Daphnia. Exudates from two MC-producing Microcystis isolates were collected at multiple 

growth phases and exposed to daphnia. Exposure to exudates from the stationary growth phase 

significantly impaired daphnia behavior, viability, and stress response compared to those from 

the exponential phase (249). Exudates from the low-MC producing strain had more toxic effects 

than the higher-MC producing strain, suggesting that Microcystis strains with lower hepatotoxin 

output may produce more inhibitory extracellular metabolites to deter predators. These findings 

underscore the importance of studying the toxic effects of both intra- and extra-cellular 

cyanobacterial metabolites, and the strain-specific and bloom phase-dependent impacts on 

daphnia.  

Shrimp play a vital role in freshwater ecosystems because they decompose organic 

matter, promote nutrient cycling, and channel molecules and resources to higher trophic levels 

(260–262). Because shrimp connect many different trophic levels, the toxic effects and toxin 
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accumulation within these organisms are important to understand. Analyses show the 

accumulation of anabaenopeptins, spumigins, and aeruginosins in blue mussels and shrimp 

collected from a cyanoHAB event in the Baltic Sea (263). Moreover, three independent studies 

show synergistic impairments of shrimp, mainly Thamnocephalus platyurus, caused by the 

mixture of cyanopeptolins, aeruginosins, and spumigins (139,263,264). Because shrimp can 

channel molecules through multiple trophic systems via bioaccumulation and transformation, it 

is important to understand their relationship with cyanotoxins and cyanotoxin mixtures.  

Freshwater ecosystems host a diverse array of fish that accumulate and are effected by 

cyanotoxins, including species consumed by humans and other predators such as rainbow trout, 

pike, bass, and carp, as well as species like zebrafish, which serve as effective models to assess 

toxicological hazards posed by biomolecules (265–267). Analysis of cyanotoxins within 

commonly fished species such as bass, trout, and pike along the Pike River near Lake Champlain 

(Canada) revealed the presence of MCs, cylindrospermopsins, and anabaenopeptins in 30% of 

fish muscle samples, representing the first report of anabaenopeptins in wildlife (268). The 

maximum MCs detected in a fish sample was 1.15-fold higher than the adult daily intake 

recommended by the World Health Organization (WHO) (268,269). Moreover, an analysis of the 

ternary mixture of MCs, anabaenopeptins, and cylindrospermopsins on a rainbow trout gill cell 

model (RTgill-W1) revealed synergistic toxic effects associated with apoptosis, reduced 

glutathione levels, and oxidative stress (270). Additional cyanotoxins such as cyanopeptolins and 

microginins were revealed to have significantly more toxic effects on zebrafish larvae (Danio 

rerio) than MCs (271). These data suggest that there may be interactive effects of cyanobacterial 

metabolites on heavily fished and eaten species of fish in freshwater bodies.   
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Although there are many studies investigating the combinatorial toxic effects of 

cyanotoxins on aquatic organisms, significant gaps remain in understanding the precise 

contributions of individual cyanotoxins and their interactions to overall toxicity. These 

uncertainties arise due to challenges such as extract fractionation (disrupting potential metabolite 

interactions), limited technology for identifying uncharacterized compounds within extracts, and 

the high technical and financial costs associated with mechanistic and pathway analyses of these 

interactions at the cellular level. Further research should be conducted not only to elucidate the 

effects of these cyanotoxin mixtures on aquatic organisms, but also how those effects may 

impede ecosystem function and homeostasis, and how cyanotoxins may thus travel up through 

the trophic system towards human, wildlife, and domesticated animal consumption.  

1.7.2 Combinatorial Toxic Effects of Cyanotoxins on Mammalian Cell Models 

In contrast to the extensive research on the effects of cyanobacterial metabolite mixtures 

on aquatic organisms, studies using mammalian cell models remain limited and challenging, 

largely due to the lack of consensus on an appropriate in vitro model system. This challenge 

stems from the fact that MCs—and likely other cyanopeptides, though their mode of entry 

remains unconfirmed—require organic anion transporting polypeptides (OATPs) for uptake. 

However, OATPs are often absent or expressed at low levels in commonly used mammalian cell 

models, limiting their utility in toxicological studies focused on cyanobacterial metabolites 

(272,273). For the study of cyanobacterial metabolite mixtures with known hepatotoxins, the 

human hepatocellular carcinoma HepG2 cell line (American Type Culture Collection (ATCC) 

HB-8065), cervical cancer cell line HeLa (ATCC CCL-2), primary human hepatocytes, and 

engineered TransportoCellsTM OATP1A2 and OATP1B1 (Corning, NY, USA) cell lines are 

often used (274). Studies investigating the toxic effects of cyanobacterial isolate extracts towards 
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these cell lines have found strong linear relationships between the toxic effects in HepG2, HeLa, 

and primary hepatocyte cell lines, confirming these cell lines as good, comparable models for 

studying complex cyanobacterial metabolite mixtures (274). In a study where these cell lines 

were exposed to cyanobacterial extracts collected across a spatiotemporal gradient of 

cyanoHABs in the Indian River Lagoon (Florida, USA), HepG2 cells were far less sensitive to 

extracts than the engineered TransportoCells likely due to less OATp activity in the HepG2 cells 

(275). Another study that exposed extracts from MC- and retinoic acid-producing cyanobacterial 

isolates to HepG2 cells found that MC and retinoic acid content was a poor predictor of an 

extracts effect on cell viability and genotoxicity (276). These data indicate that the whole 

cyanobacterial extracts likely contribute more to toxicity than the parts that make up the extract, 

underscoring the need to investigate these combinatorial effects more in depth on standard cell 

lines.  

Cyanobacteria produce potent neurotoxins that frequently co-occur with hepatotoxins 

such as MCs and CYLs during cyanoHABs, and their combined presence is hypothesized to pose 

heightened risks to human health through additive or synergistic effects (277). A study tested the 

individual and combined effects of pure cyanotoxins MC-LR, ATX, and CYL against three 

murine neural and immune cell models (278). The results found that mixtures of these molecules 

at low doses, threefold less concentrated than individual compounds, were three to fifteen times 

more potent at inducing apoptosis and inflammation in the cell models (278). Another study 

found that the mixture of the neurotoxin BMAA and two of its isomers, aminoethyl glycine 

(AEG) and 2,4-diaminobutyric acid (2,4DAB), significantly decreased cell viability by 19% and 

increased apoptosis induction by 110% as compared to the molecules individually (279). The 

neurotoxic, neuroinflammatory, and neurodegenerative effects of cyanotoxin mixtures remains 
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understudied, but further in vivo research is needed to improve safety limits and guidelines 

regarding neurotoxin limit levels in surface waters. Additionally, cyanotoxins are known to be 

aerosolized, and this could provide further complications for neuroinflammation and 

degeneration for lakeside populations (280–282).    

As previously mentioned, there are limited studies elucidating the combinatorial toxic 

effects of cyanotoxins on mammalian cell models, underpinning the vulnerability these naturally 

occurring mixtures pose towards human health. Research is still needed to understand how co-

occurring cyanotoxins may interact within humans, and how their route of exposure mediates or 

amplifies these mechanisms. Moreover, studies regarding the mode of entry and mechanism of 

action on human metabolic pathways by cyanotoxin mixtures are scarce. Future research with 

these foci would be pivotal in determining accurate protective measures for human exposure to 

cyanotoxin mixtures.  

1.8 Dissertation Outline and Research Questions  

This dissertation investigates the patterns and co-varying environmental conditions of 

Microcystis and Dolichospermum abundance, biosynthetic potential, and cyanopeptide synthesis 

in two geographically distant Great Lakes basins. Further, it identifies the overlooked threats 

posed by co-occurring and unmonitored cyanobacterial metabolites beyond MCs in these 

freshwater bodies. The integration of multi-omics and toxicology approaches serve as an 

example for future studies on cyanobacterial secondary metabolism, early warning bloom 

toxicity models, and provides testable hypotheses about the ecology and dangers of co-occurring 

cyanotoxins.  

In Chapter two, the temporal distributions and drivers of succession between Microcystis 

and Dolichospermum dominance and biosynthetic potential in WLE are qualitatively and 
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quantitatively characterized. This study reveals the co-variance of temperature, nitrogen 

concentration and form, and grazer populations with temporal patterns and successions of 

Microcystis and Dolichospermum, biosynthetic potential, and cyanopeptide synthesis. Co-

varying BGCs from these two genera cluster into temporally variant modules of biosynthesis 

representative of functionally distinct subpopulations that may be predictive of niche-controlled 

bloom dynamics. Further temporal analysis of cyanopeptides synthesized by BGCs within the 

modules indicated the presence of three phases of cyanoHABs in WLE that significantly co-vary 

with nitrogen form and grazer abundance. This study leverages long-term, multi-omic data to 

identify the taxonomic and biosynthetic successions that take place in WLE cyanoHABs and the 

potential drivers of such seasonality. These findings will enhance early warning models of bloom 

toxicity and help shift the field beyond a MC-centric view of cyanoHABs by highlighting the 

broader chemical ecology and dynamic succession of diverse cyanobacterial metabolites. 

In Chapter three, the cyanobacterial community, functional genes, and biosynthetic 

potential over two years along a spatial gradient in the Winam Gulf, Lake Victoria, Kenya were 

characterized using metagenomic sequencing. Dolichospermum was the main bloom-forming 

cyanobacterium found in large cyanoHAB events located in distinct areas in the gulf, while 

Microcystis was found at lower concentrations mostly in turbid regions like river mouths. The 

production of MC in the gulf was attributed to Microcystis, clarifying the toxin-producing 

cyanobacteria present during sampling periods for the first time in this region. Beyond MCs, 

over 300 unique, cryptic BGCs were identified from cyanobacteria, highlighting the 

underexplored cyanobacterial secondary metabolism in the gulf. This study provides a valuable 

metagenomic dataset to this region and clarifies long-standing questions for the gulf such as what 

organism was responsible for producing MC during the sampling periods. This research provides 
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insights into potential management strategies to prevent both Microcystis and Dolichospermum 

blooms that are spatially stratified in this region and context to the many microscopic 

characterization studies of cyanoHABs in the gulf.  

In Chapter four, multi-omic and toxicological approaches were used to investigate the 

individual and combinatorial effects of co-occurring cyanobacterial metabolites on human lung, 

liver, and kidney cell lines. A gradient of toxic effects was observed among three MC congeners 

and anabaenopeptins, with MC-LA exhibiting the highest toxicity, followed by MC-LA and 

anabaenopeptins A and B with similar effects, and MC-RR showing the lowest toxicity across all 

cell types. The combination of MC-LA and anabaenopeptin B demonstrated dose-dependent 

synergistic effects in the cell lines. These findings suggest the need for further toxicological 

evaluation of anabaenopeptins, which are not currently regulated or routinely monitored like 

MCs. Beyond these known cyanopeptides, the toxicity of Microcystis culture extracts could not 

be explained by MC and anabaenopeptin concentrations, suggesting that other metabolites and 

mixture effects contribute substantially to the observed variability in toxicity. This study 

underscores the complex and potentially hazardous combinatorial effects of both characterized 

and uncharacterized cyanobacterial secondary metabolites, emphasizing the importance of 

broadening the scope of toxin discovery, monitoring and regulation.  

In Chapter 5, the conclusions from chapters two, three, and four are synthesized and 

avenues for continued research on these topics are discussed. New research questions and 

approaches are proposed to address remaining gaps and testable hypotheses proposed in this 

dissertation.  
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1.10 Figures 

 

Figure 1.10.1: Photos of cyanoHABs in global, eutrophic Great Lakes. (A) Aerial image of 
western Lake Erie in August of 2019. Photo taken by Zachary Haslick (NOAA). (B) Scum and 
foam from cyanoHAB in western Lake Erie in July 2021. Photo by Colleen E. Yancey. (C) 
CyanoHAB scum and water hyacinth along shores of Winam Gulf, Lake Victoria, Kenya. A 
person is seen washing dishes near the shore. Photo taken by Julia Obuya.  
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Figure 1.10.2: Representative structures of cyanobacterial metabolites. (A) Hepatotoxins: 
Microcystin LR, Anabaenopeptin A, Aeruginosin KB 676, Microviridin (PubChem ID: 
156580592), Microginin 713, Cyanopeptolin A, Aerucyclamide A. Colored structural moieties 
represent variable parts that can be substituted with alternative building blocks, leading to 
congener diversity within each metabolite class. (B) Neurotoxins: Saxitoxin, Anatoxin-A, β-N-
methylamino-L-alanine (BMAA), and guanitoxin (previously anatoxin-(S)).  
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Figure 1.10.3: Map of western Lake Erie, Lake Erie, U.S. with the Detroit and Maumee Rivers 
noted. Map pulled from Stadia Maps (https://stadiamaps.com/, accessed January 2025). 
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Figure 1.10.4: Cyanotoxins monitored by the Environmental Protection Agency (EPA) and their 
allowed levels. Drinking water and recreation levels come from EPA, World Health 
Organization (WHO), and Oregon Health Authority (USA). 
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Figure 1.10.5: Map of Winam Gulf, Lake Victoria, Kenya with the Kibuon and Nyando Rivers 
noted. Map pulled from Stadia Maps (https://stadiamaps.com/, accessed January 2025).  
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Figure 1.10.6: Microscopy photos taken of (A) Western Lake Erie culture collection Microcystis 
isolates LE18-22.4 and LE19-197.1 (24) and (B) samples taken from a plankton net tow sample 
from western Lake Erie containing Microcystis cells and other organisms. Photos taken by 
Helena Nitschky and Nicole Rappuhn. Microcystis cells generally range in size from between 1.5 
to 7 µm (283).   
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Figure 1.10.7: Microscopy photos taken of (A) ADA cultures maintained at Kellogg Biological 
Station at Michigan State University and (B) samples taken from a plankton net tow sample from 
western Lake Erie containing ADA cells and other organisms. Photos taken by Helena Nitschky 
and Carol Rosenbaum. Dolichospermum cells generally range in size from between 3 to 10 µm 
(284).  
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Chapter 2 Diverse Cyanopeptides Follow Distinct Temporal Succession Patterns in Lake 

Erie Harmful Algal Blooms  

 

2.1 Abstract 

Toxic cyanobacterial harmful algal blooms (cyanoHABs) threaten freshwater resources 

globally and are regarded as intensifying with increasing eutrophication. Bloom toxicity is strongly 

influenced by intraspecific variation in the biosynthetic repertoires of toxic cyanobacteria, yet few 

studies examine the vast diversity of cyanobacterial cyanopeptides beyond hepatotoxic 

microcystins. To understand the dynamics and drivers of intraspecific variation in cyanoHABs, 

we analyzed temporal patterns of cyanobacteria, cyanopeptides, and their biosynthetic gene 

clusters (BGCs) in western Lake Erie using a seven-year time series (2016-2022) of metagenomic 

and metabolomic data. Our findings demonstrate that shifts from Microcystis to Dolichospermum 

occur later in the bloom season, coinciding with lower temperatures. Modules of co-varying BGCs 

(biosynthesis modules) from these genera were identified with hierarchical clustering, with 

uncharacterized BGCs among the most abundant. Biosynthesis modules rich in nonribosomal 

peptide synthetases (NRPS) peaked in early August, coinciding with elevated levels of 

bioavailable nitrogen, warmer temperatures, and high Microcystis abundance. In contrast, modules 

rich in polyketide synthases (PKS) and ribosomally synthesized and post-translationally modified 

peptides (RiPPs) peaked following the Microcystis maximum in mid-August. Metabolomic 

analyses confirmed that cyanopeptides followed shared seasonal patterns with their associated 

biosynthesis modules, forming three cyanopeptide phases characterized by (1) microcystins, (2) 
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anabaenopeptins and aeruginosins, and (3) aerucyclamides. These cyanopeptide phases co-varied 

with bottom-up and top-down pressures, with later phases coinciding with increased microbially 

processed organic nitrogen and reduced eDNA detection of grazers. This study reveals consistent 

patterns of cyanopeptide succession and co-occurrence beyond microcystins, suggesting seasonal 

tradeoffs between biosynthetic resource demands and ecological controls.   

2.2 Introduction 

Cyanobacterial harmful algal blooms (cyanoHABs) degrade ecosystems and drinking 

water supplies globally through the production of toxins that disrupt food webs and harm humans 

and wildlife (1,2). In temperate and sub-tropical lakes and reservoirs, two genera of bloom-forming 

cyanobacteria, Microcystis and Dolichospermum (previously Anabaena), often dominate and co-

occur within cyanoHABs (3–5). These blooms often follow a seasonal succession where 

Dolichospermum, a diazotrophic (N2-fixing) genus, proliferates in the spring during periods of 

high nutrient loading, whereas Microcystis, a non-diazotrophic genus, dominates thereafter in 

warmer, less nutrient rich summer conditions (3,5). Microcystis can scavenge scarce nutrients 

throughout shallow and low-turbulence water columns, contributing to its ability to outcompete 

other phytoplankton during nutrient-depleted conditions (6–8). Conversely, Dolichospermum is 

better adapted to cooler temperatures and can persist under nitrogen (N) limitation, though it 

requires high phosphorus (P) availability to outcompete non-diazotrophic competitors (9,10). The 

ecological success of these two genera is also driven by a suite of adaptive traits beyond nutrient 

acquisition and temperature adaptation, including the production of toxic, N-rich metabolites that 

can deter grazing by organisms such as mussels or Daphnia and promote selective feeding on other 

phytoplankton, enhancing their competitive advantage (11).  
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Cyanobacteria rely on diverse biosynthetic pathways, encoded by BGCs, to synthesize 

bioactive secondary metabolites, mainly nonribosomal peptide synthetases (NRPS), polyketide 

synthases (PKS), and ribosomally synthesized and post-translationally modified peptides (RiPPs) 

(12). Within Microcystis, these BGCs encode the synthesis of a wide array of molecules, many of 

which remain uncharacterized (cryptic), but with most focus on the enzyme-inhibiting 

cyanopeptides from the classes of anabaenopeptins (NRPS), cyanopeptolins (NRPS), aeruginosins 

(NRPS-PKS), microcystins (NRPS-PKS), microginins (NRPS-PKS), cyanobactins 

(aerucyclamides, piricyclamides, etc.) (RiPPs), and microviridins (RiPPs) (13). Microcystins 

receive substantial attention, accounting for approximately 90% of the relevant literature due to 

their potency and high concentrations within blooms (13). However, other metabolites can reach 

even higher concentrations during blooms and comprise over 80% of characterized cyanobacterial 

secondary metabolites, including compounds equally or more toxic than some MC congeners, 

representing an underappreciated component of cyanoHAB toxicity (14–16). Members of the 

Anabaena, Dolichospermum, and Aphanizomenon (ADA) clade can produce an even greater 

diversity of toxins, including the neurotoxins anatoxin-a, guanitoxin, and saxitoxin (PKS-like) in 

addition to hepatotoxic microcystins (17). These metabolites can mediate ecosystems via lethal 

and behavioral effects on mammals and aquatic organisms such as zooplankton, microcrustaceans, 

and mussels (18–20).  

Biosynthetic potential is strain-specific in bloom-forming cyanobacteria, yet efforts to 

understand intraspecific variability, particularly within the scope of Microcystis, have largely 

relied on culture- and qPCR-based approaches targeting genes such as the mcy operon 

responsible for MC synthesis (17,21–23). For example, “toxigenic,” or mcy-encoding strains of 

Microcystis, are often observed early in the season in temperate blooms, coinciding with periods 
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of high temperature and elevated inorganic N concentrations (24,25). Numerous studies across 

diverse habitats have documented this pattern, however less is known about the ecological 

strategies and toxigenic potential of strains present in eutrophic environments where N is 

predominantly present in recycled, organic forms (26).  

Although some studies have examined cyanopeptide profiles of Microcystis isolates and 

single cells (27,28), these approaches have not resolved in situ cyanopeptide temporal dynamics 

and their environmental drivers from an integrated genomic and metabolomic perspective. Recent 

advances in metagenomic and metabolomic technology, along with expanding BGC and 

metabolite databases, now make it possible to study such dynamics with greater resolution (29–

31). Despite these advancements, temporal patterns of cyanobacterial secondary metabolism 

remain poorly understood due to limited long-term datasets, underscoring the need for sustained 

sampling efforts coupled with physicochemical measurements and robust phenological modeling 

approaches to uncover the environmental drivers of cyanopeptide synthesis beyond microcystins.  

The patterns and drivers of succession between Microcystis and Dolichospermum are well 

documented, however, the corresponding biosynthetic patterns—temporal patterns of BGCs and 

their products—remain understudied, leaving their dynamics in natural settings largely 

unexplored. In this study, we analyzed the temporal patterns of Microcystis and Dolichospermum 

dominance, biosynthetic potential, and cyanopeptide abundance using hierarchical general 

additive models (HGAMs) from seven years (2016-2022) of metagenomics and metabolomics data 

from the western basin of Lake Erie (WLE). WLE serves as a natural laboratory to model 

temperate eutrophic basins experiencing cyanoHABs because it is well-monitored for its prolific 

seasonal blooms, and it has spatiotemporal gradients of nutrient availability from dual-river 

(Maumee and Detroit Rivers) inputs. The co-occurrence of Microcystis and Dolichospermum in 
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this basin enabled us to identify environmental conditions favoring their dominance. We detected 

genus-specific seasonal and interannual patterns in BGCs and identified distinct biosynthesis 

modules—clusters of BGCs with shared temporal patterns. We validated the temporal trends of 

these biosynthesis modules using non-targeted metabolomics, which confirmed seasonally 

variable production of cyanopeptides of interest. Top-down and bottom-up ecological controls co-

varied with bloom phases characterized by distinct cyanopeptides, implicating resource demand 

and grazing as putative drivers of temporal successions in biosynthetic potential and cyanopeptide 

abundance, expanding our understanding of intraspecific chemical diversity beyond microcystin 

production in cyanoHABs. 

2.3 Materials and Methods 

 

2.3.1 Sample Collection 

Samples were collected from 2016 through 2022 at four NOAA Great Lakes Environmental 

Research Laboratory (GLERL) sampling stations (Figure 2.8.1) in WLE. Physicochemical 

parameters used in this study are described in Boegehold et al. (2023) (SI Figure S2.9.1) (32). 

Characterization of the five major fluorescence components of dissolved organic matter (FDOM) 

(C1-C5) was conducted as previously described (SI Table S2.9.1) (33). Lake water was collected 

from one meter below the surface, filtered through a 3 μm Isopore polycarbonate membrane filter 

(MilliporeSigma, Burlington, MA) for both DNA and metabolite samples, and frozen at -80°C.  

 

2.3.2 DNA Extraction and Sequencing  

DNA was extracted from filters using a DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) 

per the manufacturer’s instructions. The quality and quantity of DNA was assessed using a 
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NanoDropTM Life Spectrophotometer (Thermo Scientific, Waltham, MA) and stored at -20°C. 

DNA libraries were prepared and sequenced at the University of Michigan Advanced Genomics 

Core using the NovaSeq platform (Illumina, San Diego, CA) with a 300 cycle S4 flowcell to 

generate ~50 million 150 base pair paired-end reads per sample.  

 

2.3.3 Metabolite Extraction and Data Collection 

Metabolite filters were submerged in 1.5 mL of water, vortexed for 10 seconds, and subjected to 

three freeze-thaw cycles (−80°C for 20 min, 26°C water bath for 8 min). QuikLyse solution A (100 

μL; Gold Standard Diagnostics, Horsham, PA) was added, followed by a 2-minute shake and 8-

minute rest at room temperature. This step was repeated using 10 μL of QuikLyse solution B. 

Extracts were transferred to polypropylene microcentrifuge tubes, centrifuged at 5.0×g for 10 min 

at 25°C, and filtered through a 0.7 μm glass fiber filter into LC/MS vials. Samples were stored at 

−20°C until liquid chromatography/high resolution mass spectrometry (LC/HRMS).  

 

Analytes were separated using the solvent gradient in SI Table S2.9.2 on a Thermo Scientific 

Vanquish Bioinert HPLC with a Waters Atlantis T3 column (3 μm, 3.0 × 150 mm). Mass 

spectrometry was performed on a Thermo Q Exactive Orbitrap with HESI-II source in positive ion 

mode. All samples were run in duplicate. Full HPLC and LC/HRMS protocols are described in SI 

Note 1. Data are available in Lopez et al. 2025 (34). 

 

2.3.4 Metagenomic Data Processing and Analysis  

Metagenomic reads were processed, assembled and binned using the Great Lakes Atlas of Multi-

Omics Research (GLAMR) pipeline as described previously (35) (https://github.com/Geo-
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omics/GLAMR_omics_pipelines; SI Note 2). GLAMR quality-controlled (QC) reads were 

mapped to a dereplicated metagenome-assembled genome (MAG) set (98% average nucleotide 

identity (ANI) via dRep v3.2.0) using CoverM v0.6.1 (MiniMap2 v.2.24) to calculate MAG 

relative abundance (36–38). Samples were categorized into three bloom stages based on 

Microcystis and Dolichospermum relative abundance differences, where Stage 1 indicates 

Microcystis dominance (>3%), Stage 2 indicated relative equal abundance of Microcystis and 

Dolichospermum (±3%), and Stage 3 indicates Dolichospermum abundance (>3%).  

 Non-metric multidimensional scaling (NMDS) was performed on a Bray-Curtis distance 

matrix derived from the cyanobacterial composition of samples at the genus level (Stress = 0.071), 

with samples colored by stage. Environmental variables were fit as vectors and those with P < 0.05 

were bolded. A random forest model (randomForest R package (39)) using 1,000 trees and six-

variable splits assessed variable importance in classifying bloom stage.  

 To assess grazer abundance, QC reads were taxonomically classified using the easy 

taxonomy workflow (mode 3) in MMseqs2 v2.24 against the UniRef100 database (v2022_04) (17, 

29–31). Relative abundance of Daphnia and Dreissena (mussels) was calculated via total sum 

scaling (sensitivity 4). Due to their benthic habitat, Dreissena detection via eDNA likely reflects 

gametes or veligers present in the water column. 

 

2.3.5 BGC Detection from Metagenomes 

A non-redundant, BGC database was developed to analyze temporal BGC patterns (SI Table 

S2.9.3), with files and code available on GitHub, SI Note 3, and SI Figure S2.9.2. QC reads were 

mapped to the database using MiniMap2 v2.24 (> 80% coverage and identity kept) (37). Only core 

BGC genes were considered due to their essential nature for biosynthesis (40). BGCs were 
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considered present if 90% of the core genes were covered. Average fragments per kilobase million 

(FPKM) values were calculated for each BGC in each sample using Equation 2.3.1 (41).  

 

Equation 2.3.1: Average Fragments per kilobase million (FPKM) for each biosynthetic gene 
cluster.  

𝐴𝑣𝑒𝑟𝑎𝑔𝑒	𝐹𝑃𝐾𝑀	 = 	

∑!"#
$%.%'	)%*+	,+$+-	!$	./0 . reads	mapped	to	gene!

:gene	length!1,000 	x	total	reads	per	sampleA
x	1,000,000B

𝑛𝑜. 𝑜𝑓	𝑐𝑜𝑟𝑒	𝑔𝑒𝑛𝑒𝑠	𝑖𝑛	𝐵𝐺𝐶
 

 

2.3.6 Biosynthesis Module Analysis 

To prevent skewing of distance calculations and clustering by high-frequency features, BGCs were 

grouped based on taxonomic origin and occurrence frequency. ADA BGCs and infrequent 

Microcystis BGCs (absent in two or more years) were grouped, whereas consistently detected 

Microcystis BGCs were grouped. BGCs were hierarchically clustered (average linkage, Bray–

Curtis distance), with the optimal number of clusters (k = 10) determined by silhouette scores (> 

0.5). Cluster stability was assessed via 10,000 bootstraps, and clusters were defined using cutree 

(R stats package) (42). Trees were visualized in the Interactive Tree of Life (iTOL) (43). 

Permutation tests (n=10,000) based on silhouette scores assessed cluster quality, with P < 0.05 

indicating cohesive clusters.  

 

2.3.7 Hierarchical General Additive Models (HGAMs)  

Independent models for Microcystis, Dolichospermum, and the summed relative abundance 

(FPKM) of BGCs from individual biosynthesis modules were fit to a smoothed spline of day of 

year (DOY) in a generalized additive model (GAM) using 170 observations. Because the data are 
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structured by site and year, each model was fit as a hierarchical GAM (HGAM). Response 

variables were natural log-transformed using ln(x + 1) to ensure model adequacy, resulting in 

residuals that were approximately normally distributed and centered near zero. Akaike Information 

Criterion (AIC) values were assessed during model selection to confirm that each term improved 

fit. The HGAM for Microcystis and Dolichospermum included a smooth on DOY with a cyclic 

cubic regression basis function, site-specific DOY smooths, a random smooth of year within site, 

and separate random smooths for site and year. These models assumed a Tweedie distribution, 

suitable for continuous data with many zeros such as relative abundance. The HGAM for 

biosynthesis modules included a smooth on DOY with a cyclic cubic regression basis function, a 

tensor interaction allowing DOY patterns to vary by site, a random smooth of year within site, and 

a separate random smooth for site. These models assumed a Gaussian distribution, appropriate for 

continuous data that were approximately symmetric and homoscedastic after transformation. 

Models were fit using the mgcv R package (44).  

 

2.3.8 Microcystis Isolate Analysis  

BGCs from the non-redundant database were identified in Microcystis genomes available in the 

NCBI database (SI Table S2.9.4) using blastn (45). BGC hits were considered if 50% of core 

genes and 50% of all genes within a BGC were present (≥70% identity and coverage). Genomes 

were used to build a maximum likelihood phylogenomic tree based on the prepackaged single-

copy gene-set for cyanobacteria (251 target genes) using FastTree2 v2.1.11 via GToTree v.1.7.05 

(43,46,47). The relative abundance of WLECC Microcystis isolates (NCBI BioProject: 

PRJNA903891) was calculated as described in Yancey et al. 2023A and SI Note 2 (48).  
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2.3.9 Metabolomics Analysis 

Raw data files (.d) were converted to .mzML format using MSConvert in Proteowizard v3 (49). A 

suite of in silico tools were used to identify and annotate MS/MS features (13,428 total), an ion 

signal of a specific mass-to-charge ratio (m/z) detected at a specific retention time (RT) (31). First, 

MZmine v4.3.0, using standard Orbitrap parameters (SI Table 5), was utilized for feature 

extraction across samples (50). Feature intensities across samples correspond to peak areas in 

extracted ion-chromatograms (EICs). The feature-based molecular networking (FBMN) workflow 

with standard parameters in GNPS2 was run 

(https://gnps2.org/status?task=8c4014d3f0c547b0b4e9fdcaf6aed61c) (31). Library matches, level 

three as outlined in Schymasnski et al. (2014), to cyanopeptides were kept and checked for 

characteristic fragment ions (SI Figure S2.9.3) (51,52). The normalized abundance of the 

cyanopeptides across samples were calculated after blank removal (20% threshold, removed 4,077 

features) and imputation in the Functional Metabolomics Lab’s FBMN-STATS guide (53) using 

Equation 2.3.2 where AUC indicates peak area and volume filtered indicates the volume of water 

filtered for the corresponding sample. 

 

 Equation 2.3.2: Normalized metabolite abundance.  

Normalized	Metabolite	Abundance = 	
AUC ∗ 0.00161	uL
Volume	filtered	(uL) ∗ Chlorophyll	A	(

ug
L ) 

 

The normalized abundance of metabolite classes (congeners summed by metabolite class) and their 

associated BGC were Z-scored to compare relative abundance. The maxima and minima of 

metabolite abundance, physicochemical parameters, and grazer eDNA detection were estimated 

by fitting GAMs using DOY as a smooth term with a cyclic cubic regression basis, followed by 
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10,000 bootstrap iterations to generate 95% confidence intervals. Combinations of the five FDOM 

components are proxy estimates of fractions of the DOM pool: terrestrial humic DOM (Component 

3 (C3)), microbially-derived DOM calculated as the ratio of microbially-derived to terrestrial 

humic DOM ((C1+C4+C5)/C3), and portion of aromatic amino acids within the total FDOM pool 

((C4+C5)/C1+C2+C3+C4+C5). To assess how nitrogen and DOM variables relate to metabolite 

abundance independent of seasonal trends, we fit GAMs to log-transformed metabolite 

abundances using DOY as a smooth term with a cyclic cubic regression basis. Residuals from each 

GAM, representing variation not explained by seasonal progression, were then extracted and 

plotted against individual abiotic variables in pairwise scatterplots. Linear regressions were 

performed on each comparison, and the resulting R² and P-values are reported.  

   

2.3.10 Figure Rendering  

Figures were generated in R on R Studio using the packages ggplot2 and gratia (54–56). BGC 

gene schematics were generated in antiSMASH v7 (29).  

2.4 Results 

 

2.4.1 Succession of Microcystis to Dolichospermum is Coincident with Changes in 

Temperature and Nutrient Availability  

Microcystis and Dolichospermum showed distinct temporal patterns of relative abundance, 

with Microcystis peaking concurrently with peak particulate microcystin in late July through early 

August, whereas Dolichospermum abundance increased as microcystin levels declined in late 

August, reaching its peak in October (Figure 2.8.2A). Interannual variation accounted for 27.8% 

and 36.3% of the explained deviance in the HGAMs for Microcystis and Dolichospermum, 
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respectively (SI Figure S2.9.4, SI Table S2.9.6). Site-specific variation only contributed between 

1 and 8 percent of explained deviance (SI Table S2.9.6).  

Samples were grouped into three bloom stages based on Microcystis and Dolichospermum 

abundance to assess interannual variation in taxonomic succession patterns. Between 2016 and 

2019, most samples were categorized as stages 1 and 2, indicating Microcystis dominance and 

approximately equal relative abundance of Microcystis and Dolichospermum, respectively (Figure 

2.8.2B). Most stage 3 samples, indicating Dolichospermum dominance, were observed in 

September and October between 2020 and 2022. Transitions between stages 1, 2, and 3 often 

followed a sequential pattern, but not always (SI Figure S2.9.5). NMDS revealed associations 

between physicochemical measurements and bloom composition (Figure 2.8.2C, SI Figure 

S2.9.6, SI Table S2.9.7). The first NMDS axis appeared to separate samples based on indicators 

of bloom biomass, with higher values of phycocyanin, particulate microcystin, and particulate 

organic carbon and nitrogen (POC, PON) aligning mostly with stage 1 samples. The second axis 

was more strongly associated with seasonal patterns in environmental conditions and discriminated 

between samples dominated by Microcystis (stage 1) or Dolichospermum (stage 3), including 

variables such as temperature, nitrate + nitrite, soluble reactive phosphorus, and total phosphorus. 

Despite significant associations with physicochemical parameters (P < 0.01, SI Table S2.9.7), 

samples did not distinctly cluster by stage, likely due to biological and environmental variability 

across years. Random forest classification further supported these patterns, identifying 

temperature, particulate microcystin, and phycocyanin as the variables most strongly associated 

with bloom stage classification (Figure 2.8.2D, 58.3% accuracy, 95% Confidence Interval: 49–

67%). Measures of organic matter (POC, PON, colored dissolved organic matter (CDOM)) and 

dissolved and particulate nutrients also contributed to model accuracy. Both nutrient 
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concentrations and biomass-associated metrics were among the most informative features and 

displayed statistically significant differences between stages (SI Figure S2.9.7). Analysis of 

surface water temperature data from WE2 between 2015 and 2023 revealed an increasing 

frequency of cooling days in September in recent years, suggesting that more frequent or abrupt 

cooling events in the fall may contribute to interannual variation in succession dynamics (SI 

Figure S2.9.8) (57). 

 

2.4.2 Cryptic BGCs are the Most Abundant BGCs Encoded by Microcystis and 

Dolichospermum 

Microcystis and Dolichospermum BGCs exhibited varied temporal patterns (Figure 2.8.3). 

ADA BGCs putatively encoding anacyclamide, cryptic NRPS (NRPS-1 and NRPS-2), and PKS 

(T1PKS) pathways were the most abundant among ADA BGCs. The BGCs were present across 

all years, however they increased in abundance in 2019, reaching maximum abundance in October 

of 2022. Conversely, the cryptic RiPPs (Lanthipeptide and LAP), saxitoxin, and NRPS-4 ADA 

BGCs occurred infrequently at low abundance in July of 2018 through 2021.  

The most frequently observed and highly abundant Microcystis BGCs were PmNT3, LAP, 

T1PKS-Terpene, lanthipeptide-3, anabaenopeptin, and cyanopeptolin (Figure 2.8.3, SI Figure 

S2.9.9) (23,58). The abundance of these BGCs peaked between late July and early August. The 

BGCs putatively encoding synthesis of aeruginosins and microcystins, and the cryptic BGCs 

cyanobactin-1, cyanobactin-2, T3PKS-1, and NRPS-T1PKS were observed at lower abundance 

and followed similar temporal patterns. The cryptic BGCs RiPP-like-2, lanthipeptide-1, and 

lanthipeptide-2 were found at low abundance sporadically only between the years of 2019 and 
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2022. The other 13 BGCs, mainly from RiPP and PKS pathways, were found at lower abundance, 

often becoming most abundant in late August through early September.  

 

2.4.3 BGC Co-Variance Forms Distinct Biosynthesis Modules with Varying Temporal 

Patterns 

 We used hierarchical clustering to identify sets of BGCs that share distinct temporal 

patterns, which we refer to as biosynthesis modules (Figure 2.8.4A). Modules often contained 

BGCs from similar pathways, such as module four (75% NRPS-PKS), module six (80% NRPS 

and PKS), and module seven (66% RiPP-Cyanobactin and PKS). Conversely, module five 

contained BGCs from a mixture of RiPP, NRPS-PKS, and PKS pathways. Microcystis 

biosynthesis modules followed distinct temporal patterns of relative abundance (Figure 2.8.4B, 

SI Figure S2.9.10, SI Table S2.9.8). Modules four and six exhibited peak abundance from late 

July through early August, whereas module seven showed a later peak spanning August to mid-

September. Although temporal differences were modest and confidence intervals overlapped, 

module four, encoding the mcy operon, declined sharply following its peak, whereas module six 

showed a secondary, lower-intensity peak in mid-September. Modules eight and nine, composed 

of ADA BGCs, shared a similar composition, each encoding a trio of BGCs from NRPS, RiPP, 

and either PKS or another pathway. Module eight was observed at low abundance in June and 

July, whereas module nine was observed at higher abundance in September through October (SI 

Figure S2.9.11).   

 

2.4.4 Biosynthesis Modules Reflect Mosaics of Microcystis Isolates and their BGC Content 
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 To test the hypothesis that field-derived biosynthesis modules reflect the BGC content of 

locally isolated Microcystis cultures, we calculated the percent of each module represented in 

genomes of Microcystis cultures isolated from WLE (Figure 2.8.5A) (48). Some cultures encoded 

100% of one or more modules, but no culture encoded only one module. Module one, containing 

only the aerucyclamide BGC, was not represented in any of the locally relevant cultures. All 

cultures contained some of modules five and six, with cultures often encoding more of module six 

and less of module four. Analysis of all publicly available Microcystis genomes revealed that 

BGCs from the same modules (microcystin & aeruginosin (four), T1PKS-Terpene & PmNT3 (six), 

cyanopeptolin & anabaenopeptin (six), etc.) co-occur most often (SI Figure S2.9.12). Conversely, 

the microcystin and anabaenopeptin BGCs did not co-occur in the publicly available genomes 

analyzed. Phylogenomic analysis revealed an evolutionary split between Microcystis genomes 

encoding either of these two BGCs (SI Figure S2.9.13).  

Some cultures were found to encode nearly complete modules, such as LE18-22.4 (module 

four), LE19-10.1 (modules five and six), and LE19-12.2 and LE19-197.1 (modules six and seven).  

LE17-10 and LE17-20 are good representatives of Microcystis cultures with low biosynthetic 

potential in WLE, relative to other cultures available in the culture collection. The relative 

abundance of LE18-22.4, LE19-197.1, LE19-10.1, and LE17-10 peaked between mid-July through 

early-August, concurrent with peaks in microcystin and abundance of modules four, five, and six 

(Figure 2.8.5B). LE17-20 and LE19-12.2 peaked later in the season between August and 

September, when microcystin levels declined and the relative abundance of module seven was 

highest.  

 

2.4.5 Uncoupled Temporal Patterns of Cyanopeptides and Associated BGCs 
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 Metabolomics data showed that the temporal patterns of four cyanopeptides varied, with 

microcystin peaking in late July, aeruginosin and anabaenopeptin peaking in mid-August, and 

aerucyclamide peaking from late-August through early September (Figure 2.8.6, SI Table S2.9.9, 

SI Figure S2.9.14). Relationships between metabolites and BGCs also varied, with the abundance 

of microcystin and its BGC reaching a maximum at the same time, whereas the aeruginosin and 

anabaenopeptin metabolites peaked approximately fifteen days after their BGCs peaked. Lastly, 

the aerucyclamide BGC exhibited two distinct maxima, first between July and early August and 

again in late August through September; however, the aerucyclamide metabolite was only 

observed during the second, smaller BGC peak.  

 

2.4.6 Unique Cyanopeptide Maxima are Associated with Shifts in Nitrogen, DOM, and Grazer 

Abundance 

 The temporal variability in cyanopeptide abundance suggests that environmental factors, 

including resource availability and grazing pressure, may influence their dynamics. To evaluate 

potential bottom-up and top-down controls, we examined the temporal patterns, maxima, and 

minima of cyanopeptides, nitrogen, dissolved organic matter (DOM), and grazer abundance 

(Figure 2.8.7, SI Table S2.9.9). Combined nitrate and nitrite concentrations, terrestrial humic 

fraction of DOM, ammonia, and Daphnia and Dreissena eDNA detection all peaked in early to 

mid-July, followed by temperature and microcystin peaks in late July. POC:PON ratio, microbially 

derived and aromatic amino acid fractions of DOM, and amoeba eDNA detection peaked in mid- 

to late-August, immediately following the observed peaks in anabaenopeptin, aeruginosin, and 

aerucyclamide and minima of combined nitrate and nitrite, terrestrial humic DOM, and ammonia. 

Ammonia concentrations rose again between September and October, although not to the peak 
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levels observed in July (Figure 2.8.7A). Because DOY accounted for up to half or more of the 

seasonal variation in cyanopeptide abundance, we evaluated the effects of nitrogen and DOM on 

the residual variation not explained by DOY (SI Figure S2.9.15). Nitrogen and DOM variables 

showed only weak to moderate correlations with the residuals (all R² < 0.40), suggesting limited 

additional predictive power for these variables beyond what was already captured by DOY. 

2.5 Discussion 

A growing body of research has demonstrated that the production of cyanopeptides beyond 

microcystins by cyanobacteria is shaped by complex ecological interactions and environmental 

conditions, yet the temporal dynamics of these processes remain poorly understood. The BGC 

compositions that encode the synthesis of these metabolites vary within genera like Microcystis 

and Dolichospermum, which frequently co-occur and dominate freshwater cyanoHABs. Our 

analysis of a seven-year, metagenomic and metabolomic time series revealed coincident changes 

in environmental conditions and grazer abundances with three distinct phases characterized by 

diverse cyanopeptides in WLE.  

Consistent with previous studies documenting Dolichospermum adaptation to low 

temperatures and nutrient availability (3,5), our results suggest that declining temperatures and 

nitrogen concentrations were most associated with the late season shift to Dolichospermum 

dominance. In contrast, the warm, N-replete yet P-depleted summer conditions favored 

Microcystis dominance, consistent with its exceptional ability to scavenge P at low concentrations 

and, under N sufficiency, to produce grazer-deterring secondary metabolites such as microcystins 

(3,7,59). Previous studies in WLE have not documented these patterns beyond a few years. In our 

study of seven years of data, we first observed the successional shift to Dolichospermum in 2019, 

with this pattern continuing through 2022. This interannual variability is not unprecedented as 
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ADA dominance was observed in WLE in 2011 (60) but not 2014 (24,61). However, WLE was 

dominated by ADA in the 1970’s prior to total P load reductions catalyzed by the Great Lakes 

Water Quality Agreement (62). In addition to changing nitrogen availability, our data suggests the 

shift to Dolichospermum in 2019-2022 could be due to colder September temperatures (SI Figure 

S2.9.15) that limited Microcystis proliferation, promoted biomass decomposition, and released 

bioavailable P that facilitated Dolichospermum growth (63). Increased climate variability such as 

variable jet stream patterns causing abrupt fall cooling may further promote these successions, in 

addition to other seasonally-linked changes not measured in this study, such as light (64). 

This study demonstrates clear BGC succession in cyanoHABs over multiple years, 

providing evidence for seasonally distinct biosynthesis modules—co-varying clusters of BGCs 

with coordinated temporal patterns. Biosynthesis modules, which partially reflect BGC 

composition in co-occurring strains, influence bloom toxicity beyond microcystins alone. We 

found that modules dominated by NRPS and NRPS–PKS BGCs, which rely on N-rich enzymatic 

machinery and non-proteinogenic amino acids, were most abundant under N-replete conditions, 

coinciding with peak microcystin production (65,66). In contrast, modules enriched in RiPPs, such 

as those predicted to produce cyanobactins using canonical amino acids and ribosomal machinery, 

and PKS BGCs, responsible for producing carbon-rich metabolites, were more abundant during 

periods with lower N availability (65). These findings expand upon previous work linking nutrient 

availability to microcystin production and congener differentiation (67–69) by showing that 

stoichiometric controls may extend more broadly across diverse classes of biosynthetic pathways 

and cyanopeptides. 

To further explore the environmental controls on cyanopeptides, we integrated metagenomic 

and metabolomic data, identifying three temporally variant bloom phases defined by distinct 
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cyanopeptides. These phases mirrored patterns in biosynthesis module composition and 

corresponded to changes in concentration of inorganic N and DOM makeup. The early summer 

microcystin peak followed maxima in nitrate, ammonia, temperature, and terrestrial humic DOM, 

likely reflecting high nutrient loads delivered via spring runoff. This timing aligned with elevated 

levels of nitrogen-intensive NRPS and NRPS-PKS biosynthesis modules, supporting the 

hypothesis that microcystin production is promoted by N availability in concert with other cues, 

particularly temperature, which peaked just beforehand (59,67). Two additional cyanopeptide 

phases occurred later in the season under different conditions. The late August rise in 

anabaenopeptins and aeruginosins, and the subsequent peak in aerucyclamides, a less N-intensive 

RiPP, coincided with increases in reduced and organic nitrogen, including ammonia and aromatic 

amino acids. The co-variance of microbially processed DOM and inorganic N depletion with non-

microcystin cyanopeptides suggests that strains lacking mcy gain a competitive advantage late in 

the bloom, a pattern observed in eutrophic lakes such as Erie (26,70), Taihu (71), and Champlain 

(72). Based on these data, we hypothesize that shifts in nitrogen and DOM pools may alter 

cyanopeptide profiles through mechanisms such as co-regulation by shared environmental signals 

(73), stimulation of biosynthesis via increased carbon flux through aromatic amino acid pathways 

(e.g., shikimate) (74), or competitive and protective responses to accumulating DOM components 

(75). Together, these findings demonstrate phase-specific environmental associations with 

cyanopeptide production, with early season cyanopeptides tied to external nutrient loading and 

warming, and late season cyanopeptides possibly linked to internal recycling and organic nutrient 

availability. 

In addition to these metabolic triggers, ecological interactions, such as those within the 

phycosphere, may also influence cyanopeptide abundance under nutrient-depleted periods. 
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Previous studies have shown that microcystins can interfere with inorganic carbon metabolism and 

reduce microbiome richness (76). However, the late season production of anabaenopeptins, 

aeruginosins, and aerucyclamides suggests different interactions. We hypothesize that these 

cyanopeptide phases may also be driven by N remineralization and recycling mediated by the 

phycosphere, implying a potential symbiotic relationship between non-mcy encoding Microcystis 

strains and their associated microbiome (77,78).  

Beyond interactions with the phycosphere, the shared temporal patterns of biosynthesis 

modules and their associated cyanopeptides suggest broader, multi-trophic ecological roles that 

may confer strain-specific competitive advantages. Certain BGC pairs frequently co-localize in 

Microcystis genomes, such as those encoding microcystin with aeruginosin, or anabaenopeptin 

with cyanopeptolins, whereas others, like microcystin and anabaenopeptin, rarely occur together, 

suggesting selective pressures favoring specific metabolite combinations. Although the ecological 

functions of most cyanopeptides remain unclear, they are predicted to influence bloom dynamics 

via grazing deterrence, allelopathy, quorum sensing, and nutrient regulation (79–84). We identified 

that microcystin abundance peaked during periods of high Daphnia and Dreissena abundance, also 

aligning with known periods of high grazing activity by these organisms, and further supporting 

microcystins’ role as a grazer deterrent (85,86). As microcystin declined, anabaenopeptin and 

aeruginosin levels increased, resulting in the co-occurrence of these three cyanopeptides. Prior 

studies have demonstrated synergistic and additive toxicity of these compounds in Daphnia (16), 

supporting the ecological relevance of this pattern. This second cyanopeptide phase also coincided 

with increased amoeba abundance, against which anabaenopeptins have demonstrated inhibitory 

effects, suggesting a potential defensive role of anabaenopeptins and aeruginosins (87). Although 

microcystins are the most extensively studied, anabaenopeptins may serve similar ecological 
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functions or support strain-specific niche partitioning, which may explain their rare genomic co-

occurrence despite overlapping temporal patterns with distinct grazer populations. These findings 

highlight how variation in biosynthesis may influence strain fitness and emphasizes the need to 

investigate the ecological roles and combinatorial effects of co-occurring metabolites within 

complex bloom communities.  

This study reveals interannually conserved temporal patterns of cyanobacterial taxa, 

biosynthetic potential, and cyanopeptide abundance in freshwater cyanoHABs, suggesting 

intraspecific variability in secondary metabolism as a marker of distinct populations in a bloom. 

These successions co-varied with ecological controls, providing hypotheses about environmental 

drivers of strain-specific fitness. The identification of three bloom phases, each characterized by 

different biosynthesis modules, Microcystis strains, and cyanopeptides, revealed new insights 

about cyanoHAB chemical ecology beyond the dynamics microcystin alone. These results 

demonstrate that the absence of microcystins does not necessarily indicate reduced risk, as other 

bioactive cyanopeptides may occur at toxicologically relevant levels. Co-occurrence of 

cyanopeptides across phases warrants investigation into their individual and combinatorial toxic 

effects to better define cyanoHAB risk profiles. Integrating multi-omics analyses, strain-level 

fitness studies, and evolutionary frameworks will be critical for understanding cyanoHAB 

functional complexity and anticipating how anthropogenic pressures may intensify their ecological 

and public health impacts. 

2.6 Data Availability  

All physicochemical parameters measured in this study are freely available from NOAA National 

Centers for Environmental Information (NCEI) at https://doi.org/10.25921/11da-3x54 

(Cooperative Institute for Great Lakes Research, University of Michigan, and NOAA Great Lakes 
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Environmental Research Laboratory, 2019, Accessed November 2024). Raw reads, assemblies, 

and MAGs used in this study were deposited on NCBI under BioProject PRJNA1190886, 

BioSamples SAMN45060126-SAMN45060294. All metabolomics datafiles used in this study can 

be found in Lopez et al. (2025) (34) and were deposited on the MassIVE database under doi: 

https://doi.org/doi:10.25345/C58W38F3P. All scripts for analysis are available on GitHub at: 

https://github.com/Geo-omics/2016-2022-Western-Lake-Erie-Time-Series-Metagenomics-and-

Metabolomics.  
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2.8 Figures 

 

Figure 2.8.1: Map of western Lake Erie showing NOAA long-term monitoring stations 
evaluated in this study and nearby rivers and cities. Near-shore sites WE2 and WE12 border the 
Ohio coastline, WE8 lies off the Michigan shoreline, and WE4 represents an offshore station. 
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Figure 2.8.2: (a) Temporal patterns of particulate microcystin (µg/L) and the relative abundance 
of Microcystis and Dolichospermum. All individual measurements are shown as points colored 
by year. Particulate microcystin concentrations are shown as a black smoothed line fitted using 
locally weighted regression (loess). Microcystis and Dolichospermum abundance are also black 
smoothed lines fit using generalized additive models (GAMs) with a smooth on DOY with a 
cubic regression function. (b) Samples were categorized based on their relative abundance 
differences between Microcystis and Dolichospermum. Pie charts show the distribution of 
samples in each stage for each year. Sample size (n) in stage 1, 2, and 3, are 85, 61, and 24, 
respectively. (c) Nonmetric MultiDimensional Scaling (NMDS) ordination of samples based on 
cyanobacterial community (genus level), with points colored by stage. Ellipses represent 95% 
confidence intervals around samples grouped by stages 1, 2, and 3. Arrows indicate the direction 
and strength of environmental variables, with longer arrows representing strong correlations with 
NMDS axes, and bolded variables indicating key drivers of ordination structure (P<0.05). 
Abbreviations: Soluble reactive phosphorus (SRP), Particulate Organic Nitrogen (PON), 
Particulate Organic Carbon (POC), Colored dissolved organic matter (CDOM). (d) Random 
forest abiotic environmental variable importance based on mean decrease in accuracy for 
predicting stage, where bars represent the relative importance of each abiotic variable in 
classifying samples into stages.  
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Figure 2.8.3: Relative abundance of BGCs from Microcystis and the ADA clade. Tiles are 
colored by log-transformed average fragments per kilobase million (FPKM) for each BGC across 
sampling dates within each year, with warmer colors indicating higher relative abundance. Black 
squares denote values of zero. BGC pathways are indicated by the color of labels on the 
horizontal axis. 
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Figure 2.8.4: (a) Biosynthesis modules determined by hierarchical clustering (average linkage) 
of temporal distributions of relative abundance of BGCs based on Bray-Curtis distance. The dark 
gray subtree contains Microcystis BGCs that occur consistently across samples, whereas the light 
gray subtree contains ADA BGCs and sporadically occurring Microcystis BGCs (zero 
observations in two or more years of the dataset). BGC pathways are color-coded according to 
the legend. An asterisk (*) denotes significantly supported modules based on permutation-
derived clustering quality. Scale bars for trees are shown, where the length is equal to a branch 
length of 0.1. (b) Partial effects of DOY from module-specific HGAMs with the log-transformed 
average FPKM of BGCs from modules 4, 5, 6, and 7 as the response. Shaded ribbons indicate 
standard errors around the fitted temporal trends. 
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Figure 2.8.5: (a) Percent of each biosynthesis module present in isolates from the WLECC. 
Isolates are hierarchically clustered using average-linkage. Tiles are filled in by the percent of 
each biosynthesis module found in each isolate, with brighter tiles indicating more of the module 
present in that isolate. (b) Relative abundance of six WLECC isolates across field samples. 
Points represent individual observations, relative to the whole microbial community, and 
smoothed lines were fitted using a loess function. 
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Figure 2.8.6: (a) Representative chemical structures of putatively annotated metabolites across 
the dataset: Microcystin LR, Anabaenopeptin A, Aeruginosin 98A, and Aerucyclamide A. (b) 
Temporal distribution of the normalized abundance of metabolites (Microcystin = sum of MC-
LR, MC-YR, MC-HilR, MC-RR, and MC-HtyR; Aeruginosin 98A; Anabaenopeptin = sum of 
AP-A and AP-B; and Aerucyclamide A), plotted with the average FPKM of associated BGCs. 
Data were Z-score scaled with all individual observations less than or equal to one shown (6 
observations excluded), where black dots correspond to BGC abundance and colored dots 
correspond to metabolite abundance. Smoothed lines for BGC and metabolite abundance, 
represented as black dashed and filled colored lines, respectively, were fitted using a loess 
function.  
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Figure 2.8.7: (a) Temporal patterns of the normalized abundance of metabolites (Microcystin = 
sum of MC-LR, MC-YR, MC-HilR, MC-RR, and MC-HtyR; Aeruginosin 98A; Anabaenopeptin 
= sum of AP-A and AP-B; and Aerucyclamide A) plotted with nitrogen forms/sources, DOM 
components, and grazer abundance. Metabolite data were Z-score scaled and plotted together, 
whereas all other variables were plotted in their original scales. Scales for each variable are as 
follows: Ammonia (µg L-1), Nitrate + Nitrate (mg L-1), Daphnia, Dreissena, and Amoeba (% 
Relative Abundance). Temporal patterns were visualized using a loess function. Dashed lines 
indicate predicted peak dates for each metabolite and are colored accordingly. Abbreviations: 
Particulate organic carbon: particulate organic nitrogen (POC/PON). (b) Predicted maxima and 
minima for environmental variables and metabolites were estimated using 1,000 bootstrapped 
GAMs with a cyclic smoother on DOY. Median peak dates and 95% confidence intervals are 
shown as points with horizontal bars. Maxima are indicated by solid lines with circles, whereas 
minima, predicted only for nitrogen- and DOM-related variables, are shown as dashed lines with 
stars. Metabolite maxima are shown as solid-colored lines in the top panel separated from the 
environmental variable predictions. 
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2.9 Supplementary Information 

2.9.1 SI Tables 

Table S2.9.1: Metadata for all samples used in this study, including sampling and 
physicochemical parameter information. 

GLAMR_
SampleID 

NCBI 
BioProj
ect 

NCBI 
Biosamp
le 

NCBI 
Accessi
on 

Chlor
ophyll 
A 
(ug/L) 

MASSi
VE DB 
ID 

C1 
(RU) 

C2 
(RU) 

C3 
(RU) 

C4 
(RU) 

C5 
(RU) 

NOA
A_Sit
e 

collectio
n_date 

Metabo
lomics 
volume 
filtered 
(mL) 

samp_2042 PRJNA1
190886 

SAMN4
5060126 

SRR31
514654 

4.42 MSV000
097661 

NA NA NA NA NA WE4 2016-
07-
18T12:2
3:00Z 

300 

samp_2043 PRJNA1
190886 

SAMN4
5060127 

SRR31
514643 

16.28 NA NA NA NA NA NA WE8 2016-
07-
18T13:1
2:00Z 

100 

samp_2044 PRJNA1
190886 

SAMN4
5060128 

SRR31
514728 

7.93 NA NA NA NA NA NA WE12 2016-
07-
18T09:5
0:00Z 

NA 

samp_2045 PRJNA1
190886 

SAMN4
5060129 

SRR31
514716 

22.69 MSV000
097661 

0.223
51001 

0.400
80213 

0.161
13691 

0.202
44467 

0.167
62341 

WE2 2016-
08-
01T08:2
5:00Z 

75 

samp_2047 PRJNA1
190886 

SAMN4
5060131 

SRR31
514666 

15.3 NA NA NA NA NA NA WE8 2016-
08-
01T13:1
6:00Z 

100 

samp_2048 PRJNA1
190886 

SAMN4
5060132 

SRR31
514800 

25.53 NA 0.218
95659 

0.419
70956 

0.174
83684 

0.183
26945 

0.189
88966 

WE12 2016-
08-
01T10:0
6:00Z 

NA 

samp_2049 PRJNA1
190886 

SAMN4
5060133 

SRR31
514798 

19.64 MSV000
097661 

0.156
55251 

0.268
18767 

0.122
07815 

0.138
94522 

0.137
2291 

WE2 2016-
08-
15T08:3
5:00Z 

80 

samp_2051 PRJNA1
190886 

SAMN4
5060135 

SRR31
514794 

46.33 NA NA NA NA NA NA WE8 2016-
08-
15T14:0
0:00Z 

25 

samp_2052 PRJNA1
190886 

SAMN4
5060136 

SRR31
514770 

18.81 MSV000
097661 

0.137
79923 

0.237
32496 

0.102
98506 

0.122
25352 

0.094
27645 

WE12 2016-
08-
15T10:3
4:00Z 

80 

samp_2053 PRJNA1
190886 

SAMN4
5060137 

SRR31
514661 

11.47 MSV000
097661 

0.152
07383 

0.273
01959 

0.116
93199 

0.178
81542 

0.144
18313 

WE2 2016-
08-
29T08:2
0:00Z 

75 

samp_2054 PRJNA1
190886 

SAMN4
5060138 

SRR31
514660 

9.97 MSV000
097661 

0.176
79072 

0.298
01903 

0.129
32853 

0.204
36449 

0.164
24687 

WE4 2016-
08-
29T11:3
0:00Z 

125 

samp_2055 PRJNA1
190886 

SAMN4
5060139 

SRR31
514659 

22.88 NA NA NA NA NA NA WE8 2016-
08-
29T12:2
0:00Z 

NA 

samp_2056 PRJNA1
190886 

SAMN4
5060140 

SRR31
514658 

10.35 MSV000
097661 

NA NA NA NA NA WE12 2016-
08-
29T10:0
5:00Z 

80 

samp_2057 PRJNA1
190886 

SAMN4
5060141 

SRR31
514657 

22.16 MSV000
097661 

NA NA NA NA NA WE2 2016-
09-
12T08:2
5:00Z 

50 

samp_2058 PRJNA1
190886 

SAMN4
5060142 

SRR31
514656 

7.97 MSV000
097661 

NA NA NA NA NA WE4 2016-
09-
12T12:2
9:00Z 

150 
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samp_2059 PRJNA1
190886 

SAMN4
5060143 

SRR31
514655 

10.85 NA NA NA NA NA NA WE8 2016-
09-
12T13:1
2:00Z 

100 

samp_2060 PRJNA1
190886 

SAMN4
5060144 

SRR31
514652 

4.77 MSV000
097661 

0.150
05652 

0.258
25964 

0.116
07598 

0.133
19336 

0.109
14125 

WE12 2016-
09-
12T10:0
4:00Z 

100 

samp_2061 PRJNA1
190886 

SAMN4
5060145 

SRR31
514651 

7.69 MSV000
097661 

0.224
79311 

0.380
68094 

0.170
55193 

0.216
01059 

0.107
82203 

WE2 2016-
10-
11T08:2
5:00Z 

70 

samp_2062 PRJNA1
190886 

SAMN4
5060146 

SRR31
514650 

2.77 NA NA NA NA NA NA WE4 2016-
10-
11T12:5
0:00Z 

NA 

samp_2065 PRJNA1
190886 

SAMN4
5060148 

SRR31
514648 

9.17 NA 0.554
47537 

0.969
42573 

0.407
19774 

0.360
20969 

0.186
72574 

WE2 2017-
07-
11T13:1
3:00Z 

NA 

samp_2067 PRJNA1
190886 

SAMN4
5060150 

SRR31
514646 

2.28 NA NA NA NA NA NA WE8 2017-
07-
11T08:1
2:00Z 

200 

samp_2068 PRJNA1
190886 

SAMN4
5060151 

SRR31
514645 

8.88 MSV000
097661 

0.193
62998 

0.336
81004 

0.130
94566 

0.162
64632 

0.121
6456 

WE12 2017-
07-
11T11:3
3:00Z 

100 

samp_2070 PRJNA1
190886 

SAMN4
5060153 

SRR31
514641 

16.71 MSV000
097661 

0.260
91395 

0.453
86735 

0.177
12924 

0.191
15258 

0.184
24208 

WE4 2017-
07-
24T09:0
7:00Z 

100 

samp_2073 PRJNA1
190886 

SAMN4
5060156 

SRR31
514638 

21.52 MSV000
097661 

0.444
77503 

0.808
40778 

0.337
4859 

0.311
37765 

0.213
19479 

WE2 2017-
08-
07T13:1
9:00Z 

100 

samp_2074 PRJNA1
190886 

SAMN4
5060157 

SRR31
514735 

7.33 MSV000
097661 

0.263
2535 

0.466
98889 

0.180
07316 

0.213
76804 

0.110
16626 

WE4 2017-
08-
07T09:0
0:00Z 

100 

samp_2075 PRJNA1
190886 

SAMN4
5060158 

SRR31
514734 

23.1 NA NA NA NA NA NA WE8 2017-
08-
07T08:1
5:00Z 

NA 

samp_2077 PRJNA1
190886 

SAMN4
5060160 

SRR31
514732 

111.87 MSV000
097661 

0.357
08941 

0.657
44296 

0.270
25225 

0.266
97909 

0.217
51072 

WE2 2017-
08-
21T13:1
3:00Z 

10 

samp_2078 PRJNA1
190886 

SAMN4
5060161 

SRR31
514731 

54.72 MSV000
097661 

0.441
45892 

0.777
27813 

0.323
784 

0.329
54006 

0.177
61858 

WE4 2017-
08-
21T08:5
9:00Z 

10 

samp_2079 PRJNA1
190886 

SAMN4
5060162 

SRR31
514730 

31.45 NA NA NA NA NA NA WE8 2017-
08-
21T08:1
4:00Z 

10 

samp_2080 PRJNA1
190886 

SAMN4
5060163 

SRR31
514727 

22.04 MSV000
097661 

0.115
88003 

0.219
5184 

0.087
59668 

0.103
49796 

0.133
71699 

WE12 2017-
08-
21T11:3
3:00Z 

10 

samp_2082 PRJNA1
190886 

SAMN4
5060165 

SRR31
514725 

9.14 MSV000
097661 

0.233
58073 

0.443
21124 

0.172
78718 

0.243
55021 

0.097
86177 

WE4 2018-
07-
16T09:0
1:00Z 

100 

samp_2085 PRJNA1
190886 

SAMN4
5060168 

SRR31
514722 

25.61 MSV000
097661 

0.252
10919 

0.464
3288 

0.181
98427 

0.228
44178 

0.104
82629 

WE2 2018-
07-
30T12:4
6:00Z 

150 

samp_2087 PRJNA1
190886 

SAMN4
5060170 

SRR31
514720 

25.48 NA NA NA NA NA NA WE8 2018-
07-
30T08:0
8:00Z 

100 

samp_2088 PRJNA1
190886 

SAMN4
5060171 

SRR31
514719 

13.13 MSV000
097661 

0.257
01346 

0.494
31749 

0.185
1145 

0.255
46297 

0.099
20542 

WE12 2018-
07-
30T11:0
4:00Z 

100 

samp_2089 PRJNA1
190886 

SAMN4
5060172 

SRR31
514717 

19.43 MSV000
097661 

0.225
09486 

0.441
70442 

0.163
12827 

0.223
21405 

0.112
76842 

WE2 2018-
08-

100 
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13T12:2
7:00Z 

samp_2091 PRJNA1
190886 

SAMN4
5060174 

SRR31
514714 

18.85 NA NA NA NA NA NA WE8 2018-
08-
13T08:0
6:00Z 

100 

samp_2092 PRJNA1
190886 

SAMN4
5060175 

SRR31
514713 

19.56 MSV000
097661 

0.267
43867 

0.527
37452 

0.196
41342 

0.350
13392 

0.127
55635 

WE12 2018-
08-
13T10:5
1:00Z 

100 

samp_2093 PRJNA1
190886 

SAMN4
5060176 

SRR31
514712 

20.15 MSV000
097661 

0.211
88314 

0.407
99649 

0.152
22571 

0.224
76646 

0.115
55636 

WE2 2018-
08-
20T13:0
1:00Z 

100 

samp_2094 PRJNA1
190886 

SAMN4
5060177 

SRR31
514685 

12.32 MSV000
097661 

0.147
0105 

0.271
167 

0.103
01277 

0.145
88934 

0.094
74307 

WE4 2018-
08-
20T09:2
8:00Z 

150 

samp_2095 PRJNA1
190886 

SAMN4
5060178 

SRR31
514684 

33.88 NA NA NA NA NA NA WE8 2018-
08-
20T08:4
4:00Z 

75 

samp_2096 PRJNA1
190886 

SAMN4
5060179 

SRR31
514683 

15.08 MSV000
097661 

0.124
09002 

0.247
67309 

0.095
05436 

0.170
82765 

0.090
4503 

WE12 2018-
08-
20T11:2
1:00Z 

150 

samp_2097 PRJNA1
190886 

SAMN4
5060180 

SRR31
514682 

16.96 MSV000
097661 

0.308
86586 

0.547
04255 

0.227
99342 

0.290
5749 

0.162
02631 

WE2 2018-
09-
11T12:3
2:00Z 

20 

samp_2098 PRJNA1
190886 

SAMN4
5060181 

SRR31
514680 

14.3 MSV000
097661 

0.208
17315 

0.365
46181 

0.156
4099 

0.177
68348 

0.124
82376 

WE4 2018-
09-
11T09:0
2:00Z 

25 

samp_2101 PRJNA1
190886 

SAMN4
5060184 

SRR31
514676 

12.27 NA 0.190
12862 

0.342
356 

0.139
50545 

0.186
76976 

0.132
31956 

WE2 2018-
09-
25T08:2
0:00Z 

NA 

samp_2105 PRJNA1
190886 

SAMN4
5060188 

SRR31
514672 

28.35 MSV000
097661 

0.595
32945 

1.068
92543 

0.443
66878 

0.421
26003 

0.186
76232 

WE2 2019-
07-
08T13:0
4:00Z 

100 

samp_2107 PRJNA1
190886 

SAMN4
5060190 

SRR31
514669 

11.18 NA NA NA NA NA NA WE8 2019-
07-
08T08:2
6:00Z 

150 

samp_2109 PRJNA1
190886 

SAMN4
5060192 

SRR31
514667 

143.23 NA 0.589
25174 

1.051
02803 

0.428
86006 

0.436
11264 

0.148
64482 

WE2 2019-
07-
22T13:2
0:00Z 

NA 

samp_2110 PRJNA1
190886 

SAMN4
5060193 

SRR31
514665 

18.4 MSV000
097661 

0.227
55268 

0.432
23895 

0.166
64064 

0.198
74041 

0.106
87989 

WE4 2019-
07-
22T09:2
3:00Z 

100 

samp_2111 PRJNA1
190886 

SAMN4
5060194 

SRR31
514664 

49.79 NA NA NA NA NA NA WE8 2019-
07-
22T08:3
2:00Z 

100 

samp_2112 PRJNA1
190886 

SAMN4
5060195 

SRR31
514663 

13.98 MSV000
097661 

0.252
48731 

0.463
47601 

0.180
88552 

0.206
75937 

0.087
53306 

WE12 2019-
07-
22T11:2
6:00Z 

75 

samp_2113 PRJNA1
190886 

SAMN4
5060196 

SRR31
514662 

154.05 MSV000
097661 

0.881
24269 

1.603
8317 

0.656
25548 

0.625
60035 

0.252
89479 

WE2 2019-
07-
29T13:0
9:00Z 

50 

samp_2114 PRJNA1
190886 

SAMN4
5060197 

SRR31
514711 

52.36 MSV000
097661 

0.193
06411 

0.387
85067 

0.149
23181 

0.183
88755 

0.127
15246 

WE4 2019-
07-
29T09:1
0:00Z 

100 

samp_2115 PRJNA1
190886 

SAMN4
5060198 

SRR31
514710 

42.9 NA NA NA NA NA NA WE8 2019-
07-
29T08:2
3:00Z 

100 

samp_2116 PRJNA1
190886 

SAMN4
5060199 

SRR31
514804 

49.63 MSV000
097661 

0.362
57989 

0.681
38225 

0.263
99731 

0.280
81493 

0.152
30117 

WE12 2019-
07-
29T11:2
4:00Z 

50 
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samp_2117 PRJNA1
190886 

SAMN4
5060200 

SRR31
514803 

68.01 MSV000
097661 

0.271
54376 

0.496
76523 

0.202
35239 

0.233
39903 

0.166
20707 

WE2 2019-
08-
19T12:5
7:00Z 

50 

samp_2118 PRJNA1
190886 

SAMN4
5060201 

SRR31
514802 

13.36 MSV000
097661 

0.076
8894 

0.161
60214 

0.056
29276 

0.071
35446 

0.100
60078 

WE4 2019-
08-
19T09:0
4:00Z 

50 

samp_2119 PRJNA1
190886 

SAMN4
5060202 

SRR31
514801 

59.87 NA NA NA NA NA NA WE8 2019-
08-
19T08:1
5:00Z 

50 

samp_2120 PRJNA1
190886 

SAMN4
5060203 

SRR31
514799 

72.35 MSV000
097661 

0.201
79872 

0.374
42287 

0.152
74053 

0.166
1887 

0.132
00241 

WE12 2019-
08-
19T10:5
5:00Z 

50 

samp_2131 PRJNA1
190886 

SAMN4
5060204 

SRR31
514797 

52.5 MSV000
097661 

0.334
11807 

0.621
55533 

0.256
12887 

0.285
76267 

0.192
05044 

WE2 2019-
08-
28T08:5
9:00Z 

50 

samp_2132 PRJNA1
190886 

SAMN4
5060205 

SRR31
514796 

39.63 MSV000
097661 

0.198
49749 

0.371
84604 

0.146
08393 

0.189
8103 

0.177
05239 

WE4 2019-
08-
28T11:5
6:00Z 

50 

samp_2133 PRJNA1
190886 

SAMN4
5060206 

SRR31
514795 

54.02 NA NA NA NA NA NA WE8 2019-
08-
28T12:2
0:00Z 

40 

samp_2134 PRJNA1
190886 

SAMN4
5060207 

SRR31
514773 

45.48 MSV000
097661 

0.335
92558 

0.617
87679 

0.250
14657 

0.280
10777 

0.193
88346 

WE12 2019-
08-
28T09:5
0:00Z 

40 

samp_2135 PRJNA1
190886 

SAMN4
5060208 

SRR31
514762 

70.64 MSV000
097661 

0.439
50072 

0.797
84875 

0.338
69023 

0.342
56688 

0.252
19745 

WE2 2019-
09-
03T12:5
5:00Z 

40 

samp_2136 PRJNA1
190886 

SAMN4
5060209 

SRR31
514653 

45.97 MSV000
097661 

0.247
58528 

0.456
95634 

0.184
52425 

0.218
17774 

0.198
86744 

WE4 2019-
09-
03T09:1
3:00Z 

40 

samp_2136 PRJNA1
190886 

SAMN4
5060209 

SRR31
514653 

45.97 MSV000
097661 

0.247
58528 

0.456
95634 

0.184
52425 

0.218
17774 

0.198
86744 

WE4 2019-
09-
03T09:1
3:00Z 

50 

samp_2137 PRJNA1
190886 

SAMN4
5060210 

SRR31
514642 

93.65 NA NA NA NA NA NA WE8 2019-
09-
03T08:1
3:00Z 

40 

samp_2138 PRJNA1
190886 

SAMN4
5060211 

SRR31
514729 

46.75 MSV000
097661 

0.312
78498 

0.571
42458 

0.236
20275 

0.266
55614 

0.203
26785 

WE12 2019-
09-
03T11:0
9:00Z 

50 

samp_2139 PRJNA1
190886 

SAMN4
5060212 

SRR31
514718 

3.83 MSV000
097661 

0.336
40664 

0.604
92658 

0.235
08302 

0.273
33227 

0.114
90839 

WE2 2020-
07-
06T08:3
2:00Z 

250 

samp_2141 PRJNA1
190886 

SAMN4
5060213 

SRR31
514681 

10.83 MSV000
097661 

0.339
53204 

0.642
48968 

0.243
6509 

0.299
05456 

0.134
85634 

WE8 2020-
07-
06T08:0
0:00Z 

250 

samp_2142 PRJNA1
190886 

SAMN4
5060214 

SRR31
514670 

1.86 MSV000
097661 

0.194
95014 

0.373
61146 

0.143
16565 

0.183
89282 

0.092
52777 

WE12 2020-
07-
06T09:0
7:00Z 

250 

samp_2143 PRJNA1
190886 

SAMN4
5060215 

SRR31
514805 

28.47 NA 0.336
07884 

0.638
0365 

0.242
79384 

0.312
83637 

0.183
40581 

WE2 2020-
07-
28T15:4
5:00Z 

50 

samp_2144 PRJNA1
190886 

SAMN4
5060216 

SRR31
514759 

16.77 NA 0.127
82199 

0.248
55264 

0.090
88362 

0.151
20748 

0.097
52643 

WE4 2020-
07-
28T12:4
5:00Z 

200 

samp_2145 PRJNA1
190886 

SAMN4
5060217 

SRR31
514748 

14.3 NA 0.239
86685 

0.458
25809 

0.178
18745 

0.240
0559 

0.132
64826 

WE8 2020-
07-
28T12:0
7:00Z 

100 

samp_2147 PRJNA1
190886 

SAMN4
5060219 

SRR31
514700 

20.48 MSV000
097661 

0.263
44689 

0.499
09133 

0.186
66743 

0.254
79305 

0.158
02989 

WE2 2020-
08-

100 
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10T11:4
0:00Z 

samp_2149 PRJNA1
190886 

SAMN4
5060221 

SRR31
514776 

15.67 MSV000
097661 

0.206
27819 

0.393
5465 

0.151
44187 

0.215
23407 

0.132
07083 

WE8 2020-
08-
10T08:0
3:00Z 

100 

samp_2150 PRJNA1
190886 

SAMN4
5060222 

SRR31
514775 

21.39 MSV000
097661 

0.254
11204 

0.474
28203 

0.184
15987 

0.253
94673 

0.157
68387 

WE12 2020-
08-
10T10:2
0:00Z 

100 

samp_2151 PRJNA1
190886 

SAMN4
5060223 

SRR31
514774 

12.92 MSV000
097661 

0.200
48872 

0.370
48403 

0.147
3689 

0.183
9897 

0.131
31832 

WE2 2020-
08-
24T11:3
0:00Z 

100 

samp_2152 PRJNA1
190886 

SAMN4
5060224 

SRR31
514772 

12.79 MSV000
097661 

0.056
45926 

0.120
11817 

0.045
27454 

0.044
75656 

0.065
82042 

WE4 2020-
08-
24T08:4
4:00Z 

150 

samp_2153 PRJNA1
190886 

SAMN4
5060225 

SRR31
514771 

43.53 MSV000
097661 

0.154
992 

0.298
56527 

0.118
26856 

0.143
41296 

0.117
57006 

WE8 2020-
08-
24T08:0
3:00Z 

100 

samp_2154 PRJNA1
190886 

SAMN4
5060226 

SRR31
514769 

11.47 MSV000
097661 

0.153
99634 

0.288
67295 

0.114
74058 

0.141
37771 

0.113
72068 

WE12 2020-
08-
24T10:1
5:00Z 

100 

samp_2155 PRJNA1
190886 

SAMN4
5060227 

SRR31
514768 

17.36 NA 0.138
471 

0.274
82508 

0.105
70234 

0.120
91016 

0.120
9265 

WE2 2020-
09-
01T15:1
0:00Z 

100 

samp_2156 PRJNA1
190886 

SAMN4
5060228 

SRR31
514767 

7.08 NA 0.040
27485 

0.076
68245 

0.029
95493 

0.013
15781 

0.069
12681 

WE4 2020-
09-
01T12:4
0:00Z 

200 

samp_2157 PRJNA1
190886 

SAMN4
5060229 

SRR31
514766 

18.85 NA 0.158
32126 

0.323
75396 

0.124
84128 

0.169
38356 

0.146
05627 

WE8 2020-
09-
01T12:0
3:00Z 

100 

samp_2158 PRJNA1
190886 

SAMN4
5060230 

SRR31
514765 

17.49 NA 0.167
72248 

0.329
46469 

0.124
78838 

0.177
31158 

0.138
13026 

WE12 2020-
09-
01T14:0
3:00Z 

100 

samp_2159 PRJNA1
190886 

SAMN4
5060231 

SRR31
514764 

17.68 NA 0.165
35125 

0.329
1731 

0.131
59433 

0.170
48553 

0.158
63559 

WE2 2020-
09-
15T16:3
7:00Z 

100 

samp_2160 PRJNA1
190886 

SAMN4
5060232 

SRR31
514763 

6.57 NA NA NA NA NA NA WE4 2020-
09-
15T13:1
5:00Z 

200 

samp_2161 PRJNA1
190886 

SAMN4
5060233 

SRR31
514761 

26.78 NA 0.176
17579 

0.346
51394 

0.138
77454 

0.182
23431 

0.142
10564 

WE8 2020-
09-
15T12:3
1:00Z 

75 

samp_2162 PRJNA1
190886 

SAMN4
5060234 

SRR31
514760 

25.42 NA 0.218
49984 

0.409
75278 

0.161
75789 

0.203
95643 

0.150
21328 

WE12 2020-
09-
15T15:0
3:00Z 

100 

samp_4334 PRJNA1
190886 

SAMN4
5060235 

SRR31
514746 

10.8 NA 0.327
37561 

0.575
65094 

0.229
38364 

0.264
41137 

0.251
85109 

WE2 2019-
09-
24T12:3
3:00 

NA 

samp_4336 PRJNA1
190886 

SAMN4
5060237 

SRR31
514696 

12.34 NA NA NA NA NA NA WE8 2019-
09-
24T8:17
:00 

NA 

samp_4337 PRJNA1
190886 

SAMN4
5060238 

SRR31
514686 

13.46 NA NA NA NA NA NA WE12 2019-
09-
24T10:5
6:00 

NA 

samp_4338 PRJNA1
190886 

SAMN4
5060239 

SRR31
514782 

22.62 NA 0.108
93656 

0.211
77654 

0.085
31873 

0.088
25699 

0.101
8985 

WE2 2020-
09-
09T11:0
9:00 

NA 

samp_4339 PRJNA1
190886 

SAMN4
5060240 

SRR31
514781 

3.47 NA 0.043
11027 

0.087
75543 

0.035
85794 

0.041
69641 

0.055
00984 

WE4 2020-
09-
09T8:37
:00 

NA 
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samp_4340 PRJNA1
190886 

SAMN4
5060241 

SRR31
514780 

19.71 NA 0.142
46638 

0.294
76691 

0.116
08998 

0.156
11653 

0.141
46217 

WE8 2020-
09-
09T8:02
:00 

NA 

samp_4341 PRJNA1
190886 

SAMN4
5060242 

SRR31
514793 

22.36 NA 0.081
6416 

0.171
62154 

0.067
50442 

0.102
51356 

0.083
61454 

WE12 2020-
09-
09T10:0
2:00 

NA 

samp_4342 PRJNA1
190886 

SAMN4
5060243 

SRR31
514789 

8 NA 0.142
9915 

0.277
74544 

0.107
58753 

0.145
32368 

0.123
71367 

WE2 2020-
10-
05T11:3
4:00 

NA 

samp_4343 PRJNA1
190886 

SAMN4
5060244 

SRR31
514788 

6.79 NA 0.177
0522 

0.336
93688 

0.134
81054 

0.174
55376 

0.151
86627 

WE8 2020-
10-
05T8:12
:00 

NA 

samp_4344 PRJNA1
190886 

SAMN4
5060245 

SRR31
514787 

9.65 NA 0.129
34764 

0.261
38372 

0.100
65354 

0.154
84774 

0.126
02422 

WE12 2020-
10-
05T10:1
8:00 

NA 

samp_4345 PRJNA1
190886 

SAMN4
5060246 

SRR31
514786 

7.07 NA 0.094
76252 

0.157
71029 

0.072
62143 

0.091
64191 

0.050
5145 

WE2 2021-
08-
02T11:3
2:00 

NA 

samp_4346 PRJNA1
190886 

SAMN4
5060247 

SRR31
514785 

6.05 NA NA NA NA NA NA WE4 2021-
08-
02T8:35
:00 

NA 

samp_4347 PRJNA1
190886 

SAMN4
5060248 

SRR31
514784 

9.28 NA 0.275
36761 

0.428
42064 

0.216
20843 

0.183
24834 

0.099
08717 

WE8 2021-
08-
02T7:56
:00 

NA 

samp_4348 PRJNA1
190886 

SAMN4
5060249 

SRR31
514758 

24.38 NA 0.399
14302 

0.583
92553 

0.311
64203 

0.201
33831 

0.084
67972 

WE12 2021-
08-
02T10:0
8:00 

NA 

samp_4349 PRJNA1
190886 

SAMN4
5060250 

SRR31
514757 

26.26 NA 0.284
35535 

0.429
94183 

0.210
22351 

0.209
88594 

0.107
59512 

WE2 2021-
08-
30T11:0
3:00 

NA 

samp_4350 PRJNA1
190886 

SAMN4
5060251 

SRR31
514756 

14.1 NA NA NA NA NA NA WE4 2021-
08-
30T8:30
:00 

NA 

samp_4351 PRJNA1
190886 

SAMN4
5060252 

SRR31
514755 

28.27 NA 0.302
40088 

0.458
77169 

0.224
55266 

0.211
66589 

0.126
40404 

WE8 2021-
08-
30T7:53
:00 

NA 

samp_4352 PRJNA1
190886 

SAMN4
5060253 

SRR31
514754 

21.12 NA 0.155
77268 

0.235
96198 

0.113
94085 

0.121
9941 

0.082
72845 

WE12 2021-
08-
30T9:55
:00 

NA 

samp_4353 PRJNA1
190886 

SAMN4
5060254 

SRR31
514753 

5.49 NA 0.369
89747 

0.558
00854 

0.275
42275 

0.283
97992 

0.152
19524 

WE2 2021-
09-
20T11:0
5:00 

NA 

samp_4354 PRJNA1
190886 

SAMN4
5060255 

SRR31
514752 

7.73 NA 0.137
72783 

0.214
99184 

0.102
40838 

0.125
92246 

0.097
18451 

WE4 2021-
09-
20T8:31
:00 

NA 

samp_4355 PRJNA1
190886 

SAMN4
5060256 

SRR31
514751 

18.78 NA 0.276
94269 

0.411
65643 

0.206
93008 

0.213
55258 

0.152
85326 

WE8 2021-
09-
20T7:51
:00 

NA 

samp_4356 PRJNA1
190886 

SAMN4
5060257 

SRR31
514750 

1.05 NA 0.239
23759 

0.359
92962 

0.181
20597 

0.177
63265 

0.123
0628 

WE12 2021-
09-
20T10:0
0:00 

NA 

samp_4357 PRJNA1
190886 

SAMN4
5060258 

SRR31
514749 

16.64 NA 0.305
73078 

0.455
59256 

0.226
62188 

0.238
17533 

0.132
52341 

WE2 2021-
10-
04T12:4
7:00 

NA 

samp_4358 PRJNA1
190886 

SAMN4
5060259 

SRR31
514747 

13 NA 0.088
36079 

0.141
2398 

0.067
17622 

0.080
52981 

0.064
79799 

WE4 2021-
10-
04T9:36
:00 

NA 

samp_4359 PRJNA1
190886 

SAMN4
5060260 

SRR31
514745 

33 NA 0.387
5054 

0.576
78887 

0.289
84997 

0.289
41448 

0.168
08289 

WE8 2021-
10-

NA 
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04T9:18
:00 

samp_4360 PRJNA1
190886 

SAMN4
5060261 

SRR31
514744 

19.23 NA 0.152
26611 

0.228
93164 

0.114
20109 

0.126
5861 

0.101
16213 

WE12 2021-
10-
04T11:3
2:00 

NA 

samp_4361 PRJNA1
190886 

SAMN4
5060262 

SRR31
514743 

3.37 NA 0.249
45796 

0.407
72431 

0.187
40872 

0.188
82029 

0.097
42297 

WE2 2022-
06-
21T12:3
9:00 

NA 

samp_4362 PRJNA1
190886 

SAMN4
5060263 

SRR31
514742 

32.93 NA 0.450
95294 

0.718
65715 

0.333
426 

0.328
20848 

0.138
27611 

WE2 2022-
07-
18T12:2
4:00 

NA 

samp_4363 PRJNA1
190886 

SAMN4
5060264 

SRR31
514741 

10.59 NA 0.091
4507 

0.169
21562 

0.070
92479 

0.108
93242 

0.069
98942 

WE4 2022-
07-
18T8:45
:00 

NA 

samp_4364 PRJNA1
190886 

SAMN4
5060265 

SRR31
514740 

143.46 NA NA NA NA NA NA WE8 2022-
07-
18T8:01
:00 

NA 

samp_4365 PRJNA1
190886 

SAMN4
5060266 

SRR31
514739 

12.04 NA 0.229
03198 

0.376
14953 

0.176
3906 

0.192
76742 

0.082
01778 

WE12 2022-
07-
18T10:3
4:00 

NA 

samp_4366 PRJNA1
190886 

SAMN4
5060267 

SRR31
514738 

125.49 NA 0.485
85922 

0.755
20786 

0.362
8483 

0.386
73334 

0.211
54754 

WE2 2022-
08-
17T13:1
4:00 

NA 

samp_4367 PRJNA1
190886 

SAMN4
5060268 

SRR31
514736 

37.25 NA 0.118
38056 

0.202
50067 

0.090
14074 

0.127
51821 

0.105
87773 

WE4 2022-
08-
17T9:00
:00 

NA 

samp_4368 PRJNA1
190886 

SAMN4
5060269 

SRR31
514709 

92.09 NA NA NA NA NA NA WE8 2022-
08-
17T8:12
:00 

NA 

samp_4369 PRJNA1
190886 

SAMN4
5060270 

SRR31
514707 

84.18 NA 0.395
02273 

0.599
3388 

0.295
69067 

0.293
25962 

0.215
82206 

WE12 2022-
08-
17T10:5
9:00 

NA 

samp_4370 PRJNA1
190886 

SAMN4
5060271 

SRR31
514706 

86.72 NA 0.413
54141 

0.636
91508 

0.303
92392 

0.321
63258 

0.206
63327 

WE2 2022-
08-
29T12:3
5:00 

NA 

samp_4371 PRJNA1
190886 

SAMN4
5060272 

SRR31
514705 

6.41 NA 0.051
7289 

0.090
54019 

0.039
12936 

0.046
06955 

0.056
45184 

WE4 2022-
08-
29T9:04
:00 

NA 

samp_4372 PRJNA1
190886 

SAMN4
5060273 

SRR31
514704 

79.35 NA NA NA NA NA NA WE8 2022-
08-
29T8:19
:00 

NA 

samp_4373 PRJNA1
190886 

SAMN4
5060274 

SRR31
514703 

47.5 NA 0.300
49068 

0.465
47479 

0.223
52643 

0.240
77536 

0.191
73193 

WE12 2022-
08-
29T9:55
:00 

NA 

samp_4374 PRJNA1
190886 

SAMN4
5060275 

SRR31
514702 

55.48 NA 0.304
80117 

0.460
06347 

0.221
74221 

0.238
52501 

0.177
00519 

WE2 2022-
09-
12T12:5
4:00 

NA 

samp_4375 PRJNA1
190886 

SAMN4
5060276 

SRR31
514701 

24.51 NA 0.097
52893 

0.160
39148 

0.074
20123 

0.082
9415 

0.075
0688 

WE4 2022-
09-
12T9:02
:00 

NA 

samp_4376 PRJNA1
190886 

SAMN4
5060277 

SRR31
514699 

78.98 NA NA NA NA NA NA WE8 2022-
09-
12T8:11
:00 

NA 

samp_4377 PRJNA1
190886 

SAMN4
5060278 

SRR31
514698 

30.42 NA 0.216
07286 

0.327
0305 

0.157
45755 

0.166
50265 

0.143
20468 

WE12 2022-
09-
12T11:0
0:00 

NA 

samp_4378 PRJNA1
190886 

SAMN4
5060279 

SRR31
514697 

12.52 NA NA NA NA NA NA WE2 2022-
09-
30T12:4
3:00 

NA 
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samp_4379 PRJNA1
190886 

SAMN4
5060280 

SRR31
514695 

35.88 NA NA NA NA NA NA WE8 2022-
09-
30T9:11
:00 

NA 

samp_4380 PRJNA1
190886 

SAMN4
5060281 

SRR31
514694 

8.31 NA NA NA NA NA NA WE12 2022-
09-
30T10:5
8:00 

NA 

samp_4381 PRJNA1
190886 

SAMN4
5060282 

SRR31
514693 

54.02 NA 0.239
98351 

0.386
14284 

0.197
49008 

0.349
43478 

0.160
08492 

WE2 2022-
10-
11T14:2
3:00 

NA 

samp_4382 PRJNA1
190886 

SAMN4
5060283 

SRR31
514692 

27.24 NA NA NA NA NA NA WE8 2022-
10-
11T9:22
:00 

NA 

samp_4383 PRJNA1
190886 

SAMN4
5060284 

SRR31
514691 

27.43 NA 0.170
99821 

0.261
91026 

0.134
20047 

0.133
36341 

0.102
08512 

WE12 2022-
10-
11T12:2
1:00 

NA 

samp_4384 PRJNA1
190886 

SAMN4
5060285 

SRR31
514690 

20.74 NA 0.138
30831 

0.217
07677 

0.109
82523 

0.109
40678 

0.113
51109 

WE2 2022-
10-
24T13:3
6:00 

NA 

samp_4385 PRJNA1
190886 

SAMN4
5060286 

SRR31
514688 

4.3 NA 0.059
23287 

0.143
28373 

0.062
22033 

0.246
44909 

0.072
16346 

WE4 2022-
10-
24T10:0
5:00 

NA 

samp_4386 PRJNA1
190886 

SAMN4
5060287 

SRR31
514687 

12.07 NA NA NA NA NA NA WE8 2022-
10-
24T9:16
:00 

NA 

samp_4387 PRJNA1
190886 

SAMN4
5060288 

SRR31
514783 

26.59 NA 0.132
55767 

0.205
6887 

0.104
02919 

0.109
80134 

0.089
84944 

WE12 2022-
10-
24T12:0
0:00 

NA 

samp_4422 PRJNA1
190886 

SAMN4
5060291 

SRR31
514777 

1.74 NA 0.035
98948 

0.083
63668 

0.029
33112 

0.051
96671 

0.066
23324 

WE4 2020-
10-
05T8:49
:00 

NA 

samp_4425 PRJNA1
190886 

SAMN4
5060294 

SRR31
514790 

3.67 NA NA NA NA NA NA WE4 2022-
10-
11T10:3
0:00 

NA 

samp_3427 NA NA NA NA NA 0.198
59479 

0.309
30151 

0.144
65772 

0.117
06672 

0.160
54217 

WE2 9/6/16 NA 

samp_3428 NA NA NA NA NA 0.161
52245 

0.241
5042 

0.114
90152 

0.049
62216 

0.140
39437 

WE12 9/6/16 NA 

samp_3429 NA NA NA NA NA 0.159
625 

0.238
34571 

0.111
50558 

0.037
45349 

0.132
59034 

WE15 9/6/16 NA 

samp_3430 NA NA NA NA NA 0.100
20087 

0.150
91614 

0.065
01205 

0.026
91908 

0.118
83577 

WE4 9/6/16 NA 

samp_3400 NA NA NA NA NA 0.348
06655 

0.599
15837 

0.244
29819 

0.310
91643 

0.142
30859 

WE12 7/11/16 NA 

samp_3437 NA NA NA NA NA NA NA NA NA NA WE12 9/19/16 NA 

samp_3411 NA NA NA NA NA 0.223
51001 

0.400
80213 

0.161
13691 

0.202
44467 

0.167
62341 

WE2 8/1/16 NA 

samp_3434 NA NA NA NA NA NA NA NA NA NA WE15 9/12/16 NA 

samp_3432 NA NA NA NA NA NA NA NA NA NA WE2 9/12/16 NA 

samp_3407 NA NA NA NA NA 0.181
38228 

0.316
00789 

0.130
48908 

0.149
59491 

0.120
54828 

WE2 7/25/16 NA 

samp_3433 NA NA NA NA NA 0.150
05652 

0.258
25964 

0.116
07598 

0.133
19336 

0.109
14125 

WE12 9/12/16 NA 

samp_3435 NA NA NA NA NA NA NA NA NA NA WE4 9/12/16 NA 

samp_509 NA NA NA NA NA 0.159
54965 

0.283
24683 

0.115
8588 

0.153
65287 

0.123
26802 

WE4 9/19/16 NA 

samp_3439 NA NA NA NA NA 0.159
54965 

0.283
24683 

0.115
8588 

0.153
65287 

0.123
26802 

WE4 9/19/16 NA 

samp_3420 NA NA NA NA NA 0.137
79923 

0.237
32496 

0.102
98506 

0.122
25352 

0.094
27645 

WE12 8/15/16 NA 

samp_453 NA NA NA NA NA 0.123
29477 

0.205
09475 

0.090
19331 

0.096
944 

0.110
5113 

WE12 8/22/16 NA 

samp_3424 NA NA NA NA NA 0.123
29477 

0.205
09475 

0.090
19331 

0.096
944 

0.110
5113 

WE12 8/22/16 NA 
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samp_3588 NA NA NA NA NA 0.123
29477 

0.205
09475 

0.090
19331 

0.096
944 

0.110
5113 

WE12 8/22/16 NA 

samp_3438 NA NA NA NA NA 0.131
97014 

0.237
03304 

0.103
42938 

0.120
69711 

0.113
31359 

WE15 9/19/16 NA 

samp_454 NA NA NA NA NA 0.134
98321 

0.238
72711 

0.103
9533 

0.124
40356 

0.129
25744 

WE15 8/22/16 NA 

samp_3425 NA NA NA NA NA 0.134
98321 

0.238
72711 

0.103
9533 

0.124
40356 

0.129
25744 

WE15 8/22/16 NA 

samp_3585 NA NA NA NA NA 0.134
98321 

0.238
72711 

0.103
9533 

0.124
40356 

0.129
25744 

WE15 8/22/16 NA 

samp_3442 NA NA NA NA NA 0.150
53632 

0.260
51442 

0.117
33798 

0.142
43945 

0.096
39059 

WE12 10/3/16 NA 

samp_3413 NA NA NA NA NA 0.084
97294 

0.164
36658 

0.067
63584 

0.091
81695 

0.089
94901 

WE15 8/1/16 NA 

samp_3408 NA NA NA NA NA 0.083
12922 

0.150
97409 

0.064
63342 

0.083
49272 

0.079
16719 

WE12 7/25/16 NA 

samp_3384 NA NA NA NA NA NA NA NA NA NA WE15 5/31/16 NA 

samp_3402 NA NA NA NA NA NA NA NA NA NA WE4 7/11/16 NA 

samp_3398 NA NA NA NA NA NA NA NA NA NA WE4 7/5/16 NA 

samp_2046 NA NA NA NA NA NA NA NA NA NA WE4 8/1/16 250 

samp_3414 NA NA NA NA NA NA NA NA NA NA WE4 8/1/16 NA 

samp_451 NA NA NA NA NA 0.218
95659 

0.419
70956 

0.174
83684 

0.183
26945 

0.189
88966 

WE12 8/1/16 NA 

samp_3412 NA NA NA NA NA 0.218
95659 

0.419
70956 

0.174
83684 

0.183
26945 

0.189
88966 

WE12 8/1/16 NA 

samp_3440 NA NA NA NA NA 0.168
61518 

0.292
10888 

0.134
76308 

0.164
1239 

0.107
89069 

WE2 10/3/16 NA 

samp_3436 NA NA NA NA NA 0.162
56624 

0.274
38105 

0.129
82179 

0.152
19185 

0.119
93273 

WE2 9/19/16 NA 

samp_2050 NA NA NA NA NA 0.058
98854 

0.117
74836 

0.048
87148 

0.069
90355 

0.090
16306 

WE4 8/15/16 80 

samp_3422 NA NA NA NA NA 0.058
98854 

0.117
74836 

0.048
87148 

0.069
90355 

0.090
16306 

WE4 8/15/16 NA 

samp_3382 NA NA NA NA NA NA NA NA NA NA WE2 5/31/16 NA 

samp_3421 NA NA NA NA NA NA NA NA NA NA WE15 8/15/16 NA 

samp_3394 NA NA NA NA NA 0.083
68093 

0.141
20833 

0.057
84257 

0.081
62554 

0.101
07053 

WE4 6/27/16 NA 

samp_455 NA NA NA NA NA 0.087
32352 

0.167
37658 

0.069
4675 

0.128
80763 

0.112
31901 

WE4 8/22/16 NA 

samp_3426 NA NA NA NA NA 0.087
32352 

0.167
37658 

0.069
4675 

0.128
80763 

0.112
31901 

WE4 8/22/16 NA 

samp_3587 NA NA NA NA NA 0.087
32352 

0.167
37658 

0.069
4675 

0.128
80763 

0.112
31901 

WE4 8/22/16 NA 

samp_3397 NA NA NA NA NA 0.126
48681 

0.228
54215 

0.097
14788 

0.125
13535 

0.124
8641 

WE15 7/5/16 NA 

samp_3405 NA NA NA NA NA NA NA NA NA NA WE15 7/18/16 NA 

samp_452 NA NA NA NA NA 0.173
40901 

0.286
13217 

0.131
84635 

0.151
00728 

0.150
98253 

WE2 8/22/16 NA 

samp_3423 NA NA NA NA NA 0.173
40901 

0.286
13217 

0.131
84635 

0.151
00728 

0.150
98253 

WE2 8/22/16 NA 

samp_3586 NA NA NA NA NA 0.173
40901 

0.286
13217 

0.131
84635 

0.151
00728 

0.150
98253 

WE2 8/22/16 NA 

samp_3391 NA NA NA NA NA 0.171
57786 

0.294
08118 

0.121
83903 

0.139
01331 

0.110
20655 

WE12 6/27/16 NA 

samp_3419 NA NA NA NA NA 0.156
55251 

0.268
18767 

0.122
07815 

0.138
94522 

0.137
2291 

WE2 8/15/16 NA 

samp_3418 NA NA NA NA NA NA NA NA NA NA WE4 8/9/16 NA 

samp_3399 NA NA NA NA NA 0.201
30333 

0.343
54104 

0.138
13759 

0.190
22224 

0.124
25746 

WE2 7/11/16 NA 

samp_3392 NA NA NA NA NA 0.193
62468 

0.335
33046 

0.139
863 

0.166
0779 

0.126
04198 

WE15 6/27/16 NA 

samp_3406 NA NA NA NA NA NA NA NA NA NA WE4 7/18/16 NA 

samp_3443 NA NA NA NA NA 0.124
22974 

0.199
43903 

0.097
69804 

0.111
09073 

0.110
03523 

WE15 10/3/16 NA 

samp_3410 NA NA NA NA NA 0.127
80001 

0.210
46968 

0.088
84625 

0.121
95756 

0.095
9252 

WE4 7/25/16 NA 

samp_3385 NA NA NA NA NA 0.061
26715 

0.114
30109 

0.044
93236 

0.069
20825 

0.129
33111 

WE4 6/13/16 NA 



 
 

113 

samp_3389 NA NA NA NA NA 0.061
26715 

0.114
30109 

0.044
93236 

0.069
20825 

0.129
33111 

WE4 6/13/16 NA 

samp_3383 NA NA NA NA NA 0.276
29944 

0.504
67808 

0.202
30179 

0.261
17513 

0.135
54498 

WE12 5/31/16 NA 

samp_3444 NA NA NA NA NA 0.047
47189 

0.068
70002 

0.033
78331 

0.043
18138 

0.049
40848 

WE4 10/3/16 NA 

samp_3409 NA NA NA NA NA 0.134
19352 

0.256
69306 

0.104
94158 

0.135
38304 

0.123
77118 

WE15 7/25/16 NA 

samp_3388 NA NA NA NA NA 0.078
25639 

0.142
78625 

0.058
71374 

0.084
1949 

0.113
35647 

WE15 6/13/16 NA 

samp_3417 NA NA NA NA NA 0.123
0652 

0.227
22925 

0.093
67163 

0.122
93694 

0.114
36387 

WE15 8/9/16 NA 

samp_3387 NA NA NA NA NA 0.208
80728 

0.355
27517 

0.152
62263 

0.165
36563 

0.122
65459 

WE12 6/13/16 NA 

samp_3415 NA NA NA NA NA 0.226
28728 

0.402
31166 

0.165
88292 

0.214
97232 

0.153
13026 

WE2 8/9/16 NA 

samp_3452 NA NA NA NA NA 0.045
20378 

0.093
37216 

0.035
83631 

0.077
70638 

0.076
77847 

WE4 10/17/16 NA 

samp_3451 NA NA NA NA NA 0.115
53288 

0.206
40379 

0.092
38794 

0.126
85017 

0.100
6866 

WE15 10/17/16 NA 

samp_2041 NA NA NA NA NA NA NA NA NA NA WE2 7/18/16 125 

samp_3403 NA NA NA NA NA NA NA NA NA NA WE2 7/18/16 NA 

samp_3416 NA NA NA NA NA 0.134
8291 

0.226
6153 

0.103
61207 

0.084
08674 

0.130
08396 

WE12 8/9/16 NA 

samp_3450 NA NA NA NA NA 0.151
16962 

0.263
65439 

0.117
36342 

0.157
4108 

0.105
05064 

WE12 10/17/16 NA 

samp_3404 NA NA NA NA NA NA NA NA NA NA WE12 7/18/16 NA 

samp_3445 NA NA NA NA NA 0.224
79311 

0.380
68094 

0.170
55193 

0.216
01059 

0.107
82203 

WE2 10/11/16 NA 

samp_3446 NA NA NA NA NA 0.217
70531 

0.366
30904 

0.164
6138 

0.200
05032 

0.140
52954 

WE12 10/11/16 NA 

samp_3386 NA NA NA NA NA 0.105
66527 

0.191
04766 

0.080
98043 

0.088
9452 

0.136
31758 

WE2 6/13/16 NA 

samp_3447 NA NA NA NA NA 0.118
21705 

0.208
84869 

0.087
19288 

0.109
72716 

0.120
43489 

WE15 10/11/16 NA 

samp_3390 NA NA NA NA NA 0.287
45631 

0.472
33643 

0.189
80859 

0.195
16124 

0.131
86097 

WE2 6/27/16 NA 

samp_3449 NA NA NA NA NA 0.206
78879 

0.346
28875 

0.155
78147 

0.195
21839 

0.123
27044 

WE2 10/17/16 NA 

samp_3396 NA NA NA NA NA 0.268
52421 

0.440
2001 

0.194
61521 

0.214
35213 

0.108
15756 

WE12 7/5/16 NA 

samp_3401 NA NA NA NA NA 0.121
60812 

0.213
53261 

0.086
18078 

0.113
262 

0.119
16334 

WE15 7/11/16 NA 

samp_3448 NA NA NA NA NA NA NA NA NA NA WE4 10/11/16 NA 

samp_3395 NA NA NA NA NA 0.154
51662 

0.266
75621 

0.109
43383 

0.131
90945 

0.120
24301 

WE2 7/5/16 NA 

samp_3484 NA NA NA NA NA 0.444
77503 

0.808
40778 

0.337
4859 

0.311
37765 

0.213
19479 

WE2 8/7/17 NA 

samp_2076 NA NA NA NA NA 0.103
25624 

0.221
86633 

0.081
96223 

0.158
51106 

0.145
24503 

WE12 8/7/17 100 

samp_3485 NA NA NA NA NA 0.103
25624 

0.221
86633 

0.081
96223 

0.158
51106 

0.145
24503 

WE12 8/7/17 NA 

samp_3486 NA NA NA NA NA 0.252
37455 

0.465
66044 

0.191
10589 

0.206
48865 

0.126
34295 

WE15 8/7/17 NA 

samp_3487 NA NA NA NA NA 0.263
2535 

0.466
98889 

0.180
07316 

0.213
76804 

0.110
16626 

WE4 8/7/17 NA 

samp_3455 NA NA NA NA NA 0.417
56117 

0.786
8368 

0.335
80467 

0.290
2949 

0.177
22831 

WE15 5/30/17 NA 

samp_3489 NA NA NA NA NA 0.116
67806 

0.226
63292 

0.085
7682 

0.131
58552 

0.094
06005 

WE12 8/14/17 NA 

samp_3473 NA NA NA NA NA 1.008
1733 

1.752
71008 

0.835
99469 

0.489
65211 

0.193
16848 

WE2 7/17/17 NA 

samp_3482 NA NA NA NA NA NA NA NA NA NA WE15 7/31/17 NA 

samp_3468 NA NA NA NA NA 0.114
36574 

0.220
55277 

0.081
13769 

0.114
8257 

0.098
05282 

WE4 7/5/17 NA 

samp_3488 NA NA NA NA NA NA NA NA NA NA WE2 8/14/17 NA 

samp_3490 NA NA NA NA NA 0.171
09643 

0.322
39505 

0.126
59983 

0.153
68896 

0.126
61294 

WE15 8/14/17 NA 

samp_3491 NA NA NA NA NA 0.302
80473 

0.631
99874 

0.245
26065 

0.443
10251 

0.183
78522 

WE4 8/14/17 NA 
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samp_3474 NA NA NA NA NA 0.731
61778 

1.263
19811 

0.591
97136 

0.371
58757 

0.195
124 

WE12 7/17/17 NA 

samp_3475 NA NA NA NA NA 0.093
02417 

0.182
14133 

0.068
83615 

0.071
85885 

0.137
23876 

WE15 7/17/17 NA 

samp_3476 NA NA NA NA NA 0.119
76685 

0.215
79538 

0.082
46335 

0.118
88536 

0.083
37279 

WE4 7/17/17 NA 

samp_3465 NA NA NA NA NA 0.788
78647 

1.336
89478 

0.614
03606 

0.423
67613 

0.213
79473 

WE2 7/5/17 NA 

samp_3467 NA NA NA NA NA 0.084
83195 

0.154
14128 

0.060
33496 

0.068
40523 

0.126
64844 

WE15 7/5/17 NA 

samp_3466 NA NA NA NA NA 0.216
97753 

0.360
33124 

0.150
73551 

0.187
995 

0.114
03716 

WE12 7/5/17 NA 

samp_3524 NA NA NA NA NA 0.078
46727 

0.146
17964 

0.060
33082 

0.078
03574 

0.137
58316 

WE2 10/16/17 NA 

samp_3525 NA NA NA NA NA 0.102
58724 

0.181
99559 

0.082
72462 

0.067
51296 

0.205
56319 

WE12 10/16/17 NA 

samp_3526 NA NA NA NA NA 0.042
04709 

0.067
65403 

0.027
99619 

0.032
75102 

0.081
93132 

WE4 10/16/17 NA 

samp_3520 NA NA NA NA NA 0.262
66121 

0.461
22105 

0.199
45585 

0.237
76484 

0.210
64527 

WE2 10/10/17 NA 

samp_3521 NA NA NA NA NA 0.167
0668 

0.290
17172 

0.124
99395 

0.140
15085 

0.176
03184 

WE12 10/10/17 NA 

samp_3522 NA NA NA NA NA 0.159
44866 

0.288
16141 

0.116
84482 

0.163
14837 

0.128
90577 

WE15 10/10/17 NA 

samp_3523 NA NA NA NA NA 0.058
7692 

0.098
04259 

0.041
16616 

0.049
66398 

0.099
47038 

WE4 10/10/17 NA 

samp_3512 NA NA NA NA NA 0.198
494 

0.372
42236 

0.156
38794 

0.193
42064 

0.209
61177 

WE2 9/25/17 NA 

samp_3513 NA NA NA NA NA 0.192
58078 

0.339
62518 

0.143
23658 

0.169
40318 

0.148
41593 

WE12 9/25/17 NA 

samp_3514 NA NA NA NA NA 0.176
04926 

0.286
9962 

0.114
93195 

0.161
80899 

0.147
15985 

WE15 9/25/17 NA 

samp_3515 NA NA NA NA NA NA NA NA NA NA WE4 9/25/17 NA 

samp_3508 NA NA NA NA NA 0.209
06178 

0.388
72051 

0.169
78822 

0.177
42014 

0.157
27466 

WE2 9/18/17 NA 

samp_3509 NA NA NA NA NA 0.223
08103 

0.387
87705 

0.165
62707 

0.199
12509 

0.160
39223 

WE12 9/18/17 NA 

samp_3510 NA NA NA NA NA 0.198
47712 

0.332
2099 

0.135
36737 

0.161
48873 

0.146
925 

WE15 9/18/17 NA 

samp_3511 NA NA NA NA NA NA NA NA NA NA WE4 9/18/17 NA 

samp_3504 NA NA NA NA NA 0.096
74328 

0.166
27079 

0.072
8333 

0.070
70855 

0.136
15437 

WE2 9/11/17 NA 

samp_3505 NA NA NA NA NA 0.380
175 

0.675
13248 

0.292
85345 

0.274
69781 

0.257
46247 

WE12 9/11/17 NA 

samp_3937 NA NA NA NA NA 0.380
175 

0.675
13248 

0.292
85345 

0.274
69781 

0.257
46247 

WE12 9/11/17 NA 

samp_3506 NA NA NA NA NA 0.214
39979 

0.374
68989 

0.161
22342 

0.174
69275 

0.171
68647 

WE15 9/11/17 NA 

samp_3507 NA NA NA NA NA 0.048
0218 

0.080
21696 

0.031
721 

0.031
20818 

0.132
54812 

WE4 9/11/17 NA 

samp_3500 NA NA NA NA NA 0.310
62099 

0.541
10608 

0.239
58333 

0.221
68422 

0.207
52781 

WE2 9/5/17 NA 

samp_3501 NA NA NA NA NA 0.240
06787 

0.383
85677 

0.170
67336 

0.158
78175 

0.183
631 

WE12 9/5/17 NA 

samp_3502 NA NA NA NA NA 0.186
44818 

0.316
60661 

0.139
56616 

0.156
49007 

0.166
96371 

WE15 9/5/17 NA 

samp_3503 NA NA NA NA NA 0.064
42869 

0.096
93645 

0.041
64789 

0.033
96054 

0.111
47674 

WE4 9/5/17 NA 

samp_3492 NA NA NA NA NA 0.357
08941 

0.657
44296 

0.270
25225 

0.266
97909 

0.217
51072 

WE2 8/21/17 NA 

samp_3493 NA NA NA NA NA 0.115
88003 

0.219
5184 

0.087
59668 

0.103
49796 

0.133
71699 

WE12 8/21/17 NA 

samp_3494 NA NA NA NA NA 0.191
02132 

0.334
52889 

0.136
67283 

0.162
56034 

0.136
83295 

WE15 8/21/17 NA 

samp_3495 NA NA NA NA NA 0.441
45892 

0.777
27813 

0.323
784 

0.329
54006 

0.177
61858 

WE4 8/21/17 NA 

samp_3453 NA NA NA NA NA 0.993
98591 

1.774
64454 

0.834
72179 

0.500
50645 

0.136
50945 

WE2 5/30/17 NA 

samp_3454 NA NA NA NA NA 0.693
56062 

1.218
6018 

0.582
37622 

0.325
92986 

0.164
965 

WE12 5/30/17 NA 

samp_3456 NA NA NA NA NA 0.071
56713 

0.132
7038 

0.053
488 

0.062
48785 

0.102
60155 

WE4 5/30/17 NA 

samp_3481 NA NA NA NA NA 0.164
70867 

0.290
02577 

0.115
57805 

0.132
94711 

0.129
66569 

WE12 7/31/17 NA 
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samp_3483 NA NA NA NA NA 0.312
1884 

0.539
45448 

0.215
82926 

0.230
42843 

0.156
15585 

WE4 7/31/17 NA 

samp_3457 NA NA NA NA NA 0.598
2432 

1.051
68653 

0.483
10925 

0.306
96677 

0.142
47357 

WE2 6/12/17 NA 

samp_3458 NA NA NA NA NA 0.160
9896 

0.287
38341 

0.113
57762 

0.108
19736 

0.162
15999 

WE12 6/12/17 NA 

samp_3459 NA NA NA NA NA 0.659
83481 

1.156
24509 

0.526
17987 

0.334
3024 

0.251
6667 

WE15 6/12/17 NA 

samp_3460 NA NA NA NA NA 0.105
59902 

0.180
62128 

0.069
32895 

0.072
76044 

0.163
11838 

WE4 6/12/17 NA 

samp_3461 NA NA NA NA NA 0.150
24004 

0.274
14607 

0.109
2727 

0.123
22292 

0.133
64196 

WE2 6/26/17 NA 

samp_3462 NA NA NA NA NA 0.687
24135 

1.176
88162 

0.515
70139 

0.404
02202 

0.159
36311 

WE12 6/26/17 NA 

samp_3463 NA NA NA NA NA 0.080
52902 

0.139
17748 

0.054
48825 

0.067
46263 

0.126
84878 

WE15 6/26/17 NA 

samp_3464 NA NA NA NA NA 0.101
96054 

0.177
57482 

0.067
52228 

0.090
79926 

0.120
79347 

WE4 6/26/17 NA 

samp_3469 NA NA NA NA NA 0.554
47537 

0.969
42573 

0.407
19774 

0.360
20969 

0.186
72574 

WE2 7/11/17 NA 

samp_3470 NA NA NA NA NA 0.193
62998 

0.336
81004 

0.130
94566 

0.162
64632 

0.121
6456 

WE12 7/11/17 NA 

samp_3471 NA NA NA NA NA 0.101
60808 

0.188
16196 

0.069
37489 

0.073
43083 

0.189
61983 

WE15 7/11/17 NA 

samp_2066 NA NA NA NA NA 0.077
48348 

0.131
6084 

0.046
17646 

0.050
65402 

0.125
30779 

WE4 7/11/17 200 

samp_3472 NA NA NA NA NA 0.077
48348 

0.131
6084 

0.046
17646 

0.050
65402 

0.125
30779 

WE4 7/11/17 NA 

samp_2069 NA NA NA NA NA 0.589
72905 

1.023
35638 

0.464
74371 

0.322
58617 

0.208
31725 

WE2 7/24/17 200 

samp_3477 NA NA NA NA NA 0.589
72905 

1.023
35638 

0.464
74371 

0.322
58617 

0.208
31725 

WE2 7/24/17 NA 

samp_2072 NA NA NA NA NA 0.142
46276 

0.265
89862 

0.104
0299 

0.227
20252 

0.114
97783 

WE12 7/24/17 200 

samp_3478 NA NA NA NA NA 0.142
46276 

0.265
89862 

0.104
0299 

0.227
20252 

0.114
97783 

WE12 7/24/17 NA 

samp_3479 NA NA NA NA NA 0.260
91395 

0.453
86735 

0.177
12924 

0.191
15258 

0.184
24208 

WE4 7/24/17 NA 

samp_3480 NA NA NA NA NA 0.343
38137 

0.587
93566 

0.260
22837 

0.233
34609 

0.167
92329 

WE2 7/31/17 NA 

samp_2090 NA NA NA NA NA 0.132
69778 

0.266
75424 

0.094
66192 

0.160
27049 

0.085
04678 

WE4 8/13/18 100 

samp_3557 NA NA NA NA NA 0.132
69778 

0.266
75424 

0.094
66192 

0.160
27049 

0.085
04678 

WE4 8/13/18 NA 

samp_458 NA NA NA NA NA 0.211
88314 

0.407
99649 

0.152
22571 

0.224
76646 

0.115
55636 

WE2 8/20/18 NA 

samp_3558 NA NA NA NA NA 0.211
88314 

0.407
99649 

0.152
22571 

0.224
76646 

0.115
55636 

WE2 8/20/18 NA 

samp_3561 NA NA NA NA NA 0.158
64962 

0.316
80368 

0.123
76355 

0.177
96834 

0.108
54109 

WE2 8/27/18 NA 

samp_457 NA NA NA NA NA 0.225
09486 

0.441
70442 

0.163
12827 

0.223
21405 

0.112
76842 

WE2 8/13/18 NA 

samp_3555 NA NA NA NA NA 0.225
09486 

0.441
70442 

0.163
12827 

0.223
21405 

0.112
76842 

WE2 8/13/18 NA 

samp_3563 NA NA NA NA NA 0.146
21641 

0.293
72716 

0.108
19253 

0.172
02859 

0.107
5725 

WE4 8/27/18 NA 

samp_3553 NA NA NA NA NA 0.232
8003 

0.476
94098 

0.176
46305 

0.355
29828 

0.109
38072 

WE12 8/6/18 NA 

samp_3556 NA NA NA NA NA 0.267
43867 

0.527
37452 

0.196
41342 

0.350
13392 

0.127
55635 

WE12 8/13/18 NA 

samp_3527 NA NA NA NA NA 0.877
62521 

1.679
45631 

0.767
14571 

0.502
98003 

0.140
74679 

WE2 5/21/18 NA 

samp_3528 NA NA NA NA NA 0.353
15108 

0.690
621 

0.302
80077 

0.337
60477 

0.096
85271 

WE12 5/21/18 NA 

samp_3529 NA NA NA NA NA 0.420
00072 

0.750
91759 

0.341
07765 

0.217
81277 

0.293
28934 

WE4 5/21/18 NA 

samp_3530 NA NA NA NA NA 0.735
96583 

1.346
42801 

0.567
54383 

0.480
74216 

0.119
36027 

WE2 6/12/18 NA 

samp_4420 NA NA NA NA NA 0.735
96583 

1.346
42801 

0.567
54383 

0.480
74216 

0.119
36027 

WE2 6/12/18 NA 

samp_3531 NA NA NA NA NA 0.634
85334 

1.136
78261 

0.482
01751 

0.417
43002 

0.142
73763 

WE12 6/12/18 NA 

samp_3532 NA NA NA NA NA 0.097
66702 

0.194
24415 

0.075
09785 

0.110
24801 

0.074
75973 

WE4 6/12/18 NA 

samp_3533 NA NA NA NA NA 0.512
74784 

0.930
37689 

0.386
24307 

0.376
01589 

0.123
41789 

WE2 6/25/18 NA 
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samp_3534 NA NA NA NA NA 0.936
83807 

1.708
35743 

0.714
86306 

0.598
86409 

0.195
60198 

WE12 6/25/18 NA 

samp_3535 NA NA NA NA NA NA NA NA NA NA WE4 6/25/18 NA 

samp_3536 NA NA NA NA NA 0.280
36779 

0.511
32983 

0.216
47653 

0.243
59206 

0.094
33649 

WE2 7/2/18 NA 

samp_3538 NA NA NA NA NA 0.342
91073 

0.642
6369 

0.252
39447 

0.287
47044 

0.105
39331 

WE12 7/2/18 NA 

samp_3539 NA NA NA NA NA 0.193
61092 

0.352
21595 

0.141
36448 

0.180
31378 

0.070
4387 

WE4 7/2/18 NA 

samp_3540 NA NA NA NA NA 0.548
47837 

0.991
66696 

0.407
41293 

0.435
79613 

0.157
20578 

WE2 7/9/18 NA 

samp_3541 NA NA NA NA NA 0.279
17609 

0.515
32528 

0.206
74013 

0.252
48393 

0.085
94352 

WE12 7/9/18 NA 

samp_3542 NA NA NA NA NA 0.084
32799 

0.163
60707 

0.061
89783 

0.108
5281 

0.082
01628 

WE4 7/9/18 NA 

samp_2081 NA NA NA NA NA 0.235
80862 

0.425
47356 

0.168
96512 

0.214
89752 

0.084
9365 

WE2 7/16/18 100 

samp_3543 NA NA NA NA NA 0.235
80862 

0.425
47356 

0.168
96512 

0.214
89752 

0.084
9365 

WE2 7/16/18 NA 

samp_2084 NA NA NA NA NA 0.235
29874 

0.459
50234 

0.170
21667 

0.310
09271 

0.096
34426 

WE12 7/16/18 125 

samp_3544 NA NA NA NA NA 0.235
29874 

0.459
50234 

0.170
21667 

0.310
09271 

0.096
34426 

WE12 7/16/18 NA 

samp_3545 NA NA NA NA NA 0.233
58073 

0.443
21124 

0.172
78718 

0.243
55021 

0.097
86177 

WE4 7/16/18 NA 

samp_3546 NA NA NA NA NA 0.242
04848 

0.446
21326 

0.175
05871 

0.217
50595 

0.097
18762 

WE2 7/23/18 NA 

samp_3547 NA NA NA NA NA 0.218
47325 

0.404
73449 

0.157
35379 

0.201
64436 

0.089
54338 

WE12 7/23/18 NA 

samp_3548 NA NA NA NA NA 0.286
9245 

0.516
81971 

0.200
6874 

0.239
53534 

0.117
82121 

WE4 7/23/18 NA 

samp_3549 NA NA NA NA NA 0.252
10919 

0.464
3288 

0.181
98427 

0.228
44178 

0.104
82629 

WE2 7/30/18 NA 

samp_3550 NA NA NA NA NA 0.257
01346 

0.494
31749 

0.185
1145 

0.255
46297 

0.099
20542 

WE12 7/30/18 NA 

samp_2086 NA NA NA NA NA NA NA NA NA NA WE4 7/30/18 70 

samp_3551 NA NA NA NA NA NA NA NA NA NA WE4 7/30/18 NA 

samp_3552 NA NA NA NA NA 0.313
90545 

0.587
07828 

0.228
46087 

0.341
52035 

0.130
96684 

WE2 8/6/18 NA 

samp_3554 NA NA NA NA NA 0.104
56124 

0.210
0995 

0.076
98193 

0.118
81686 

0.080
82057 

WE4 8/6/18 NA 

samp_3559 NA NA NA NA NA 0.124
09002 

0.247
67309 

0.095
05436 

0.170
82765 

0.090
4503 

WE12 8/20/18 NA 

samp_3936 NA NA NA NA NA 0.124
09002 

0.247
67309 

0.095
05436 

0.170
82765 

0.090
4503 

WE12 8/20/18 NA 

samp_510 NA NA NA NA NA 0.147
0105 

0.271
167 

0.103
01277 

0.145
88934 

0.094
74307 

WE4 8/20/18 NA 

samp_3560 NA NA NA NA NA 0.147
0105 

0.271
167 

0.103
01277 

0.145
88934 

0.094
74307 

WE4 8/20/18 NA 

samp_3562 NA NA NA NA NA 0.107
47607 

0.211
69631 

0.084
92373 

0.104
95642 

0.091
20287 

WE12 8/27/18 NA 

samp_3564 NA NA NA NA NA 0.123
4591 

0.250
62514 

0.100
29544 

0.138
16018 

0.108
56518 

WE2 9/4/18 NA 

samp_3565 NA NA NA NA NA 0.105
49595 

0.204
61754 

0.082
97643 

0.111
38778 

0.095
00066 

WE12 9/4/18 NA 

samp_3566 NA NA NA NA NA 0.185
90458 

0.392
29493 

0.148
85494 

0.320
87637 

0.128
54817 

WE4 9/4/18 NA 

samp_3567 NA NA NA NA NA 0.308
86586 

0.547
04255 

0.227
99342 

0.290
5749 

0.162
02631 

WE2 9/11/18 NA 

samp_2100 NA NA NA NA NA NA NA NA NA NA WE12 9/11/18 20 

samp_3568 NA NA NA NA NA NA NA NA NA NA WE12 9/11/18 NA 

samp_3569 NA NA NA NA NA 0.208
17315 

0.365
46181 

0.156
4099 

0.177
68348 

0.124
82376 

WE4 9/11/18 NA 

samp_3570 NA NA NA NA NA 0.247
20533 

0.441
35035 

0.182
00495 

0.247
39702 

0.128
43252 

WE2 9/17/18 NA 

samp_3571 NA NA NA NA NA 0.238
87899 

0.418
89999 

0.178
15014 

0.207
35683 

0.134
39733 

WE12 9/17/18 NA 

samp_3572 NA NA NA NA NA 0.107
06906 

0.197
23548 

0.077
21691 

0.123
89635 

0.101
29429 

WE4 9/17/18 NA 

samp_3573 NA NA NA NA NA 0.190
12862 

0.342
356 

0.139
50545 

0.186
76976 

0.132
31956 

WE2 9/25/18 NA 
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samp_2104 NA NA NA NA NA 0.284
0114 

0.490
72925 

0.209
48391 

0.250
77527 

0.140
4303 

WE12 9/25/18 50 

samp_3574 NA NA NA NA NA 0.284
0114 

0.490
72925 

0.209
48391 

0.250
77527 

0.140
4303 

WE12 9/25/18 NA 

samp_2102 NA NA NA NA NA NA NA NA NA NA WE4 9/25/18 150 

samp_3575 NA NA NA NA NA NA NA NA NA NA WE4 9/25/18 NA 

samp_3576 NA NA NA NA NA 0.194
55234 

0.353
97104 

0.146
73177 

0.191
93913 

0.125
14531 

WE2 10/1/18 NA 

samp_3577 NA NA NA NA NA 0.130
82526 

0.235
53535 

0.096
21163 

0.124
22376 

0.097
61895 

WE12 10/1/18 NA 

samp_3578 NA NA NA NA NA NA NA NA NA NA WE4 10/1/18 NA 

samp_3581 NA NA NA NA NA NA NA NA NA NA WE4 5/21/19 NA 

samp_3580 NA NA NA NA NA 0.942
26674 

1.884
18807 

0.897
27369 

0.339
82118 

0.214
51408 

WE12 5/21/19 NA 

samp_3579 NA NA NA NA NA 1.022
98099 

1.925
02411 

0.914
3174 

0.372
76202 

0.222
83867 

WE2 5/21/19 NA 

samp_3018 NA NA NA NA NA NA NA NA NA NA WE4 6/3/19 NA 

samp_3021 NA NA NA NA NA 0.080
92593 

0.169
46262 

0.066
56455 

0.103
28104 

0.083
35374 

WE4 6/17/19 NA 

samp_461 NA NA NA NA NA 0.522
33181 

0.840
25521 

0.328
7056 

0.323
70652 

0.166
83198 

WE4 7/1/19 NA 

samp_3024 NA NA NA NA NA 0.522
33181 

0.840
25521 

0.328
7056 

0.323
70652 

0.166
83198 

WE4 7/1/19 NA 

samp_2106 NA NA NA NA NA NA NA NA NA NA WE4 7/8/19 250 

samp_3027 NA NA NA NA NA NA NA NA NA NA WE4 7/8/19 NA 

samp_3016 NA NA NA NA NA 0.386
65183 

0.753
75018 

0.320
51551 

0.260
72229 

0.121
90463 

WE2 6/3/19 NA 

samp_3019 NA NA NA NA NA 1.175
54538 

2.105
32238 

1.007
14276 

0.502
3516 

0.273
43219 

WE2 6/17/19 NA 

samp_4421 NA NA NA NA NA 1.175
54538 

2.105
32238 

1.007
14276 

0.502
3516 

0.273
43219 

WE2 6/17/19 NA 

samp_459 NA NA NA NA NA 0.675
16298 

1.326
50342 

0.568
47754 

0.590
11136 

0.234
82173 

WE2 7/1/19 NA 

samp_3022 NA NA NA NA NA 0.675
16298 

1.326
50342 

0.568
47754 

0.590
11136 

0.234
82173 

WE2 7/1/19 NA 

samp_3025 NA NA NA NA NA 0.595
32945 

1.068
92543 

0.443
66878 

0.421
26003 

0.186
76232 

WE2 7/8/19 NA 

samp_3017 NA NA NA NA NA 0.860
40833 

1.588
17814 

0.745
02567 

0.410
1969 

0.180
60394 

WE12 6/3/19 NA 

samp_3020 NA NA NA NA NA 0.918
01186 

1.702
86361 

0.757
21127 

0.470
96665 

0.213
6833 

WE12 6/17/19 NA 

samp_460 NA NA NA NA NA 0.517
44782 

0.995
36696 

0.413
52585 

0.422
34556 

0.145
99161 

WE12 7/1/19 NA 

samp_3023 NA NA NA NA NA 0.517
44782 

0.995
36696 

0.413
52585 

0.422
34556 

0.145
99161 

WE12 7/1/19 NA 

samp_2108 NA NA NA NA NA 0.801
43203 

1.457
45327 

0.619
68438 

0.546
20719 

0.246
8735 

WE12 7/8/19 150 

samp_3026 NA NA NA NA NA 0.801
43203 

1.457
45327 

0.619
68438 

0.546
20719 

0.246
8735 

WE12 7/8/19 NA 

samp_3030 NA NA NA NA NA NA NA NA NA NA WE4 7/15/19 NA 

samp_3033 NA NA NA NA NA 0.227
55268 

0.432
23895 

0.166
64064 

0.198
74041 

0.106
87989 

WE4 7/22/19 NA 

samp_3028 NA NA NA NA NA NA NA NA NA NA WE2 7/15/19 NA 

samp_3031 NA NA NA NA NA 0.589
25174 

1.051
02803 

0.428
86006 

0.436
11264 

0.148
64482 

WE2 7/22/19 NA 

samp_511 NA NA NA NA NA 0.544
31267 

0.963
326 

0.389
23891 

0.378
66182 

0.133
53834 

WE12 7/15/19 NA 

samp_3029 NA NA NA NA NA 0.544
31267 

0.963
326 

0.389
23891 

0.378
66182 

0.133
53834 

WE12 7/15/19 NA 

samp_3032 NA NA NA NA NA 0.252
48731 

0.463
47601 

0.180
88552 

0.206
75937 

0.087
53306 

WE12 7/22/19 NA 

samp_512 NA NA NA NA NA 0.193
06411 

0.387
85067 

0.149
23181 

0.183
88755 

0.127
15246 

WE4 7/29/19 NA 

samp_3036 NA NA NA NA NA 0.193
06411 

0.387
85067 

0.149
23181 

0.183
88755 

0.127
15246 

WE4 7/29/19 NA 

samp_3039 NA NA NA NA NA 0.071
71188 

0.157
53409 

0.056
52604 

0.100
88595 

0.086
61378 

WE4 8/5/19 NA 

samp_3285 NA NA NA NA NA 0.071
71188 

0.157
53409 

0.056
52604 

0.100
88595 

0.086
61378 

WE4 8/5/19 NA 
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samp_466 NA NA NA NA NA NA NA NA NA NA WE4 8/12/19 NA 

samp_3042 NA NA NA NA NA NA NA NA NA NA WE4 8/12/19 NA 

samp_3288 NA NA NA NA NA NA NA NA NA NA WE4 8/12/19 NA 

samp_3034 NA NA NA NA NA 0.881
24269 

1.603
8317 

0.656
25548 

0.625
60035 

0.252
89479 

WE2 7/29/19 NA 

samp_462 NA NA NA NA NA 0.420
88424 

0.786
13968 

0.313
78275 

0.401
55168 

0.215
73716 

WE2 8/5/19 NA 

samp_3037 NA NA NA NA NA 0.420
88424 

0.786
13968 

0.313
78275 

0.401
55168 

0.215
73716 

WE2 8/5/19 NA 

samp_3284 NA NA NA NA NA 0.420
88424 

0.786
13968 

0.313
78275 

0.401
55168 

0.215
73716 

WE2 8/5/19 NA 

samp_464 NA NA NA NA NA 0.292
44738 

0.564
99041 

0.219
73568 

0.305
64246 

0.260
14519 

WE2 8/12/19 NA 

samp_3040 NA NA NA NA NA 0.292
44738 

0.564
99041 

0.219
73568 

0.305
64246 

0.260
14519 

WE2 8/12/19 NA 

samp_3045 NA NA NA NA NA 0.076
8894 

0.161
60214 

0.056
29276 

0.071
35446 

0.100
60078 

WE4 8/19/19 NA 

samp_3043 NA NA NA NA NA 0.271
54376 

0.496
76523 

0.202
35239 

0.233
39903 

0.166
20707 

WE2 8/19/19 NA 

samp_508 NA NA NA NA NA 0.362
57989 

0.681
38225 

0.263
99731 

0.280
81493 

0.152
30117 

WE12 7/29/19 NA 

samp_3035 NA NA NA NA NA 0.362
57989 

0.681
38225 

0.263
99731 

0.280
81493 

0.152
30117 

WE12 7/29/19 NA 

samp_463 NA NA NA NA NA 0.394
3494 

0.713
48145 

0.285
98304 

0.316
05431 

0.160
48107 

WE12 8/5/19 NA 

samp_3038 NA NA NA NA NA 0.394
3494 

0.713
48145 

0.285
98304 

0.316
05431 

0.160
48107 

WE12 8/5/19 NA 

samp_3286 NA NA NA NA NA 0.394
3494 

0.713
48145 

0.285
98304 

0.316
05431 

0.160
48107 

WE12 8/5/19 NA 

samp_465 NA NA NA NA NA 0.434
44798 

0.799
31803 

0.313
04453 

0.333
52359 

0.228
43407 

WE12 8/12/19 NA 

samp_3041 NA NA NA NA NA 0.434
44798 

0.799
31803 

0.313
04453 

0.333
52359 

0.228
43407 

WE12 8/12/19 NA 

samp_3287 NA NA NA NA NA 0.434
44798 

0.799
31803 

0.313
04453 

0.333
52359 

0.228
43407 

WE12 8/12/19 NA 

samp_3044 NA NA NA NA NA 0.201
79872 

0.374
42287 

0.152
74053 

0.166
1887 

0.132
00241 

WE12 8/19/19 NA 

samp_3048 NA NA NA NA NA 0.198
49749 

0.371
84604 

0.146
08393 

0.189
8103 

0.177
05239 

WE4 8/28/19 NA 

samp_469 NA NA NA NA NA 0.247
58528 

0.456
95634 

0.184
52425 

0.218
17774 

0.198
86744 

WE4 9/3/19 NA 

samp_3051 NA NA NA NA NA 0.247
58528 

0.456
95634 

0.184
52425 

0.218
17774 

0.198
86744 

WE4 9/3/19 NA 

samp_3046 NA NA NA NA NA 0.334
11807 

0.621
55533 

0.256
12887 

0.285
76267 

0.192
05044 

WE2 8/28/19 NA 

samp_467 NA NA NA NA NA 0.439
50072 

0.797
84875 

0.338
69023 

0.342
56688 

0.252
19745 

WE2 9/3/19 NA 

samp_3049 NA NA NA NA NA 0.439
50072 

0.797
84875 

0.338
69023 

0.342
56688 

0.252
19745 

WE2 9/3/19 NA 

samp_3047 NA NA NA NA NA 0.335
92558 

0.617
87679 

0.250
14657 

0.280
10777 

0.193
88346 

WE12 8/28/19 NA 

samp_468 NA NA NA NA NA 0.312
78498 

0.571
42458 

0.236
20275 

0.266
55614 

0.203
26785 

WE12 9/3/19 NA 

samp_3050 NA NA NA NA NA 0.312
78498 

0.571
42458 

0.236
20275 

0.266
55614 

0.203
26785 

WE12 9/3/19 NA 

samp_3054 NA NA NA NA NA 0.069
37051 

0.124
37782 

0.045
5585 

0.029
80735 

0.069
15567 

WE4 9/9/19 NA 

samp_3057 NA NA NA NA NA NA NA NA NA NA WE4 9/16/19 NA 

samp_3052 NA NA NA NA NA 0.519
15994 

0.942
8356 

0.371
06017 

0.437
73328 

0.308
55858 

WE2 9/9/19 NA 

samp_3055 NA NA NA NA NA 0.609
31202 

1.059
78073 

0.434
43157 

0.467
30234 

0.278
69792 

WE2 9/16/19 NA 

samp_3053 NA NA NA NA NA 0.496
04309 

0.924
46555 

0.383
63483 

0.412
23334 

0.177
12306 

WE12 9/9/19 NA 

samp_3056 NA NA NA NA NA 0.481
02592 

0.855
12504 

0.339
84993 

0.405
73684 

0.325
8476 

WE12 9/16/19 NA 

samp_3060 NA NA NA NA NA NA NA NA NA NA WE4 9/24/19 NA 

samp_4335 NA NA NA NA NA NA NA NA NA NA WE4 9/24/19 NA 

samp_3059 NA NA NA NA NA NA NA NA NA NA WE12 9/24/19 NA 
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samp_3058 NA NA NA NA NA 0.327
37561 

0.575
65094 

0.229
38364 

0.264
41137 

0.251
85109 

WE2 9/24/19 NA 

samp_3063 NA NA NA NA NA NA NA NA NA NA WE4 10/7/19 NA 

samp_3061 NA NA NA NA NA 0.348
86687 

0.628
39962 

0.250
19451 

0.275
23228 

0.211
04697 

WE2 10/7/19 NA 

samp_3062 NA NA NA NA NA NA NA NA NA NA WE12 10/7/19 NA 

samp_470 NA NA NA NA NA 0.336
40664 

0.604
92658 

0.235
08302 

0.273
33227 

0.114
90839 

WE2 7/6/20 NA 

samp_3064 NA NA NA NA NA 0.336
40664 

0.604
92658 

0.235
08302 

0.273
33227 

0.114
90839 

WE2 7/6/20 NA 

samp_3069 NA NA NA NA NA NA NA NA NA NA WE2 7/13/20 NA 

samp_3065 NA NA NA NA NA 0.422
36785 

0.768
04297 

0.294
28084 

0.360
0945 

0.151
72637 

WE6 7/6/20 NA 

samp_471 NA NA NA NA NA 0.339
53204 

0.642
48968 

0.243
6509 

0.299
05456 

0.134
85634 

WE8 7/6/20 NA 

samp_3066 NA NA NA NA NA 0.339
53204 

0.642
48968 

0.243
6509 

0.299
05456 

0.134
85634 

WE8 7/6/20 NA 

samp_3289 NA NA NA NA NA 0.339
53204 

0.642
48968 

0.243
6509 

0.299
05456 

0.134
85634 

WE8 7/6/20 NA 

samp_3067 NA NA NA NA NA 0.801
55294 

1.469
87713 

0.572
55839 

0.666
63114 

0.205
89853 

WE9 7/6/20 NA 

samp_3070 NA NA NA NA NA 0.775
40308 

1.354
91753 

0.545
72282 

0.627
62361 

0.205
70177 

WE9 7/13/20 NA 

samp_472 NA NA NA NA NA 0.194
95014 

0.373
61146 

0.143
16565 

0.183
89282 

0.092
52777 

WE12 7/6/20 NA 

samp_3068 NA NA NA NA NA 0.194
95014 

0.373
61146 

0.143
16565 

0.183
89282 

0.092
52777 

WE12 7/6/20 NA 

samp_3071 NA NA NA NA NA NA NA NA NA NA WE12 7/13/20 NA 

samp_474 NA NA NA NA NA 0.127
82199 

0.248
55264 

0.090
88362 

0.151
20748 

0.097
52643 

WE4 7/28/20 NA 

samp_3076 NA NA NA NA NA 0.127
82199 

0.248
55264 

0.090
88362 

0.151
20748 

0.097
52643 

WE4 7/28/20 NA 

samp_3072 NA NA NA NA NA 0.220
15785 

0.413
61255 

0.154
47904 

0.214
48172 

0.103
99599 

WE2 7/20/20 NA 

samp_473 NA NA NA NA NA 0.336
07884 

0.638
0365 

0.242
79384 

0.312
83637 

0.183
40581 

WE2 7/28/20 NA 

samp_3075 NA NA NA NA NA 0.336
07884 

0.638
0365 

0.242
79384 

0.312
83637 

0.183
40581 

WE2 7/28/20 NA 

samp_3074 NA NA NA NA NA 0.168
07014 

0.310
8281 

0.116
30406 

0.178
36513 

0.088
77625 

WE12 7/20/20 NA 

samp_476 NA NA NA NA NA 0.160
63796 

0.299
7464 

0.110
0415 

0.169
15078 

0.083
08382 

WE12 7/28/20 NA 

samp_2146 NA NA NA NA NA 0.160
63796 

0.299
7464 

0.110
0415 

0.169
15078 

0.083
08382 

WE12 7/28/20 150 

samp_3078 NA NA NA NA NA 0.160
63796 

0.299
7464 

0.110
0415 

0.169
15078 

0.083
08382 

WE12 7/28/20 NA 

samp_3073 NA NA NA NA NA 0.662
4728 

1.206
78687 

0.466
59411 

0.565
5155 

0.193
46005 

WE9 7/20/20 NA 

samp_475 NA NA NA NA NA 0.522
78532 

0.950
09746 

0.375
39845 

0.460
1587 

0.195
14696 

WE9 7/28/20 NA 

samp_3077 NA NA NA NA NA 0.522
78532 

0.950
09746 

0.375
39845 

0.460
1587 

0.195
14696 

WE9 7/28/20 NA 

samp_3082 NA NA NA NA NA 0.252
45713 

0.487
36505 

0.195
76388 

0.242
27568 

0.130
71682 

WE2 8/4/20 NA 

samp_477 NA NA NA NA NA 0.263
44689 

0.499
09133 

0.186
66743 

0.254
79305 

0.158
02989 

WE2 8/10/20 NA 

samp_3086 NA NA NA NA NA 0.263
44689 

0.499
09133 

0.186
66743 

0.254
79305 

0.158
02989 

WE2 8/10/20 NA 

samp_478 NA NA NA NA NA NA NA NA NA NA WE4 8/10/20 NA 

samp_2148 NA NA NA NA NA NA NA NA NA NA WE4 8/10/20 200 

samp_3087 NA NA NA NA NA NA NA NA NA NA WE4 8/10/20 NA 

samp_3085 NA NA NA NA NA 0.341
91575 

0.645
36006 

0.252
17351 

0.329
84859 

0.160
4019 

WE12 8/4/20 NA 

samp_480 NA NA NA NA NA 0.254
11204 

0.474
28203 

0.184
15987 

0.253
94673 

0.157
68387 

WE12 8/10/20 NA 

samp_3089 NA NA NA NA NA 0.254
11204 

0.474
28203 

0.184
15987 

0.253
94673 

0.157
68387 

WE12 8/10/20 NA 

samp_3084 NA NA NA NA NA 0.520
10207 

0.948
38057 

0.384
51698 

0.471
23976 

0.208
84961 

WE9 8/4/20 NA 
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samp_479 NA NA NA NA NA 0.411
95151 

0.764
71934 

0.298
04392 

0.402
73765 

0.201
92888 

WE9 8/10/20 NA 

samp_3088 NA NA NA NA NA 0.411
95151 

0.764
71934 

0.298
04392 

0.402
73765 

0.201
92888 

WE9 8/10/20 NA 

samp_3093 NA NA NA NA NA 0.218
93605 

0.411
25771 

0.160
38174 

0.191
46725 

0.140
47781 

WE2 8/17/20 NA 

samp_3096 NA NA NA NA NA 0.212
03917 

0.393
63061 

0.155
90105 

0.181
85788 

0.123
29767 

WE12 8/17/20 NA 

samp_3099 NA NA NA NA NA 0.153
99634 

0.288
67295 

0.114
74058 

0.141
37771 

0.113
72068 

WE12 8/24/20 NA 

samp_3095 NA NA NA NA NA 0.472
85767 

0.888
46217 

0.344
2171 

0.448
70857 

0.206
87629 

WE9 8/17/20 NA 

samp_3098 NA NA NA NA NA 0.487
71754 

0.923
94817 

0.357
03441 

0.485
57305 

0.217
60999 

WE9 8/24/20 NA 

samp_3100 NA NA NA NA NA 0.138
471 

0.274
82508 

0.105
70234 

0.120
91016 

0.120
9265 

WE2 9/1/20 NA 

samp_481 NA NA NA NA NA 0.108
93656 

0.211
77654 

0.085
31873 

0.088
25699 

0.101
8985 

WE2 9/9/20 NA 

samp_3104 NA NA NA NA NA 0.108
93656 

0.211
77654 

0.085
31873 

0.088
25699 

0.101
8985 

WE2 9/9/20 NA 

samp_3103 NA NA NA NA NA 0.167
72248 

0.329
46469 

0.124
78838 

0.177
31158 

0.138
13026 

WE12 9/1/20 NA 

samp_484 NA NA NA NA NA 0.081
6416 

0.171
62154 

0.067
50442 

0.102
51356 

0.083
61454 

WE12 9/9/20 NA 

samp_3107 NA NA NA NA NA 0.081
6416 

0.171
62154 

0.067
50442 

0.102
51356 

0.083
61454 

WE12 9/9/20 NA 

samp_3102 NA NA NA NA NA 0.477
26625 

0.891
53896 

0.351
7528 

0.468
5121 

0.234
88332 

WE9 9/1/20 NA 

samp_483 NA NA NA NA NA 0.412
11328 

0.793
95766 

0.309
05495 

0.437
52891 

0.220
35162 

WE9 9/9/20 NA 

samp_3106 NA NA NA NA NA 0.412
11328 

0.793
95766 

0.309
05495 

0.437
52891 

0.220
35162 

WE9 9/9/20 NA 

samp_3109 NA NA NA NA NA NA NA NA NA NA WE4 9/15/20 NA 

samp_3113 NA NA NA NA NA NA NA NA NA NA WE4 9/21/20 NA 

samp_3108 NA NA NA NA NA 0.165
35125 

0.329
1731 

0.131
59433 

0.170
48553 

0.158
63559 

WE2 9/15/20 NA 

samp_3112 NA NA NA NA NA 0.242
39787 

0.468
04866 

0.185
37256 

0.274
31405 

0.171
52223 

WE2 9/21/20 NA 

samp_3111 NA NA NA NA NA 0.218
49984 

0.409
75278 

0.161
75789 

0.203
95643 

0.150
21328 

WE12 9/15/20 NA 

samp_3115 NA NA NA NA NA 0.220
15121 

0.412
5502 

0.166
56597 

0.223
88569 

0.150
58274 

WE12 9/21/20 NA 

samp_3110 NA NA NA NA NA 0.588
90436 

1.095
19613 

0.416
49406 

0.621
48143 

0.235
71216 

WE9 9/15/20 NA 

samp_3114 NA NA NA NA NA 0.344
42078 

0.655
09065 

0.257
89801 

0.361
29644 

0.199
87376 

WE9 9/21/20 NA 

samp_485 NA NA NA NA NA 0.160
0693 

0.310
55637 

0.123
4436 

0.159
11173 

0.146
319 

WE2 9/28/20 NA 

samp_3119 NA NA NA NA NA 0.160
0693 

0.310
55637 

0.123
4436 

0.159
11173 

0.146
319 

WE2 9/28/20 NA 

samp_3291 NA NA NA NA NA 0.160
0693 

0.310
55637 

0.123
4436 

0.159
11173 

0.146
319 

WE2 9/28/20 NA 

samp_3123 NA NA NA NA NA 0.142
9915 

0.277
74544 

0.107
58753 

0.145
32368 

0.123
71367 

WE2 10/5/20 NA 

samp_487 NA NA NA NA NA 0.110
80028 

0.224
48984 

0.088
66638 

0.122
92179 

0.104
22513 

WE12 9/28/20 NA 

samp_3122 NA NA NA NA NA 0.110
80028 

0.224
48984 

0.088
66638 

0.122
92179 

0.104
22513 

WE12 9/28/20 NA 

samp_3121 NA NA NA NA NA 0.247
81315 

0.496
10363 

0.189
44884 

0.261
0203 

0.179
76329 

WE9 9/28/20 NA 

samp_3083 NA NA NA NA NA NA NA NA NA NA WE4 8/4/20 NA 

samp_3094 NA NA NA NA NA 0.052
56728 

0.106
43973 

0.039
99629 

0.036
34773 

0.057
77923 

WE4 8/17/20 NA 

samp_3097 NA NA NA NA NA 0.056
45926 

0.120
11817 

0.045
27454 

0.044
75656 

0.065
82042 

WE4 8/24/20 NA 

samp_3101 NA NA NA NA NA 0.040
27485 

0.076
68245 

0.029
95493 

0.013
15781 

0.069
12681 

WE4 9/1/20 NA 

samp_482 NA NA NA NA NA 0.043
11027 

0.087
75543 

0.035
85794 

0.041
69641 

0.055
00984 

WE4 9/9/20 NA 

samp_3105 NA NA NA NA NA 0.043
11027 

0.087
75543 

0.035
85794 

0.041
69641 

0.055
00984 

WE4 9/9/20 NA 

samp_3290 NA NA NA NA NA 0.043
11027 

0.087
75543 

0.035
85794 

0.041
69641 

0.055
00984 

WE4 9/9/20 NA 
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samp_486 NA NA NA NA NA 0.045
6643 

0.101
22323 

0.034
95676 

0.064
25161 

0.064
78561 

WE4 9/28/20 NA 

samp_3120 NA NA NA NA NA 0.045
6643 

0.101
22323 

0.034
95676 

0.064
25161 

0.064
78561 

WE4 9/28/20 NA 

samp_3124 NA NA NA NA NA 0.035
98948 

0.083
63668 

0.029
33112 

0.051
96671 

0.066
23324 

WE4 10/5/20 NA 

samp_3126 NA NA NA NA NA 0.129
34764 

0.261
38372 

0.100
65354 

0.154
84774 

0.126
02422 

WE12 10/5/20 NA 

samp_3125 NA NA NA NA NA 0.233
74057 

0.463
96975 

0.176
75947 

0.249
14345 

0.173
69291 

WE9 10/5/20 NA 

samp_3127 NA NA NA NA NA 0.120
13138 

0.266
73186 

0.102
62843 

0.148
98292 

0.070
28799 

WE2 4/27/21 NA 

samp_3130 NA NA NA NA NA 0.156
61894 

0.329
57078 

0.128
41262 

0.168
70785 

0.092
67993 

WE12 4/27/21 NA 

samp_3129 NA NA NA NA NA 0.820
77158 

1.520
2737 

0.618
48574 

0.635
69768 

0.211
85198 

WE9 4/27/21 NA 

samp_3128 NA NA NA NA NA 0.075
94794 

0.155
48078 

0.057
13806 

0.097
97812 

0.078
80697 

WE4 4/27/21 NA 

samp_3131 NA NA NA NA NA 0.402
40539 

0.780
89826 

0.335
04035 

0.288
94406 

0.109
58289 

WE2 5/24/21 NA 

samp_3134 NA NA NA NA NA 0.363
35566 

0.713
43081 

0.297
70269 

0.282
36139 

0.098
69606 

WE12 5/24/21 NA 

samp_3132 NA NA NA NA NA NA NA NA NA NA WE4 5/24/21 NA 

samp_3133 NA NA NA NA NA 1.178
517 

2.248
74229 

1.004
16699 

0.626
89636 

0.258
97718 

WE9 5/24/21 NA 

samp_3135 NA NA NA NA NA 0.403
11247 

0.752
25647 

0.311
46719 

0.299
88922 

0.105
82275 

WE2 6/7/21 NA 

samp_3136 NA NA NA NA NA 0.100
90973 

0.200
85275 

0.079
64842 

0.104
39276 

0.082
06211 

WE4 6/7/21 NA 

samp_3137 NA NA NA NA NA 0.840
23145 

1.527
05421 

0.637
31436 

0.565
16906 

0.163
84334 

WE9 6/7/21 NA 

samp_3138 NA NA NA NA NA 0.193
70031 

0.366
86897 

0.155
09331 

0.148
15862 

0.078
37364 

WE12 6/7/21 NA 

samp_3210 NA NA NA NA NA 0.848
08319 

1.530
38194 

0.634
36837 

0.530
073 

0.221
29992 

WE9 6/8/21 NA 

samp_3211 NA NA NA NA NA 0.190
43502 

0.355
64551 

0.145
19213 

0.150
28502 

0.103
39485 

WE12 6/8/21 NA 

samp_3209 NA NA NA NA NA 0.087
46634 

0.168
88874 

0.063
78954 

0.091
36162 

0.095
06837 

WE4 6/8/21 NA 

samp_3208 NA NA NA NA NA 0.266
79396 

0.501
92992 

0.202
79934 

0.196
61504 

0.106
82109 

WE2 6/8/21 NA 

samp_3141 NA NA NA NA NA 0.705
96421 

1.328
77867 

0.505
21231 

0.583
66769 

0.160
77321 

WE9 6/22/21 NA 

samp_3143 NA NA NA NA NA 0.191
97058 

0.391
42476 

0.149
24201 

0.246
84669 

0.099
21913 

WE2 7/6/21 NA 

samp_3144 NA NA NA NA NA 0.179
97843 

0.344
93461 

0.131
91226 

0.188
77765 

0.077
97348 

WE4 7/6/21 NA 

samp_3145 NA NA NA NA NA 0.912
28321 

1.637
33574 

0.682
17786 

0.600
62458 

0.185
48872 

WE9 7/6/21 NA 

samp_3146 NA NA NA NA NA NA NA NA NA NA WE12 7/6/21 NA 

samp_3212 NA NA NA NA NA 0.345
24041 

0.526
79205 

0.242
3079 

0.151
59343 

0.094
94845 

WE2 7/14/21 NA 

samp_3213 NA NA NA NA NA 0.169
02014 

0.251
00385 

0.112
60537 

0.043
85764 

0.095
91646 

WE4 7/14/21 NA 

samp_3215 NA NA NA NA NA 0.094
89314 

0.138
80318 

0.069
93665 

0 0.088
87822 

WE12 7/14/21 NA 

samp_3150 NA NA NA NA NA 0.096
53642 

0.140
43511 

0.073
42316 

0 0.041
40886 

WE12 7/13/21 NA 

samp_3154 NA NA NA NA NA 0.192
92917 

0.299
93732 

0.143
56166 

0.139
07116 

0.095
51779 

WE12 7/19/21 NA 

samp_3152 NA NA NA NA NA 0.057
12904 

0.094
23003 

0.040
38448 

0.056
13587 

0.052
28886 

WE4 7/19/21 NA 

samp_3142 NA NA NA NA NA 0.239
73145 

0.429
67189 

0.175
10042 

0.135
80784 

0.069
5178 

WE12 6/22/21 NA 

samp_3139 NA NA NA NA NA 0.145
3934 

0.278
87201 

0.110
75213 

0.118
3546 

0.059
74053 

WE2 6/22/21 NA 

samp_4423 NA NA NA NA NA 0.145
3934 

0.278
87201 

0.110
75213 

0.118
3546 

0.059
74053 

WE2 6/22/21 NA 

samp_3140 NA NA NA NA NA NA NA NA NA NA WE4 6/22/21 NA 

samp_3148 NA NA NA NA NA 0.156
4986 

0.228
88403 

0.109
07514 

0.034
68817 

0.068
84539 

WE4 7/13/21 NA 

samp_3155 NA NA NA NA NA 0.329
91818 

0.501
49051 

0.257
28296 

0.176
00141 

0.146
62761 

WE2 7/26/21 NA 
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samp_3156 NA NA NA NA NA 0.108
40452 

0.181
60304 

0.075
45254 

0.121
49526 

0.053
33806 

WE4 7/26/21 NA 

samp_3157 NA NA NA NA NA 1.590
85808 

2.444
06485 

1.398
99798 

0.560
62202 

0.206
43546 

WE9 7/26/21 NA 

samp_3158 NA NA NA NA NA 0.553
46468 

0.850
25784 

0.437
17799 

0.347
21015 

0.123
29686 

WE12 7/26/21 NA 

samp_3161 NA NA NA NA NA 1.284
02708 

1.871
64937 

1.086
82209 

0.412
89203 

0.174
75925 

WE9 8/2/21 NA 

samp_3162 NA NA NA NA NA 0.399
14302 

0.583
92553 

0.311
64203 

0.201
33831 

0.084
67972 

WE12 8/2/21 NA 

samp_3216 NA NA NA NA NA 0.115
95728 

0.187
86117 

0.082
15278 

0.114
97002 

0.114
01831 

WE2 8/3/21 NA 

samp_3293 NA NA NA NA NA 0.115
95728 

0.187
86117 

0.082
15278 

0.114
97002 

0.114
01831 

WE2 8/3/21 NA 

samp_3217 NA NA NA NA NA 0.053
77125 

0.088
78301 

0.039
64811 

0.055
57253 

0.047
30839 

WE4 8/3/21 NA 

samp_3218 NA NA NA NA NA 0.756
67747 

1.098
3991 

0.581
70453 

0.352
99562 

0.176
03179 

WE16
-WSW 

8/3/21 NA 

samp_3219 NA NA NA NA NA 0.797
77084 

1.151
04402 

0.608
05231 

0.368
65314 

0.160
59518 

WE12
-S 

8/3/21 NA 

samp_1418 NA NA NA NA NA 0.507
92004 

0.756
95804 

0.389
10554 

0.290
48391 

0.126
15639 

WE2 8/9/21 NA 

samp_3163 NA NA NA NA NA 0.507
92004 

0.756
95804 

0.389
10554 

0.290
48391 

0.126
15639 

WE2 8/9/21 NA 

samp_1416 NA NA NA NA NA 0.108
41747 

0.174
78469 

0.077
53578 

0.110
44254 

0.072
12022 

WE4 8/9/21 NA 

samp_3164 NA NA NA NA NA 0.108
41747 

0.174
78469 

0.077
53578 

0.110
44254 

0.072
12022 

WE4 8/9/21 NA 

samp_1414 NA NA NA NA NA 0.933
75113 

1.383
48872 

0.723
11132 

0.456
85765 

0.189
5359 

WE6 8/9/21 NA 

samp_1412 NA NA NA NA NA 0.348
10911 

0.521
85949 

0.265
50327 

0.217
94725 

0.112
47653 

WE8 8/9/21 NA 

samp_1410 NA NA NA NA NA 1.142
13886 

1.649
56707 

0.876
44388 

0.515
35864 

0.193
42206 

WE9 8/9/21 NA 

samp_3165 NA NA NA NA NA 1.142
13886 

1.649
56707 

0.876
44388 

0.515
35864 

0.193
42206 

WE9 8/9/21 NA 

samp_1420 NA NA NA NA NA 0.219
82382 

0.332
9293 

0.160
73073 

0.162
65171 

0.088
57667 

WE16 8/9/21 NA 

samp_488 NA NA NA NA NA 0.204
56021 

0.330
67575 

0.156
43068 

0.165
22511 

0.088
05989 

WE2 8/16/21 NA 

samp_1417 NA NA NA NA NA 0.204
56021 

0.330
67575 

0.156
43068 

0.165
22511 

0.088
05989 

WE2 8/16/21 NA 

samp_3167 NA NA NA NA NA 0.204
56021 

0.330
67575 

0.156
43068 

0.165
22511 

0.088
05989 

WE2 8/16/21 NA 

samp_1413 NA NA NA NA NA 0.717
94012 

1.083
47132 

0.546
39427 

0.429
79523 

0.163
42834 

WE6 8/16/21 NA 

samp_1411 NA NA NA NA NA 0.483
05594 

0.732
84175 

0.367
60602 

0.319
18222 

0.144
30252 

WE8 8/16/21 NA 

samp_1409 NA NA NA NA NA 1.096
40315 

1.579
87618 

0.823
93598 

0.559
91328 

0.198
11885 

WE9 8/16/21 NA 

samp_3169 NA NA NA NA NA 1.096
40315 

1.579
87618 

0.823
93598 

0.559
91328 

0.198
11885 

WE9 8/16/21 NA 

samp_490 NA NA NA NA NA 0.161
59066 

0.253
17301 

0.122
57109 

0.125
53143 

0.079
31005 

WE12 8/16/21 NA 

samp_1423 NA NA NA NA NA 0.161
59066 

0.253
17301 

0.122
57109 

0.125
53143 

0.079
31005 

WE12 8/16/21 NA 

samp_3170 NA NA NA NA NA 0.161
59066 

0.253
17301 

0.122
57109 

0.125
53143 

0.079
31005 

WE12 8/16/21 NA 

samp_3159 NA NA NA NA NA 0.094
76252 

0.157
71029 

0.072
62143 

0.091
64191 

0.050
5145 

WE2 8/2/21 NA 

samp_3160 NA NA NA NA NA NA NA NA NA NA WE4 8/2/21 NA 

samp_1424 NA NA NA NA NA 0.136
3352 

0.208
1936 

0.101
50659 

0.110
50191 

0.060
57199 

WE12 8/9/21 NA 

samp_1498 NA NA NA NA NA 0.136
3352 

0.208
1936 

0.101
50659 

0.110
50191 

0.060
57199 

WE12 8/9/21 NA 

samp_3166 NA NA NA NA NA 0.136
3352 

0.208
1936 

0.101
50659 

0.110
50191 

0.060
57199 

WE12 8/9/21 NA 

samp_1422 NA NA NA NA NA 0.069
17946 

0.109
57795 

0.051
15211 

0.068
11828 

0.060
22833 

WE13 8/9/21 NA 

samp_489 NA NA NA NA NA 0.105
19439 

0.174
92469 

0.077
25376 

0.103
58952 

0.071
20775 

WE4 8/16/21 NA 

samp_1415 NA NA NA NA NA 0.105
19439 

0.174
92469 

0.077
25376 

0.103
58952 

0.071
20775 

WE4 8/16/21 NA 

samp_3168 NA NA NA NA NA 0.105
19439 

0.174
92469 

0.077
25376 

0.103
58952 

0.071
20775 

WE4 8/16/21 NA 
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samp_3292 NA NA NA NA NA 0.105
19439 

0.174
92469 

0.077
25376 

0.103
58952 

0.071
20775 

WE4 8/16/21 NA 

samp_1421 NA NA NA NA NA 0.077
30914 

0.123
74767 

0.055
72555 

0.076
74362 

0.055
63001 

WE13 8/16/21 NA 

samp_1419 NA NA NA NA NA 0.113
48234 

0.188
23678 

0.089
59084 

0.106
38912 

0.066
97651 

WE16 8/16/21 NA 

samp_3171 NA NA NA NA NA 0.327
97771 

0.510
9729 

0.244
74129 

0.236
92943 

0.100
42577 

WE2 8/23/21 NA 

samp_3173 NA NA NA NA NA 1.075
54733 

1.548
5239 

0.789
68775 

0.572
13063 

0.235
50473 

WE9 8/23/21 NA 

samp_3174 NA NA NA NA NA 0.184
63252 

0.282
57006 

0.137
67294 

0.132
09062 

0.104
87934 

WE12 8/23/21 NA 

samp_3220 NA NA NA NA NA 0.279
00832 

0.425
40524 

0.203
45862 

0.200
40626 

0.146
62494 

WE2 8/31/21 NA 

samp_3222 NA NA NA NA NA 0.829
98748 

1.202
18648 

0.597
7176 

0.502
52223 

0.210
14933 

WE9 8/31/21 NA 

samp_3177 NA NA NA NA NA 0.795
68334 

1.148
40097 

0.574
55001 

0.486
25941 

0.184
54528 

WE9 8/30/21 NA 

samp_3179 NA NA NA NA NA 0.240
03262 

0.370
07216 

0.180
56813 

0.191
17815 

0.109
45175 

WE2 9/7/21 NA 

samp_3181 NA NA NA NA NA 0.816
09375 

1.183
93742 

0.597
09663 

0.499
11315 

0.217
56738 

WE9 9/7/21 NA 

samp_3182 NA NA NA NA NA 0.247
0596 

0.365
73109 

0.187
94112 

0.176
39226 

0.091
19114 

WE12 9/7/21 NA 

samp_3935 NA NA NA NA NA 0.247
0596 

0.365
73109 

0.187
94112 

0.176
39226 

0.091
19114 

WE12 9/7/21 NA 

samp_3183 NA NA NA NA NA 0.285
32743 

0.415
99409 

0.211
83289 

0.216
39803 

0.110
78372 

WE2 9/13/21 NA 

samp_516 NA NA NA NA NA 0.095
64616 

0.152
18063 

0.071
95936 

0.098
21198 

0.061
37568 

WE4 9/13/21 NA 

samp_3184 NA NA NA NA NA 0.095
64616 

0.152
18063 

0.071
95936 

0.098
21198 

0.061
37568 

WE4 9/13/21 NA 

samp_3185 NA NA NA NA NA 0.654
54577 

0.959
27149 

0.485
21237 

0.457
56519 

0.171
16021 

WE9 9/13/21 NA 

samp_3186 NA NA NA NA NA 0.252
96618 

0.368
13426 

0.189
24027 

0.184
63368 

0.139
80691 

WE12 9/13/21 NA 

samp_3187 NA NA NA NA NA 0.369
89747 

0.558
00854 

0.275
42275 

0.283
97992 

0.152
19524 

WE2 9/20/21 NA 

samp_3189 NA NA NA NA NA 0.702
15788 

1.018
70783 

0.513
5268 

0.493
48206 

0.205
19032 

WE9 9/20/21 NA 

samp_3190 NA NA NA NA NA 0.239
23759 

0.359
92962 

0.181
20597 

0.177
63265 

0.123
0628 

WE12 9/20/21 NA 

samp_3224 NA NA NA NA NA 0.405
75575 

0.588
5441 

0.298
58829 

0.296
68329 

0.150
27157 

WE2 9/21/21 NA 

samp_3225 NA NA NA NA NA 0.540
72905 

0.785
37647 

0.395
25705 

0.375
40101 

0.198
9182 

WE9 9/21/21 NA 

samp_3147 NA NA NA NA NA 0.399
34045 

0.596
65012 

0.287
16421 

0.196
39433 

0.099
58425 

WE2 7/13/21 NA 

samp_3149 NA NA NA NA NA 1.492
75036 

2.349
24157 

1.188
69093 

0.671
11483 

0.202
08939 

WE9 7/13/21 NA 

samp_3214 NA NA NA NA NA 1.589
49558 

2.847
08654 

1.304
478 

0.938
55896 

0.257
37598 

WE9 7/14/21 NA 

samp_3151 NA NA NA NA NA 0.156
89051 

0.296
23058 

0.130
8745 

0.315
90162 

0.071
61873 

WE2 7/19/21 NA 

samp_3153 NA NA NA NA NA NA NA NA NA NA WE9 7/19/21 NA 

samp_3172 NA NA NA NA NA NA NA NA NA NA WE4 8/23/21 NA 

samp_3221 NA NA NA NA NA 0.097
69728 

0.154
24415 

0.070
22934 

0.084
62857 

0.074
18537 

WE4 8/31/21 NA 

samp_3294 NA NA NA NA NA 0.097
69728 

0.154
24415 

0.070
22934 

0.084
62857 

0.074
18537 

WE4 8/31/21 NA 

samp_3223 NA NA NA NA NA 0.176
0373 

0.267
02608 

0.128
31416 

0.132
08797 

0.099
7292 

WE12 8/31/21 NA 

samp_3175 NA NA NA NA NA 0.284
35535 

0.429
94183 

0.210
22351 

0.209
88594 

0.107
59512 

WE2 8/30/21 NA 

samp_3176 NA NA NA NA NA NA NA NA NA NA WE4 8/30/21 NA 

samp_3178 NA NA NA NA NA 0.155
77268 

0.235
96198 

0.113
94085 

0.121
9941 

0.082
72845 

WE12 8/30/21 NA 

samp_3180 NA NA NA NA NA 0.106
12137 

0.173
01952 

0.078
09255 

0.103
35465 

0.070
54408 

WE4 9/7/21 NA 

samp_3188 NA NA NA NA NA 0.137
72783 

0.214
99184 

0.102
40838 

0.125
92246 

0.097
18451 

WE4 9/20/21 NA 

samp_3226 NA NA NA NA NA 0.261
75711 

0.383
23644 

0.196
32988 

0.192
8004 

0.127
09554 

WE12 9/21/21 NA 
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samp_3295 NA NA NA NA NA 0.261
75711 

0.383
23644 

0.196
32988 

0.192
8004 

0.127
09554 

WE12 9/21/21 NA 

samp_3191 NA NA NA NA NA 0.738
28189 

1.045
43174 

0.519
04037 

0.525
67306 

0.185
26549 

WE2 9/27/21 NA 

samp_3193 NA NA NA NA NA 1.213
43619 

1.659
57102 

1.035
24216 

0.475
08341 

0.246
01329 

WE9 9/27/21 NA 

samp_3192 NA NA NA NA NA 0.166
91888 

0.237
02758 

0.122
91036 

0.120
10881 

0.093
38059 

WE4 9/27/21 NA 

samp_3194 NA NA NA NA NA 0.196
53059 

0.286
38601 

0.148
8042 

0.154
69067 

0.102
83101 

WE12 9/27/21 NA 

samp_3197 NA NA NA NA NA 0.867
9709 

1.237
78677 

0.699
66551 

0.440
45894 

0.221
81129 

WE9 10/4/21 NA 

samp_3195 NA NA NA NA NA 0.305
73078 

0.455
59256 

0.226
62188 

0.238
17533 

0.132
52341 

WE2 10/4/21 NA 

samp_3196 NA NA NA NA NA 0.088
36079 

0.141
2398 

0.067
17622 

0.080
52981 

0.064
79799 

WE4 10/4/21 NA 

samp_3198 NA NA NA NA NA 0.152
26611 

0.228
93164 

0.114
20109 

0.126
5861 

0.101
16213 

WE12 10/4/21 NA 

samp_3199 NA NA NA NA NA 0.537
80189 

0.785
41039 

0.408
25532 

0.318
65949 

0.177
91027 

WE2 10/12/21 NA 

samp_3201 NA NA NA NA NA 1.410
57349 

2.019
15385 

1.196
96181 

0.531
66295 

0.250
31048 

WE9 10/12/21 NA 

samp_3202 NA NA NA NA NA 0.315
1123 

0.460
14095 

0.235
02013 

0.200
51909 

0.159
22228 

WE12 10/12/21 NA 

samp_3203 NA NA NA NA NA 0.479
58925 

0.692
3179 

0.362
57028 

0.304
60802 

0.166
98832 

WE2 10/18/21 NA 

samp_3205 NA NA NA NA NA NA NA NA NA NA WE9 10/18/21 NA 

samp_3206 NA NA NA NA NA 0.472
87066 

0.668
57853 

0.361
7826 

0.281
53107 

0.163
5571 

WE12 10/18/21 NA 

samp_3200 NA NA NA NA NA 0.063
92646 

0.098
97028 

0.048
90245 

0.029
64631 

0.068
81178 

WE4 10/12/21 NA 

samp_3204 NA NA NA NA NA 0.070
86286 

0.109
59088 

0.052
46087 

0.074
51895 

0.042
74546 

WE4 10/18/21 NA 

samp_3207 NA NA NA NA NA 0.260
75601 

0.383
87514 

0.207
57475 

0.161
26045 

0.097
66742 

WE2 10/27/21 NA 

 

Table S2.9.2: HPLC Solvent Gradient.  

Time (minutes) % Mobile Phase B 
0 0 
2 0 

2.1 20 
10 100 
14 100 

14.1 0 
17 0 

A gradient was run over 17 minutes at a flow 
rate of 0.6 mL/min starting at 0% mobile 
phase B for 2 minutes, then increasing from 
20% to 100% mobile phase B over 8 minutes, 
holding at 100% mobile phase B for 4 
minutes, before decreasing back to 0% for 3 
minutes. 
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Table S2.9.3: Biosynthetic gene cluster (BGC) database information 

BGC Name in Fasta Amended to Gene Name in Study Clust
er 

Pathwa
y 

Organi
sm 

Detec
ted 
Via 

1-heptadecene_20_0 1-heptadecene 3 PKS Microc
ystis 

WLE
CC 

MicrocystisaeruginosaNIES-98_aeruginosin98-A,aeruginosin98-
B,aeruginosin98-C2 

Aeruginosin 3 NRPS-
PKS 

Microc
ystis 

MIBi
G 

Anabaenopeptin_16_0 Anabaenopeptin 5 NRPS Microc
ystis 

WLE
CC 

Bartoloside-T1PKS_18_0 Bartoloside-
Like 

6 PKS Microc
ystis 

WLE
CC 

Cyanobactin_50_0 Cyanobactin-
3 (Microcystis) 

4 RiPP-
Cyanoba
ctin 

Microc
ystis 

WLE
CC 

Microcystissp.NIVA-CYA172/5_cyanopeptolin Cyanopeptolin (
Microcystis) 

5 NRPS Microc
ystis 

MIBi
G 

MicrocystisaeruginosaNIES-87_kasumigamide Kasumigamide 1 NRPS-
PKS 

Microc
ystis 

MIBi
G 

RRE-containing_23_0 LAP (Microcyst
is) 

5 RiPP-
LAP 

Microc
ystis 

WLE
CC 

lanthipeptide_21_0 Lanthipeptide-
3 (Microcystis) 

6 RiPP-
Lanthipe
ptide 

Microc
ystis 

WLE
CC 

MicrocystisaeruginosaPCC7806_microcystinLR Microcystin 3 NRPS-
PKS 

Microc
ystis 

MIBi
G 

MicrocystisaeruginosaLEGE91341_microginin Microginin 4 NRPS-
PKS 

Microc
ystis 

MIBi
G 

MicrocystisaeruginosaNIES-298_microviridinB Microviridin 4 RiPP Microc
ystis 

MIBi
G 

NRPS-T1PKS_26_0 NRPS-T1PKS 3 NRPS-
PKS 

Microc
ystis 

WLE
CC 

NRPS-like_34_0 NRPS-like-1 1 NRPS Microc
ystis 

WLE
CC 

T3PKS-Merocyclophane_5_0 PmNT3 5 PKS Microc
ystis 

WLE
CC 

T1PKS-Terpene_11_0 T1PKS-Terpene 5 PKS Microc
ystis 

WLE
CC 

Cyanobactin_90_0 Cyanobactin-
1 (Microcystis) 

6 RiPP-
Cyanoba
ctin 

Microc
ystis 

WLE
CC 

Cyanobactin_64_0 Cyanobactin-
2 (Microcystis) 

6 RiPP-
Cyanoba
ctin 

Microc
ystis 

WLE
CC 

MicrocystisaeruginosaPCC7005_piricyclamide7005E1,piricyclamide7005E2,p
iricyclamide7005E3,piricyclamide7005E4 

Piricyclamide 2 RiPP-
Cyanoba
ctin 

Microc
ystis 

MIBi
G 

T1PKS_37_0 T1PKS-2 4 PKS Microc
ystis 

WLE
CC 

Novel-T3PKS_28_0 T3PPKS-1 6 PKS Microc
ystis 

WLE
CC 

hglE-KS_45_0 hglE-KS-like 4 PKS Microc
ystis 

WLE
CC 

RiPP-like_84_0 Ripp-like-1 6 RiPP Microc
ystis 

WLE
CC 

Anabaenasp.90_anacyclamideA10 Anacyclamide (
ADA) 

8 RiPP-
Cyanoba
ctin 

ADA MIBi
G 

samp_2073_477589_LAP LAP (ADA) 7 RiPP-
LAP 

ADA WLE 
MAG
s 
(Den 
uyl et 
al. 
2025, 
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ES&T
) 

samp_471_14978_NRPS NRPS-4 (ADA) 7 NRPS ADA WLE 
MAG
s 
(Den 
uyl et 
al. 
2025, 
ES&T
) 

DolichospermumcircinaleAWQC131C_decarbamoylgonyautoxin2,decarbamoy
lgonyautoxin3,decarbamoylsaxitoxin,gonyautoxin2,gonyautoxin3,gony 

Saxitoxin 7 Other ADA MIBi
G 

MicrocystisaeruginosaPCC7806_microcyclamide Aerucyclamide 9 RiPP-
Cyanoba
ctin 

Microc
ystis 

MIBi
G 

samp_4305_693378_NRPS NRPS-1 (ADA) 9 NRPS ADA WLE 
MAG
s 
(Den 
uyl et 
al. 
2025, 
ES&T
) 

RiPP-like_80_0 Ripp-like-2 9 RiPP Microc
ystis 

WLE
CC 

lanthipeptide_87_0 Lanthipeptide-
1 (Microcystis) 

9 RiPP-
Lanthipe
ptide 

Microc
ystis 

WLE
CC 

lanthipeptide_54_0 Lanthipeptide-
2 (Microcystis) 

9 RiPP-
Lanthipe
ptide 

Microc
ystis 

WLE
CC 

samp_4305_474408_T1PKS T1PKS (ADA) 8 PKS ADA WLE 
MAG
s 
(Den 
uyl et 
al. 
2025, 
ES&T
) 

T1PKS_51_0 T1PKS-1 9 PKS Microc
ystis 

WLE
CC 

samp_4380_82358_NRPS-like NRPS-2 (ADA) 8 NRPS ADA WLE 
MAG
s 
(Den 
uyl et 
al. 
2025, 
ES&T
) 

samp_4305_554341_lanthipeptide-class-v Lanthipeptide (
ADA) 

9 RiPP-
Lanthipe
ptide 

ADA WLE 
MAG
s 
(Den 
uyl et 
al. 
2025, 
ES&T
) 

Acronyms: western Lake Erie culture collection (WLECC), Aphanizomenon, Dolichospermum, Anabaena (ADA), polyketide synthase 
(PKS), nonribosomal peptide synthetase (NRPS), Ribosomally synthesized and post-translationally modified peptides (RiPPs), WLE MAGs 

(Den uyl et al. 2025, ES&T) = western Lake Erie metagenome assembled genomes from Paul Den Uyl et al. study 2025 in ACS ES&T. Gene 
specific information found in seed5 --> BGCdb_seed5_key 
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Table S2.9.4: Microcystis genomes used for phylogenomic analysis 

Genome Name 
ATCC29413.fa 
LE17-10A.fa 
LE17-20C.fa 
LE18-22.fa 
LE19-10.fa 
LE19-114.fa 
LE19-12.fa 
LE19-131.fa 
LE19-13.fa 
LE19-195.fa 
LE19-196.fa 
LE19-197.fa 
LE19-251.fa 
LE19-281.fa 
LE19-338.fa 
LE19-388.fa 
LE19-41.fa 
LE19-4.fa 
LE19-55.fa 
LE19-59.fa 
LE19-84.fa 
LE19-8.fa 
LE19-98.fa 
Microcystis_0824.fa 
Microcystis_aeruginosa_11-30S32.fa 
Microcystis_aeruginosa_BK11-02.fa 
Microcystis_aeruginosa_BS11-05.fa 
Microcystis_aeruginosa_BS13-02.fa 
Microcystis_aeruginosa_BS13-10.fa 
Microcystis_aeruginosa_CACIAM_03.fa 
Microcystis_aeruginosa_CHAOHU_1326.fa 
Microcystis_aeruginosa_DA14.fa 
Microcystis_aeruginosa_DIANCHI905.fa 
Microcystis_aeruginosa_EAWAG127a.fa 
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Microcystis_aeruginosa_F13-15.fa 
Microcystis_aeruginosa_FACHB-524.fa 
Microcystis_aeruginosa_FCY-26.fa 
Microcystis_aeruginosa_FCY-27.fa 
Microcystis_aeruginosa_FCY-28.fa 
Microcystis_aeruginosa_FD4.fa 
Microcystis_aeruginosa_G11-01.fa 
Microcystis_aeruginosa_G11-04.fa 
Microcystis_aeruginosa_G11-06.fa 
Microcystis_aeruginosa_G11-09.fa 
Microcystis_aeruginosa_G13-01.fa 
Microcystis_aeruginosa_G13-03.fa 
Microcystis_aeruginosa_G13-05.fa 
Microcystis_aeruginosa_G13-07.fa 
Microcystis_aeruginosa_G13-09.fa 
Microcystis_aeruginosa_G13-10.fa 
Microcystis_aeruginosa_G13-11.fa 
Microcystis_aeruginosa_G13-12.fa 
Microcystis_aeruginosa_K13-05.fa 
Microcystis_aeruginosa_K13-06.fa 
Microcystis_aeruginosa_K13-07.fa 
Microcystis_aeruginosa_K13-10.fa 
Microcystis_aeruginosa_KLA2.fa 
Microcystis_aeruginosa_KW.fa 
Microcystis_aeruginosa_L111-01.fa 
Microcystis_aeruginosa_L211-07.fa 
Microcystis_aeruginosa_L211-101.fa 
Microcystis_aeruginosa_L211-11.fa 
Microcystis_aeruginosa_L311-01.fa 
Microcystis_aeruginosa_LE13-04.fa 
Microcystis_aeruginosa_LE3.fa 
Microcystis_aeruginosa_LG11-05.fa 
Microcystis_aeruginosa_LG13-03.fa 
Microcystis_aeruginosa_LG13-11.fa 
Microcystis_aeruginosa_LG13-12.fa 
Microcystis_aeruginosa_LG13-13.fa 
Microcystis_aeruginosa_LL11-07.fa 
Microcystis_aeruginosa_LL13-03.fa 
Microcystis_aeruginosa_LL13-06.fa 
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Microcystis_aeruginosa_Ma_AC_P_19900807_S299.fa 
Microcystis_aeruginosa_Ma_AC_P_19900807_S300.fa 
Microcystis_aeruginosa_Ma_MB_F_20061100_S19D.fa 
Microcystis_aeruginosa_Ma_MB_F_20061100_S19.fa 
Microcystis_aeruginosa_Ma_MB_F_20061100_S20D.fa 
Microcystis_aeruginosa_Ma_MB_F_20061100_S20.fa 
Microcystis_aeruginosa_Ma_MB_S_20031200_S102D.fa 
Microcystis_aeruginosa_Ma_MB_S_20031200_S102.fa 
Microcystis_aeruginosa_Ma_OC_H_19870700_S124.fa 
Microcystis_aeruginosa_Ma_OC_LR_19540900_S633.fa 
Microcystis_aeruginosa_Ma_QC_B_20070730_S2.fa 
Microcystis_aeruginosa_Ma_QC_C_20070703_M131.fa 
Microcystis_aeruginosa_Ma_QC_C_20070823_S13D.fa 
Microcystis_aeruginosa_Ma_QC_C_20070823_S13.fa 
Microcystis_aeruginosa_Ma_QC_Ca_00000000_S207.fa 
Microcystis_aeruginosa_Ma_QC_Ch_20071001_M135.fa 
Microcystis_aeruginosa_Ma_QC_Ch_20071001_S25D.fa 
Microcystis_aeruginosa_Ma_QC_Ch_20071001_S25.fa 
Microcystis_aeruginosa_Ma_SC_T_19800800_S464.fa 
Microcystis_aeruginosa_NaRes975.fa 
Microcystis_aeruginosa_NIES-1211.fa 
Microcystis_aeruginosa_NIES-2481.fa 
Microcystis_aeruginosa_NIES-2519.fa 
Microcystis_aeruginosa_NIES-2520.fa 
Microcystis_aeruginosa_NIES-2521.fa 
Microcystis_aeruginosa_NIES-2522.fa 
Microcystis_aeruginosa_NIES-2549.fa 
Microcystis_aeruginosa_NIES-298.fa 
Microcystis_aeruginosa_NIES-3787.fa 
Microcystis_aeruginosa_NIES-3804.fa 
Microcystis_aeruginosa_NIES-3806.fa 
Microcystis_aeruginosa_NIES-3807.fa 
Microcystis_aeruginosa_NIES-4264.fa 
Microcystis_aeruginosa_NIES-4285.fa 
Microcystis_aeruginosa_NIES-4325.fa 
Microcystis_aeruginosa_NIES-44.fa 
Microcystis_aeruginosa_NIES-843.fa 
Microcystis_aeruginosa_NIES-87.fa 
Microcystis_aeruginosa_NIES-88.fa 
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Microcystis_aeruginosa_NIES-98.fa 
Microcystis_aeruginosa_PCC_7005.fa 
Microcystis_aeruginosa_PCC_7806SL.fa 
Microcystis_aeruginosa_PCC_7941.fa 
Microcystis_aeruginosa_PCC_9432.fa 
Microcystis_aeruginosa_PCC_9443.fa 
Microcystis_aeruginosa_PCC_9701.fa 
Microcystis_aeruginosa_PCC_9717.fa 
Microcystis_aeruginosa_PCC_9806.fa 
Microcystis_aeruginosa_PCC_9807.fa 
Microcystis_aeruginosa_PCC_9808.fa 
Microcystis_aeruginosa_PCC_9809.fa 
Microcystis_aeruginosa_S11-01.fa 
Microcystis_aeruginosa_S11-05.fa 
Microcystis_aeruginosa_Sj.fa 
Microcystis_aeruginosa_SPC777.fa 
Microcystis_aeruginosa_SX13-01.fa 
Microcystis_aeruginosa_SX13-11.fa 
Microcystis_aeruginosa_TA09.fa 
Microcystis_aeruginosa_TAIHU98.fa 
Microcystis_aeruginosa_W11-03.fa 
Microcystis_aeruginosa_W11-06.fa 
Microcystis_aeruginosa_W13-11.fa 
Microcystis_aeruginosa_W13-13.fa 
Microcystis_aeruginosa_W13-15.fa 
Microcystis_aeruginosa_W13-16.fa 
Microcystis_aeruginosa_W13-18.fa 
Microcystis_flos-aquae_DF17.fa 
Microcystis_flos-aquae_Ma_QC_C_20070823_S18D.fa 
Microcystis_flos-aquae_Ma_QC_C_20070823_S18.fa 
Microcystis_flos-aquae_Mf_QC_C_20070823_S10D.fa 
Microcystis_flos-aquae_Mf_QC_C_20070823_S10.fa 
Microcystis_flos-aquae_Mf_QC_C_20070823_S20D.fa 
Microcystis_flos-aquae_Mf_QC_C_20070823_S20.fa 
Microcystis_flos-aquae_Mf_QC_C_20070823_S20T.fa 
Microcystis_flos-aquae_Mf_WU_F_19750830_S460.fa 
Microcystis_flos-aquae_TF09.fa 
Microcystis_LSC13-02.fa 
Microcystis_MC19.fa 
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Microcystis_M_OC_Ca_00000000_C217Col.fa 
Microcystis_M_OC_Ca_00000000_S217Cul.fa 
Microcystis_M_QC_C_20170808_M2Col.fa 
Microcystis_M_QC_C_20170808_M3Col.fa 
Microcystis_M_QC_C_20170808_M9Col.fa 
Microcystis_Msp_OC_L_20101000_S702.fa 
Microcystis_novacekii_Mn_MB_F_20050700_S1D.fa 
Microcystis_novacekii_Mn_MB_F_20050700_S1.fa 
Microcystis_panniformis_FACHB-1757.fa 
Microcystis_panniformis_Mp_GB_SS_20050300_S99D.fa 
Microcystis_panniformis_Mp_GB_SS_20050300_S99.fa 
Microcystis_panniformis_Mp_MB_F_20051200_S6D.fa 
Microcystis_panniformis_Mp_MB_F_20051200_S6.fa 
Microcystis_panniformis_Mp_MB_F_20051200_S9D.fa 
Microcystis_panniformis_Mp_MB_F_20051200_S9.fa 
Microcystis_panniformis_Mp_MB_F_20080800_S26D.fa 
Microcystis_panniformis_Mp_MB_F_20080800_S26.fa 
Microcystis_T1-4.fa 
Microcystis_viridis_Mv_BB_P_19951000_S68D.fa 
Microcystis_viridis_Mv_BB_P_19951000_S68.fa 
Microcystis_viridis_Mv_BB_P_19951000_S69D.fa 
Microcystis_viridis_Mv_BB_P_19951000_S69.fa 
Microcystis_viridis_NIES-102.fa 
Microcystis_wesenbergii_LE013-01.fa 
Microcystis_wesenbergii_Mw_MB_S_20031200_S109D.fa 
Microcystis_wesenbergii_Mw_MB_S_20031200_S109.fa 
Microcystis_wesenbergii_Mw_QC_B_20070930_S4D.fa 
Microcystis_wesenbergii_Mw_QC_B_20070930_S4.fa 
Microcystis_wesenbergii_Mw_QC_S_20081001_S30D.fa 
Microcystis_wesenbergii_Mw_QC_S_20081001_S30.fa 
Microcystis_wesenbergii_TW10.fa 
PCC_6803.fa 
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Table 2.9.5: MZmine Parameters used in the feature-finding processing wizard. 

Parameter Input 
Smoothing Checked 
Stable ionization across samples Checked 
Crop retention time 0.50-18 minutes 
Max peaks in chromatogram 15 
Minimum consecutive scans 3 
Approximate feature FWHM 0.10 minutes 
RT Tolerance (intra sample) 0.08 minutes 
RT Tolerance (sample to sample) 0.40 minutes 

Ion mode 
Positive, Factor of lowest 
signal 

Noise threshold (MS1) 10 
Noise threshold (MS2 5 
Minimum feature height 5.00E+04 
m/z tolerance (scan to scan) 0.0020 m/z 
m/z tolerance (intra sample) 0.0015 m/z 
m/z tolerance (sample to sample) 0.0015 m/z 
Minumum samples per aligned feature Max of 2 samples  
Annotate lipids unchecked  
Files exported for molecular networking and SIRIUS Checked 

 

Table S2.9.6: Hierarchical general additive models (HGAM) equation and results for the relative 
abundance (%) of Microcystis and Dolichospermum relative to the whole microbial community. 

 

 

 

 

 

 

HGAM Equationlog(Summed abundance per Genus) ~ s(yday, bs = "cc") + s(yday, site, bs = ("fs") + te(year, site, bs = "re") + s(yday, year, bs = "fs") + s(site, bs = "re") + s(year, bs = "re"), family = tw()

Organism s(yday) s(yday, site) te(year, site) s(yday, year) s(site) s(year) % Deviance Explained AIC % Additional Deviance Explained by Year or Site
Microcystis 5.82E-06 0.0474 0.4714 < 2e-16 0.4921 0.3125 57.70% 261.9082 Year = 27.8%, Site = 1.9%
ADA 5.98E-07 0.06813 2.97E-03 < 2e-16 0.2236 0.0000 76.10% 223.3221 Year = 36.3% , Site = 8.2%

Calculated by reducing model to exclude terms containing either site or year to 
see how deviance explained changed

Year = log(Summed BGC abundance per Genus) ~ s(yday, bs = "cc")  + s(yday, 
site, bs = ("fs") + s(site, bs = "re") , family = tw()

Site = log(Summed BGC abundance per Genus) ~ s(yday, bs = "cc") + s(yday, year, 
bs = "fs")+ s(year, bs = "re"), family = tw()
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Table S2.9.7: R2 and P-values for NMDS vectors in Figure 2C.  

 

 

 

Table S2.9.8: Hierarchical general additive models (HGAM) equation and results for the FPKM 
of BGCs within modules 4, 5, 6 and 7. 

 

 

Variable NMDS1 NMDS2 R^2 P -value
Nitrate + Nitrite 0.10434 -0.99454 0.0465 0.144
Particulate Microcystin 0.76005 -0.64986 0.3046 0.001
Soluble Reactive Phosphorus (SRP) -0.00402 0.99999 0.0342 0.195
Particulate Organic Carbon (POC) 0.90378 -0.42799 0.2065 0.001
Particulate Organic Nitrogen (PON) 0.93678 -0.34992 0.2218 0.001
Temperature 0.18667 -0.98242 0.1548 0.004
Depth -0.23742 -0.97141 0.0731 0.051
Dissovled Oxygen 0.66417 0.74758 0.0128 0.578
Conductivity 0.95561 0.29465 0.0676 0.056
Turbidity 0.91657 0.39987 0.0189 0.47
Phycocyanin 0.99356 0.11327 0.2881 0.001
Total Phosphorus 0.0018 -1 0.0017 0.93
Dissolved Phosphorus 0.01121 0.99994 0.016 0.476
Ammonia 0.57752 -0.81638 0.0019 0.939
Colored Dissolved Organic Matter (CDOM) 0.97979 0.20002 0.0276 0.314
Susepended Particulate Matter 0.73293 0.68031 0.0212 0.426
Terrestrial/Humic DOM 0.94599 0.32421 0.0224 0.36
Microbial:Terrestrial DOM Ratio -0.97419 -0.22575 0.0862 0.033
Aromatic AAs in DOM -0.99874 -0.05014 0.0879 0.027

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1
Permutation: free
Number of permutations: 999

HGAM Equation log(Module abundance) ~ s(yday, bs = "cc") + ti(yday, site, bs = ("cc", "re") + s(year, site, bs = "re") + s(site, bs = "re"), family = gaussian()

Module s(yday) ti(yday, site) s(year, site) s(site) % Deviance Explained AIC % Additional Deviance Explained by Year or Site
Module 4 (blue) 1.66E-05 0.554 0.138 0.464 26.30% 455.675 Year = 8.5, Site = 8.2%
Module 5 (orange) 0.0378 0.8034 0.0209 0.1445 28.20% 466.666 Year = 18.42, Site = 14.7%
Module 6 (green) 5.90E-07 0.8253 0.0706 0.5232 33.30% 411.156 Year = 11.2, Site = 7.1
Module 7 (magenta) 2.86E-03 0.55445 2.99E-05 0.43787 39.40% 468.768 Year = 32.79, Site = 15.4
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Table S2.9.9: Residual standard errors of loess fits of metabolite, dissolved organic matter 
(DOM), gene, nitrogen, and grazer abundance patterns. 

 

 

__________________________________________________________________ 

 

2.9.2 SI Figures  

 

Variable Variable Type Figure Line Color RSE
Microcystin BGC BGC 6B Black-dashed 0.79540969
Aeruginosin BGC BGC 6B Black-dashed 0.82690029
Anabaenopeptin BGC BGC 6B Black-dashed 1.01694828
Aerucyclamide BGC BGC 6B Black-dashed 0.90128274
Microcystin Normalized Abundance of Putatively Annotated Metabolite 7A Blue 1.01268857
Aeruginosin Normalized Abundance of Putatively Annotated Metabolite 7A Yellow 0.8486629
Anabaenopeptin Normalized Abundance of Putatively Annotated Metabolite 7A Green 0.93646401
Aerucyclamide Normalized Abundance of Putatively Annotated Metabolite 7A Berry 1.01300712
Nitrate & Nitrite Measured Physicochemical Parameter 7A Black 0.67203844
Ammonia Measured Physicochemical Parameter 7A Black 13.7975771
POC:PON Measured Physicochemical Parameter 7A Black 1.17660177
Terrestrial/Humic DOM (Fmax3) DOM Dervied from FDOM 7A Black 0.22959764
Microbial:Terrestrial DOM (Fmax1+4+5)/Fmax3) DOM Dervied from FDOM 7A Black 0.69495006
% Aromatic Amino Acids in DOM (Fmax 4+5/Fmax3)DOM Dervied from FDOM 7A Black 0.06240958
Daphnia Calculated abundance of contigs annotated as Mussels 7A Black 7.24011408
Mussels Calculated abundance of contigs annotated as Daphnia 7A Black 0.01470439
Amoeba Calculated abundance of contigs annotated as Amoeba 7A Black 0.00379085
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Figure S2.9.1: Comparison of nitrate + nitrite (mg/L), extracted phycocyanin (µg/L), 
temperature (°C), particulate microcystin (µg/L), particulate organic carbon: particulate organic 
nitrogen ratio (POC:PON), and soluble reactive phosphorus (µg P/L) from all stations between 
the years of 2016 and 2022. Individual observations are plotted as filled in circles, with 
observations below the detection limit plotted as unfilled triangles. Values under the detection 
limit were only identified for particulate microcystins and nitrate + nitrite and were imputed as 
half the limit of detection. Smoothed lines were fit using a loess function.  
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A. 1-heptadecene_20_0 

 
B. Microcystis aeruginosa NIES-98_aeruginosin98-A, aeruginosin98-B, aeruginosin 98-

C2 

 
C. Anabaenopeptin_16_0 

 
D. Bartoloside-T1PKS_18_0 

 

 

E. Cyanobactin_50_0 
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H. RRE-containing_23_0 

 
I. lanthipeptide_21_0 

 
J. Microcystis aeruginosa PCC7806_microcystin LR 
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N. NRPS-like_34_0 

 
O. T3PKS-Merocyclophane_5_0 

 
P. T1PKS-Terpene_11_0 

 
Q. Cyanobactin_90_0 

 
R. Cyanobactin_64_0 (Cyanobactin 2) 
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T. T1PKS_37_0 

 
U. Novel-T3PKS_28_0 

 
V. hglE-KS_45_0 

 
W. RiPP-like_84_0 

 
X. Anabaena sp.90_anacyclamide A10 
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Z. samp_471_14978_NRPS 
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BB.  Microcystis aeruginosa PCC7806_aerucyclamide/microcyclamide 

 

 
CC. samp_4305_693378_NRPS 

 
DD. RiPP-like_80_0 
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FF. lanthipeptide_54_0 

 
GG. samp_4305_474408_T1PKS 

 
HH. T1PKS_51_0 

 
II. samp_4380_82358_NRPS-like 

 
JJ. samp_4305_554341_lanthipeptide-class-v 

 
Figure S2.9.2: (a-jj) Schematics of biosynthetic gene clusters used in the study, generated via 
antiSMASH v7 (1).  
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Top: mzspec:GNPS2:TASK-8c4014d3f0c547b0b4e9fdcaf6aed61c-nf_output/clustering/spectra_reformatted.mgf:scan:76368
Precursor / : 995.5570 Charge: 0 m z

Bottom: mzspec:GNPS:GNPS-LIBRARY:accession:CCMSLIB00005731412
Precursor / : 995.5560 Charge: 1 m z

Cosine similarity = 0.7519
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Precursor / : 1045.5368 Charge: 0 m z

Bottom: mzspec:GNPS:GNPS-LIBRARY:accession:CCMSLIB00005734235
Precursor / : 1045.5400 Charge: 1 m z

Cosine similarity = 0.7446
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B. Aeruginosin 98A 
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Anabaenopeptin B 
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Figure S2.9.3: Mirror matches generated by GNPS of library matches detected and used in this 
study. The black spectrum on top represents the sample spectrum whereas the bottom green 
spectrum represents the database spectrum for the library match. All metabolite predictions 
shown here meet at least level 3 criteria as outlined in Schymasnki et al. 2014 (2). (a) Spectra 
putatively annotated as microcystins (MC) annotated as the congeners LR (cosine = 0.836), YR 
(cosine = 0.822), HilR (cosine = 0.619), RR (cosine = 0.756), HtyR (cosine = 0.736) are shown, 
(b) Aeruginosin 98A (cosine = 0.626), (c) Anabaenopeptins A (cosine = 0.855) and B (cosine = 
0.912), and (d) Aerucyclamide A are shown (cosine = 0.2509).  
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Figure S2.9.4:Fixed and partial effects of day of year (DOY), year, and model diagnostics for 
hierarchical generalized additive models (HGAMs) fit to log-transformed relative abundance of 
(a) Microcystis and (b) Dolichospermum. The first panels display the fixed effect smooths for 
DOY based on the HGAM equation described in SI Table 2.9.6. Diagnostic plots (second panels) 
indicate that residuals are homoscedastic and approximately normally distributed (top right 
panel) and fitted values closely follow observed values (bottom right panel), supporting model 
adequacy for both taxa. The third panels show partial effect smooths of DOY stratified by year, 
with year-specific smooths illustrating interannual variation in seasonal patterns of each 
organism. Tick marks along the x-axis indicate the distribution of observed values. (c) A 
pairwise correlation plot of log-transformed Microcystis and Dolichospermum relative 
abundance reveals a modest but significant negative association (Pearson’s r = –0.26, p = 6x10-

4), suggesting potential ecological interaction or shared environmental controls between the two 
taxa. Because these two response variables are derived from the same biological system, it is 
likely they are correlated in some manner. However, models were fit independently, and 
potential interdependence was not explicitly accounted for in the analysis 
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Figure S2.9.5: Seasonal pattern of relative abundance (%) of (a) Microcystis and (b) 
Dolichospermum across all stations and years. Points are colored by stage, where Stage 1 
indicates Microcystis > Dolichospermum by 3% or more, Stage 2 indicates approximately equal 
populations of Microcystis and Dolichospermum (±3%), and Stage 3 indicates Dolichospermum 
> Microcystis by 3% or more. These stages were determined based on the distribution of their 
relative abundance relative to one another. Seasonal patterns faceted by station (WE12, WE2, 
WE4, and WE8) and year for (c) Microcystis and (d) Dolichospermum relative abundance (%) 
are also shown, with points colored by stage.  
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Figure S2.9.6: NMDS stress plot assessing the goodness-of-fit of a non-metric multidimensional 
scaling (NMDS) ordination based on physicochemical parameters. The plot compares observed 
dissimilarities (x-axis) to distances between points in the ordination space (y-axis). Blue points 
represent pairwise distances; the red line shows a monotonic fit between observed and ordination 
distances. The non-metric fit (R² = 0.995) and linear fit (R² = 0.982) indicate an excellent 
correspondence between the original distance matrix and the reduced-dimensional NMDS space.  
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Figure 2.9.7: Boxplots showing the distribution of 18 physicochemical parameters across stages. 
Each point represents an individual sample, grouped by stage classification. Horizontal bars 
denote statistically significant pairwise differences between stages for each parameter, based on 
Kruskal–Wallis tests followed by Dunn’s post hoc comparisons. Significance levels are indicated 
as: **** P<0.0001; *** P<0.001; ** P<0.01; * P<0.5; n.s. = not significant).  
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Figure S2.9.8: Patterns in surface water temperature from NOAA GLERL WE2 Nutrient Buoy 
from 2015 through 2023. Data was collected from Great Lakes Observing System (GLOS) 
archive (3). (a) Surface water temperatures (°C) in September and October colored by year. (b) 
Frequency of 24-hour temperature changes in September classified as warming (red) or cooling 
(blue) days. (c) Density distributions of 24-hour temperature changes (magnitude), with a 30-
minute observation tolerance, for each year. Vertical dashed lines indicate a change of zero (no 
net warming or cooling).  
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Figure S2.9.9: Temporal patterns of average FPKM of BGCs from Microcystis. Colored lines 
represent individual BGCs, smoothed using generalized additive models (GAMs) with a smooth 
on day of year with a cubic regression function.  
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Figure S2.9.10: Residual diagnostic plots are based on models using log-transformed 
biosynthesis module abundance (modules 4, 5, 6, and 7) as the response variable within the 
equation at the bottom of the figure. Residuals appear randomly scattered around zero 
(homoscedastic) across predictors (top right panel), and fitted values closely follow observed 
values (bottom right panel), supporting model adequacy for the modules.  
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Figure 2.9.11: Log FPKM of BGCs from modules 8 and 9 belonging to the ADA clade. 
Individual observations are shown as points colored by year, and smoothed lines are fitted using 
a loess function. Shaded ribbons indicate standard errors around the fitted temporal patterns.  
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Figure 2.9.12: (a) Co-occurrence matrix of BGCs across publicly available genomes of 
Microcystis deposited in NCBI. Co-occurrence of BGCs across genomes was calculated and 
hierarchically clustered using average-linkage. The cluster each BGC belongs to is indicated as 
the colored bar on the right. Tiles are brighter in the heatmap indicating more co-occurrences 
between BGCs. (b) Presence/absence matrix of BGCs in WLECC isolates, organized by which 
cluster the BGC is in (colored bar). Green tile indicates the presence of the BGC in the isolate, 
and a white tile indicates the absence of the BGC in the isolate.  
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Figure S2.9.13: Phylogenomic analysis of publicly available Microcystis genomes with 
Synechocystis sp. PCC 6803 used as the outgroup. Genomes were used to build a maximum 
likelihood phylogenomic tree based on the prepackaged single-copy gene-set for cyanobacteria 
(251 target genes) in GToTree v1.7.05 (4). Lime green boxes indicate the detection of the 
anabaenopeptin BGC within a genome, and blue stars indicate the detection of the microcystin 
BGC within a genome. Clades shaded as blue indicate phylogenomically related genomes mostly 
containing the microcystin BGC, clades shaded as green indicate phylogenomically related 
genomes mostly containing the anabaenopeptin BGC, clades in purple indicate 
phylogenomically related genomes that have either the anabaenopeptin or microcystin BGCs, 
and clades in white contain phylogenomically related without either of the BGCs.  
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Figure S2.9.14: (a) Log-transformed normalized relative abundance (AUC) of metabolites 
putatively annotated as Aerucyclamide A, Aeruginosin 98A, Anabaenopeptin A and B, and 
Microcystin LR, YR, HilR, RR, and HtyR. All individual observations are shown, and smoothed 
lines for each metabolite were fitted using a loess function. (b) Representative metabolites from 
each metabolite class above.  
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Figure S2.9.15: The top row displays partial effects of day of year on log-transformed 
metabolite abundance from GAMs using a cyclic cubic spline (±95% confidence interval), 
capturing seasonal patterns for each metabolite (Microcystins, Anabaenopeptins, Aeruginosins, 
and Aerucyclamides from left to right). The bottom five rows of panels display the relationship 
between each metabolites’ GAM residuals and an abiotic variable. Residuals represent variability 
unexplained by seasonal trends, and linear models (±95% confidence intervals) are shown with 
R² and P-values from the fitted linear regression. Each row represents an abiotic variable (Nitrate 
+ Nitrite, Ammonia, Terrestrial/Humic fraction of DOM, Microbial: Terrestrial Ratio of DOM, 
and Aromatic Amino Acid Portion of DOM from top to bottom).   
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2.9.3 SI Notes  

SI Note 1: Metabolomics Data Collection 

HPLC 

Analytes were separated on a Thermo Scientific Vanquish Bioinert high-performance liquid 

chromatography (HPLC) system (ThermoFisher Scientific, San Jose, CA) with a Waters Atlantis 

T3 column (3um, 3.0x150mm) (Waters Corp., Milford, MA) at 30°C. A stacked injection method 

was used to add 2μL 5% EDTA, 2μL 5μg/L simetone (PubChem ID: 12654), and 50μL of sample. 

All reagents were LC/MS grade except for THF, which was >99.5% and stabilized with butylated 

hydroxytoluene (BHT). The mobile phases were: (A) water with 0.1% formic acid and 2mM 

ammonium formate and (B) 50:50 ACN:MeOH with 2mM ammonium formate, 0.1% THF and 

0.1% formic acid. Samples were maintained at 4°C in the autosampler and the flow rate was 0.6 

ml/min throughout the gradient in SI Table 2, with the first two minutes sent to waste.  

 

Liquid Chromatography-High Resolution Mass Spectrometry (LC/HRMS) 

Mass spectrometric analysis was carried out on a Thermo Fisher Scientific Q Exactive Orbitrap 

mass spectrometer equipped with a heated electrospray ionization (HESI-II) source in positive 

ion mode. The spray voltage, capillary temperature and auxiliary gas heater temperature were set 

to 3.5 kV, 275°C and 450°C, respectively. The sheath gas, auxiliary gas, sweep gas and S-lens 

RF level were set to 55, 15, 3 (arbitrary units) and 50.0 V, respectively. Nitrogen was used for 

spray stabilization, for collision-induced dissociation experiments in the higher energy collision 

dissociation (HCD) cell, and as the damping gas in the C-trap. The instrument was calibrated in 

positive mode every 7 days using the manufacturer’s calibration solution. The Full MS/ddMS2 
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mode comprised a full MS scan followed by a data dependent MS2 scan with a fragmentation 

energy applied. The mass spectrometer acquired a full MS scan at a resolution of 70,000 

(FWHM at 200 m/z). The automatic gain control (AGC) target was set at 3.0 × 10e6 with a 

maximum injection time (IT) of 100 ms. The full MS scan ranges were set as 150–2000 m/z. For 

the dd-MS2 scans, the mass resolution was set at 35,000 FWHM, AGC target at 5 × 10e4, 

maximum IT 50 ms, isolation window 5.0 m/z, intensity threshold 2 × 10e3, exclude isotopes 

“on”, and dynamic exclusion 2.0s. The fragmentation energy (NCE) was stepped with values of 

15, 40, and 60. Instrument control and data processing were conducted with Xcalibur 4.2, 

Compound Discoverer 3.3, and Exactive Tune 2.11 software (Thermo Scientific).  

 

The data generated from the quantitation runs was used to do a pre-emptive search of the 

CyanoMetDB using Compound Discoverer 3.3 (5). The compounds that were discovered from the 

database were added to the inclusion list. The inclusion list is a list of compounds that will be 

preferentially fragmented. A blank was also run. The m/z of analytes in the blank were placed in 

an exclusion list. These m/z will not be selected for fragmentation. If there was an analyte that was 

found in the exclusion list that may interfere with a desired analyte, either the compound was 

removed from the exclusion list or the time segment that it was part of the exclusion list was edited 

so that it would not interfere with the analytes of interest. 

___________________________________________________________ 

 

SI Note 2: Metagenomic processing information 

Raw metagenomic reads were processed using fastp v0.23.2 (6). Clumpify was used to sort reads 

and improve compression efficiency (http://sourceforge.net/projects/bbmap/). BBmap was used to 
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remove human contaminant reads (GENCODE release 38). Metagenomic assemblies were 

produced using MEGAHIT v1.2.9 with the meta-sensitive preset (7). Multiple binning software 

were used to maximize metagenome assembled genome (MAG) recovery including CONCOCT 

v1.1.0, MetaDecoder v.1.0.13, VAMB v.3.08, MetaBAT2 v2.17, MaxBin 2.0 v2.2.7, and SemiBin 

v.1.03 (8–12). All MAGs were grouped and dereplicated using dRep v3.2.0 at 95 percent (13).  

 

The relative abundance of WLECC Microcystis isolates (NCBI BioProject: PRJNA903891) was 

calculated as described in Yancey et al. 2023A (14). Briefly, sourmash gather v4.5.0 was used to 

compare k-mer sketches (k=31) of WLECC Microcystis MAGs to sampled metagenomes using 

the GTDB release 202 database and 159 Microcystis reference genomes (15). Relative abundance 

of isolates was calculated as described in Irber et al. 2022 (16).   

__________________________________________________________________ 

 

SI Note 3: BGC Database Creation 

To analyze the presence and abundance of BGCs across metagenomics samples in this study, a 

comprehensive, non-redundant, gene-based BGC database was created (Key to database in SI 

Table 3). All files and code to produce the final BGC database used in this study can be found 

on GitHub (https://github.com/Geo-omics/2016-2022-Western-Lake-Erie-Time-Series-

Metagenomics-and-Metabolomics). First, all genes from BGCs belonging to the cyanobacterial 

genera Planktothrix, Sphaerospermopsis, Dolichospermum, Anabena, Aphanizomenon, 

Microcystis, Cylindrospermopsis, and Cyanobium were pulled into a fasta file from the MIBiG 

3.0 database (17). All genes from BGCs identified from 21 isolates in the Western Lake Erie 

Culture Collection, described in Yancey and Hart et al. 2024 (18), were pulled into the same 
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fasta file, resulting in Seed 1 of the database. Seed 2 of the database was produced by removing 

any BGCs that putatively synthesize the same product and were derived from a genome from the 

same genera. This database was clustered using MMseqs2 at 95 percent minimum sequence id 

and 90 percent coverage to remove similar genes from the database (19). To ensure non-

redundancy, different BGCs that shared genes 95 percent or more similar were marked to be 

removed from the database, with one of the BGCs being kept in the database. This non-

redundant gene database resulted in seed 3. To ensure there was fair representation of 

geographically relevant BGCs from the Anabaena, Aphanizomenon, Dolichospermum (ADA) 

clade, BGCs were mined from nine highly curated ADA MAGs from WLE described in Den Uyl 

et al. 2024 (20). BGCs were detected using antiSMASH v7, run within the multismash tool 

(https://github.com/zreitz/multismash) (--minimal, --genefinding-tool prodigal, --cb-known, --cc-

mibig, --tigrfam) (1,21). Identified BGCs smaller than 5,000 base pairs were excluded, and 

remaining BGCs were put into a fasta file and clustered at 95 percent identity and 90 percent 

coverage using MMseqs2 to reduce redundancy (19). Non-redundant ADA genes from the BGCs 

were merged with seed 3 into seed 4 of the database. Lastly, seed 4 was clustered using 

MMseqs2 at 95 percent identity and 90 percent coverage to ensure an entirely non-redundant 

database of genes within BGCs. Any BGCs putatively encoding the synthesis of terpenes were 

excluded in this study.  This final database is seed 5 and was used for identifying BGCs across 

metagenomic samples in this study. Each BGC in seed 5 is visualized in SI Figure 1. A key to 

the genes within the seed 5 database are also provided in GitHub, where the type of gene (core, 

additional, transporter, regulatory, other) is annotated for each gene (as provided by antiSMASH 

v7) (1). 
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Chapter 3 Metagenomics Reveals Spatial Variation in Cyanobacterial Composition, 

Function, and Biosynthetic Potential in the Winam Gulf, Lake Victoria, Kenya 

3.1 Abstract 

The Winam Gulf in the Kenyan region of Lake Victoria experiences prolific, year-round 

cyanobacterial harmful algal blooms (cyanoHABs) which pose threats to human, livestock and 

ecosystem health. To our knowledge, there is limited molecular research on the gulf’s 

cyanoHABs, thus the strategies employed for survival and proliferation by toxigenic 

cyanobacteria in this region remain largely unexplored. Here, we used metagenomics to analyze 

the Winam Gulf’s cyanobacterial composition, function, and biosynthetic potential. 

Dolichospermum was the dominant bloom-forming cyanobacterium, co-occurring with 

Microcystis at most sites. Microcystis and Planktothrix were more abundant in shallow and 

turbid sites. Metagenome assembled genomes (MAGs) of Dolichospermum harbored nitrogen 

fixation genes, suggesting diazotrophy as a potential mechanism supporting the proliferation of 

Dolichospermum in the nitrogen limited gulf. Over 300 biosynthetic gene clusters (BGCs) 

putatively encoding the synthesis of toxins and other secondary metabolites were identified 

across the gulf, even at sites where there were no visible cyanoHAB events. Almost all BGCs 

identified had no known synthesis product, indicating a diverse and novel biosynthetic repertoire 

capable of synthesizing harmful or potentially therapeutic metabolites. Microcystis MAGs 
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contained mcy genes encoding the synthesis of hepatotoxic microcystins which are a concern for 

drinking water safety. These findings illustrate the spatial variation of bloom-forming 

cyanobacteria in the Winam Gulf and their available strategies to dominate different ecological 

niches. This study underscores the need for further use of genomic techniques to elucidate the 

dynamics and mitigate the potential harmful effects of cyanoHABs and their associated toxins on 

human, environmental, and economic health. 

3.2 Introduction 

Cyanobacterial harmful algal blooms (cyanoHABs) are a severe, global threat to 

freshwater systems, and are expected to intensify with climate change (1–3). The overgrowth of 

cyanobacteria and production of cyanotoxins threatens human and environmental health, 

freshwater supply, livestock, recreation, tourism, and fishing (4–6). Two of the most ubiquitous 

freshwater, bloom-forming cyanobacterial genera are Microcystis, a non-diazotroph notorious for 

its ability to produce toxic microcystins, and Dolichospermum, a filamentous diazotroph (7–10). 

These two genera can produce a variety of hepatotoxins, neurotoxins, and other secondary 

metabolites, including microcystins, saxitoxins, anatoxins, anabaenopeptins, aeruginosins, 

microginins, microviridins, and cyanopeptolins (10, 11).  

Considerable attention has been directed towards understanding and monitoring 

Microcystis- and Dolichospermum-dominated cyanoHABs in North America and Europe (12–

15). Yet, cyanoHAB characteristics, occurrences, and consequences in the global south remain 

less studied (16). Notably, Lake Victoria, the world’s second largest lake by surface area, is 

experiencing rapid eutrophication and proliferation of toxic, Microcystis-dominated cyanoHABs 

(17, 18). CyanoHABs are prevalent throughout the Lake Victoria basin, which has a coastline 
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shared by Kenya, Uganda, and Tanzania. Moreover, most cyanoHABs are concentrated within 

embayments such as Winam Gulf (i.e., Nyanza Gulf) (17, 18).   

 The Winam Gulf is a shallow inlet (average depth 7 m) near the northeastern corner of 

Lake Victoria that experiences year-round cyanoHABs (17). The gulf provides water for 

drinking, laundry, bathing, nearshore subsistence and commercial fishing, and aquaculture to 

Kisumu, Kenya’s third largest city, and many nearby fishing villages such as Homa Bay and 

Kendu Bay (directly supporting ~4.5 million people) (19, 20). A 2015 study found that 50% of 

households sampled near Kisumu reported sole use of raw lake water for drinking and household 

use, with greater than 30 percent of water samples from the area exceeding World Health 

Organization (WHO) drinking water guidelines for microcystins (21). Sixty percent of samples 

exceeded microcystin thresholds for children and immunocompromised individuals suggested by 

the United States Environmental Protection Agency (USEPA), which is of particular concern due 

to the high prevalence of immunomodulating diseases in Kisumu like HIV and malaria (21–24). 

Thus, resource-dependent populations could face many routes and multifaceted effects of 

cyanotoxin exposure.  

 Since the 1980’s, the Winam Gulf has suffered profound ecological changes due to 

invasive water hyacinth and other species, oxygen depletion, and increasing phytoplankton 

biomass (20). These changes are accompanied by substantial human population growth and 

increasing agricultural, industrial, urban, and wastewater contaminant runoff into the gulf (25). 

The main rivers flowing into the gulf are the Nyando and Sondu-Miriu Rivers which enter from 

the southeast corner, delivering loads of silt, nitrogen (N), and phosphorus (P) from agricultural, 

industrial, and wastewater sources. Smaller rivers such as the Awach-Tende, Awach-Kibuon, 

Kibos, and Kisat rivers deliver sewage and urban runoff from Kisumu (Figure 3.9.1). Sugar cane 
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processing, tea and cereal farming, and urban areas within the Winam Gulf catchment are the 

main sources of pollution, with Kisumu as a significant contributor (26, 27). Total nitrogen (TN) 

is higher in the gulf than the open lake, while total phosphorus (TP) is lower in the gulf than the 

open lake. Despite abundant sources of nitrogen delivery to the gulf, TN:TP ratios remain lower 

than 20 - indicative of nitrogen limitation relative to phosphorus, leading to potential selection 

for diazotrophic organisms (26). Despite this, non-diazotrophic cyanobacteria are commonly 

found in the gulf (i.e., Microcystis). This indicates that there is an abundance of available 

nutrients in the gulf, allowing non-diazotrophs to proliferate even under nitrogen-limited 

conditions by employing alternative strategies (28).  

 The climate of the Winam Gulf is characterized by two wet seasons, ranging from March 

to May and October to December. Two studies, from 2008-2009 and 2020, found maximum 

phytoplankton biovolumes coincide with wet (March, April, & May) and seasonal upwelling 

(July & August) seasons in the gulf (17, 29). Based on morphological classifications of 

phytoplankton, the 2008-2009 study found Microcystis dominates cyanoHABs in the gulf, with 

increased abundance of the diazotrophic cyanobacterial genus Anabaena, now renamed 

Dolichospermum, in September when nitrogen became more limited (30). Microcystin 

concentrations often exceeded WHO guidelines and increased in tandem with Microcystis, 

suggesting Microcystis to be the dominant microcystin producer in the gulf (17).  The 2020 study 

identified Microcystis and Dolichospermum as the two main bloom-forming cyanobacteria at 

high abundance from May through July (29). Another study in 2015 and 2016 found similar 

phytoplankton patterns and identified Microcystis and Dolichospermum in community waters 

and near the drinking water intake in Kisumu (21). 
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 Most molecular studies of the Winam Gulf have focused on fish pathogens such as 

Escherichia coli, Vibrio cholerae, and Salmonella spp.  (31–33). A study by Brown et al. (2024) 

in 2022 used 16S rRNA gene sequencing to characterize the microbial community in the gulf, 

identifying the diazotrophic genus Dolichospermum as the dominant cyanobacterial organism 

(28). This study also found high copy numbers across the gulf of cyrA and mcyE, conserved 

genes in the biosynthetic gene clusters (BGCs) for cylindrospermopsin and microcystin, 

respectively (28). Despite these investigations, the producer(s) of these cyanotoxins in the gulf 

remains unknown. Additionally, the functional and biosynthetic capabilities of bloom-forming 

cyanobacteria that contribute to their fitness across different regions of the gulf have not been 

studied.  

 The aim of this study was to genetically characterize the functional and biosynthetic 

potential of bloom-forming cyanobacteria in the Winam Gulf using whole genome shotgun 

metagenomic sequencing. We conducted a two-year sampling expedition (2022-2023) from 

coastal, offshore, and river sites within and outside of the gulf. We found cyanoHAB events were 

not limited to coastal zones, or even within the gulf, and were most prolific near Homa Bay in 

2022 and outside of the gulf near Bondo and the Yala River mouth in 2023. These cyanoHAB 

events were dominated by Dolichospermum, with Microcystis co-occurring but at lower 

abundance. Highly diverse and abundant BGCs were encoded by many genera of cyanobacteria, 

with the most biosynthetic potential encoded at sites with the highest abundance of bloom-

forming cyanobacteria. Most BGCs could not be linked to a known biosynthesis product, 

highlighting the novel chemical repertoire encoded by cyanobacteria in the gulf. Lastly, our data 

suggests Microcystis is the main and sole producer of microcystin in the gulf during the sampling 

period. 
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3.3 Results 

3.3.1 Water Physicochemistry Indicates Nitrogen Limitations Throughout the Gulf 

Thirty-one sites throughout the gulf and nearby rivers were sampled for metagenomic 

analysis in May and June of 2022 and 2023 (Figure 3.9.1, Table 3.9.1). The sites sampled span 

spatial, temporal, and physical and chemical (physicochemical) gradients. Physicochemical 

analyses were performed at each site to infer water quality (Figure 3.9.2), excluding river sites. 

Turbidity varied across sites ranging between 10 and 48.1 nephelometric turbidity units (NTUs), 

with a median of 23.7 NTUs. Dissolved oxygen measured between 4.26 and 11.6 mg/L across 

sites, with sites within the Rusinga Channel (26, 27, and 31), on the higher end of the range 

measured at 9.9, 10.98, and 11.6 mg/L, respectively. Total nitrogen (TN) and total phosphorus 

(TP) were measured in 2023 and ratios (TN:TP) ranged between 5.1 and 25 with a median of 

9.06. All sites except site 19 fell below a TN:TP ratio of 20, suggestive of nitrogen limitation 

(34) (Figure 3.9.2). Site 19 on the southern coast of the Gulf had a TN:TP ratio of 25, falling in 

the ambiguous nitrogen or phosphorus limited range.  

3.3.2 River and Gulf Sites Vary in Microbial Community Makeup  

Overall, the microbial community composition of the gulf closely resembled other 

eutrophic lakes with the phyla Actinobacteria, Cyanobacteria, Proteobacteria, and 

Planctomycetota being highly abundant (35) (Figure 3.9.3). The communities in 2022 and 2023 

were similar in their compositions and dominant microbial phyla. The community composition at 

river sites (sites 12, 13, 14, and 16) diverged from that of gulf sites primarily because of lower 

Cyanobacteria (P = 0.1) and significantly higher Bacteroidota (P < 0.001) abundance observed 

in the samples. Cyanobacteria represented less than 1 percent of the total microbial community 
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in each river site. Cyanobacteria were present at all sites, with relative abundance ranging 

between approximately 1 percent at site 31 and 78 percent at site 28.  

3.3.3 Dolichospermum Dominates Large CyanoHAB Events Detected in Distinct Gulf Regions 

Dolichospermum, Cyanobium, Vulcanococcus, and Microcystis were the major 

cyanobacterial genera found in the gulf and rivers (Figure 3.9.3). Minor cyanobacterial genera 

present across the sites were Snowella, Synechococcus, Elainella, Pseudanabaena, Cuspidothrix, 

Nodosilinea, and Caenarcaniphilales. Sphaerospermopsis and Planktothrix had high relative 

abundance at site 27 and 10, respectively, making up more than 36% and 65% of the 

cyanobacterial community at these two sites, respectively. Sphaerospermopsis and Planktothrix 

were found at four other sites at an abundance below 5% and 20% of the total cyanobacterial 

community, respectively. Cyanobacteria unclassified at the genus level were a substantial portion 

of the community (1-16%) at most sites.  

River sites had similar cyanobacterial compositions despite their lower cyanobacterial 

abundance. Cyanobium and Vulcanococcus represented greater than 50 percent of the 

cyanobacterial population in river sites, with Dolichospermum and Microcystis representing less 

than 15 percent individually.  

Across the Gulf, there were two major scenarios, with cyanobacterial community 

composition dominated by either bloom-forming cyanobacterial genera (Dolichospermum and 

Microcystis; sites 1, 2, 3, 4, 7, 18-24), or picocyanobacterial genera (Cyanobium and 

Vulcanococcus; sites 5, 6, 8, 9, 25, 26, 30, and 31). In 2022, there was a large cyanoHAB event 

made up of Dolichospermum and Microcystis near Homa Bay, together making up 

approximately 98% of the cyanobacterial community. In 2023, Dolichospermum and Microcystis 

dominated sites along the southern and southwestern coast of the gulf, beginning near the Awach 
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River mouth through Homa Bay and towards Mbita, together making up between 77% and 95% 

of the cyanobacterial community at these sites. At the sites where Dolichospermum and 

Microcystis co-occurred, Dolichospermum was more abundant than Microcystis by 

approximately 25 to 60 percent. In a few instances, a single genus of cyanobacteria dominated 

the cyanobacterial assemblage: Planktothrix at site 10 in Kisumu harbor; Microcystis at site 15 

near the Sondu River mouth; Sphaerospermopsis at site 27 off Rusinga Island in the open waters 

of Lake Victoria; and Dolichospermum at sites 28 and 29 outside the gulf near Bondo and the 

Yala River mouth.  

3.3.4 Relationships Between Dominant Cyanobacterial Genera and Environmental Conditions 

Cyanobacterial composition was assessed in relation to selected environmental 

parameters through Non-metric MultiDimensional Scaling (NMDS) (Figure 3.9.4A). River sites 

and sites dominated by picocyanobacteria Cyanobium and Vulcanococcus clustered together and 

showed a positive relationship with dissolved oxygen (DO). Sites dominated by 

Dolichospermum and Sphaerospermopsis clustered near each other and had a positive 

relationship with dissolved phosphorus, pH, and depth. Sites with mixed communities of bloom-

forming cyanobacteria including Microcystis and Planktothrix formed a large cluster and had a 

positive relationship with ammonia, nitrate, and turbidity.  

 The relative abundance of dominant cyanobacterial genera (Dolichospermum, 

Cyanobium, Vulcanococcus, Microcystis, Planktothrix, and Sphaerospermopsis) were assessed 

for their relationship with environmental parameters using Spearman’s correlation analysis 

(Figure 3.9.4B, Table S3.10.1). Dolichospermum, Microcystis, and Planktothrix shared similar 

relationships with environmental parameters. These genera had strong positive correlations 

(greater than or equal to 0.5) with ammonia, temperature, chlorophyll, and turbidity (P < 0.001). 
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This group was strongly negatively correlated (less than -0.5) with depth and DO (P < 0.001). 

Sphaerospermopsis, Cyanobium, and Vulcanococcus clustered together based on their 

relationships with environmental parameters. Sphaerospermopsis was strongly positively 

correlated with DO, depth, and dissolved phosphorus, while strongly negatively correlated with 

ammonia, dissolved N:P, nitrate, and turbidity (P < 0.001). Sphaerospermopsis’ negative 

correlation with dissolved N:P levels suggest it to be potentially more fit in nitrogen limiting 

waters, where this negative correlation most often occurs at dissolved N:P ratios less than 1 

(indicative of nitrogen deficiency). Cyanobium and Vulcanococcus were strongly positively 

correlated with depth and strongly negatively correlated with ammonia, temperature, and 

cyanobacterial detection (“cyanos”) via the use of an AlgaeTorch (bbe moldaenke GmnH, 

Schwentinental, Germany) (P < 0.001).  

3.3.5 Phylogenomic Analysis Reveals Low Intra-Genus Genetic Diversity and Novel Clades of 

Bloom-Forming Cyanobacteria from the Gulf  

Assembly and binning of metagenomic sequence reads produced 203 high quality 

cyanobacterial metagenome-assembled genomes (MAGs) (≥ 90% completion, ≤ 10% 

contamination). Dereplication at 99.5% average nucleotide identity produced a total of 17 

representative MAGs of the genera Microcystis (5 MAGs), Dolichospermum (5 MAGs), 

Planktothrix (3 MAGs), and Sphaerospermopsis (4 MAGs) (Table 3.9.2). Phylogenomic 

analysis showed that Microcystis MAGs from the gulf formed two distinct clades (Figure 

3.9.5A). Three MAGs from sites 1, 2, and 5 clustered with the Mae4 clade (36), including strain 

LE19-84.1 isolated from Western Lake Erie (37). Two MAGs from sites 26 and 27 fell within 

the Mae5 clade. Dolichospermum MAGs from sites 1, 25, 26, 27, and 28 formed a single, tight 

sister clade to a clade of Dolichospermum circinale and two MAGs from Lake Erie, including 
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one MAG that has the saxitoxin BGC (Figure 3.9.5B) (38). Planktothrix MAGs from sites 10, 

15, and 17 formed a single clade most closely related to Planktothrix strains with benthic 

properties (Figure 3.9.5C). Sphaerospermopsis MAGs from sites 25, 26, 27, and 30 formed a 

single, tight clade most closely related to Sphaerospermopsis sp. LEGE 00249, an isolate from a 

reservoir in Portugal (Figure 3.9.5D) (39).  

3.3.6 Nitrogen Fixation Genes Harbored Primarily by Dolichospermum and Identified at Sites 

with Large Bloom Events 

Due to nitrogen limitation in the gulf and its potential selection for diazotrophic 

organisms, we assessed the microbial community’s ability to fix nitrogen by identifying nifHDK 

genes (40). Dolichospermum and Anabaena, two members of the 

Anabaena/Dolichospermum/Aphanizomenon (ADA) clade, had the most nifHDK gene matches, 

and very few hits were to bacteria outside of the Cyanobacteria phylum (Figure 3.9.6) (30). 

nifHDK genes belonging to ADA clade members were found at sites where there were large 

cyanoHAB events in 2022 and 2023. The only instance where the three ADA clade members did 

not harbor most of the nif genes was at site 27 near Bridge Island where Spaherospermopsis, a 

closely related genera, dominated the community (Figure 3.9.3) (10). At this site, 

Sphaerospermopsis and other Nostacales cyanobacteria were responsible for the nifHDK genes 

detected.  

3.3.7 Cyanotoxin- and Cyanopeptide-Encoding BGCs Detected in Regions with and without 

Visible CyanoHABs 

Mapping metagenomic sequence reads to biosynthetic gene clusters (BGCs) from the 

MiBIG database (41) revealed high spatiotemporal variation in genetic potential for biosynthesis 

of cyanotoxins and cyanopeptides (Figure 3.9.7). No cyanobacterial BGCs were found in the 
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four river sites, or at sites 6, 8, 9, 11, 19, 20, and 31, which had limited abundance of 

cyanobacteria. BGCs encoding metabolites from the classes aeruginosins, anacyclamide, 

microcystins, micropeptins, and microviridins were most common, detected in over half of the 

sites. The microcystin and Anabaena anacyclamide 1 BGCs were the most abundant BGCs 

across the dataset. Although genes encoding cylindrospermopsin (28, 42) did not assemble using 

our metagenomic approach, read mapping revealed the presence of four highly conserved 

cylindrospermopsin genes (cyrAEBC) at a low abundance at site 27 near Bridge Island (Figure 

S3.10.1). Deeper sequencing could fully elucidate this BGC and its taxonomic identity in the 

gulf.  

3.3.8 Genus-Specific Biosynthetic Potential Revealed Through Over 300 Cryptic BGCs 

BGCs were mined from cyanobacterial MAGs to assess total biosynthetic potential of the 

Winam Gulf cyanobacterial assemblage. 1,000 BGCs from cyanobacterial MAGs were 

identified, 300 of which were unique, from 11 different biosynthetic classes and 14 different 

cyanobacterial genera (Figure 3.9.8). Notably, all but three of these BGCs did not match any 

known BGCs in the MiBIG database, indicating their cryptic nature (Figure S3.10.2). BGC 

richness differed between the 14 cyanobacterial genera. Synechococcus, Vulcanococcus, 

Cyanobium, and the unclassified cyanobacterial genera groups all encoded an average of one 

BGC per MAG, with Cyanobium encoding the largest range of BGCs per MAG, ranging 

between 1 and 8. Pseudanabaena, Raphidiopsis, Nodosilinea, Snowella, and Elainella encoded 

an average of 2 to 4 BGCs per MAG. Planktothrix, Cuspidothrix, Dolichospermum, Microcystis, 

and Sphaerospermopsis encoded the most BGCs, ranging between 6 to 10 BGCs per MAG on 

average.  
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 Terpenes, the largest and most structurally diverse class of natural products including 

compounds such as geosmin, were encoded by all 14 cyanobacterial genera analyzed (43). The 

next most common biosynthetic class was non-ribosomal peptide synthetases (NRPS), a pathway 

known for its synthesis of cyanopeptides like anabaenopeptins and aeruginosins (44, 45).  

Cyanobactin BGCs encoded by Microcystis and Dolichospermum formed gene cluster families 

(GCFs) with known anacyclamide BGCs from the MiBIG database (Figure S3.10.2). BGCs 

putatively encoding microviridin from the RiPP biosynthetic class were encoded by Planktothrix, 

Microcystis, and Sphaerospermopsis (Figure S3.10.2). Microcystis was the only cyanobacterial 

genus with MAGs encoding microcystins (Figures S3.10.2, S3.10.3). BGCs that could not be 

grouped into these larger biosynthetic classes were categorized as “Other” and were putatively 

annotated as ribosomally-synthesized and post-translationally modified peptide (RiPP) 

recognition element (RRE)-containing, ectoine, lassopeptide, spliceotide, arylprolene, crocagin, 

and mycosporine-like.  

3.3.9 Biosynthetic Potential Converges with Site-Specific Cyanobacterial Composition 

The relative abundance of cyanobacterial BGCs varied across the gulf (Figure 3.9.9). 

BGC composition at each site converged with cyanobacterial composition, particularly with the 

dominating cyanobacterial genera at each site (Figure S3.10.4). Specifically, sites with high 

abundance of bloom-forming cyanobacteria (1-4, 23, and 27-29) had increased abundances of 

most BGC classes and clustered together based on the site’s biosynthetic potential. BGCs 

putatively encoding pathways related to Anacyclamide-like, cyanobactin, heterocyst glycolipids, 

Lanthipeptide class V, NRPS, NRPS-like, RRE-containing, Type 1 polyketide synthase 

(T1PKS), RiPP-like, spliceotide, terpene biosynthetic classes and pathways were the most 

common and abundant BGC types across sites.  
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3.4 Discussion 

The Winam Gulf of Lake Victoria experiences prolific, year-round cyanoHABs, 

previously shown to be dominated by Microcystis with periodic occurrences of Dolichospermum 

based on morphological classifications (17, 46). However, due to limited molecular research on 

these blooms, little is known about the bloom-forming cyanobacterial function and biosynthetic 

potential supporting year-around growth in this region. In this study, we employed 

metagenomics to establish a molecular snapshot of the microbial communities found along 

spatial and physicochemical gradients in the Winam Gulf between two consecutive years. 

Subsequently, we investigated the functional and biosynthetic potential encoded by bloom-

forming cyanobacteria in the gulf to determine potential strategies used by these organisms to 

grow and produce toxic metabolites. 

3.4.1 Nitrogen Limitation May Provide a Competitive Advantage for Diazotrophs During 

CyanoHABs 

Two, large cyanoHAB events dominated mainly by Dolichospermum (56 to 91% of the 

cyanobacterial community) and Microcystis (14 to 39% of the cyanobacterial community) were 

detected near Homa Bay in 2022 and outside the gulf near Bondo and the Yala River mouth in 

2023 (Figure 3.9.1). Toxic cyanoHAB events, due to microcystins, in Homa Bay have presented 

exposure risks to this fishing community of ~60,000 residents (21, 28, 47). CyanoHABs have 

also been previously reported in the Yala River mouth region, which has excessive turbidity, 

declining water quality, and is a large source of anthropogenic pollution to Lake Victoria (48, 

49). While this region is not as regularly monitored for cyanoHABs and cyanotoxins due to its 

location outside the gulf, our results provide further evidence that it should be considered in 

future monitoring schemes.  
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Organisms from the ADA clade and Sphaerospermopsis harbored essential genes for 

nitrogen fixation, such as the nitrogenase operon (nifHDK) and heterocyst glycolipid synthesis 

gene clusters, where cyanoHABs were detected in 2022 and 2023 (50). To our knowledge, this is 

the first report of the genus Sphaerospermopsis, a potentially toxigenic and diazotrophic 

cyanobacterium, in the Winam Gulf. These results suggest that diazotrophic cyanobacterial 

genera might be employing nitrogen fixation as a competitive advantage over non-diazotrophic 

competitors that are reliant on fixed forms of nitrogen. Low TN:TP ratios at cyanoHAB sites in 

2023 (34) and 2005 (26) also indicate nitrogen limitation, with less severe nitrogen limitation 

closer to and outside the Rusinga channel (34). Although TN:TP was not measured in 2022, 

dissolved nitrate: soluble reactive phosphorus (DN:SRP) ratios were all below 1, suggestive of 

nitrogen deficiency (17). These results concur with Brown et al. 2024 which identified 

Dolichospermum as a dominant bloom-forming cyanobacteria in the gulf in 2022, but differ from 

previous reports that identified Microcystis as the dominating bloom-forming cyanobacteria in 

most seasons since 2008 in this region (28, 17, 51). Investigations of the phytoplankton 

community of the gulf in 2020 also identified Microcystis at slightly higher abundance than 

Dolichospermum in May and June (29). Data collection on an annual basis is vital to elucidate 

how changing landscapes and populations in this region are influencing cyanoHAB community 

structures with different toxin threats that require variant monitoring and management 

approaches.  

According to additional studies on subtropical water bodies experiencing cyanoHABs 

made up of both Microcystis and diazotrophic cyanobacteria, high nifHDK (nitrogenase) gene 

expression was observed after large Microcystis blooms, with diazotrophs potentially acting as 

“replenishers” of bioavailable nitrogen (52). Gene expression data is needed to identify if 
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diazotrophic cyanobacteria in the Winam Gulf serve this role in the ecosystem and could help 

explain the gulf’s seasonal bloom succession patterns.  

3.4.2 Non-diazotrophic Cyanobacteria were Identified at Lower Abundance in Gulf Regions 

with Distinct Physicochemical Conditions 

Microcystis and Planktothrix, non-diazotrophs, were at lower relative abundance at sites 

with large cyanoHAB events (between 1% and 39% of the cyanobacterial community). 

However, Microcystis was observed at higher relative abundance at sites in 2023 with higher 

turbidity on average (between 36% and 59% of the cyanobacterial community). Although these 

sites were nitrogen limited, the high turbidity at these sites may give Microcystis an advantage in 

comparison to deeper and less turbid regions of the gulf. This is due to Microcystis’ ability to 

form gas vesicles and thus reach the surface to circumvent light limitation, plausibly caused by 

the shallow depth and well-mixed water column at these sites, therefore generating shading for 

their non-buoyant competitors (53). Planktothrix, which was found to have close genomic 

similarity to previously characterized benthic Planktothrix isolates, was the dominant 

cyanobacterial genera in Kisumu Harbor, the shallowest site in the study (5.4 meters), at the time 

of sampling (up to 67% of the cyanobacterial community). No Planktothrix nif genes were 

identified, indicating that Planktothrix was likely using strategies other than diazotrophy to 

overcome nitrogen limitation and proliferate in this region of the gulf (54, 55).  

At sites where cyanobacteria were detected at lower abundance compared to other 

microbial phyla, Cyanobium and Vulcanococcus (picocyanobacteria) were the most abundant 

cyanobacterial genera, each making up almost half of the cyanobacterial community at these 

sites. There is little documentation of the picocyanobacterial community in the Winam Gulf 

likely due to their small cell size and thus difficult morphological classification (56). Cyanobium 
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is cosmopolitan, found across the globe, and is well known for its ability to scavenge nitrogen 

and use light efficiently, potentially leading to its success in this ecosystem, while 

Vulcanococcus is not as well documented (57, 58). While picocyanobacteria typically do not 

have many BGCs, MAGs recovered in this study do encode some BGCs from terpene, PKS, and 

NRPS biosynthetic pathways, with Cyanobium encoding a far more diverse set of BGCs than 

Vulcanococcus. This finding underscores the need to include picocyanobacteria in future 

investigations of cyanoHABs in the Winam Gulf and freshwater systems broadly as it relates to 

bloom dynamics and human health (59).  

3.4.3 Low Intra-Genus Diversity Among Bloom-Forming Cyanobacteria in the Gulf 

Compared to Temperate Systems 

The main bloom-forming cyanobacteria (Dolichospermum, Microcystis, 

Sphaerospermopsis, and Planktothrix) showed low intra-genus diversity across the sites, 

recovering only 3-5 MAGs from each genus. For Microcystis and Planktothrix, this result 

contrasts with findings from Lake Erie, where isolates from these genera share much lower 

average nucleotide identities (37, 60). Conversely, the results for Microcystis align with findings 

from subtropical lakes like Lake Okeechobee (Florida, USA) and Lake Taihu (China). Low 

intra-genus diversity was identified by Krausfeldt et al. (2024) (61) in Lake Okeechobee, where 

only three Microcystis MAGs, two of which were annotated as Microcystis panniformis (a 

commonly found species in Lake Taihu), were recovered from a large dataset of metagenomes 

(62). Three out of five of the non-redundant Microcystis MAGs in our study were annotated as 

M. panniformis, while the other two MAGs were annotated as M. aeruginosa and Microcystis sp. 

(Figure 3.9.5). M. panniformis and M.aeruginosa are known to share high levels of genomic 

similarity, but differ in their colony morphology, with M. panniformis often forming larger 
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colonies, potentially giving them an advantage in shading out their competitors (63). Together, 

these data show low intra-genus diversity and the common occurrence of M. panniformis across 

subtropical and tropical lakes, indicating a potential ecological pattern across lakes with shared 

climates (distinct dry and rainy seasons, warm temperatures, high humidity, and reduced 

seasonality). This data could not be compared directly to other studies on African Great Lakes 

due to limited data availability, highlighting these high-quality MAGs as a foundational resource 

for metagenomic research on cyanoHABs in this region.  

3.4.4 BGCs Encoding the Synthesis of Cyanotoxins, Cyanopeptides, and Unknown 

Metabolites Found Across the Gulf, Even in Areas Without Visible CyanoHABs 

The diverse makeup of cyanobacteria within the Winam Gulf pose threats not only due to their 

noxious smells and effects on fishing, tourism, recreation, and wildlife, but also due to their 

ability to produce toxins that are harmful to humans and wildlife (21, 47). We identified the mcy 

BGC responsible for the synthesis of microcystin at over half of the sites and definitively 

ascribed its source for the first time, solely to Microcystis, resolving speculation that Microcystis 

or Dolichospermum could harbor these genes (28, 64). The expression of the mcy BGC has been 

shown to increase in response to temperature, presence of reactive oxygen species (ROS), light, 

nitrogen forms and availabilities, and growth rate, though factors which constrain the 

biosynthesis of microcystins remain convoluted (65, 66). The attribution of microcystin synthesis 

to Microcystis within this tropical, warm, eutrophic basin is important in accurate cyanotoxin 

human exposure management and prevention, especially in areas where raw water is used for 

drinking and domestic tasks. A previous study in the Winam Gulf identified high levels of the 

amidinotransferase gene (cyrA) in the cylindrospermopsin-encoding BGC near the Nyando River 

mouth in June 2022 using quantitative polymerase chain reaction (qPCR) (28, 42). In this study, 
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these genes were not detected at high levels and our methods were not able to assemble the 

cylindrospermopsin BGC or link it to an organism.  

 The bloom-forming cyanobacteria present in the gulf encoded the ability to produce other 

nitrogen-rich, hepatotoxic, cyanopeptides. These BGCs were identified at over half of the sites in 

the study, including those that did not have a large, visible cyanoHAB event. Many of the sites in 

this study are heavily used for fishing, aquaculture, bathing, washing clothes, and for potable 

water, underscoring the importance of communicating the dangers of non-visible cyanoHABs to 

local residents (21, 47). With changing conditions across rainy and dry seasons in the gulf, the 

composition and expression of these BGCs may change, producing diverse cocktails of harmful 

molecules beyond microcystins. Such seasonal expression changes were observed in a study in a 

subtropical river (Florida, USA) where the cyanopeptolin BGC, also identified in our study, was 

80 times more expressed than the mcy operon in the winter season, while this relationship 

inverted in the spring season (52). BGC expression studies in tropical regions are needed to 

begin making hypotheses about metabolites’ complex functional roles and environmental 

triggers. Moreover, the human health effects of these molecular combinations remain unknown 

and BGC expression studies across both tropical and temperate systems indicate the expression 

of multiple BGCs at any given time (11, 67).  

 In addition to cyanopeptides and cyanotoxins, cyanobacteria in the gulf encoded over 300 

unique BGCs, most of which remain cryptic. These findings illustrate the rich ability of Winam 

Gulf cyanobacteria to produce uncharacterized metabolites with unknown but potentially 

harmful or therapeutic properties, such as dolostatins which have been used as potent payloads in 

anticancer therapies. The number and diversity of BGCs per MAG in the Winam Gulf was 

consistent with results from cyanobacteria in Western Lake Erie (37). The diverse biosynthetic 
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repertoire of these bloom-forming cyanobacteria is both an opportunity for discovery and has 

implications for protecting human health.  

3.5 Conclusion 

This study characterizes the cyanobacterial assemblage, function, and biosynthetic 

potential across different regions of the Winam gulf. The metagenomic data revealed different 

survival strategies available for use by major, bloom-forming cyanobacteria to harness distinct 

environments and conditions around the gulf, including extensive use of BGCs. Omics 

techniques (metagenomics, metatranscriptomics, metabolomics) should be incorporated into 

current monitoring schemes in the gulf and other African Great Lakes impacted by toxic 

cyanobacteria to increase research capacity on cyanoHAB ecology and dynamics, inform water 

management plans, and protect human and ecosystem health. A multi-faceted monitoring plan 

that incorporates these techniques will look different in various regions depending on the level of 

cyanoHAB exposure potential and available resources, personnel, and expertise. Moreover, 

filling this data gap is vital in understanding the biogeographical differences in cyanoHABs, 

specifically how cyanoHAB events in the global south differ from those in more temperate 

regions of the world. For example, our results suggest low genomic diversity of dominant 

cyanobacterial taxa in the gulf, differing from what is observed in temperate regions like the 

Laurentian Great Lakes but converging with findings from subtropical lakes like Lake 

Okeechobee and Lake Taihu. Insights from a diverse array of geographic regions will shed 

valuable insight into how cyanoHABs may respond to a rapidly warming climate across 

latitudinal gradients.  

3.6 Materials and Methods 

3.6.1 Data Collection 
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Study Site and Sample Collection  

This study was conducted on June 24-25th, 2022 and May 30th-June 3rd, 2023 in the Winam Gulf. 

Thirty-one water samples were collected from a depth of 1 meter using a 2.5 L Van Dorn 

sampler. Microbial biomass was collected by filtering water (between 60-300 mL) through a 

0.22 μm PES Sterivex cartridge filter (MilliporeSigma, Burlington, MA) and preserved in 1.5 

mL of Zymo DNA/RNA shield (Zymo, Orange, CA) and placed in a -20°C freezer. Water 

samples for dissolved nutrient analyses were filtered through a 0.2 μm filter while unfiltered 

water was collected for total nutrient analyses and frozen at -20° C. Water was filtered through 

GF/F filters and stored in a sterile tube for chlorophyll analysis. Nutrient, DNA, and chlorophyll 

samples were shipped from Kisumu, Kenya at room temperature back to University of Tennessee 

Knoxville in 2022 and University of Michigan in 2023 for DNA extraction, and Baylor 

University for nutrient and chlorophyll analyses in 2023. These shipments were accompanied by 

a letter of support from Kenya Marine and Fisheries Research Institute (KMFRI) and/or a USDA 

permit from D.H.S.. Physicochemical parameters (i.e., water temperature, dissolved oxygen, 

conductivity, total dissolved solids, turbidity, and pH) were collected using a multiparameter 

sonde (YSI Inc., Yellow Springs, OH) on site. Total cyanobacterial abundance was measured 

using an AlgaeTorch (bbe moldaenke GmnH, Schwentinental, Germany).  

 

DNA Extraction and Sequencing  

All sequencing data for this manuscript has been summarized previously in a Microbiology 

Resource Announcement (MRA) by Zepernick & Hart et al. (In press, ASM MRA, 2024) and is 

briefly described below (68). For samples from 2022, DNA was extracted from the Sterivex 



 
 

185 

cartridges after flushing all DNA/RNA shield out of the filter cartridge using phosphate-buffered 

saline (PBS), prepared according to Cold Spring Harbor’s protocol (69). Duplicate samples from 

each site in 2022 were collected, extracted, and sequenced. DNA extractions were performed at 

the University of Tennessee Knoxville using standard phenol-chloroform methods and subsequent 

ethanol precipitation as reported previously (70). DNA quality was assessed via the Nanodrop 

ND-100 spectrophotometer (Thermo Fisher Scientific, Waltham, MA) to ensure 260/280 ratios 

were sufficient (260/280 > 1.80). Following, DNA concentration was quantified using the Qubit 

double-stranded DNA HS assay kit (Invitrogen, Carlsbad, CA). Extracted DNA was submitted to 

the University of Minnesota Genomics Core for genomic library construction and sequencing. 

Sequencing was completed on an Illumina Novaseq system equipped with a S4 flowcell with 150 

cycles (150-base pair paired end reads) (Illumina, San Diego, CA). 

 

For samples from 2023, DNA was extracted from the Sterivex cartridges after flushing all 

DNA/RNA shield out of the filter cartridge using phosphate-buffered saline (PBS), prepared 

according to Cold Spring Harbor’s protocol (69). DNA extractions were performed at the 

University of Michigan. Filter cartridges were opened using a pipe cutter and the filter membrane 

was carefully removed using sterile forceps. DNA from the filters was extracted using the 

DNeasy Powerwater Sterivex Kit (Qiagen, Germantown, MD) according to the manufacturer’s 

protocol. Quantity was assessed using the high sensitivity DNA qubit kit (Invitrogen, Carlsbad, 

CA). Extracted DNA was submitted to the University of Michigan Advanced Genomics Core for 

genomic library construction and sequencing. Sequencing was completed on an Illumina NovaX 

system equipped with a 10B flowcell with 300 cycles (150-base pair paired end reads) (Illumina, 

San Diego, CA).  
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Nutrient Analyses  

Water samples filtered through Whatman GF/F filters pre-combusted at 550° C for 4 hours were 

collected in new 50 mL Falcon Tubes and frozen at -20° C until analysis. Filtered dissolved 

nutrient samples were analyzed for nitrate-nitrogen (NO3-N), ammonium-nitrogen (NH4-N) and 

soluble reactive phosphate (PO4-P) using Cd reduction, phenate, and molybdate methods, 

respectively (71). Total dissolved nitrogen (TDN) and total dissolved phosphorus (TDP) were 

analyzed from filtered samples using the Cd reduction and molybdate methods (72). Unfiltered 

samples were analyzed for total nitrogen (TN) and phosphorus (TP) using the Cd reduction and 

molybdate methods (72). All soluble and total nutrients were analyzed using a Lachat 

QuickChem 8500 Series II autoanalyzer (Lachat Instruments, Hach Company) at the Center for 

Reservoir and Aquatic Systems Research (CRASR) located at Baylor University, Waco, TX. 

Chlorophyll a in extracts was measured using the non-acidification method of Welschmeyer on a 

Turner Designs Trilogy fluorometer calibrated with pure Chlorophyll a standards (Turner 

Designs, Sunnyvale, CA, USA) (73). 

 

3.6.2 Bioinformatic Analysis 

Metagenomic Data Processing  

Metagenomes were processed with the Great Lakes Atlas for Multi-Omics Research (GLAMR) 

pipeline (GLAMR Portal, GLAMR Github). fastp v0.23.2 was used to deduplicate (--

dup_calc_accuracy 6), remove adapters (--detect_adapter_for_pe), trim (--cut_front --cut_tail --

cut_window_size=4 --cut_mean_quality 20), and filter (--length_required 50 --n_base_limit 5 --
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low_complexity_filter --complexity_threshold 7) raw sequence reads (74). BBmap was used to 

remove human contaminant reads mapping to the GENCODE release 38 human genome (75). 

Each sample was assembled using Megahit v1.2.9 with the meta-sensitive parameter (76). 

Assembled contigs longer than 2000 base pairs were used for binning. Concoct v1.1.0, MaxBin2 

v2.2.7, Metabat2 v2.17, MetaDecoder v1.0.13, SemiBin v1.0.3, and VAMB v3.0.8 were used to 

bin contigs into metagenome assembled genomes (MAGs) (77–82). MAGs were clustered and 

dereplicated at 98 percent identity using dRep v3.2.0 (83, 84). MAG quality was assessed with 

CheckM v.1.2.2 and MAG taxonomy was assigned using GTDBtk and the GTDB release 214 

database (85, 86).  

 

Community Composition analysis 

MAGs from all 31 samples were grouped and dereplicated using dRep v3.2.0 at 98 percent (84). 

MAG quality statistics were calculated with checkM v1.2.2 and bakta v1.8.1 (86, 87). Quality-

controlled (QC) reads were mapped to the dereplicated set of MAGs using CoverM v0.6.1 (using 

the default mapper: MiniMap2 v2.24) to get the relative abundance of each MAG in each sample 

(Figure 3) (88, 89). Observations from duplicate samples from 2022 were averaged in all 

applicable metagenomic methods in the study due to the replicates similarity (Figure S3.10.5). A 

Bray-Curtis dissimilarity matrix was calculated from the relative abundance of all cyanobacterial 

genera in each sample and assessed using Non-metric Multidimensional Scaling (NMDS) using 

the vegan v2.6 package in the R statistical software (90). Cyanobacterial makeup was assessed in 

relation to environmental parameters using the envfit function in the vegan v2.6 package in the R 

statistical software (Figure 4A) (90). The correlation of the six most abundant genera with each 
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other and associated environmental parameters was assessed using Spearman’s correlation 

coefficient in the R statistical software.   

 

Phylogenomic analysis  

High-quality MAGs (checkM: ≥ 90% completeness and ≤ 10% contamination) annotated by 

GTDBtk as Microcystis, Dolichospermum, Planktothrix, and Sphaerospermopsis were 

dereplicated at 99.5 percent identity with dRep v3.2.0 to produce representative bins for each of 

these genera (84–86). A tree was built using these MAGs and reference genomes from NCBI (SI 

Table S3.10.2) using GToTree v1.7.05 (91, 92). A maximum likelihood tree for each taxa using 

251 marker genes was generated. Reference genomes for the Microcystis (Figure 3.9.5A), ADA 

(Figure 3.9.5B), and Planktothrix (Figure 3.9.5C) trees were sourced from prior studies (36, 37, 

93, 94, 60). Reference genomes for the Spaherospermopsis tree (Figure 3.9.5D) were chosen 

from the NCBI genome database if they were characterized as either a reference genome or a 

strain (91). An outgroup represented by Cyanobium gracile PCC 6307 (NCBI: PRJNA158695) 

was used in each of the four trees. Phylogenomic trees were visualized in ITOL (95).   

 

Nitrogen fixation genomic potential detection 

QC reads from each sample were mapped to the nifH, nifD, nifK, ChlN, and ChlB databases in 

NFixDB (accessed March 2024, Database) using MiniMap2 v2.24 (89, 96). Hits to ChlN and 

ChlB were excluded, but were used in the read mapping step to ensure a competitive database 

was used (97). Reads that mapped to the reference with 80 percent coverage and 90 percent 

identity were kept. Hits to nifH, nifD, and nifK were kept if 80 percent of the gene was covered 
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with 90 percent identity (Figure 6).  nifHDK were used to ensure the identification of true 

nitrogen fixers, and not pseudo-nifH containing microbes (40). Total fragments per kilobase per 

million mapped reads (FPKM) was calculated for each gene in each sample using Equation 3.6.1 

(98).   

Equation 3.6.1: Total Fragments per Kilobase per Million Mapped Reads (FPKM) of nif genes 

Total	Fragments	per	Kilobase	per	Million	Mapped	Reads	(FPKM)

=
𝑡𝑜𝑡𝑎𝑙	#	𝑜𝑓	𝑚𝑎𝑝𝑝𝑒𝑑	𝑟𝑒𝑎𝑑𝑠

(𝑙𝑒𝑛𝑔𝑡ℎ	𝑜𝑓	𝑛𝑖𝑓	𝑔𝑒𝑛𝑒/1000) ∗ (𝑡𝑜𝑡𝑎𝑙	#𝑜𝑓	𝑟𝑒𝑎𝑑𝑠	𝑝𝑒𝑟	𝑠𝑎𝑚𝑝𝑙𝑒) ∗ 1,000,000	 

 

Cyanopeptide and cyanotoxin BGC detection.  

QC reads from each sample were mapped to all BGCs in the MIBiG database from the 

cyanobacterial genera Microcystis, Dolichospermum, Planktothrix, Sphaerospermopsis, 

Anabaena, Aphanizomenon, Cylindrospermopsis, and Cyanobium using MiniMap2 v2.24 (41, 

89). Reads that mapped to the reference with 80 percent coverage and 90 percent identity were 

kept. Hits to BGCs were kept if 70 percent of the BGC was covered by reads in that sample. 

Total	Fragments	per	Kilobase	per	Million	Mapped	Reads	(FPKM)  was calculated for each 

BGC in each sample using Equation 3.6.2 (98).  

Equation 3.6.2: Total Fragments per Kilobase per Million Mapped Reads (FPKM) of 
biosynthetic gene clusters 

 

Total	Fragments	per	Kilobase	per	Million	Mapped	Reads	(FPKM)

=
𝑡𝑜𝑡𝑎𝑙	#	𝑜𝑓	𝑚𝑎𝑝𝑝𝑒𝑑	𝑟𝑒𝑎𝑑𝑠

(𝑙𝑒𝑛𝑔𝑡ℎ	𝑜𝑓	𝐵𝐺𝐶/1000) ∗ (𝑡𝑜𝑡𝑎𝑙	#	𝑜𝑓	𝑟𝑒𝑎𝑑𝑠	𝑝𝑒𝑟	𝑠𝑎𝑚𝑝𝑙𝑒) ∗ 1,000, 000 
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Mcy and cyr operon identification and comparison to references  

All assemblies in the dataset were searched for the presence of genes from the mcy (MiBIG 

BGC: BGC0001016) and cyr (MiBIG BGC: BGC0000978) operons via BLASTn (41, 99). If 

genes from either of these operons were present in the assembly of a sample, the sample’s MAGs 

were analyzed for all genes from the operons using BLASTn. Hits to genes of interest were kept 

if they had 80 percent identity and coverage in the queried MAG. MAGs with multiple genes 

from the reference operon present were analyzed in Anvi’o to identify if the whole reference 

operon was present and if it was correctly assembled and binned into the MAG (100). The cyr 

operon could not be recovered from this dataset, but low levels of the core biosynthetic genes of 

the cyr operon (MiBIG BGC: BGC0000978) were detected via BLASTn at Site 27. Bridge 

Island (Figure S3.10.1) (99). The mcy operon was detected in multiple MAGs, all identified as 

Microcystis by GTDB-Tk (85). One MAG from Site 1. Homa Bay (NCBI Accession: 

SAMN41711332) was chosen for MAG analysis in Anvi’o to confirm the taxonomic identity of 

the contig with the mcy operon (Figure S3.10.3). Additionally, the mcy operon detected in the 

MAG was compared to the mcy operon from Microcystis aeruginosa FACHB 1326 (GenBank: 

OQ291092.1) using the program “clinker” (Figure S3.10.3) (101).  

 

Biosynthetic gene cluster mining and abundance analysis 

BGCs were mined from medium- and high-quality cyanobacterial MAGs (≥70% completion, 

≤30% contamination) using antiSMASH v7.0 (102). All BGCs greater than 5,000 base pairs 

long were extracted and dereplicated at 99 percent using dRep v3.2.0 (SI Table S3.10.3) (84). 

Gene clusters were grouped into gene cluster families (GCFs) using BiG-SCAPE and visualized 

in cytoscape v3.9.1 (SI Figure S3.10.2) (103, 104). QC reads from each sample were mapped to 
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the dereplicated set of BGCs using MiniMap2 v2.24 (89). Reads that mapped to the reference 

with 80 percent coverage and 90 percent identity were kept. Hits to BGCs were kept if 70 

percent of the BGC was covered by reads in that sample (Figure 3.9.9). FPKM for each BGC 

was calculated using 3.6.2. Total FPKM for each BGC type (x-axis) was calculated by summing 

the FPKM of each BGC belonging to that BGC type per sample.  

 

Statistical Analysis and Figure Rendering 

All statistical analysis and plots were created using R and R studio v4.3.3 (105). The R packages 

vegan, tidyverse, and RColorBrewer were used for figure creation (90, 106, 107).  

 

3.7 Data Availability and Inclusion and Ethics Statement 

Raw sequences are available on the NCBI SRA under BioProject PRJNA1119566 and 

BioSamples SAMN41659670- SAMN41659717. All MAGs have been deposited in the NCBI 

database under BioProject PRJNA1119566 and BioSamples SAMN41711301-SAMN41712291.  

Physicochemical data is available on the Biological and Chemical Oceanography Data 

Management Office (BCO-DMO) site (108).  All code used in the analysis and visualization of 

the data presented in this study can be found on GitHub. 

All collaborators of this study fulfilled the criteria for authorship required by American 

Society for Microbiology Applied and Environmental Microbiology (ASM AEM) and have been 

included as authors. Their participation was critical for the resource acquisition, design, 

implementation, and dissemination of this study and its results. The roles and responsibilities of 

all authors were agreed upon prior to the beginning of the project. This work includes locally 

relevant findings and interpretations, as determined in collaboration with local researchers. Local 
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and regional research is heavily cited throughout the manuscript, illustrating how this study fills 

local literature gaps. All data produced in this study is accessible to all collaborators of the 

project and the public.   
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3.9 Figures and Tables 

 

Figure 3.9.1: True color images of Winam Gulf, Lake Victoria, Kenya. The images were 
captured by Sentinel-2 on June 30th, 2022 (top panel) and May 26th, 2023 (bottom panel) and 
obtained as Level-2A (Surface Reflectance - atmospherically corrected by ESA using Sen2Cor) 
from Google Earth Engine. The images were collated together using QGIS LTR version 3.28.14. 
Sites sampled in 2022 are shown in the top panel, while sites sampled in 2023 are shown in the 
bottom panel. The location descriptor of a site is indicated by a symbol (star, circle, square, or 
triangle) with the site number indicated next to it on the map. Corresponding information for 
each site is reported in Table 1. 
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Table 3.9.1: Summary of sampled stations in this study.  

Station 

Number 

 

Site Name 

 

Sample Date 

 

Location Descriptor 

1 Homa Bay June 24th, 2022 Nearshore 

2 Homa Bay Pier June 24th, 2022 Nearshore 

3 Homa Bay Water Intake June 24th, 2022 Nearshore 

4 Soklo June 24th, 2022 Nearshore 

5 Mbita East* June 24th, 2022 Near/Outside Rusinga Channel 

6 Mbita West* June 24th, 2022 Near/Outside Rusinga Channel 

7 Asembo Bay June 25th, 2022 Nearshore 

8 Ndere Island June 25th, 2022 Offshore 

9 Mid Gulf June 25th, 2022 Offshore 

10 Kisumu Harbor May 29th, 2023 Nearshore 

11 Dunga May 29th, 2023 Nearshore 

12 Nyando River May 29th, 2023 River 

13 Sondu River Bridge May 29th, 2023 River 

14 Sondu River Shore May 29th, 2023 River 

15 Sondu Miriu May 29th, 2023 Nearshore 

16 Kibuon River May 30th, 2023 River 

17 Southern Mid-Gulf May 29th, 2023 Offshore 

18 Awach River Mouth May 30th, 2023 Nearshore 

19 Bala Rawi May 30th, 2023 Nearshore 

20 Ingra May 30th, 2023 Nearshore 

21 Kowuor May 30th, 2023 Nearshore 

22 Oluch May 31st, 2023 Nearshore 

23 Sikli May 31st, 2023 Offshore 

24 Mirunda May 31st, 2023 Nearshore 

25 Mbita East* June 1st, 2023 Near/Outside Rusinga Channel 
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26 Mbita West* June 1st, 2023 Near/Outside Rusinga Channel 

27 Bridge Island June 1st, 2023 Near/Outside Rusinga Channel 

28 Bondo June 2nd, 2023 Near/Outside Rusinga Channel 

29 Yala River Mouth June 2nd, 2023 Near/Outside Rusinga Channel 

30 Rusinga Channel June 3rd, 2023 Near/Outside Rusinga Channel 

31 South Rusinga June 3rd, 2023 Near/Outside Rusinga Channel 

*Indicates sampling at site in both years 

 

 

Figure 3.9.2: Turbidity (Nephelometric Turbidity Unit (NTU)), Dissolved Oxygen (mg/L), and 
Total Nitrogen: Total Phosphorus (TN:TP) (molar) ratio measurements. Individual data points 
for each variable are plotted on top of each box plot. The red line in the TN:TP panel indicates 
the threshold for nitrogen-limitation, with all values below it indicating nitrogen-limiting 
scenarios according to Guildford and Hecky (2000) (34). TN:TP was only measured for sites in 
2023. 
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Figure 3.9.3: Microbial and archaeal composition makeup in Winam Gulf, LV. Relative 
abundance (percentage) of bacterial and archaeal phyla (gray panel) and cyanobacterial genera 
(green panel) from sampled sites in 2022 and 2023 is shown. The phyla and genera representing 
less than 1 percent of the population were grouped in the “Other” category. Cyanobacteria with 
no taxonomic assignment for genus were labeled as “unclassified cyanobacteria”. Unmapped 
reads were excluded from this analysis and mapped reads were normalized to 100 percent for 
phyla and genera. Station location indicators are shown using symbols after the name of the site 
number and name on the y-axis. 
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Figure 3.9.4: Cyanobacterial composition of Winam Gulf in relation to physicochemical 
parameters. (A) Non-metric multidimensional scaling (NMDS) analysis of the relative 
abundance of all cyanobacterial genera from each site, in relation to all other microbial 
community members (stress = 0.074). Labeled arrows show the direction and strength of the 
relationship between the ordination axes and associated environmental parameters and the 
relative abundance of the top 6 most abundant cyanobacterial genera across the sites. Shapes of 
ordination points indicate station location. Samples from 2022 are colored in amber and samples 
from 2023 in teal. (B) Spearman correlation coefficients between the 6 most abundant 
cyanobacterial genera across the sample sites and environmental parameters. Rows and columns 
are hierarchically clustered using correlation. Gray squares indicate self-correlation. 
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Table 3.9.2: Summary and statistics of high-quality, dereplicated cyanobacterial MAGs. 
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MAG Site Completene

ss (%) 

Contaminati

on (%) 

Strain 

Heterogenei

ty (%) 

Species  

(Based on GTDBtk 

Annotations) 

Size 

(Mbp) 

No. 

of 

Conti

gs 

GC 

Conte

nt 

(%) 

N50 NC

BI 

Acc

essi

on 

samp_4315_V

AMB_280 

5. Mbita East 92.91 5.74 60 Microcystis 

panniformis A 

4.23076

1 

2568 43.5 2116 SA

MN

417

113

24 

samp_4322_c

oncoct_168 

2. Homa Bay Pier 98.79 1.24 55.56 Microcystis 

panniformis A 

5.51875

8 

724 42.6 1122

0 

SA

MN

417

113

81 

samp_4325_V

AMB_332 

H1. Homa Bay 

Coast 

95.24 6.77 37.21 Microcystis sp.  5.43631 4522 42.8 1747 SA

MN

417

114

08 

samp_4444_c

oncoct_1899 

26. Mbita West 90.3 7.15 69.05 Microcystis 

panniformis A 

3.84761

5 

1713 43.2 2584 SA

MN

417

114

74 

samp_4445_c

oncoct_1450 

27. Bridge Island 90.56 6.79 78.05 Microcystis 

aeruginosa H 

3.72963

6 

1804 43.1 2269 SA

MN

417

114

83 

samp_4326_m

axbin_35 

H1. Homa Bay 

Coast 

97.22 0.22 0 Dolichospermum 

sp. 

4.07797

3 

370 37.5 1602

2 

SA

MN

417

114

15 

samp_4443_m

etadecoder_6

76 

25. Mbita East 93.74 1.01 33.33 Dolichospermum 

sp. 

3.76775

3 

443 37.2 1127

3 

SA

MN

417
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114

70 

samp_4444_m

axbin_761 

26. Mbita West 91.61 0.81 33.33 Dolichospermum 

sp. 

3.83411

8 

345 37.1 1582

3 

SA

MN

417

114

77 

samp_4445_m

etadecoder_8

20 

27. Bridge Island 95.11 0.44 50 Dolichospermum 

sp. 

3.81496

8 

232 37.1 2416

6 

SA

MN

417

114

87 

samp_4446_m

etabat2_471 

28. Bondo 90.07 9.23 58.33 Dolichospermum 

sp. 

4.53960

8 

629 36.9 9935 SA

MN

417

114

89 

samp_4432_m

axbin_231 

10. Kisumu 

Harbor 

97.82 0.95 80 Planktothrix sp. 5.01722

7 

441 39.3 1978

2 

SA

MN

417

114

20 

samp_4434_m

etabat2_31 

15. Sondu Miriu 98.69 1.24 100 Planktothrix sp. 5.00351

3 

421 39.2 1818

6 

SA

MN

417

114

32 

samp_4435_m

etabat2_87 

17. Southern Mid-

Gulf 

98.47 1.69 63.64 Planktothrix sp. 5.11934

2 

423 39.2 1894

4 

SA

MN

417

114

40 

samp_4443_m

axbin_260 

25. Mbita East 91.67 0.44 33.33 Sphaerospermopsis 

kisseleviana A 

4.74313

6 

543 37.6 1183

2 

SA

MN

417

114

66 

samp_4444_m

axbin_786 

26. Mbita West 92.89 1.12 83.33 Sphaerospermopsis 

kisseleviana A 

4.91566

3 

624 37.6 1085

1 

SA

MN
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417

114

78 

samp_4445_V

AMB_547 

27. Bridge Island 89.96 7.53 77.55 Sphaerospermopsis 

kisseleviana A 

6.11004

1 

1452 37.5 6049 SA

MN

417

114

82 

samp_4448_c

oncoct_1871 

30. Rusinga 

Channel 

93.7 1.78 77.78 Sphaerospermopsis 

kisseleviana A 

5.02095

7 

595 37.7 1090

1 

SA

MN

417

114

93 
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Figure 3.9.5: Phylogenomic analysis of dominant bloom-forming cyanobacteria from sampled 
sites with taxonomic annotations from GTDB (85). (A) Microcystis phylogenomic tree built with 
5 representative MAGs, reference genomes, and Cyanobium gracile PCC 6307 as the outgroup. 
Colored ranges indicate clades as outlined in Pérez-Carrascal et al. 2019 (36). (B) 
Dolichospermum phylogenomic tree built with 5 representative MAGs, reference genomes, and 
Cyanobium gracile PCC 6307 as the outgroup The presence of a red circle is indicative of the 
presence of the saxitoxin gene cluster within the genome (38). (C) Planktothrix phylogenomic 
tree built with 3 representative MAGs, reference genomes, and Cyanobium gracile PCC 6307 as 
the outgroup. Benthic or planktic designations for reference genomes are indicated as colored 
ranges (54). (D) Sphaerospermopsis phylogenomic tree built with 4 representative MAGs, 
reference genomes, and Cyanobium gracile PCC 6307 as the outgroup. 
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Figure 3.9.6: Relative abundance of nifH, nifD, and nifK genes across sites. Reads were aligned 
to nifH, nifD, and nifK genes from NFixDB and normalized using the total fragments per 
kilobase per million mapped reads (FPKM) metric (Equation 3.6.1) (96). The y-axis shows site 
names with their location descriptor symbol. The x-axis shows the FPKM of each nif gene in 
each sample. Bars are colored based on the genus the nif gene was extracted from. 
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Figure 3.9.7: Known cyanopeptide BGC relative abundance across sites. Station numbers, 
names and their location indicator symbols are shown on the y-axis, with BGCs encoding the 
biosynthesis of cyanopeptides from MIBiG (accessed December 2023) shown on the x-axis (41). 
The FPKM (total fragments per kilobase per million mapped reads) of each whole BGC is shown 
as bubble size (Equation 3.6.2). Bubbles are colored based on the cyanobacterial genus the 
reference BGC originates from. 
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Figure 3.9.8: BGC richness and diversity in dominant cyanobacterial genera from the Gulf. The 
top panel shows the average number of BGCs per MAG from 14 different cyanobacterial genera. 
The bottom panel shows the number of BGCs (bubble size) from each biosynthetic class (y-axis) 
identified from each cyanobacterial genus (x-axis) by antiSMASH v7.0 on the x-axis (102) 
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Figure 3.9.9: Total BGC relative abundance across the Winam Gulf. Station numbers, names, 
and their location indicator symbols are shown on the y-axis, with BGC groups shown on the x-
axis. BGCs are grouped into broader biosynthetic or product classifications, labeled as the top 
facet strips (Table S3). The FPKM of each BGC was calculated (Equation 3.6.2) and the size of a 
point corresponds to the total FPKM of all BGCs of a particular BGC type indicated on the x-
axis. Bubbles are colored to differentiate BGC groups. Samples on the y-axis are hierarchically 
clustered using the complete-linkage method.  
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3.10 Supplementary Information 

 

Table S3.10.1: Table of spearman correlation coefficients between highly abundant 
cyanobacterial genera and associated metadata variables. 

Variable Dolichospermu

m 

Microcysti

s 

Planktothri

x 

Sphaerospermopsi

s 

Cyanobiu

m 

Vulcanococcu

s 

Depth -0.2615 -0.5692 -0.5560 0.6835 0.4901 0.5604 

pH 0.1367 0.2161 -0.0198 0.0595 -0.0970 0.0662 

Secchi -0.4636 -0.6336 -0.5298 0.6314 0.6027 0.5033 

Turbidity 0.3036 0.8119 0.6711 -0.8823 -0.3190 -0.1716 

Ammonia 0.4489 0.5089 0.3867 -0.5867 -0.4889 -0.4534 

Nitrate 0.1622 0.4089 0.3245 -0.5689 -0.2445 -0.2467 

Temperatur

e 

0.5325 0.5611 0.5457 -0.3564 -0.4708 -0.4378 

DO -0.2527 -0.5165 -0.7978 0.6220 0.2835 0.2835 

Conductivit

y 

-0.3630 -0.2398 0.1452 -0.0506 0.2904 0.1716 

Dissolved 

N:P 

0.1489 0.3156 0.3200 -0.5156 -0.2311 -0.2422 

Cyanos 

(sonde) 

0.4462 0.3231 0.3890 -0.0681 -0.7143 -0.7363 

Chlorophyll 0.4681 0.6571 0.5473 -0.3890 -0.7143 -0.6527 

Dissolved p -0.1473 -0.1648 -0.3934 0.2747 0.0637 -0.1341 
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Figure S3.10.1: Read mapping (via blastn) from Site 27. Bridge Island to four genes from the 
cylindrospermopsin BGC from Cylindrospermopsis raciborskii AWT205 (MIBiG BGC: 
BGC0000978). Percent identity of reads mapped to these genes is shown in the top quadrants, 
and percent coverage by mapped reads to these genes is shown in the bottom quadrant.   
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Figure S3.10.2: Gene cluster families (GCFs) for identified BGCs via antiSMASH and BiG-
SCAPE. BGCs identified from high quality cyanobacterial MAGs via antiSMASH v7 were 
manually annotated (SI Table 2) and analyzed via BiG-SCAPE. Nodes are colored based on the 
cyanobacterial genus of the MAG they originate from (based on GTDB-Tk taxonomic 
identification). Nodes are labeled based on manual annotation of BGCs. Square nodes with a red 
outline are from the MiBIG database, linking BGCs to known biosynthesis products. Edges 
between nodes indicate similarity of BGCs calculated through a distance matrix that considers 
number of shared PFAM domains, pairs of adjacent PFAM domains, and sequence similarities 
between protein sequences. Gray circles around nodes indicate the putative synthesis product of 
those nodes based on antiSMASH annotation and manual inspection of core and additional 
biosynthesis genes. 
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Figure S3.10.3: Genome profile of MAG samp_4317_maxbin_26, annotated as Microcystis sp. 
(NCBI: SAMN41711332). The contig with the mcy operon is indicated in the Anvi’o MAG 
profile. Gene similarity image from clinker shows the reference mcy operon from Microcystis 
aeruginosa FACHB-1326 (GenBank: OQ291092.1) and its close similarity to the mcy operon 
identified in samp_4317_maxbin_26 on contig 177 below. 
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Figure S3.10.4: Biosynthetic potential composition in relation to dominant cyanobacterial 
genera relative abundances in the Winam Gulf. NMDS analysis of the relative abundance of all 
identified BGCs from each sample site. Arrows and labels represent the direction and strength of 
the relationship between the ordination axes and the relative abundance of the top 6 most 
abundant cyanobacterial genera across the samples. Station location is indicated by the shape of 
ordination points, and samples from 2022 are represented in amber, while samples from 2023 are 
in teal. Samples taken from rivers (n=4) were excluded from this ordination because no BGCs 
were identified in them.   
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Figure S3.10.5: Microbial and archaeal composition makeup in Winam Gulf, LV. (A) Relative 
abundance (percentage) of bacterial and archaeal phyla from 2022 samples with replicates is 
shown. The phyla, annotated with GTDB-Tk release 214, representing less than 1 percent of the 
population were grouped in the “Other” category (87). (B) Relative abundance (percentage) of 
cyanobacterial genera from 2022 samples with replicates is shown. Cyanobacteria with no genus 
taxonomic assignment from GTDB-Tk were labeled as “unclassified cyanobacteria”. Unmapped 
reads were excluded from this analysis and mapped reads were normalized to 100 percent. 
Metagenomic samples from the same sampling site are grouped together in a facet.   
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Table S3.10.2: Reference genomes used for phylogenomic analysis. 

Tree GenBank or 

NCBI 

Name On Tree 

All Trees GCA_000316515.1 Cyanobium gracile PCC 6307 

Microcystis GCA_008974145.1 Microcystis aeruginosa NIES-4325 

Microcystis GCA_002095975.1 Microcystis aeruginosa PCC 7806SL 

Microcystis GCA_007096905.1 Microcystis wesenbergii Mw MB S 20031200 

S109D 

Microcystis GCA_007096585.1 Microcystis wesenbergii Mw MB S 20031200 

S109 

Microcystis GCA_007096485.1 Microcystis novacekii Mn MB F 20050700 S1D 

Microcystis GCA_007096045.1 Microcystis novacekii Mn MB F 20050700 S1 

Microcystis GCA_007096865.1 Microcystis panniformis Mp MB F 20051200 S9 

Microcystis GCA_007096905.1 Microcystis panniformis Mp MB F 20051200 S6 

Microcystis GCA_009995705.1 Microcystis aeruginosa W13-11 

Microcystis GCA_007095855.1 Microcystis aeruginosa Ma MB F 20061100 

S20D 

Microcystis GCA_007095885.1 Microcystis aeruginosa Ma MB F 20061100 S20 

Microcystis GCA_009996085.1 Microcystis aeruginosa L211-07 

Microcystis SAMN41711483 27. Bridge Island (Microcystis aeruginosa A) 

Microcystis SAMN41711474 26. Mbita West (Microcystis panniformis A) 

Microcystis GCA_001264245.1 Microcystis panniformis FACHB-1757 
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Microcystis GCA_000312225.1 Microcystis aeruginosa PCC 9807 

Microcystis GCA_000312185.1 Microcystis aeruginosa PCC 9443 

Microcystis GCA_027531875.1 Microcystis sp. WLECC 19-84.1 

Microcystis GCA_009996455.1 Microcystis aeruginosa F13-15 

Microcystis SAMN41711324 5. Mbita East (Microcystis panniformis A) 

Microcystis SAMN41711408 1. Homa Bay (Microcystis sp.) 

Microcystis SAMN41711381 2. Homa Bay Pier (Microcystis panniformis A) 

ADA GCA_009712085.1 Anabaena sp. UHCC 0253 

ADA GCA_017355725.1 Anabaena sp. 54 

ADA GCA_018447775.1 Dolichospermum sp. WA123 

ADA GCA_017355625.1 Dolichospermum sp. DET73 

ADA Den Uyl et al. 2025 Dolichospermum sp. Lake Erie 2020 WE8 

ADA GCA_017346855.1 Aphanizomenon flos-aquae DEX188 

ADA GCA_001593825.2 Aphanizomenon flos-aquae UKL13-PB 

ADA GCA_009712075.2 Dolichospermum planctonicum UHCC 0167 

ADA GCF_005402965.1 Dolichospermum planctonicum NIES-80 

ADA GCA_001672075.1 Anabaena sp. CRKS33 

ADA GCA_000426905.1 Dolichospermum circinale AWQC131C 

ADA GCA_000426925.1 Dolichospermum circinale AWQC310F 

ADA Den Uyl et al. 2025 Dolichospermum sp. Lake Erie 2022 WE12 

ADA Den Uyl et al. 2025 Dolichospermum sp. Lake Erie 2017 WE12 

ADA SAMN41711487 27. Bridge Island (Dolichospermum sp.) 

ADA SAMN41711470 25. Mbita East (Dolichospermum sp.) 
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ADA SAMN41711489 28. Bondo (Dolichospermum sp.) 

ADA SAMN41711415 1. Homa Bay (Dolichospermum sp.) 

ADA SAMN41711477 26. Mbita West (Dolichospermum sp.) 

Planktothrix GCA_900010725.2 Planktothrix serta PCC 8927 

Planktothrix GCA_015207485.1 Planktothrix mougeoti LEGE 06226 

Planktothrix GCA_900009145.1 Planktothrix tepida PCC 9214 

Planktothrix SAMN41711432 15. Sondu Miriu (Planktothrix spp.) 

Planktothrix SAMN41711440 17. Southern Mid-Gulf (Planktothrix spp.) 

Planktothrix SAMN41711420 10. Kisumu Harbor (Planktothrix spp.) 

Planktothrix GCA_900009265.2 Planktothrix paucivesiculata PCC 9631 

Planktothrix GCA_963898545.1 Planktothrix sp. PCC 11201 

Planktothrix GCA_904830915.1 Planktothrix agardhii PCC 7805 

Planktothrix GCA_021554855.1 Planktothrix agardhii 1804 

Planktothrix GCA_904830885.1 Planktothrix agardhii PCC 7811 

Planktothrix GCA_904830765.1 Planktothrix agardhii NIVA-CYA 126/8 

Planktothrix GCA_021554935.1 Planktothrix agardhii 1029 

Planktothrix GCA_000464765.1 Planktothrix prolifica NIVA-CYA 406 

Planktothrix GCA_904830895.1  Planktothrix  rubescens PCC 7821 

Planktothrix GCA_000464845.1 Planktothrix prolifica NIVA-CYA 98 

Planktothrix GCA_000464785.1 Planktothrix rubescens NIVA-CYA 407 

Planktothrix GCA_000464825.1 Planktothrix agardhii NIVA-CYA 56/3 

Planktothrix GCA_000464665.1 Planktothrix agardhii NIVA-CYA 15 

Planktothrix GCA_000464805.1 Planktothrix prolifica NIVA-CYA 540 
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Planktothrix GCA_000464725.1 Planktothrix  agardhii NIVA-CYA 34 

Spaerospermopsis  GCA_019598945.1 Sphaerospermopsis torques-reginae ITEP-024 

Spaerospermopsis  GCF_014299995.1 Sphaerospermopsis spp. LEGE 00249 

Spaerospermopsis  GCF_015207205.1 Sphaerospermopsis spp. LEGE 08334 

Spaerospermopsis  SAMN41711478 26. Mbita West (Sphaerospermopsis kisseleviana 

A) 

Spaerospermopsis  SAMN41711493 30. Rosinga Channel (Sphaerospermopsis 

kisseleviana A) 

Spaerospermopsis  SAMN41711482 27. Bridge Island (Sphaerospermopsis 

kisseleviana A) 

Spaerospermopsis  SAMN41711466 25. Mbita East (Sphaerospermopsis kisseleviana 

A) 

Spaerospermopsis  GCF_028329225.1 Sphaerospermopsis kisseleviana CS-549 

Spaerospermopsis  Den Uyl et al. 2025 Lake Erie Sphaerospermopsis kisseleviana A 

Spaerospermopsis  GCF_015207835.1 Sphaerospermopsis aphanizomenoides LEGE 

00250 

Spaerospermopsis  GCF_014696195.1 Sphaerospermopsis spp. FACHB-1094 

Spaerospermopsis  GCF_014696235.1 Sphaerospermopsis spp. FACHB-1194 

Spaerospermopsis  GCF_005402885.1 Sphaerospermopsis reniformis NIES-1949 
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Table S3.10.3: Manual annotation notes for dereplicated set of BGCs identified from high 
quality cyanobacterial MAGs from the sampled sites in Winam Gulf. 

AntiS
MASH 
Region
ID 

Region ID Pathway Len

gth 

Manual 

Annotate

d 

Descripto

r 

Sta

rt 

En

d 

286 samp_4313_maxbin_367_contig

_143_T1PKS 

T1PKS 9,64

9 

1-

heptadece

ne-like 1 

27

38 

800

5 

32 samp_4317_concoct_68_contig

_312_NRPS 

NRPS 52,0

73 

Aerugino

sin-like 1 

18

82

1 

430

20 

147 samp_4435_maxbin_422_contig

_111_NRPS-like 

NRPS-like 9,28

1 

Aerugino

sin-like 2 

33

00 

921

1 

59 samp_4319_VAMB_955_contig

_421_NRPS 

NRPS,NRPS-like 39,1

25 

Aerugino

sin-like 3 

17

83 

264

66 

282 samp_4322_metabat2_24_conti

g_109_NRPS-like 

NRPS-like,NRPS 24,1

56 

Aerugino

sin-like 4 

2 117

16 

231 samp_4445_concoct_1415_cont

ig_72_NRPS 

NRPS,betalactone

,microviridin 

39,2

73 

Anabaeno

peptin-

like 1 

20

63 

315

77 



 
 

225 

50 samp_4321_maxbin_137_contig

_1_cyanobactin 

cyanobactin 7,41

0 

Anacycla

mide-like 

1 

41 698

3 

110 samp_4311_concoct_412_conti

g_314_cyanobactin 

cyanobactin 16,9

85 

Anacycla

mide-like 

4 

10

00

2 

169

41 

125 samp_4447_metabat2_48_conti

g_296_cyanobactin 

cyanobactin 11,6

71 

Anacycla

mide-like 

5 

2 562

7 

130 samp_4307_semibin_116_conti

g_228_cyanobactin 

cyanobactin 14,5

64 

Anacycla

mide-like 

6 

60

36 

142

22 

239 samp_4322_concoct_184_conti

g_61_cyanobactin 

cyanobactin 12,7

26 

Anacycla

mide-like 

7 

60

36 

119

75 

307 samp_4439_concoct_171_conti

g_184_cyanobactin 

cyanobactin 19,8

42 

Anacycla

mide-like 

8 

10

00

2 

198

43 

81 samp_4445_concoct_1447_cont

ig_530_arylpolyene 

arylpolyene 7,50

1 

Arylprole

ne 1 

31 602

9 

139 samp_4446_VAMB_96_contig_

914_arylpolyene 

arylpolyene 6,57

0 

Arylprole

ne 2 

22

30 

609

5 



 
 

226 

107 samp_4434_semibin_67_contig

_284_crocagin 

crocagin 16,3

12 

Crocagin 

1 

11

24 

159

3 

277 samp_4444_metabat2_185_cont

ig_143_crocagin 

crocagin 11,4

26 

Crocagin 

2 

54 109

14 

14.1 samp_4435_concoct_1904_cont

ig_427_cyanobactin 

cyanobactin 6,03

0 

Cyanobac

tin 1 

23

76 

602

9 

16.1 samp_4435_concoct_1904_cont

ig_665_cyanobactin 

cyanobactin 9,01

6 

Cyanobac

tin 2 

2 158

2 

76 samp_4434_VAMB_405_contig

_1902_cyanobactin 

cyanobactin 11,9

68 

Cyanobac

tin 3 

2 238

8 

85 samp_4446_metadecoder_636_c

ontig_262_cyanobactin 

cyanobactin 13,0

91 

Cyanobac

tin 4 

23

8 

352

0 

92 samp_4319_maxbin_413_contig

_252_cyanobactin 

cyanobactin 12,3

10 

Cyanobac

tin 5 

19

7 

668

8 

89 samp_4446_VAMB_97_contig_

192_cyanobactin 

cyanobactin,terpe

ne 

15,1

02 

Cyanobac

tin-

Terpene 1 

53

83 

150

09 

180 samp_4434_metabat2_58_conti

g_120_NRPS-like 

NRPS 9,59

5 

Cyanopep

tolin-like 

1 

3 959

5 

210 samp_4447_concoct_1018_cont

ig_252_NRPS 

NRPS 11,5

77 

Cyanopep

tolin-like 

2 

2 114

24 



 
 

227 

184 samp_4434_metabat2_58_conti

g_530_NRPS-like 

NRPS-like,NRPS 7,93

1 

Cyanopep

tolin-like 

3 

3 793

2 

88 samp_4446_VAMB_97_contig_

68_ectoine 

ectoine 8,34

0 

Ectoine 1 3 758

9 

3 samp_4325_concoct_153_conti

g_525_hglE-KS 

hglE-KS 41,4

80 

Heterocys

t 

Glycolipi

ds 1 

12

60

4 

403

11 

145 samp_4315_VAMB_280_contig

_117_PUFA 

PUFA,hglE-KS 23,8

44 

Heterocys

t 

Glycolipi

ds 10 

69

50 

238

45 

175 samp_4324_maxbin_53_contig_

213_T1PKS 

T1PKS,hglE-KS 27,1

85 

Heterocys

t 

Glycolipi

ds 11 

16

68

3 

265

92 

31 samp_4317_concoct_68_contig

_274_hglE-KS 

hglE-KS 35,8

44 

Heterocys

t 

Glycolipi

ds 2 

10

93

8 

232

44 



 
 

228 

41 samp_4447_VAMB_472_contig

_107_hglE-KS 

hglE-KS 43,1

53 

Heterocys

t 

Glycolipi

ds 3 

16

99

6 

301

97 

64 samp_4441_maxbin_669_contig

_29_hglE-KS 

hglE-KS 30,7

94 

Heterocys

t 

Glycolipi

ds 4 

58

88 

181

94 

83 samp_4446_metadecoder_636_c

ontig_129_hglE-KS 

hglE-KS 32,2

72 

Heterocys

t 

Glycolipi

ds 5 

3 264

63 

86 samp_4312_concoct_454_conti

g_57_hglE-KS 

hglE-KS 35,1

94 

Heterocys

t 

Glycolipi

ds 6 

81

59 

345

94 

119 samp_4448_VAMB_839_contig

_2366_hglE-KS 

hglE-KS 13,8

97 

Heterocys

t 

Glycolipi

ds 7 

27

89 

117

16 

255 samp_4443_semibin_319_conti

g_514_hglE-KS 

hglE-KS 26,7

67 

Heterocys

t 

36

58 

202

42 



 
 

229 

Glycolipi

ds 8 

98 samp_4324_maxbin_57_contig_

260_PUFA 

PUFA,hglE-KS 25,8

91 

Heterocys

t 

Glycolipi

ds 9 

79

64 

252

19 

169 samp_4443_semibin_480_conti

g_250_hglE-KS 

hglE-KS 13,4

16 

hglE-KS 

1 

3 121

47 

173 samp_4324_maxbin_53_contig_

124_hglE-KS 

hglE-KS 35,2

59 

hglE-KS 

2 

17

70 

330

31 

262 samp_4449_metabat2_97_conti

g_255_hglE-KS 

hglE-KS 20,9

28 

hglE-KS 

3 

34

31 

857

2 

58 samp_4319_VAMB_955_contig

_274_PUFA 

hglE-KS,PUFA 21,3

90 

hglE-KS-

PUFA 1 

57

12 

207

18 

4 samp_4319_concoct_522_conti

g_1241_lanthipeptide-class-ii 

lanthipeptide-

class-ii 

5,63

7 

Lanthipep

tide-class-

ii 1 

95 423

2 

191 samp_4321_concoct_295_conti

g_693_lanthipeptide-class-ii 

lanthipeptide-

class-ii 

20,9

73 

Lanthipep

tide-class-

ii 2 

76

27 

109

74 

215 samp_4445_metabat2_158_cont

ig_277_lanthipeptide-class-ii 

lanthipeptide-

class-ii 

15,5

48 

Lanthipep

tide-class-

ii 3 

96

58 

130

80 



 
 

230 

264 samp_4320_concoct_456_conti

g_168_lanthipeptide-class-ii 

lanthipeptide-

class-ii 

5,00

2 

Lanthipep

tide-class-

ii 4 

51

5 

386

8 

265 samp_4443_metabat2_135_cont

ig_62_lanthipeptide-class-ii 

lanthipeptide-

class-ii 

10,6

77 

Lanthipep

tide-class-

ii 5 

57

38 

916

0 

294 samp_4443_VAMB_834_contig

_1768_lanthipeptide-class-ii 

lanthipeptide-

class-ii 

5,42

9 

Lanthipep

tide-class-

ii 6 

26

5 

356

1 

297 samp_4445_semibin_421_conti

g_114_lanthipeptide-class-ii 

lanthipeptide-

class-ii 

13,4

58 

Lanthipep

tide-class-

ii 7 

10

00

2 

131

84 

5 samp_4447_maxbin_94_contig_

103_lanthipeptide-class-v 

lanthipeptide-

class-v 

7,43

0 

Lanthipep

tide-class-

v 1 

14

00 

742

9 

251 samp_4443_semibin_319_conti

g_215_lanthipeptide-class-v 

lanthipeptide-

class-v 

11,1

16 

Lanthipep

tide-class-

v 10 

79

65 

103

51 

254 samp_4443_semibin_319_conti

g_425_lanthipeptide-class-v 

lanthipeptide-

class-v 

30,7

84 

Lanthipep

tide-class-

v 11 

13

34

5 

157

75 



 
 

231 

267 samp_4443_metabat2_135_cont

ig_457_lanthipeptide-class-v 

lanthipeptide-

class-v 

15,0

31 

Lanthipep

tide-class-

v 12 

21

67 

395

3 

295 samp_4445_semibin_421_conti

g_72_lanthipeptide-class-v 

lanthipeptide-

class-v 

23,9

74 

Lanthipep

tide-class-

v 13 

19

85

7 

223

39 

11 samp_4435_concoct_1904_cont

ig_96_lanthipeptide-class-v 

lanthipeptide-

class-v 

6,27

7 

Lanthipep

tide-class-

v 2 

37

18 

601

5 

33 samp_4317_concoct_68_contig

_348_lanthipeptide-class-v 

lanthipeptide-

class-v 

35,8

21 

Lanthipep

tide-class-

v 3 

13

42

3 

145

84 

40 samp_4447_VAMB_472_contig

_97_lanthipeptide-class-v 

lanthipeptide-

class-v 

12,8

47 

Lanthipep

tide-class-

v 4 

90

22 

114

99 

75 samp_4434_VAMB_405_contig

_1469_lanthipeptide-class-v 

lanthipeptide-

class-v 

29,3

20 

Lanthipep

tide-class-

v 5 

69

22 

932

1 

113 samp_4448_VAMB_839_contig

_384_lanthipeptide-class-v 

lanthipeptide-

class-v 

28,7

27 

Lanthipep

tide-class-

v 6 

62

98 

872

8 



 
 

232 

115 samp_4448_VAMB_839_contig

_614_lanthipeptide-class-v 

lanthipeptide-

class-v 

15,3

79 

Lanthipep

tide-class-

v 7 

76

7 

338

6 

202 samp_4444_semibin_569_conti

g_43_lanthipeptide-class-v 

lanthipeptide-

class-v 

29,2

38 

Lanthipep

tide-class-

v 8 

12

88

7 

152

86 

246 samp_4326_metabat2_21_conti

g_28_lanthipeptide-class-v 

lanthipeptide-

class-v 

35,2

85 

Lanthipep

tide-class-

v 9 

12

88

7 

152

86 

270 samp_4317_maxbin_26_contig_

153_LAP 

LAP 10,0

15 

LAP 1 23

1 

252

8 

57 samp_4319_VAMB_955_contig

_191_lassopeptide 

lassopeptide 17,1

03 

Lassopept

ide 1 

10

00

2 

143

67 

193 samp_4441_concoct_710_conti

g_258_lassopeptide 

lassopeptide 5,83

6 

Lassopept

ide 2 

20

82 

467

9 

133 samp_4447_VAMB_322_contig

_258_lassopeptide 

lassopeptide,RRE

-containing 

6,53

0 

Lassopept

ide 3 

73

2 

530

5 

189 samp_4321_concoct_295_conti

g_230_T1PKS 

T1PKS,NRPS-

like,T3PKS 

39,8

86 

Merocycl

ophane-

like 1 

68

28 

242

05 



 
 

233 

62 samp_4319_VAMB_955_contig

_842_T1PKS 

T1PKS,T3PKS,N

RPS-like 

36,9

87 

Merocycl

ophane-

like 2 

10

27

4 

276

51 

55 samp_4319_VAMB_955_contig

_178_NRPS 

NRPS,T1PKS,N

RPS-like 

76,7

37 

Microcyst

in 1 

22

84 

614

00 

271 samp_4317_maxbin_26_contig_

177_NRPS 

NRPS,T1PKS,N

RPS-like 

79,1

69 

Microcyst

in 2 

10

96

8 

709

81 

15 samp_4435_concoct_1904_cont

ig_477_microviridin 

microviridin 6,00

0 

Microviri

din-like 1 

99

5 

536

0 

21 samp_4435_concoct_1904_cont

ig_1372_microviridin 

microviridin 6,54

0 

Microviri

din-like 2 

19

7 

224

3 

28 samp_4444_metabat2_75_conti

g_746_microviridin 

microviridin 5,40

7 

Microviri

din-like 3 

3 509

4 

101 samp_4434_semibin_67_contig

_107_microviridin 

microviridin 10,3

30 

Microviri

din-like 4 

85

6 

412

9 

150 samp_4435_maxbin_422_contig

_185_microviridin 

microviridin 10,7

50 

Microviri

din-like 5 

61

1 

290

5 

269 samp_4317_maxbin_26_contig_

19_microviridin 

microviridin 4,99

9 

Microviri

din-like 6 

85

6 

334

7 

292 samp_4443_VAMB_834_contig

_202_microviridin 

microviridin 7,63

4 

Microviri

din-like 7 

1 763

5 



 
 

234 

308 samp_4434_semibin_67_contig

_9_microviridin 

microviridin 10,3

65 

Microviri

din-like 8 

78

41 

101

42 

118 samp_4448_VAMB_839_contig

_2328_mycosporine-like 

mycosporine-like 20,0

29 

Mycospor

ine-like 1 

19

0 

124

68 

253 samp_4443_semibin_319_conti

g_369_T1PKS 

T1PKS,NRPS,N

RPS-like 

43,2

43 

Nocuolin 

1 

1 430

69 

13.1 samp_4435_concoct_1904_cont

ig_197_NRPS 

NRPS 6,47

1 

NRPS 1 2 647

2 

303 samp_4321_metadecoder_473_c

ontig_307_NRPS 

NRPS 42,5

52 

NRPS 10 52

5 

240

94 

24.1 samp_4435_concoct_1904_cont

ig_2230_NRPS 

NRPS 7,76

1 

NRPS 2 1 776

1 

151 samp_4435_maxbin_422_contig

_336_NRPS 

NRPS 9,63

8 

NRPS 3 2 948

3 

156 samp_4435_maxbin_440_contig

_738_NRPS 

NRPS 15,4

11 

NRPS 4 1 154

12 

157 samp_4445_VAMB_917_contig

_2786_NRPS 

NRPS 7,32

8 

NRPS 5 3 732

9 

158 samp_4445_VAMB_917_contig

_7332_NRPS 

NRPS 19,7

78 

NRPS 6 37

37 

175

44 

174 samp_4324_maxbin_53_contig_

182_NRPS 

NRPS 42,8

52 

NRPS 7 20

93 

359

76 



 
 

235 

181 samp_4434_metabat2_58_conti

g_186_NRPS-like 

NRPS 8,42

6 

NRPS 8 2 842

5 

243 samp_4322_concoct_184_conti

g_432_NRPS 

NRPS 53,4

70 

NRPS 9 17

55

3 

411

22 

2 samp_4325_concoct_153_conti

g_28_NRPS-like 

NRPS-like 23,3

73 

NRPS-

like 1 

63

6 

167

95 

82 samp_4446_metadecoder_636_c

ontig_120_NRPS-like 

NRPS-like 11,5

98 

NRPS-

like 10 

14

95 

115

99 

87 samp_4312_concoct_454_conti

g_249_NRPS-like 

NRPS-like 38,0

08 

NRPS-

like 11 

22

54 

358

87 

106 samp_4434_semibin_67_contig

_203_NRPS-like 

NRPS-like 13,0

35 

NRPS-

like 12 

24

30 

872

2 

111 samp_4311_concoct_412_conti

g_530_NRPS-like 

NRPS-like 37,7

09 

NRPS-

like 13 

55

0 

316

87 

123 samp_4443_VAMB_823_contig

_1189_NRPS-like 

NRPS-like 20,2

62 

NRPS-

like 14 

83

04 

202

62 

129 samp_4448_metadecoder_579_c

ontig_113_NRPS-like 

NRPS-like 37,9

29 

NRPS-

like 15 

12

9 

294

11 

149 samp_4435_maxbin_422_contig

_182_NRPS-like 

NRPS-like 13,4

86 

NRPS-

like 16 

97 638

9 



 
 

236 

159 samp_4323_semibin_61_contig

_74_NRPS-like 

NRPS-like 30,3

52 

NRPS-

like 17 

12

57

6 

276

98 

160 samp_4323_semibin_61_contig

_81_NRPS-like 

NRPS-like 44,2

51 

NRPS-

like 18 

10

50

3 

437

04 

165 samp_4320_metadecoder_702_c

ontig_55_NRPS-like 

NRPS-like 30,0

34 

NRPS-

like 19 

11

35

6 

232

92 

6 samp_4447_maxbin_94_contig_

134_NRPS-like 

NRPS-like 9,57

2 

NRPS-

like 2 

68

08 

946

2 

177 samp_4324_maxbin_53_contig_

388_NRPS-like 

NRPS-like 23,5

63 

NRPS-

like 20 

82

6 

170

36 

205 samp_4444_semibin_569_conti

g_375_NRPS-like 

NRPS-like 12,8

62 

NRPS-

like 21 

40 117

46 

238 samp_4322_concoct_184_conti

g_1_NRPS-like 

NRPS-like 42,0

07 

NRPS-

like 22 

86

15 

415

28 

242 samp_4322_concoct_184_conti

g_336_NRPS-like 

NRPS-like 29,0

14 

NRPS-

like 23 

24

46 

270

80 

290 samp_4448_concoct_1792_cont

ig_649_NRPS-like 

NRPS-like 16,5

66 

NRPS-

like 24 

21

78 

161

05 

47.1 samp_4445_maxbin_221_contig

_353_NRPS-like 

NRPS-like,NRPS 11,9

57 

NRPS-

like 25 

26

88 

105

43 



 
 

237 

275 samp_4320_semibin_145_conti

g_392_NRPS 

NRPS,microviridi

n 

30,3

58 

NRPS-

like 26 

68

64 

253

71 

8 samp_4435_semibin_217_conti

g_357_NRPS-like 

NRPS-like 14,6

45 

NRPS-

like 3 

2 258

5 

30 samp_4317_concoct_68_contig

_195_NRPS-like 

NRPS-like 42,9

81 

NRPS-

like 4 

19

14 

393

48 

45 samp_4447_VAMB_472_contig

_513_NRPS-like 

NRPS-like 34,0

68 

NRPS-

like 5 

12

7 

319

82 

65 samp_4441_maxbin_669_contig

_134_NRPS-like 

NRPS-like 44,2

51 

NRPS-

like 6 

30

19 

412

70 

73 samp_4434_VAMB_405_contig

_1043_NRPS-like 

NRPS-like 42,7

38 

NRPS-

like 7 

11

31

3 

427

39 

77 samp_4434_VAMB_405_contig

_2570_NRPS-like 

NRPS-like 41,0

91 

NRPS-

like 8 

84

75 

404

70 

80 samp_4445_concoct_1447_cont

ig_373_NRPS-like 

NRPS-like 9,47

8 

NRPS-

like 9 

44

32 

947

9 

7 samp_4435_semibin_217_conti

g_325_NRPS-like 

NRPS,NRPS-like 10,8

12 

NRPS-

like-

NRPS 

Hybrid 1 

3 108

13 
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1 samp_4444_semibin_567_conti

g_259_T1PKS 

T1PKS,NRPS-

like 

27,4

05 

NRPS-

like-

T1PKS 1 

15

79

8 

222

05 

219 samp_4445_metabat2_158_cont

ig_347_T1PKS 

NRPS-

like,T1PKS 

48,6

21 

NRPS-

like-

T1PKS 

10 

80

36 

373

32 

273 samp_4317_maxbin_26_contig_

563_NRPS-like 

NRPS-

like,T1PKS 

18,0

54 

NRPS-

like-

T1PKS 

11 

36

56 

158

31 

90 samp_4446_VAMB_97_contig_

859_NRPS-like 

T1PKS,NRPS-

like 

10,1

11 

NRPS-

like-

T1PKS 2 

26

8 

101

11 

187 samp_4321_concoct_295_conti

g_143_NRPS-like 

T1PKS,NRPS-

like 

17,7

01 

NRPS-

like-

T1PKS 3 

42

91 

164

62 

211 samp_4447_concoct_1018_cont

ig_313_T1PKS 

T1PKS,NRPS-

like 

20,6

20 

NRPS-

like-

T1PKS 4 

2 144

44 

296 samp_4445_semibin_421_conti

g_112_T1PKS 

T1PKS,NRPS-

like,lanthipeptide-

class-ii,proteusin 

31,0

52 

NRPS-

like-

T1PKS 5 

18

39

9 

310

53 
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105 samp_4434_semibin_67_contig

_183_T1PKS 

T1PKS,transAT-

PKS-like,NRPS-

like 

32,8

53 

NRPS-

like-

T1PKS 6 

34

55 

326

23 

19 samp_4435_concoct_1904_cont

ig_1012_NRPS-like 

NRPS-

like,T1PKS 

17,5

86 

NRPS-

like-

T1PKS 7 

58

29 

175

85 

69 samp_4445_semibin_342_conti

g_369_T1PKS 

NRPS-

like,T1PKS 

16,1

33 

NRPS-

like-

T1PKS 8 

10

42 

114

39 

194 samp_4320_metadecoder_628_c

ontig_90_NRPS-like 

NRPS-

like,T1PKS 

23,2

17 

NRPS-

like-

T1PKS 9 

47

2 

209

98 

182 samp_4434_metabat2_58_conti

g_297_NRPS 

NRPS,RRE-

containing 

19,9

72 

NRPS-

RRE-

Containin

g 1 

20

74 

196

47 

18 samp_4435_concoct_1904_cont

ig_899_T1PKS 

NRPS,T1PKS 19,8

56 

NRPS-

T1PKS 1 

29

08 

195

32 

63 samp_4319_VAMB_955_contig

_876_cyanobactin 

cyanobactin 13,6

96 

Piricycla

mide-like 

1 

14

90 

136

97 
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97 samp_4324_maxbin_57_contig_

142_cyanobactin 

cyanobactin 7,63

0 

Piricycla

mide-like 

2 

10

3 

359

4 

99 samp_4324_maxbin_57_contig_

424_cyanobactin 

cyanobactin 14,1

75 

Piricycla

mide-like 

3 

24

5 

549

1 

135 samp_4447_VAMB_322_contig

_935_cyanobactin 

cyanobactin 10,7

53 

Piricycla

mide-like 

4 

34

39 

107

16 

190 samp_4321_concoct_295_conti

g_676_cyanobactin 

cyanobactin 11,9

22 

Piricycla

mide-like 

5 

20

71 

111

24 

196 samp_4320_metadecoder_628_c

ontig_277_cyanobactin 

cyanobactin 10,8

66 

Piricycla

mide-like 

6 

3 832

5 

17 samp_4435_concoct_1904_cont

ig_753_RiPP-like 

RiPP-like 5,34

3 

RiPP-like 

1 

2 487

6 

304 samp_4445_semibin_366_conti

g_44_RiPP-like 

RiPP-like 6,63

3 

RiPP-like 

10 

10

19 

617

1 

136 samp_4445_VAMB_519_contig

_64_RiPP-like 

RiPP-like 10,1

50 

RiPP-like 

2 

29

25 

603

3 

153 samp_4435_maxbin_440_contig

_82_RiPP-like 

RiPP-like 7,49

5 

RiPP-like 

3 

64

4 

749

6 
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172 samp_4443_maxbin_277_contig

_222_RiPP-like 

RiPP-like 12,6

59 

RiPP-like 

4 

44

99 

126

59 

221 samp_4445_metabat2_158_cont

ig_426_RiPP-like 

RiPP-like 5,84

4 

RiPP-like 

5 

45

8 

460

3 

229 samp_4445_metabat2_46_conti

g_296_RiPP-like 

RiPP-like 6,45

0 

RiPP-like 

6 

25

37 

466

4 

240 samp_4322_concoct_184_conti

g_235_RiPP-like 

RiPP-like 6,58

0 

RiPP-like 

7 

26

1 

468

4 

259 samp_4444_metadecoder_351_c

ontig_165_RiPP-like 

RiPP-like 9,64

0 

RiPP-like 

8 

34

93 

915

5 

278 samp_4444_metabat2_185_cont

ig_184_RiPP-like 

RiPP-like 8,59

7 

RiPP-like 

9 

10

58 

634

5 

233 samp_4445_concoct_1415_cont

ig_928_proteusin 

proteusin,RiPP-

like 

13,9

63 

RiPP-

like-

Proteusin 

43

3 

118

82 

27 samp_4444_metabat2_75_conti

g_553_RRE-containing 

RRE-containing 8,65

0 

RRE-

Containin

g 1 

39

6 

815

6 

281 samp_4444_metabat2_185_cont

ig_588_RRE-containing 

RRE-containing 7,93

5 

RRE-

Containin

g 10 

58

4 

780

4 
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300 samp_4445_semibin_421_conti

g_290_RRE-containing 

RRE-containing 13,9

18 

RRE-

Containin

g 11 

65

48 

138

09 

306 samp_4439_concoct_171_conti

g_155_RRE-containing 

RRE-containing 20,4

49 

RRE-

Containin

g 12 

34

89 

121

01 

29 samp_4317_concoct_68_contig

_97_RRE-containing 

RRE-containing 15,2

72 

RRE-

Containin

g 2 

35

64 

150

12 

49 samp_4323_metabat2_108_cont

ig_203_RRE-containing 

RRE-containing 6,87

9 

RRE-

Containin

g 3 

13

24 

627

9 

66 samp_4441_maxbin_669_contig

_191_RRE-containing 

RRE-containing 14,1

04 

RRE-

Containin

g 4 

70

9 

121

49 

84 samp_4446_metadecoder_636_c

ontig_230_RRE-containing 

RRE-containing 12,6

01 

RRE-

Containin

g 5 

40

60 

121

49 

91 samp_4319_maxbin_413_contig

_136_RRE-containing 

RRE-containing 9,90

6 

RRE-

Containin

g 6 

28

91 

959

9 
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126 samp_4447_metabat2_48_conti

g_396_RRE-containing 

RRE-containing 9,92

0 

RRE-

Containin

g 7 

11

38 

779

8 

204 samp_4444_semibin_569_conti

g_329_RRE-containing 

RRE-containing 11,3

69 

RRE-

Containin

g 8 

67

9 

110

06 

235 samp_4445_semibin_379_conti

g_460_RRE-containing 

RRE-containing 15,2

37 

RRE-

Containin

g 9 

49

21 

113

50 

171 samp_4443_maxbin_277_contig

_110_RRE-containing 

RRE-

containing,lassop

eptide 

10,4

87 

RRE-

Containin

g-

Lassopept

ide 1 

10

27 

101

23 

188 samp_4321_concoct_295_conti

g_156_spliceotide 

spliceotide 16,4

62 

Spliceotid

e 1 

37

0 

159

38 

141 samp_4308_VAMB_457_contig

_1077_spliceotide 

spliceotide,RRE-

containing 

13,0

00 

Spliceotid

e 3 

2 124

51 

247 samp_4326_metabat2_21_conti

g_315_spliceotide 

spliceotide,RRE-

containing 

6,32

0 

Spliceotid

e 4 

74

2 

632

1 

285 samp_4322_metabat2_24_conti

g_394_spliceotide 

spliceotide 13,5

71 

Splideotid

e 2 

32 131

70 
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232 samp_4445_concoct_1415_cont

ig_907_NRPS-like 

NRPS-like 7,28

9 

Spumigin

-like 1 

15

00 

728

9 

61 samp_4319_VAMB_955_contig

_507_T1PKS 

T1PKS 24,2

87 

T1PKS 1 45

57 

222

60 

284 samp_4322_metabat2_24_conti

g_185_T1PKS 

T1PKS 25,2

43 

T1PKS 

10 

32

17 

208

24 

120 samp_4435_VAMB_805_contig

_117_T1PKS 

T1PKS 13,7

91 

T1PKS 2 69

8 

128

92 

128 samp_4448_metadecoder_579_c

ontig_38_T1PKS 

T1PKS 32,8

99 

T1PKS 3 37

07 

136

87 

140 samp_4308_VAMB_457_contig

_88_T1PKS 

T1PKS 30,2

54 

T1PKS 4 20

00

2 

299

78 

213 samp_4447_concoct_1018_cont

ig_1216_T1PKS 

T1PKS 15,4

90 

T1PKS 5 40

9 

145

77 

263 samp_4449_metabat2_97_conti

g_277_T1PKS 

T1PKS 8,48

4 

T1PKS 6 15

25 

838

5 

268 samp_4443_metabat2_135_cont

ig_520_T1PKS 

T1PKS 26,5

63 

T1PKS 7 56

25 

231

85 

274 samp_4317_maxbin_26_contig_

612_T1PKS 

T1PKS 21,4

81 

T1PKS 8 18

54 

214

81 

279 samp_4444_metabat2_185_cont

ig_246_T1PKS 

T1PKS 14,6

74 

T1PKS 9 13

27 

146

73 
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234 samp_4445_semibin_379_conti

g_282_T1PKS 

PUFA,T1PKS,hgl

E-KS 

20,4

40 

T1PKS-

hglE-KS 

1 

2 147

32 

208 samp_4443_metadecoder_774_c

ontig_17_T1PKS 

T1PKS,prodigiosi

n,NRPS 

59,7

71 

T1PKS-

NRPS-

Prodigiosi

n 1 

41

39 

586

28 

183 samp_4434_metabat2_58_conti

g_508_T1PKS 

T1PKS,terpene 17,3

06 

T1PKS-

Terpene 1 

76 155

78 

179 samp_4434_metabat2_58_conti

g_50_T3PKS 

T3PKS 11,7

32 

T3PKS 1 3 117

31 

200 samp_4445_VAMB_546_contig

_53_T3PKS 

T3PKS 6,81

8 

T3PKS 2 1 681

7 

257 samp_4443_semibin_466_conti

g_286_T3PKS 

T3PKS 9,48

9 

T3PKS 3 3 840

5 

9 samp_4444_semibin_482_conti

g_165_terpene 

terpene 10,8

55 

Terpene 1 2 10,

857 

43 samp_4447_VAMB_472_contig

_346_terpene 

terpene 11,1

78 

Terpene 

10 

1 11,

179 

46 samp_4448_VAMB_889_contig

_147_terpene 

terpene 12,5

91 

Terpene 

11 

1 12,

592 

48 samp_4445_maxbin_221_contig

_370_terpene 

terpene 10,0

28 

Terpene 

12 

1 10,

029 
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51 samp_4321_maxbin_137_contig

_210_terpene 

terpene 20,9

32 

Terpene 

13 

2 20,

934 

52 samp_4321_maxbin_137_contig

_261_terpene 

terpene 20,8

30 

Terpene 

14 

2 20,

832 

53 samp_4332_VAMB_1153_conti

g_44_terpene 

terpene 11,1

72 

Terpene 

15 

2 11,

174 

54 samp_4332_VAMB_1153_conti

g_99_terpene 

terpene 17,7

80 

Terpene 

16 

1 17,

781 

56 samp_4319_VAMB_955_contig

_178_terpene 

terpene 17,4

63 

Terpene 

17 

2 17,

465 

60 samp_4319_VAMB_955_contig

_444_terpene 

terpene 11,7

34 

Terpene 

18 

1 11,

735 

68 samp_4445_semibin_342_conti

g_168_terpene 

terpene 20,9

70 

Terpene 

19 

1 20,

971 

10 samp_4444_semibin_482_conti

g_216_terpene 

terpene 14,2

92 

Terpene 2 2 14,

294 

70 samp_4443_metabat2_120_cont

ig_75_terpene 

terpene 11,6

82 

Terpene 

20 

1 11,

683 

71 samp_4443_metabat2_120_cont

ig_110_terpene 

terpene 14,5

52 

Terpene 

21 

1 14,

553 

72 samp_4443_semibin_400_conti

g_169_terpene 

terpene 9,34

8 

Terpene 

22 

1 9,3

49 
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78 samp_4445_concoct_1447_cont

ig_111_terpene 

terpene 6,82

1 

Terpene 

23 

1 6,8

22 

79 samp_4445_concoct_1447_cont

ig_277_terpene 

terpene 7,39

0 

Terpene 

24 

1 7,3

91 

93 samp_4445_metabat2_36_conti

g_20_terpene 

terpene 20,9

23 

Terpene 

25 

2 20,

925 

94 samp_4445_metabat2_36_conti

g_61_terpene 

terpene 21,2

86 

Terpene 

26 

2 21,

288 

95 samp_4445_VAMB_1115_conti

g_244_terpene 

terpene 16,7

29 

Terpene 

27 

1 16,

730 

96 samp_4324_maxbin_57_contig_

128_terpene 

terpene 11,7

06 

Terpene 

28 

1 11,

707 

100 samp_4324_maxbin_57_contig_

447_terpene 

terpene 9,78

6 

Terpene 

29 

1 9,7

87 

12 samp_4435_concoct_1904_cont

ig_173_terpene 

terpene 7,38

2 

Terpene 3 1 7,3

83 

103 samp_4434_semibin_67_contig

_168_terpene 

terpene 15,5

46 

Terpene 

30 

2 15,

548 

104 samp_4434_semibin_67_contig

_175_terpene 

terpene 15,6

82 

Terpene 

31 

1 15,

683 

108 samp_4445_metabat2_59_conti

g_300_terpene 

terpene 8,36

8 

Terpene 

32 

1 8,3

69 
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109 samp_4324_maxbin_57_contig_

776_terpene 

terpene 13,2

76 

Terpene 

33 

2 13,

278 

117 samp_4448_VAMB_839_contig

_1804_terpene 

terpene 15,4

72 

Terpene 

34 

2 15,

474 

121 samp_4435_VAMB_805_contig

_126_terpene 

terpene 10,1

69 

Terpene 

35 

1 10,

170 

127 samp_4444_semibin_481_conti

g_179_terpene 

terpene 6,01

9 

Terpene 

36 

1 6,0

20 

132 samp_4447_VAMB_322_contig

_31_terpene 

terpene 8,45

7 

Terpene 

37 

1 8,4

58 

134 samp_4447_VAMB_322_contig

_532_terpene 

terpene 9,55

5 

Terpene 

38 

1 9,5

56 

138 samp_4446_VAMB_96_contig_

306_terpene 

terpene 10,9

30 

Terpene 

39 

1 10,

931 

23 samp_4435_concoct_1904_cont

ig_2065_terpene 

terpene 10,8

68 

Terpene 4 1 10,

869 

142 samp_4443_VAMB_1051_conti

g_58_terpene 

terpene 15,2

97 

Terpene 

40 

2 15,

299 

143 samp_4331_metabat2_120_cont

ig_60_terpene 

terpene 14,5

76 

Terpene 

41 

2 14,

578 

144 samp_4331_metabat2_120_cont

ig_210_terpene 

terpene 21,2

59 

Terpene 

42 

2 21,

261 
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148 samp_4435_maxbin_422_contig

_157_terpene 

terpene 11,0

41 

Terpene 

43 

1 11,

042 

152 samp_4435_maxbin_422_contig

_364_terpene 

terpene 11,1

15 

Terpene 

44 

1 11,

116 

154 samp_4435_maxbin_440_contig

_357_terpene 

terpene 7,27

8 

Terpene 

45 

1 7,2

79 

155 samp_4435_maxbin_440_contig

_634_terpene 

terpene 8,37

6 

Terpene 

46 

1 8,3

77 

163 samp_4446_VAMB_171_contig

_132_terpene 

terpene 10,3

02 

Terpene 

47 

1 10,

303 

166 samp_4444_metabat2_78_conti

g_58_terpene 

terpene 6,24

9 

Terpene 

48 

1 6,2

50 

167 samp_4444_metabat2_78_conti

g_113_terpene 

terpene 13,3

23 

Terpene 

49 

2 13,

325 

26 samp_4444_metabat2_75_conti

g_469_terpene 

terpene 6,22

5 

Terpene 5 1 6,2

26 

168 samp_4443_semibin_480_conti

g_163_terpene 

terpene 8,92

0 

Terpene 

50 

1 8,9

21 

170 samp_4443_maxbin_277_contig

_38_terpene 

terpene 12,6

66 

Terpene 

51 

1 12,

667 

176 samp_4324_maxbin_53_contig_

286_terpene 

terpene 13,6

93 

Terpene 

52 

1 13,

694 



 
 

250 

186 samp_4321_concoct_295_conti

g_35_terpene 

terpene 7,71

8 

Terpene 

53 

1 7,7

19 

192 samp_4444_metabat2_114_cont

ig_228_terpene 

terpene 20,9

35 

Terpene 

54 

2 20,

937 

195 samp_4320_metadecoder_628_c

ontig_198_terpene 

terpene 12,2

43 

Terpene 

55 

1 12,

244 

197 samp_4443_semibin_379_conti

g_6_terpene 

terpene 14,2

40 

Terpene 

56 

1 14,

241 

201 samp_4448_metabat2_83_conti

g_176_terpene 

terpene 10,6

45 

Terpene 

57 

1 10,

646 

203 samp_4444_semibin_569_conti

g_138_terpene 

terpene 21,0

84 

Terpene 

58 

2 21,

086 

207 samp_4443_concoct_2141_cont

ig_81_terpene 

terpene 14,2

58 

Terpene 

59 

1 14,

259 

34 samp_4317_concoct_68_contig

_406_terpene 

terpene 19,7

70 

Terpene 6 2 19,

772 

212 samp_4447_concoct_1018_cont

ig_976_terpene 

terpene 7,19

7 

Terpene 

60 

1 7,1

98 

218 samp_4445_metabat2_158_cont

ig_342_terpene 

terpene 15,8

39 

Terpene 

61 

1 15,

840 

220 samp_4445_metabat2_158_cont

ig_419_terpene 

terpene 14,9

48 

Terpene 

62 

1 14,

949 
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223 samp_4445_concoct_1532_cont

ig_132_terpene 

terpene 14,1

95 

Terpene 

63 

1 14,

196 

225 samp_4445_maxbin_504_contig

_64_terpene 

terpene 10,7

33 

Terpene 

64 

1 10,

734 

226 samp_4444_semibin_500_conti

g_4_terpene 

terpene 11,0

34 

Terpene 

65 

1 11,

035 

228 samp_4445_metabat2_46_conti

g_72_terpene 

terpene 12,1

44 

Terpene 

66 

2 12,

146 

230 samp_4445_metabat2_46_conti

g_482_terpene 

terpene 8,89

8 

Terpene 

67 

1 8,8

99 

236 samp_4445_semibin_379_conti

g_677_terpene 

terpene 8,79

0 

Terpene 

68 

1 8,7

91 

241 samp_4322_concoct_184_conti

g_278_terpene 

terpene 16,5

15 

Terpene 

69 

1 16,

516 

35 samp_4444_metabat2_171_cont
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Chapter 4 Cyanopeptide Mixtures Induce Variable Synergistic and Antagonistic Effects 

Across Diverse Human Cell Lines  

4.1 Abstract  

 Cyanobacterial harmful algal blooms (cyanoHABs) threaten human, animal, and 

ecosystem health and safety through production of toxic secondary metabolites. Microcystis, a 

cosmopolitan bloom-forming cyanobacterial genus, is well-known for producing hepatotoxic 

microcystins (MCs), but it can produce many other bioactive cyanopeptides, such as 

anabaenopeptins (APs), that occur at higher levels in blooms. The toxicological and ecological 

impacts of such co-occurring cyanopeptides in the natural environment remain understudied. 

Here we evaluated the effects of pure MCs and APs individually and in combination, as well as 

extracts of Microcystis cultures producing diverse suites of cyanopeptides, including strains with 

and without MCs and APs, on human lung (A549), kidney (HK2), and liver (Hep-3B) cell 

viability. Individual MC and AP congeners exhibited a gradient of toxic effects across cell lines; 

MC-LA caused the most toxic effects, MC-LR had comparable effects to AP-A and AP-B, and 

MC-RR caused the least toxicity. Combined exposure to MC-LA and AP-B produced dose-

dependent synergistic effects across all three cell lines. Microcystis culture extracts significantly 

reduced cell viability in dose- and Microcystis strain-dependent patterns that could not be 

explained by cyanopeptide content alone, suggesting a role of other metabolites and their 

interactions within the mixtures. These findings demonstrate that mixtures of environmentally 

relevant cyanopeptides can have greater toxic threats than individual compounds and underscore 
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the importance of considering metabolites beyond MCs and their potential interactions in public 

health, future risk assessments, and management strategies for cyanoHAB-impacted waters. 

 

4.2 Introduction 

Cyanobacterial harmful algal blooms (cyanoHABs) are a growing, global threat to 

freshwater ecosystems and public health due to their production of toxic secondary metabolites 

(1–4). Among these, federal agencies in the United States currently monitor for four 

cyanotoxins: microcystins (MCs), cylindrospermopsin, anatoxin-a, and saxitoxin (5). These 

compounds can accumulate to micromolar concentrations in freshwater systems used for 

drinking, recreation, and agriculture, posing acute and chronic health risks to humans and 

animals depending on their structure, exposure route and duration, mode of entry, and 

mechanism of action (6–9). However, these four cyanotoxins and their related congeners 

represent only a small fraction, approximately 10%, of the more than 3,000 cyanobacterial 

metabolites identified to date (10,11). Many of these unmonitored cyanobacterial metabolites 

exhibit diverse and potent bioactivities, yet remain poorly characterized, particularly in the 

context of human health risk (12,13). Beyond the known and predicted risks of characterized 

cyanobacterial metabolites, advances in metabologenomics suggest that a wealth of 

uncharacterized cyanobacterial secondary metabolites remain undiscovered, representing an even 

greater, largely unassessed toxicological unknown (14,15). 

 MCs are the most well-studied class of cyanobacterial metabolites. They are cyclic 

heptapeptides with over 300 characterized congeners produced by various bloom-forming 

cyanobacterial genera, including Microcystis, Dolichospermum, Planktothrix, Anabaena, and 

Oscillatoria (10,11,16,17). Their structure consists of seven L- and D-amino acids, including the 



 256 

distinctive Adda moiety [(2S,3S,8S,9S)-3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-

dienoic acid], which is produced by a polyketide synthase and is critical for hepatotoxicity 

(18,19). MC congener diversity predominantly arises from variations at the second (X) and 

fourth (Z) amino acid positions (Figure 4.8.1). However, modifications of all amino acids within 

the backbone have been reported. Despite structural diversity, all MCs potently inhibit 

serine/threonine protein phosphatases PP1 and PP2A in the low nanomolar range in vitro, 

leading to disruption of cytoskeletal integrity and cell signaling pathways (20–23). Their toxic 

potential in vivo, however, varies widely by congener (e.g., 50–600 µg/kg in mice) (24,25). The 

discrepancy between in vitro PP inhibition and in vivo toxicity could be explained by differences 

in cellular uptake for distinct congeners via Organic Anion Transporting Polypeptides (OATPs), 

primarily OATP1B1 and OATP1B3 (26–29). These transporters mediate the active entry of 

amphiphilic MCs into hepatocytes and other tissues, and OATP inhibitors ameliorate the 

hepatoxic effects of MCs (30–33). In vitro toxicology studies of MCs must therefore account for 

cell line-specific OATP expression. In addition to PP inhibition, MC exposure has been linked to 

damage in liver, kidney, lung, and skin tissues, induction of inflammatory responses, and 

oxidative stress (34–36).  

 Microcystis is one of the most common and abundant bloom-forming cyanobacteria 

globally, and is studied extensively for its ability to produce MCs (1,37). However, diverse 

Microcystis strains also produce a slurry of other bioactive cyanopeptides, including 

anabaenopeptins (APs), cyanopeptolins, microviridins, microginins, aeruginosins, and 

cyclamides (12,14,38). These metabolites target diverse enzymes such as serine proteases, 

peptidases, and phosphatases and may influence bloom ecology through allelopathy and grazing 

deterrence, yet only ~10% of studies on Microcystis secondary metabolism focus on these 
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compounds (13). More recent monitoring efforts suggest that several non-MC cyanopeptides, 

including APs, are often present at concentrations exceeding those of MCs during bloom events, 

raising concerns about their individual and combinatorial roles in human exposure and toxicity 

(6,39,40). 

Anabaenopeptins (APs) are cyclic hexapeptides synthesized via nonribosomal peptide 

synthetases and are structurally characterized by an invariant lysine and a ureido linkage with 

over 120 AP congeners characterized to date (10,11). AP concentrations in environmental 

samples can reach levels greater than 1000 µg-1 L in some freshwater systems, with AP-A, AP-

B, and AP-F among the most commonly detected congeners (6,41). While APs inhibit PP1 and 

PP2A in the mid to low micromolar range, they potently inhibit carboxypeptidases at low 

nanomolar concentrations (42,43). Despite their demonstrated bioactivity, APs remain 

unregulated, are not routinely monitored, and are still broadly categorized as non-toxic. One of 

the few in vivo studies on APs to date demonstrated that AP-A, B, and F reduced growth, 

hatching, reproduction, and lifespan in nematodes (Caenorhabditis elegans) to a similar extent as 

MC-RR (44). However, their mode of entry, mechanism of action, subcellular localization, and 

clearance in human models remain uncharacterized. 

  While MCs and APs are frequently detected together in environmental samples, their 

combined toxicity has not been extensively studied in human-relevant systems. Evidence from 

Daphnia and trout suggests that MC–AP combinations can exert synergistic toxic effects, raising 

concerns that co-exposure in humans and wildlife may also result in enhanced toxicity  (45,46). 

Fish such as bass, trout, and pike have been shown to accumulate both MCs and APs, implying 

potential dietary exposure risks (47). Further, the presence and concentration of MCs in 

Microcystis extracts often poorly predict toxicity, suggesting that additional, unidentified 
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metabolites or interactions among metabolites may drive biological effects (48). These 

combinatorial effects may stem from multiple mechanisms, including additive or synergistic 

biochemical activity, competitive or facilitated uptake, or modulation of metabolic and signaling 

pathways (49). Yet, few studies have systematically explored these dynamics in human cell 

models.  

In this study, we investigated the cytotoxic effects of environmentally relevant MC and 

AP congeners individually, in combination, and within complex Microcystis metabolite mixtures 

on human lung (A549), kidney (HK2), and liver (Hep-3B) cell lines. By comparing dose- and 

congener-dependent effects across cell types, and assessing the effects of Microcystis metabolite 

mixtures, we aimed to uncover how combinatorial exposure shapes toxicity in human-relevant 

systems.  

 

4.3 Materials & Methods  

4.3.1 Cell Line Rationale  

In this study, we selected to use A549 (lung), HK2 (kidney), and Hep-3B (liver) human cell lines 

based on the known impacts of cyanotoxins and bioactive cyanopeptides on these organs. Each 

cell line expresses at least one OATP transporter (36,50,51), making them appropriate models for 

evaluating the toxicity of microcystins (MCs) (27,52).  

 

4.3.2 Hep-3B Cells 

Human hepatocellular carcinoma (liver epithelial) Hep-3B cells were acquired from ATCC 

(Virginia, USA, catalog no. HB-8064) (53). Cells were cultured under standard conditions and 

stored in Gibco Recovery Cell Culture Freezing Medium at 2 x 106 cells per aliquot. Cells were 
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cultured in T175 flasks in Dulbecco’s Modified Eagle Medium (DMEM, Life Technologies 

media, Carlsbad, CA, USA) supplemented with 10% Fetal Bovine Serum (FBS) and 1% 

penicillin/streptomycin. Cultures were maintained at 37°C in a humid atmosphere with 5% CO2.  

 

4.3.3 A549 Cells 

Human adenocarcinoma (lung tissue) A549 cells were acquired from ATCC (Virginia, USA, 

catalog no. CCL-185) (54). Cells were cultured under standard conditions and stored in Gibco 

Recovery Cell Culture Freezing Medium at 2 x 106 cells per aliquot. Cells were cultured in T175 

flasks in the recommended F-12K medium (ATCC, Virginia, USA) supplemented with 10% 

Fetal Bovine Serum (FBS) and 1% penicillin/streptomycin. Cultures were maintained at 37°C in 

a humid atmosphere with 5% CO2.  

 

4.3.4 HK-2 Cells 

Human immortalized kidney HK-2 cells were acquired from American Type Cell Collection 

(ATCC, Virginia, USA, catalog no. CRL-2190). This cell line is a proximal tubular cell (PCT) 

line derived from a normal, male kidney (55). Cells were cultured under standard conditions and 

stored in Gibco Recovery Cell Culture Freezing Medium at 2 x 106 cells per aliquot. Cells were 

cultured in T175 flasks in Dulbecco’s Modified Eagle Medium (DMEM, Life Technologies 

media, Carlsbad, CA, USA) supplemented with 10% Fetal Bovine Serum (FBS) and 1% 

penicillin/streptomycin. Cultures were maintained at 37°C in a humid atmosphere with 5% CO2.  

 

4.3.5 Microcystis Culturing 
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Seven Microcystis cultures from the western Lake Erie culture collection (WLECC) were 

selected for analysis in this study. Cultures were selected based on diversity of phylogeny (56) 

and  biosynthetic potential (14) and their ability to grow in 500 mL volumes. The cultures 

selected were LE18-22.4, LE19-55.1, LE19-131.1, LE19-41.2, LE17-20, LE19-197.1, and LE19-

84.1. Cultures were grown following the WLECC liquid transfer protocol 

(https://sites.lsa.umich.edu/wleculturecollection/). Cultures were grown without shaking at 25°C 

at 50 µmol photons m-2 s-1 light intensity on a 12:12 hour diel cycle in BG11-2N media (recipe 

available from the WLECC: 

https://docs.google.com/document/d/13Ggb_asGllLyJO4Zc3AJoQsQmr7ojAHgpdvVmgr_i4E/e

dit?tab=t.0#heading=h.cs9fserzkw1i). All cultures were started in a 10 mL volume at a 1:10 

dilution in glass test tubes. Cultures were scaled up every two weeks at a 1:10 dilution, resulting 

in a final volume of 500 mL contained within two-liter glass bottles with caps lightly secured. 

Each culture was grown in triplicate to 500 mL if possible. One replicate from the strains LE19-

41.2 and LE19-84.1 bleached during growth and resulted in these cultures only being grown in 

duplicate for the study. Uninoculated media controls were maintained in triplicate within the 

same incubator. All vessels used for culturing in this study were acid washed in 10% HCl 

overnight and extensively rinsed with Milli-Q water before the experiment.  

 

4.3.6 Microcystis Culture Biomass Collection and Metabolite Extraction 

Biomass was harvested after all strains were maintained at 500 mL for one week. Cultures were 

centrifuged in clean HPDE plastic bottles at 10,000 revolutions per minute (rpm) for 15 minutes. 

Supernatant was decanted and cell pellets were collected using a sterile metal scoopula. Cell 

pellets were put into glass scintillation vials and frozen at -20°C until extraction. Metabolites 



 261 

were extracted from the cellular biomass using a freshly made 50:50 high-performance liquid 

chromatography (HPLC)-grade methanol/chloroform mixture. The solvent mixture was added to 

the thawed scintillation vials to completely cover the biomass. Vials were then sonicated in a 

water bath for 30 minutes. Methanol rinsed stir bars were then placed in each vial and samples 

were warmed at 40°C and slowly stirred for four hours with caps lightly screwed on to allow for 

gas exchange. For each sample, two clean, pre-weighed vials, one for cell viability assays and 

one for targeted metabolomics analysis, were prepared. Extraction mixtures were filtered to 

remove residual solids and then evenly divided between the two vials. After filtration, vials were 

dried under a gentle stream of N2 gas at 30°C. Dried samples were re-weighed to calculate their 

crude extract weight and stored at -20°C until further analysis.  

 

4.3.7 Targeted Metabolomics Data Collection and Analysis 

Targeted metabolomics vials for each sample were delivered to the University of Toledo on ice 

and were stored in -20°C prior to analysis. Microcystin and anabaenopeptin congener 

composition was determined using liquid chromatography-mass spectrometry (LC-MS) via 

methods previously described in Baliu-Rodriquez et al. (2022) (17) and Flores and Caixach 

(2020) (39), respectively. Microcystin and anabaenopeptin congener identification was 

confirmed via standards for isoforms MC-LR, MC-RR, MC-YR, MC-LA, MC-LF, [Asp3] MC-

LR, MC-HilR, MC-LY, AP-A, and AP-B (Figure 4.8.1). Characteristic ions for AP-A and AP-B 

were 201.09 m/z [CO+Arg-COOH]+ and 84.08 m/z [Lys+H-CO-NH3]+.  

 

4.3.8 Cell Line Exposures to Individual Pure Cyanopeptide Standards 
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Pure cyanotoxin standards in powder form were purchased from Cayman Chemical (Ann Arbor, 

MI, USA) (MC-LR) and Enzo Life Sciences (Farmingdale, NY, USA) (MC-LA, MC-RR, AP-A, 

AP-B). Doxorubicin was purchased from AK Scientific (Union City, CA, USA) in powder form 

and used as a positive control in all assays. Powder stocks were stored at 4°C, and liquid stocks 

were made in dimethyl sulfoxide (DMSO) and stored at -20°C for the duration of experimental 

use. The viability and toxicity of cyanotoxin standards individually were assessed in Hep-3B, 

A549, and HK-2 cells using the CellTiter-Glo assay (Promega, Madison, WI, USA). Cells were 

seeded in 100 µL of medium at a density of 10,000 cells per well in opaque, 96-well tissue 

culture-treated plates after reaching desired confluency and viability >90% in flasks, and allowed 

to adhere for 24 hours. The A549 cell line was seeded at 4,000 cells per well due to the faster 

doubling time. After adherence, the culture media was replaced with fresh medium and cells 

were treated with four two-fold serial dilutions of single cyanotoxins and doxorubicin with a 

highest concentration of 100 µM. The plates were incubated at 37°C for an additional 48 hours. 

After incubation, 100 µL of CellTiter-Glo reagent was added to each well and shaken for five 

minutes at room temperature. Luminescence from each well was measured using a 

spectrophotometer. Results were normalized to a DMSO-vehicle control, and growth curves 

were visualized using GraphPad Prism 10 (San Diego, CA, USA). Each cyanotoxin was tested in 

duplicate on each plate, and each experiment was repeated on different days to ensure technical 

and biological replication. All data is shown in SI Table S4.9.1. Methods used for this process 

are visualized in Figure 4.8.2.  

 

4.3.9 Cell Line Exposures to Combinations of Pure Cyanopeptide Standards 
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As above, cells were seeded in 100 µL of medium at a density of 10,000 or 4,000 cells per well 

in opaque, 96-well tissue culture-treated plates and allowed to adhere for 24 hours. The activity 

of MC-LA and AP-B in combination was evaluated using a checkerboard assay. Compounds 

were each four-fold serially diluted in 50 µL of culture medium within four separate flat-bottom 

microtiter plates starting at 100 µM. AP-B was transferred to wells containing MC-LA, so each 

row contained a serial dilution of MC-LA and each column contained a serial dilution of AP-B. 

Additionally, each plate included wells containing only single compounds, serially diluted four-

fold. The plates were incubated at 37°C for 48 hours. After incubation, 100 µL of CellTiter-Glo 

reagent was added to each well and incubated for five minutes at room temperature. 

Luminescence from each well was measured using a spectrophotometer. Results were 

normalized to a DMSO-vehicle control, and effects were visualized using GraphPad Prism 10 

(San Diego, CA, USA). The combination was tested in duplicate on each plate, and the 

experiment was repeated on different days to ensure technical and biological replication. All data 

is shown in SI Table S4.9.2.  

 

4.3.10 Quantifying Cyanopeptide Combination Activity  

SynergyFinder+ (57) was used to quantify the activity of MC-LA and AP-B in combination 

relative to their individual effects. The tool provides four scoring metrics to calculate the synergy 

score of an experiment based on specific assumptions: Bliss Independence (Bliss)  (58), Loewe 

additivity (Loewe) (59), Zero Interaction Potency (ZIP) (60), and Highest Single Agent (HSA) 

(61), SI Table S4.9.3). The Loewe additivity model was used because it defines the expected 

effect of a combination as if a molecule were combined with itself and considers the dose-

response curves of individual molecules. The expected effect (yloewe) must satisfy Equation 4.3.1, 
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where x1 and x2 are doses for each molecule and X1loewe and X2loewe are the doses of molecule 1 

and 2 alone that produce yloewe.  

Equation 4.3.1: Expected effect (yloewe) 
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Using 4-parameter log-logistic (4PL) curves to describe dose-response curves, the parametric 

form of Equation 4.3.1 is derived in Equation 4.3.2, where Emin and Emax are the minimal and 

maximal effects of the molecules, m1,2 are the doses of the molecules required to produce the 

midpoint effect of Emin + Emax (EC50), and l1,2 are the shape parameters indicating the slope of 

the dose-response curves.  

Equation 4.3.2: Parametric form of expected effect equation 
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A Loewe score greater than one is indicative of antagonistic effects, a Loewe score less than one 

is indicative of synergistic effects, and a Loewe score approximately equal to 1 is indicative of 

additive effects.  

 

4.3.11 Cell Line Exposures to Culture Extracts 

Extracts were reconstituted in 50/50 DMSO/water at a concentration of 100 mg/mL, based on the 

crude extract weight of the sample and stored at -20°C for the duration of experimental use. The 

viability and toxicity of all extracts were assessed in Hep-3B, A549, and HK-2 cells using the 
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CellTiter-Glo assay (Promega, Madison, WI, USA). As above, cells were seeded in 100 µL of 

medium at a density of 10,000 or 4,000 cells per well in opaque, 96-well tissue culture-treated 

plates and allowed to adhere for 24 hours. After adherence, culture media was replaced with 100 

µL of fresh medium and cells were treated with four serial dilutions between 10 and 100 µM of 

each extract, doxorubicin (positive control), and the highest stock concentration of DMSO/water 

to account for a negative vehicle control. The plates were incubated at 37°C for 48 hours. After 

incubation, 100 µL of CellTiter-Glo reagent was added to each well and incubated for five 

minutes at room temperature. Luminescence from each well was measured using a 

spectrophotometer. Results were normalized to a DMSO-vehicle control, and growth curves 

were visualized using GraphPad Prism 10 (San Diego, CA, USA). Each extract was tested in 

duplicate on each plate, and each experiment was repeated on different days to ensure technical 

and biological replication. All data is shown in SI Table S4.9.4. Methods used for this process 

are visualized in Figure 4.8.2. 

 

 

4.3.12 Statistical Analysis  

Statistical analysis was performed using GraphPad Prism 10 (San Diego, CA, USA) and in R on 

R Studio using the stats package(62). For comparisons involving less than two groups, a one-

way analysis of variance (ANOVA) was performed and followed up with Tukey’s Honest 

Significant Difference (HSD) multiple comparisons post-hoc tests when applicable. All growth 

curve data is presented as the mean and standard error of the mean. A P-value of <0.05 was 

considered statistically significant in this study. To assess the relationship between cyanopeptide 

concentration in Microcystis culture extracts and cell viability, Pearson correlation coefficients 
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(R) were calculated between cell viability at four doses (12.5, 25, 50, and 100 µM) and parts per 

billion (ppb) of each cyanopeptide congener. The amount of each cyanopeptide congener present 

in the 100 µM dose in the cell viability assays was calculated using SI Equation 4.9.1 in SI 

Table S4.9.5.   

 

4.3.13 Figure Rendering 

All figures were rendered in GraphPad Prism10 software (San Diego, CA, USA) and in R on R 

Studio using the package ggplot2 (62,63).  

 

4.4 Results  

4.4.1 Individual Cyanopeptides Exhibit Dose-Dependent Responses Across Different Cell 

Lines  

 A549 (lung), HK2 (kidney), and Hep-3B (liver) cells exposed to 0–100 µM of MC-RR, 

MC-LR, MC-LA, AP-A, and AP-B for 48 hours showed decreases in cell viability in a cell line-, 

congener-, and dose-dependent manner (Figure 4.8.3) relative to a vehicle control (0.5% 

DMSO) None of the cyanopeptides reduced cell viability to the same extent as the positive 

control (doxorubicin) at any dose tested. A549 cell viability decreased most strongly, followed 

by less pronounced effects in HK2 and Hep-3B cells. Across all three cell lines, MC-LA 

consistently caused the greatest decrease in viable cells. MC-LR, AP-A, and AP-B exhibited 

similar levels of cell viability reduction, while MC-RR induced the smallest decrease in cell 

viability out of all congeners tested across all cell lines. Significant decreases in cell viability by 

MC-LA were observed at 100 µM in all cell lines, at 50 µM in both A549 and HK2 cells, and at 

12.5 and 25 µM in A549 cells (P<0.05, Tukey’s HSD). Additionally, all cyanopeptides except 
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MC-RR significantly reduced viability at 100 µM in A549 cells (P<0.05, Tukey’s HSD). The 

IC50 for each cyanopeptide against each cell line could not be calculated as they often did not 

cause cell viability decreases beyond 50 percent.  

 

4.4.2 Cyanopeptide Combinations Exhibit Dose-Dependent Synergistic and Antagonistic 

Responses Across Different Cell Lines  

The effects of MC-LA, the most toxic MC congener, and AP-B on cell viability were 

assessed in combination via checkerboard assays in A549, HK2, and Hep-3B cells (Figure 

4.8.4a–c). Loewe synergy scores for each combination were calculated and visualized (Figure 

4.8.4d–f, SI Table S4.9.3), with scores <1 indicating synergism (enhanced activity), >1 

indicating antagonism (decreased activity), and ≈1 indicating additivity. The combined exposure 

to MC-LA and AP-B resulted in dose-dependent patterns of cell viability reduction that varied 

across all three cell lines. 

In A549 cells, the greatest decrease in viable cells occurred following individual 

exposure to 100 µM MC-LA. Similar effects were observed for combinations of high doses, 

between 50 and 100 µM, of MC-LA and AP-B. Mild effects on cell viability were observed at 

the lowest dose of MC-LA. Dose-dependent cell viability was observed for AP-B, although 

maximum cell viability decreased with high doses of MC-LA regardless of the presence of AP-

B. The mean Loewe synergy score for all combinations in A549 cells was 0.45, indicating 

neither strong synergism nor antagonism. Loewe synergy scores increased with higher 

concentrations of AP-B in the presence of 100 µM MC-LA, indicating less synergism and 

suggesting that AP-B may interfere with the toxic effects of MC-LA at high concentrations in 

this model.  
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In HK2 cells, cell viability decreased most following individual exposure to solely 100 

µM MC-LA and by MC-LA between 12.5 and 100 µM when combined with 100 µM AP-B. 

However, combinations of 100 µM MC-LA and intermediate concentrations of AP-B (12.5-50 

µM) did not reduce cell viability. The mean Loewe synergy score for all combinations in HK2 

cells was -0.48, not indicative of strong synergistic or antagonistic mechanisms. However, lower 

scores (synergistic) were observed at doses of 50 µM or lower of MC-LA in combination with 

doses between 25 and 100 µM AP-B, indicating strong synergism at these doses.  

In Hep-3B cells, the synergistic effect of MC-LA and AP-B was the most consistent of all 

the cell lines, with viability reduced under combined exposure to 100 µM MC-LA and AP-B and 

a gradual dose-dependent increase in viable cell reduction across increasing concentrations of 

both cyanopeptides. The mean Loewe synergy score for all combinations indicated synergism (-

9.33), suggesting that combined exposure to both cyanopeptides increased cell viability 

reduction beyond their individual effects. Synergism was most pronounced at high combined 

doses (50-100 µM) and decreased in a dose-dependent manner with concentration of both 

compounds.  

 

4.4.3 Microcystis Culture Extracts Display Dose-Dependent Effects Not Explained by 

Cyanopeptide Concentrations Alone  

Extracts from seven Microcystis cultures were assessed for their cyanopeptide content 

(Figure 4.8.5) and dose-dependent effects on cell viability across three cell lines (A549, HK2, 

Hep-3B) (Figure 4.8.6). No culture extract contained both MCs and APs, and none included all 

measured congeners. The rarest MC congeners were MC-LA, detected only in LE19-84.1, and 

MC-LF, present in LE19-55.1 and LE18-22.4. APs were only detected in extracts from LE19-
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197.1, containing both AP-A and AP-B, while LE17-20 and LE19-131.1 had no detectable 

cyanopeptides.  Some biological replicates from the same culture varied, including LE18-22.4 (A 

vs B and C), LE19-55.1 (C vs A and B), and LE19-84.1 (A vs B). 

Culture extracts caused dose-dependent reductions in cell viability across all three cell 

lines (Figure 4.8.6, SI Figure S4.9.1). At 100 µM crude extract, significant decreases in viability 

relative to vehicle controls were observed for LE19-131.1B, LE19-197.1B, and LE19-55.1B in 

all three cell lines (P<0.05, Tukey’s HSD). Actual concentrations of MCs and APs present in 

these extracts at 100 µM doses ranged between 0.1 nM and 0.2 µM (SI Table S4.9.5), orders of 

magnitude lower than the concentrations used in the present study’s individual cyanopeptide 

experiments (Figure 4.8.3). However, of these extracts, LE19-131.1B had no detectable 

cyanopeptides within the extracts but caused greater reductions in viable cells than pure MC-LA 

at 100 µM, suggesting the potential role of unidentified bioactive compounds or interactions 

within complex extract mixtures. Moreover, all LE17-20 replicates, lacking any detectable MCs 

or APs, induced significant viability reductions across several doses in all cell lines (P<0.05, 

Tukey’s HSD). The most significant viability reductions effects were observed in Hep-3B cells 

with twelve significant effects by different cultures, replicates, and doses (P<0.05, Tukey’s 

HSD), compared to four significant effects in both A549 and HK2 cells. These results indicate 

variability in extract toxicity based on culture, replicate, dose, and cell line (SI Figure S4.9.2). 

 To evaluate whether cyanopeptide content accounted for the variability in toxicity, 

Pearson correlation coefficients were calculated between cyanopeptide concentrations (ppb) and 

cell viability across four doses for the extracts. Weak correlations (R= -0.1 to 0.3) were observed 

between individual congeners, or total MC or AP levels, and viability outcomes. MC content and 

viability correlations increased at higher doses (50-100 µM), while AP content and viability 
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correlations decreased. Consistently low R values suggest that other factors, such as additional 

metabolites in the extracts and their interactions may better explained observed viability 

outcomes.   

 

4.5 Discussion 

 Across the globe, cyanobacteria are producing cyanotoxins, bioactive cyanopeptides, and 

a vast array of uncharacterized secondary metabolites in freshwater systems relied on by millions 

of people, animals, and ecosystems (1,4,15). These chemical cocktails pose an emerging threat in 

increasingly eutrophic waters. While regulatory frameworks have focused on a limited subset of 

well-characterized cyanotoxins, the potential toxicity of unmonitored metabolites and synergistic 

toxicity from interactions among co-occurring metabolites remain poorly understood. To address 

this gap, we evaluated the cytotoxic effects of two of the most commonly detected and abundant 

cyanopeptide classes in freshwater ecosystems, MCs and ABNs (6,40), both individually, in 

combination, and within complex Microcystis metabolite mixtures using human lung, kidney, 

and liver cell lines. 

 Consistent with previous studies on in vitro PP1/PP2A inhibition and in vivo toxicity 

(24,64–66), MC-LA was more toxic than MC-LR, which was in turn more toxic than MC-RR. 

Although all three congeners exhibit similar low-nanomolar IC50 values against PP1/PP2A 

(64,65), their effects on human cell viability vary substantially, from 35–90% reduction at 100 

µM in the present study (Figure 4.8.8). This extensive variability in congener-specific effects on 

human cell viability is consistent with murine intraperitoneal LD50 values, ranging from ~50 to 

600 µg/kg (66), and could reflect differences in transporter-mediated uptake (27,28,67). Studies 

using cells transfected with OATP1B1 and OATP1B3 show enhanced transporter selectivity for 
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MC congeners containing leucine and acidic, aromatic residues in positions X and Z (28). This 

aligns with observations that MC-LW and MC-LF exhibit highly potent IC50 values of ~0.4–0.6 

nM in primary human hepatocytes, whereas MC-RR is significantly less potent, with IC50 

values ranging from 167 to 900 nM, representing a ~1000-fold decrease in cytotoxicity (67). MC 

congeners containing arginine in either the X or Z position (e.g., MC-RR, MC-LR) are less 

potent, possibly due to their dicationic nature at physiological pH, which may reduce OATP-

mediated uptake and thus, membrane transport (28). These findings suggest that more toxic MC 

congeners such as MC-LA, MC-LW, and MC-LF warrant increased monitoring and 

toxicological evaluation. Risk assessments that focus solely on MC-LR may underestimate risk, 

particularly when more potent congeners are present. In western Lake Erie, a eutrophic basin of 

the Laurentian Great Lakes plagued by seasonal cyanoHABs, MC-RR and MC-LR are typically 

the dominant congeners, but MC-LA concentrations rise later in the season and are the fourth 

most common MC congener, warranting increased attention during the end of the bloom when 

attention and awareness of bloom conditions may decrease due to lower overall MC 

concentrations and less visible green scums (6,68).  

 The MC congeners in this study exhibited variable toxicity across cell lines, with A549 

and HK2 cells generally more affected than Hep-3B cells. Unfortunately, these results cannot be 

directly compared to previous studies because to our knowledge, no studies have compared these 

specific congeners in A549, HK2, or Hep-3B cells at high concentrations (>50 µM). Differences 

between cell lines may stem from a combination of factors: variable expression of OATP 

transporters, differences in baseline metabolism, detoxification capacity, membrane composition 

and fluidity, susceptibility to stress, and intracellular accumulation (50,51,69,70). Among these, 

OATP expression is likely a major determinant. A549 and HK2 cells were more sensitive to 
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MCs than Hep-3B cells, which is consistent with reports that Hep-3B cells express OATP1B1 

and OATP1B3 at lower levels (50,51,69,70). Given that MCs are widely recognized for their 

hepatotoxicity, it is critical that the field adopts standardized hepatic cell models for evaluating 

congener-specific toxicity mechanisms. For example, Hep-G2 cells are commonly used in 

assessing the toxicity of MCs, however, they exhibit low OATP expression and may not 

accurately reflect MC uptake or toxicity (71–73). To alleviate these issues, some studies 

recommend culturing hepatic cells in spheroid or aggregate formats to upregulate OATP 

expression and improve physiological relevance (74,75). Based on our findings, Hep-3B cells 

may serve as a more responsive hepatic model for MC toxicity assessment, although their 

sensitivity could likely be enhanced through similar 3D culture methods. Moreover, testing the 

effects of these cyanopeptides across a wider range of concentrations could further determine 

their potency in the selected cell lines.  

Beyond hepatotoxicity, MCs also have nephrotoxic effects, including renal corpuscle 

enlargement, tubular damage, autophagy, and apoptosis (76,77). While Hek-293 cells transfected 

with OATP1B1/1B3 are often used to study MC-induced nephrotoxicity, we selected HK2 cells 

for their proximal tubule phenotype and endogenous OATP expression (28,50,67). Our findings 

demonstrate that HK2 cells respond differentially to various MC congeners, supporting their 

utility as a physiologically relevant model for nephrotoxicity assessment of MCs. MCs have also 

been shown to exert cytotoxic and pro-inflammatory effects in lung tissue, especially in A549 

cells (36,70,78). However, studies using A549 cells have primarily focused on the toxic effects 

of MC-LR at lower concentrations (< 10 µM) (70). The inclusion of additional MC congeners at 

high micromolar concentrations broadens the assessment of MC toxicity in pulmonary models 

and supports the use of A549 cells as a relevant in vitro system for evaluating MC-induced 
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effects in lung cell models. Based on this study and supporting literature, using OATP 

transporter-expressing human cell lines is vital for understanding MC toxicity mechanisms (27–

29,67). However, this focus introduces bias when studying other cyanopeptides like 

anabaenopeptins, whose uptake mechanisms remain unknown.  

 APs are the second most widely studied cyanopeptide class and are increasingly 

recognized for their high abundance in cyanoHABs, including those in the Laurentian Great 

Lakes and Mediterranean (6,13,40,41). APs often co-occur with MCs and exhibit broad 

inhibitory effects of PP1/2A, serine proteases, and carboxypeptidases (13,79). In this study, AP 

cytotoxicity was greater than MC-RR and comparable to MC-LR. Despite this, APs are not 

currently regulated by the World Health Organization (WHO) or other agencies as MCs are. 

Given their widespread occurrence in water bodies used for drinking, recreation, agriculture, and 

daily life, our findings support the need to further study APs effects on human cell lines, whole 

organs, and organismal models such as mice to establish health-based guideline values for APs. 

Establishing such guidelines would not only enhance protection of humans and wildlife from 

cyanotoxin exposure but also drive further investigation into the mechanisms of action and 

cellular entry of APs, which remain poorly understood. Moreover, APs have been detected in 

water samples, aerosols, and fish tissues alongside MCs, highlighting the importance of 

considering their combined effects (39,47,80). 

 Given the frequent co-occurrence of MCs and APs in cyanoHABs, we evaluated the 

combined effects of MC-LA and AP-B, the most potent congeners from each cyanopeptide class 

tested, across three human cell lines. In A549 cells, minimal synergy was observed, and no 

combination surpassed the cytotoxicity of MC-LA alone at 100 µM. This may reflect the high 

expression of multiple OATPs in A549 cells, which facilitates efficient MC uptake and potent 



 274 

individual effects (69,70). MC-LA and AP-B may compete for similar transporters, as AP-B 

shares peptide-like structure, amphipathicity, and anionic charge at physiological pH with known 

OATP substrates (81). However, its lower intrinsic cytotoxicity, particularly regarding its ability 

to inhibit phosphatases, may dampen combined effects (65,82). Alternatively, MC-LA may 

dominate uptake and intracellular impact, leaving little opportunity for ABN-B to enhance 

toxicity unless dosed very highly. In HK2 cells, synergistic interactions were observed when 

MC-LA was combined with high AP-B concentrations. Unlike A549 and Hep-3B cells, HK2 

cells do not express OATP1B1 or OATP1B3, the main OATPs studied for MC transport, but 

they do express the kidney-specific OATP4C1 (36,50,69). Tissue-specific transporter profiles 

likely shape these differential responses to MC and AP combinations (83).  

Beyond differences in transporter profiles, kidney cells are highly sensitive to oxidative 

stress, which may be amplified by this co-exposure (84). Further research is needed to 

understand the effects of diverse cyanopeptides on toxicity, inflammation, and transporter 

regulation in kidney tissues. In Hep-3B liver cells, strong synergy was observed with the 

combination of 100 µM MC-LA and AP-B. This may stem from liver-specific enrichment of 

MC/AP targets like protein phosphatases and modest expression of OATP1B1/1B3, enabling co-

accumulation (85). AP-B may also potentiate MC-LA toxicity by modulating stress pathways 

such as ROS or inflammatory signaling, although studies on AP bioactivity in liver cells are 

lacking. Taken together, these results raise the possibility that synergy between cyanopeptides 

depends not only on transporter availability, but also on congener-specific potency, intracellular 

signaling dynamics, and potential off-target effects. Future studies should clarify the uptake 

mechanisms of APs, their targets in different tissues, and the broader cellular responses induced 

by co-exposure.  
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In addition to MCs and APs, Microcystis can produce a chemically diverse repertoire of 

cyanopeptides and other secondary metabolites with known or predicted bioactivity (14,15,86). 

Known bioactive cyanopeptides include serine protease and peptidase inhibitors such as 

aeruginosins, micropeptins, microginins, and microviridins, and cyclamides (12). Beyond these 

characterized molecules, Microcystis can synthesize many uncharacterized metabolites that may 

exert individual or combinatorial effects on human health (14,87). In this study, we assessed the 

cytotoxic effects of metabolite extracts from Microcystis cultures containing different profiles of 

known and unknown cyanopeptides and metabolites. The concentrations of MCs and APs in 

these extracts were poorly correlated with observed cytotoxicity at any given dose. For instance, 

LE18-22.4 and LE19-41.2 contained the highest concentrations of MCs but produced minimal 

effects on cell viability across all cell lines. In contrast, LE19-55.1, which produces both MCs 

and the potent class of serine protease inhibitors, micropeptins (14), showed clear cytotoxicity in 

all three cell lines. The most toxic extract, LE19-131.1, exhibited cytotoxicity exceeding that of 

MC-LA alone at 100 µM, despite lacking detectable MCs or APs. Genomic analysis indicates 

LE19-131.1 harbors the biosynthetic potential to produce APs and microginins, both of which 

can inhibit essential peptidases (14,42,88). While no APs were detected in this extract in this 

study, only two AP congeners were targeted in our analysis, and other congeners may have been 

present. Similarly, LE19-197.1 displayed strong cytotoxicity and was confirmed to contain APs. 

Of the most toxic extracts, all except LE19-55.1 encode the cryptic biosynthetic gene cluster 

PmNT3, predicted to produce a cyclophane-like compound such as merocyclophane, a 

metabolite with known cytotoxic potential (14,89). Additionally, Microcystis produces non-

cyanopeptide bioactive metabolites such as pheophorbide, a chlorophyll breakdown product with 

pro-apoptotic activity in the low micromolar range (90), which was previously detected in all 
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cultures tested in this study (14). Microcystis also synthesizes a diverse array of fatty acids and 

lipid derivatives (14,91), which may contribute to cytotoxicity either directly or by enhancing the 

effects of co-occurring toxins, potentially through membrane disruption or metabolite–metabolite 

interactions (92). Consistent with other studies showing that Microcystis extracts lacking MCs 

can sometimes be more toxic than those with high MC concentrations (48,93–96), our findings 

support the hypothesis that other metabolites, either alone or in interaction, may be primary 

drivers of toxicity in some strains. Together, these results emphasize the need for comprehensive 

metabolomic and toxicological profiling of Microcystis strains beyond MC-focused risk 

assessments. Uncharacterized or combinatorially acting metabolites may represent significant but 

overlooked contributors to the health risks posed by cyanoHABs. 

 

4.6 Conclusion  

This study demonstrates the cytotoxic effects of MCs and APs individually, in 

combination, and within complex Microcystis metabolite mixtures on human lung, kidney, and 

liver cell models. Although APs exhibited cytotoxicity comparable to some MC congeners and 

showed synergistic interactions with MCs across all cell lines, MC and AP concentrations within 

complex Microcystis mixtures were poorly correlated with overall cytotoxicity, suggesting the 

involvement of additional metabolites and interactive effects. These findings highlight APs as 

toxicologically relevant cyanopeptides that warrant further investigation and evaluation for 

regulation and routine monitoring, particularly given their high abundance in freshwater systems 

impacted by cyanoHABs. More broadly, this work contributes to a growing body of evidence 

that risk assessments focused solely on MCs may underestimate the full scope of toxicity in 

cyanoHABs (6,12,13,40). Reassessing our current toxicity frameworks to include a broader 
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range of cyanopeptides and metabolite interactions is essential for accurately evaluating health 

risks and protecting both human and environmental health in the face of increasingly frequent 

and chemically diverse blooms. 
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4.8 Figures 

 

Figure 4.8.1: Chemical structures of microcystins (LY, LA, LF, LR, Asp3-LR, RR, YR, and 
HilR) and anabaenopeptins A and B. Microcystins are grouped based on amino acid substitutions 
at the variable X and Z positions: leucine (Leu) residues at position X are highlighted in orange, 
and arginine (Arg) residues at position Z are highlighted in blue. Structural differences between 
anabaenopeptins A and B are shown in magenta. 
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Figure 4.8.2: Workflow for preparing cyanotoxin standards and culture-derived metabolite 
extracts and assessing their effects on cell viability in human cell lines using the CellTiter-Glo 
assay. Pure standards (MC-LR, MC-LA, MC-RR, AP-A, AP-B) and extracts from seven 
WLECC Microcystis isolates were prepared in biological triplicate. After metabolite extraction 
and cyanotoxin quantification, human cell lines (A549, HK-2, and Hep-3B) were plated and 
incubated for 24 hours, followed by toxin treatment and a 48-hour incubation. Cell viability was 
measured via luminescence.  
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Figure 4.8.3: Linear dose-dependent cell viability response by human (a) lung (A549), (b) 
kidney (HK2), and (c) liver (Hep-3B) cells to pure MC and AP congeners. Viability is shown 
relative to DMSO (negative control) and compared to doxorubicin (positive control, data shown 
in black).  
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Figure 4.8.4: Dose-dependent cell viability response by human (a) lung (A549), (b) kidney 
(HK2), and (c) liver (Hep-3B) cells to combinations of MC-LA and AP-B. Viability is shown 
relative to DMSO (negative control), with lighter tiles indicating more cell viability and darker 
tiles indicating lower cell viability. 2D contour plots show Loewe synergy scores for MC-LA and 
AP-B combinations in (d) A549, (e) HK2, and (f) Hep-3B cells. Scores <1 indicate synergistic 
effects (green), ~1 indicate additive effects (white), and >1 indicate antagonistic effects (red). 
Actual Loewe scores are displayed within each plot. Mean Loewe scores for each cell line are: 
A549: 0.45, HK2: -0.48, and Hep-3B: -9.33. 
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Figure 4.8.5: Concentrations of select congeners of microcystins and anabaenopeptins in crude 
extracts from western Lake Erie culture collection Microcystis cultures used in human cell line 
exposures. Biological duplicates or triplicates are shown for each isolate. Bars represent the 
mean concentration in parts per billion (ppb) for each cyanotoxin, with standard error indicated 
with error bars. 
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Figure 4.8.6: Dose-dependent cell viability response by human lung (A549), kidney (HK2), and 
liver (Hep-3B) cells to Microcystis isolate extracts from WLECC. Extracts were dosed between 
12.5 and 100 µM, based on the crude dry weight of extracted metabolites. Each strain was grown 
in biological duplicate or triplicate, and cell viability was assessed in technical quadruples across 
two plates. Viability is shown relative to DMSO (negative vehicle control). A red square 
indicates the detection of microcystins in the extract, and a blue circle indicates the detection of 
anabaenopeptins in the extract. A unfilled blue circle indicates the presence of the 
anabaenopeptin biosynthetic gene cluster (BGCs) but no anabaenopeptin A or B detection. 
Significant effects were determined by Tukey’s multiple comparisons post-hoc tests against the 
vehicle control (Significance: P < 0.01 (*), P < 0.001 (**), P < 0.0001 (***). 
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Figure 4.8.7: Pearson correlation coefficients (R) between cell viability effects exhibited by 
WLECC Microcystis isolates at four doses between 12.5 and 100 µM and cyanotoxin 
concentrations (MC and AP congeners) in each extract. Each tile shows the correlation 
coefficient (R), colored by strength and direction (blue (negative) to red (positive)). “Sum APs” 
indicate the sum of all AP congeners measured in the extract, and “Sum MCs” indicate the sum 
of all MC congeners measured in the extract. 
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Figure 4.8.8: Comparative toxicity and transportability of microcystin and anabaenopeptin 
congeners. Percent cell viability at 100 µM for three microcystin and two anabaenopeptin 
congeners in human lung (A549), liver (HK2), and kidney (Hep-3B) cells from the current study 
(orange arrow). OATP1B3 selectivity, a key transporter for MC-LR, from Niedermeyer et al. 
(2014) is indicated with a green arrow for eight microcystin congeners. Intraperitoneal LD₅₀ 
values (µg/kg) in murine models for six microcystin congeners are shown as summarized in 
Chorus and Welker (2021) (red arrow). Congeners used in the current study are bolded. 
Congeners on the left tend to be less toxic across metrics, while those on the right tend to be 
more toxic. Protein phosphatase 1 and 2 inhibition across these congeners do not vary 
significantly (Fischer et al. (2010) and Blom and Jüttner (2005)).  
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4.9 Supplementary Information 

4.9.1 SI Tables 

Table S4.9.1: Single cyanotoxin exposure viability data. 

 
 
Table S4.9.2: Combination cyanotoxin exposure viability data. 

 
 
Table S4.9.3: Combination cyanotoxin exposure Loewe, Bliss, HAS, and ZIP synergy scores. 

A549      
conc1_ABN
B 

conc2_MCL
A 

ZIP_synerg
y 

HSA_synerg
y 

Loewe_syne
rgy 

Bliss_synerg
y 

100 100 -8.5495367 -3.651127 -4.2242833 -8.3968048 
50 100 -6.359725 -2.1615959 -2.7347521 -6.0818984 
25 100 0.20402213 -0.2857894 -0.8589457 0.74419931 

6.25 100 1.04626216 0.10069481 -0.4724615 1.24309426 
0 100 0 0 0 0 

100 50 -5.9282808 -1.9357637 -0.5053398 -6.6331251 

Hep3B
Dose

100 94.8991 100.6 77.63806 78.48286 100.0256 91.06593 81.5142 88.7005 96.25415 105.2903 94.71253 85.22457 97.19833 95.63908 84.358 95.62013 100.0256 91.06593 75.68429 56.3517 59.17326 70.92256 71.14921 67.15919
50 104.0037 115.9318 83.16112 81.90772 111.8007 119.8969 90.82131 100.7731 119.6529 129.6738 115.5995 106.3837 124.2747 126.3653 108.9507 118.4044 111.8007 119.8969 108.4609 105.5707 47.66876 55.13896 36.12699 58.96524
25 106.2141 111.2572 81.83865 85.83997 118.1106 114.2213 86.68059 87.15323 121.5209 122.0308 110.2146 103.434 117.3484 124.8923 102.1249 110.2992 118.1106 114.2213 108.059 109.9622 43.38883 47.98089 69.12427 42.05404

12.5 97.48319 103.4387 77.35171 86.19748 108.3512 112.4005 88.36099 96.61565 109.1087 113.4362 104.7142 102.981 112.9049 119.3107 100.1154 107.3051 108.3512 112.4005 104.8368 107.9012 64.29916 74.15345 75.2196 74.95753

HK2
Dose

100 79.19804 87.24676 109.6781 104.1664 98.98348 67.83928 103.2945 107.2818 88.54637 106.9997 112.3903 112.3107 43.79558 76.49427 109.3519 107.7826 31.77949 34.91996 34.42428 38.1613 18.92827 22.86942 32.71507 21.90304
50 112.016 111.9565 118.1193 116.2165 107.7493 105.6424 111.5822 110.7286 114.7376 114.8918 119.6843 118.4681 114.2295 119.5633 117.1793 121.8475 25.5038 75.41494 23.94168 77.13105 30.18226 32.74689 16.6802 33.70719
25 116.7798 109.9765 122.1048 113.6862 100.1027 109.6881 103.929 112.8896 115.7718 117.2371 119.1621 118.2429 118.8682 116.8623 116.1298 115.2881 104.7134 110.6922 106.3638 113.4161 67.21748 68.69332 29.98034 72.16463

12.5 112.0904 107.4007 116.8076 111.2245 103.5015 111.6523 107.807 114.0698 116.9291 119.2808 118.2423 119.9468 112.5215 114.1344 113.3926 117.262 106.8472 115.2176 107.916 120.8242 77.13615 82.56828 62.49356 81.69837

A549
Dose

100 72.87601 78.87195 69.65161 74.90068 77.09696 78.52737 81.0311 76.78625 102.3295 101.921 100.8185 100.6216 73.14267 74.28958 72.7363 68.7561 67.15112 66.01378 63.03524 62.21739 18.92827 22.86942 32.71507 21.90304
50 103.4461 105.5641 102.8764 107.7193 118.6495 117.1079 111.0182 111.6937 123.3148 124.345 115.7554 115.7473 102.5219 103.7532 89.51189 82.90777 72.98901 73.48207 66.59413 65.30455 30.18226 32.74689 16.6802 33.70719
25 93.88906 100.0812 101.4097 105.2235 114.372 113.7168 101.2083 104.9747 116.4293 120.2139 110.9519 110.649 114.9704 118.3069 109.1265 105.2376 82.5204 80.11033 67.7981 66.28537 67.21748 68.69332 29.98034 72.16463

12.5 98.26342 106.6099 97.66809 114.5442 118.676 124.8606 109.0205 110.7892 131.8697 131.8748 109.6295 115.248 126.6264 123.0576 110.6577 107.1401 84.61535 84.20692 70.80704 70.54478 77.13615 82.56828 62.49356 81.69837

DoxorubicinABN-A ABN-B MC-RR MC-LR MC-LA

Doxorubicin

ABN-A ABN-B MC-RR MC-LR MC-LA Doxorubicin

ABN-A ABN-B MC-RR MC-LR MC-LA

A549 100 50 25 6.25 0 *ABN-B Down, MC-LA Across
100 32.09093 30.08602 32.46468 55.15381 83.31326
50 30.6014 29.6728 34.03422 51.03451 86.21544
25 28.7256 28.87371 33.30115 48.67361 103.6216
6.25 28.33911 30.26903 29.97384 42.21327 104.0169
0 28.43981 28.15026 33.94773 52.82926 111

HK2 100 50 25 12.5 0 *ABN-B Down, MC-LA Across
100 59.43073 102.4863 114.099 107.4706 66.30062
50 55.29857 99.21303 111.2715 108.1989 104.2317
25 58.48274 93.69752 107.3067 107.7965 106.411
12.5 49.0032 87.99492 104.8512 105.107 108.6911
0 103.4486 105.2258 104.6498 106.9003 109

Hep3B 100 50 25 12.5 0 *ABN-B Down, MC-LA Across
100 66.7423 87.32582 92.74121 89.71163 91.26718
50 82.19336 102.5987 106.5796 106.0064 103.9263
25 88.19065 103.1921 106.9827 104.7632 103.2235
12.5 94.99565 103.2985 106.1882 107.1571 102.5141
0 82.39301 99.97144 101.132 107.3555 110.5
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50 50 -4.8656362 -1.522539 -0.092115 -5.4029283 
25 50 0.82441851 -0.7234567 0.70696723 0.29604557 

6.25 50 2.20729502 -2.1187692 -0.6883453 -0.9880007 
0 50 0 0 0 0 

100 25 -5.3443627 1.48305489 0.54406731 -4.1817159 
50 25 -5.0248374 -0.0864889 -1.0254765 -4.7660343 
25 25 1.41098833 0.64657767 -0.2924099 1.87604377 

6.25 25 4.66779464 3.97389352 3.03490594 5.33754087 
0 25 0 0 0 0 

100 6.25 -9.8959655 -2.3245459 -2.433714 -11.140029 
50 6.25 -5.6564567 1.7947492 1.6855811 -5.4875322 
25 6.25 6.32529603 4.15564556 4.04647746 6.06893356 

6.25 6.25 11.9154569 10.6159906 10.5068225 12.7380907 
0 6.25 0 0 0 0 

100 0 0 0 0 0 
50 0 0 0 0 0 
25 0 0 0 0 0 

6.25 0 0 0 0 0 
0 0 0 0 0 0 
   Mean 0.44981115  

HK2      
conc1_ABN
B 

conc2_MCL
A 

ZIP_synergy HSA_synerg
y 

Loewe_syner
gy 

Bliss_synerg
y 

100 100 9.53764021 6.86988527 9.72387129 9.1563159 
50 100 13.0339542 11.0020476 13.8560336 14.4667811 
25 100 12.0568876 7.81787506 10.6718611 10.9007511 

12.5 100 17.7460108 17.2974153 20.1514013 21.8723814 
0 100 0 0 0 0 

100 50 3.79123494 0.9622991 -5.8227263 5.33988771 
50 50 8.56756041 5.01862218 -2.5494786 10.4655535 
25 50 13.7773384 10.5341341 2.96603337 15.3807448 

12.5 50 18.2055059 16.2367399 8.66863913 23.4290756 
0 50 0 0 0 0 

100 25 8.84834067 -10.650397 -17.435422 -4.01835 
50 25 8.54279995 -6.0456708 -14.607909 0.70031253 
25 25 9.84344705 -2.6568756 -10.643165 4.05218391 

12.5 25 11.8647566 1.5597115 0.98195824 8.90242654 
0 25 0 0 0 0 

100 12.5 9.35488868 -4.0219808 -10.807006 4.96888394 
50 12.5 9.18882052 -2.9731107 -11.535349 6.17221413 
25 12.5 10.5628678 -3.1466107 -1.9632494 5.94865762 

12.5 12.5 11.1627463 1.7933105 0.72617984 11.0841723 
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0 12.5 0 0 0 0 
100 0 0 0 0 0 
50 0 0 0 0 0 
25 0 0 0 0 0 

12.5 0 0 0 0 0 
0 0 0 0 0 0 
   Mean -0.4761455  

Hep3B      
conc1_ABN
B 

conc2_MCL
A 

ZIP_synergy HSA_synerg
y 

Loewe_syner
gy 

Bliss_synerg
y 

100 100 9.14449481 15.6507144 -13.782953 8.45548041 
50 100 3.37187578 0.19965257 -15.199534 3.43462713 
25 100 2.1971999 -5.7976393 -11.840505 -3.1416838 

12.5 100 -0.7956627 -12.602642 -13.967348 -10.531174 
0 100 0 0 0 0 

100 50 1.56204024 3.94135698 -15.653838 3.91528671 
50 50 -1.044326 -2.6272441 -16.892214 1.29790744 
25 50 0.89493031 -3.2206585 -12.807468 0.00194109 

12.5 50 1.71479903 -3.3270726 -8.2357215 -0.8136591 
0 50 0 0 0 0 

100 25 -1.3278956 -1.4740314 -11.712905 -0.4409131 
50 25 4.45932765 -5.4476094 -11.516794 -1.4768921 
25 25 7.19719497 -5.8507766 -7.2418013 -2.5907669 

12.5 25 8.06452318 -5.0562277 -1.769092 -2.5136368 
0 25 0 0 0 0 

100 6.25 8.24241231 1.55554673 0.67299351 8.26867737 
50 6.25 6.63722372 -2.0801721 -6.2654985 5.56409449 
25 6.25 8.64429932 -1.539637 -0.3440504 6.05293885 

12.5 6.25 9.44118115 -4.6429476 -2.7379722 2.89744937 
0 6.25 0 0 0 0 

100 0 0 0 0 0 
50 0 0 0 0 0 
25 0 0 0 0 0 

12.5 0 0 0 0 0 
0 0 0 0 0 0 
   Mean -9.3309188  

 
 
Table S4.9.4: Microcystis isolate extract exposure viability data. 

A549       
dose culture_na

me 
culture viability bio_rep plate cell_line 
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100 LE18-22.4 C1A 94.9251145 A 1 A549 
50 LE18-22.4 C1A 110.709781 A 1 A549 
25 LE18-22.4 C1A 109.088417 A 1 A549 

12.5 LE18-22.4 C1A 96.3857236 A 1 A549 
100 LE18-22.4 C1A 105.937581 A 1 A549 
50 LE18-22.4 C1A 116.802012 A 1 A549 
25 LE18-22.4 C1A 114.988093 A 1 A549 

12.5 LE18-22.4 C1A 103.766844 A 1 A549 
100 LE18-22.4 C1B 113.56696 B 1 A549 
50 LE18-22.4 C1B 123.170574 B 1 A549 
25 LE18-22.4 C1B 116.220619 B 1 A549 

12.5 LE18-22.4 C1B 109.00793 B 1 A549 
100 LE18-22.4 C1B 114.413499 B 1 A549 
50 LE18-22.4 C1B 118.70848 B 1 A549 
25 LE18-22.4 C1B 120.837547 B 1 A549 

12.5 LE18-22.4 C1B 114.821417 B 1 A549 
100 LE18-22.4 C1C 123.067718 C 1 A549 
50 LE18-22.4 C1C 124.771104 C 1 A549 
25 LE18-22.4 C1C 117.611926 C 1 A549 

12.5 LE18-22.4 C1C 119.209166 C 1 A549 
100 LE18-22.4 C1C 121.883659 C 1 A549 
50 LE18-22.4 C1C 123.58573 C 1 A549 
25 LE18-22.4 C1C 120.252427 C 1 A549 

12.5 LE18-22.4 C1C 119.891661 C 1 A549 
100 LE19-55.1 C2A 124.2952 A 1 A549 
50 LE19-55.1 C2A 123.137458 A 1 A549 
25 LE19-55.1 C2A 119.387685 A 1 A549 

12.5 LE19-55.1 C2A 121.522235 A 1 A549 
100 LE19-55.1 C2A 128.123706 A 1 A549 
50 LE19-55.1 C2A 125.800767 A 1 A549 
25 LE19-55.1 C2A 116.157458 A 1 A549 

12.5 LE19-55.1 C2A 120.721751 A 1 A549 
100 LE19-55.1 C2B 67.4202669 B 1 A549 
50 LE19-55.1 C2B 73.8818171 B 1 A549 
25 LE19-55.1 C2B 91.7299774 B 1 A549 

12.5 LE19-55.1 C2B 115.483516 B 1 A549 
100 LE19-55.1 C2B 63.5726805 B 1 A549 
50 LE19-55.1 C2B 72.1915898 B 1 A549 
25 LE19-55.1 C2B 94.0923919 B 1 A549 

12.5 LE19-55.1 C2B 109.022624 B 1 A549 
100 LE18-22.4 C1A 89.7857291 A 2 A549 
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50 LE18-22.4 C1A 98.6581603 A 2 A549 
25 LE18-22.4 C1A 94.624302 A 2 A549 

12.5 LE18-22.4 C1A 85.9089222 A 2 A549 
100 LE18-22.4 C1A 92.5998678 A 2 A549 
50 LE18-22.4 C1A 101.128454 A 2 A549 
25 LE18-22.4 C1A 94.1776089 A 2 A549 

12.5 LE18-22.4 C1A 91.5915422 A 2 A549 
100 LE18-22.4 C1B 98.0399615 B 2 A549 
50 LE18-22.4 C1B 96.8583234 B 2 A549 
25 LE18-22.4 C1B 93.5346711 B 2 A549 

12.5 LE18-22.4 C1B 91.2930056 B 2 A549 
100 LE18-22.4 C1B 93.1816529 B 2 A549 
50 LE18-22.4 C1B 97.0110663 B 2 A549 
25 LE18-22.4 C1B 99.3536339 B 2 A549 

12.5 LE18-22.4 C1B 95.4315184 B 2 A549 
100 LE18-22.4 C1C 101.369173 C 2 A549 
50 LE18-22.4 C1C 96.7364349 C 2 A549 
25 LE18-22.4 C1C 97.6043871 C 2 A549 

12.5 LE18-22.4 C1C 91.9401129 C 2 A549 
100 LE18-22.4 C1C 102.039352 C 2 A549 
50 LE18-22.4 C1C 100.564042 C 2 A549 
25 LE18-22.4 C1C 94.4889321 C 2 A549 

12.5 LE18-22.4 C1C 95.7704993 C 2 A549 
100 LE19-55.1 C2A 98.4627494 A 2 A549 
50 LE19-55.1 C2A 95.8162249 A 2 A549 
25 LE19-55.1 C2A 96.0035747 A 2 A549 

12.5 LE19-55.1 C2A 95.2479212 A 2 A549 
100 LE19-55.1 C2A 105.176071 A 2 A549 
50 LE19-55.1 C2A 95.1698124 A 2 A549 
25 LE19-55.1 C2A 90.9787638 A 2 A549 

12.5 LE19-55.1 C2A 91.4407451 A 2 A549 
100 LE19-55.1 C2B 55.8772201 B 2 A549 
50 LE19-55.1 C2B 61.2036253 B 2 A549 
25 LE19-55.1 C2B 79.3373636 B 2 A549 

12.5 LE19-55.1 C2B 83.8722575 B 2 A549 
100 LE19-55.1 C2B 56.6731788 B 2 A549 
50 LE19-55.1 C2B 57.9911597 B 2 A549 
25 LE19-55.1 C2B 82.669077 B 2 A549 

12.5 LE19-55.1 C2B 84.3443845 B 2 A549 
100 LE19-131.1 C3A 34.1751665 A 1 A549 
50 LE19-131.1 C3A 44.8774451 A 1 A549 



 299 

25 LE19-131.1 C3A 49.7199987 A 1 A549 
12.5 LE19-131.1 C3A 49.6539847 A 1 A549 
100 LE19-131.1 C3A 37.2644268 A 1 A549 
50 LE19-131.1 C3A 55.2114178 A 1 A549 
25 LE19-131.1 C3A 63.1587547 A 1 A549 

12.5 LE19-131.1 C3A 63.9487988 A 1 A549 
100 LE19-131.1 C3B 34.6983766 B 1 A549 
50 LE19-131.1 C3B 58.6644088 B 1 A549 
25 LE19-131.1 C3B 69.8325439 B 1 A549 

12.5 LE19-131.1 C3B 70.3183352 B 1 A549 
100 LE19-131.1 C3B 1.54838836 B 1 A549 
50 LE19-131.1 C3B 55.0400101 B 1 A549 
25 LE19-131.1 C3B 75.6847525 B 1 A549 

12.5 LE19-131.1 C3B 76.247179 B 1 A549 
100 LE19-131.1 C3C 67.6065314 C 1 A549 
50 LE19-131.1 C3C 91.2302383 C 1 A549 
25 LE19-131.1 C3C 98.4398195 C 1 A549 

12.5 LE19-131.1 C3C 95.2054591 C 1 A549 
100 LE19-131.1 C3C 78.5264602 C 1 A549 
50 LE19-131.1 C3C 99.2980019 C 1 A549 
25 LE19-131.1 C3C 105.196616 C 1 A549 

12.5 LE19-131.1 C3C 102.173207 C 1 A549 
100 LE19-41.2 C4B 90.3491799 B 1 A549 
50 LE19-41.2 C4B 104.828801 B 1 A549 
25 LE19-41.2 C4B 108.818401 B 1 A549 

12.5 LE19-41.2 C4B 110.992615 B 1 A549 
100 LE19-41.2 C4B 91.1704336 B 1 A549 
50 LE19-41.2 C4B 104.048724 B 1 A549 
25 LE19-41.2 C4B 110.280023 B 1 A549 

12.5 LE19-41.2 C4B 108.023618 B 1 A549 
100 LE19-131.1 C3A 90.7461963 A 2 A549 
50 LE19-131.1 C3A 95.5688446 A 2 A549 
25 LE19-131.1 C3A 90.8653736 A 2 A549 

12.5 LE19-131.1 C3A 92.2341204 A 2 A549 
100 LE19-131.1 C3A 90.1095386 A 2 A549 
50 LE19-131.1 C3A 94.1538008 A 2 A549 
25 LE19-131.1 C3A 92.3329868 A 2 A549 

12.5 LE19-131.1 C3A 95.6432184 A 2 A549 
100 LE19-131.1 C3B 6.39943273 B 2 A549 
50 LE19-131.1 C3B 87.5031699 B 2 A549 
25 LE19-131.1 C3B 90.8904635 B 2 A549 
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12.5 LE19-131.1 C3B 99.2552763 B 2 A549 
100 LE19-131.1 C3B 6.42168513 B 2 A549 
50 LE19-131.1 C3B 90.5323342 B 2 A549 
25 LE19-131.1 C3B 92.2073876 B 2 A549 

12.5 LE19-131.1 C3B 94.1294576 B 2 A549 
100 LE19-131.1 C3C 93.5374541 C 2 A549 
50 LE19-131.1 C3C 98.2134457 C 2 A549 
25 LE19-131.1 C3C 93.8355467 C 2 A549 

12.5 LE19-131.1 C3C 97.4888238 C 2 A549 
100 LE19-131.1 C3C 89.1774765 C 2 A549 
50 LE19-131.1 C3C 89.9022477 C 2 A549 
25 LE19-131.1 C3C 92.7238226 C 2 A549 

12.5 LE19-131.1 C3C 97.0427303 C 2 A549 
100 LE19-41.2 C4B 91.2653194 B 2 A549 
50 LE19-41.2 C4B 94.3872271 B 2 A549 
25 LE19-41.2 C4B 88.9159734 B 2 A549 

12.5 LE19-41.2 C4B 97.8444142 B 2 A549 
100 LE19-41.2 C4B 91.92184 B 2 A549 
50 LE19-41.2 C4B 92.5107073 B 2 A549 
25 LE19-41.2 C4B 84.010588 B 2 A549 

12.5 LE19-41.2 C4B 95.800628 B 2 A549 
100 LE19-41.2 C4C 36.77357 C 1 A549 
50 LE19-41.2 C4C 50.7863539 C 1 A549 
25 LE19-41.2 C4C 45.6312142 C 1 A549 

12.5 LE19-41.2 C4C 37.9928686 C 1 A549 
100 LE19-41.2 C4C 49.0270148 C 1 A549 
50 LE19-41.2 C4C 56.0351225 C 1 A549 
25 LE19-41.2 C4C 51.2845638 C 1 A549 

12.5 LE19-41.2 C4C 39.0742568 C 1 A549 
100 LE17-20 C5A 50.1095468 A 1 A549 
50 LE17-20 C5A 68.3021296 A 1 A549 
25 LE17-20 C5A 57.5179871 A 1 A549 

12.5 LE17-20 C5A 37.9649271 A 1 A549 
100 LE17-20 C5A 57.4338355 A 1 A549 
50 LE17-20 C5A 76.6702243 A 1 A549 
25 LE17-20 C5A 65.0790439 A 1 A549 

12.5 LE17-20 C5A 48.7016833 A 1 A549 
100 LE17-20 C5B 62.1059618 B 1 A549 
50 LE17-20 C5B 83.9435319 B 1 A549 
25 LE17-20 C5B 68.0210798 B 1 A549 

12.5 LE17-20 C5B 57.9320453 B 1 A549 
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100 LE17-20 C5B 75.0837635 B 1 A549 
50 LE17-20 C5B 95.089281 B 1 A549 
25 LE17-20 C5B 90.6709166 B 1 A549 

12.5 LE17-20 C5B 67.4728693 B 1 A549 
100 LE17-20 C5C 90.6632367 C 1 A549 
50 LE17-20 C5C 100.231512 C 1 A549 
25 LE17-20 C5C 97.7195477 C 1 A549 

12.5 LE17-20 C5C 78.6377363 C 1 A549 
100 LE17-20 C5C 101.463066 C 1 A549 
50 LE17-20 C5C 106.122283 C 1 A549 
25 LE17-20 C5C 102.634161 C 1 A549 

12.5 LE17-20 C5C 88.8525897 C 1 A549 
100 LE19-197.1 C6A 97.8720009 A 1 A549 
50 LE19-197.1 C6A 107.684888 A 1 A549 
25 LE19-197.1 C6A 102.056702 A 1 A549 

12.5 LE19-197.1 C6A 89.2878901 A 1 A549 
100 LE19-197.1 C6A 104.664419 A 1 A549 
50 LE19-197.1 C6A 107.768386 A 1 A549 
25 LE19-197.1 C6A 103.175672 A 1 A549 

12.5 LE19-197.1 C6A 91.1519692 A 1 A549 
100 LE19-41.2 C4C 93.2650488 C 2 A549 
50 LE19-41.2 C4C 88.7056957 C 2 A549 
25 LE19-41.2 C4C 84.8255636 C 2 A549 

12.5 LE19-41.2 C4C 87.693286 C 2 A549 
100 LE19-41.2 C4C 94.7065266 C 2 A549 
50 LE19-41.2 C4C 92.374206 C 2 A549 
25 LE19-41.2 C4C 91.909295 C 2 A549 

12.5 LE19-41.2 C4C 86.9337174 C 2 A549 
100 LE17-20 C5A 97.3569521 A 2 A549 
50 LE17-20 C5A 92.920958 A 2 A549 
25 LE17-20 C5A 92.7620549 A 2 A549 

12.5 LE17-20 C5A 86.9685148 A 2 A549 
100 LE17-20 C5A 101.206767 A 2 A549 
50 LE17-20 C5A 97.8668159 A 2 A549 
25 LE17-20 C5A 91.9915841 A 2 A549 

12.5 LE17-20 C5A 88.0031769 A 2 A549 
100 LE17-20 C5B 96.6088831 B 2 A549 
50 LE17-20 C5B 96.0967791 B 2 A549 
25 LE17-20 C5B 88.5868171 B 2 A549 

12.5 LE17-20 C5B 83.6452901 B 2 A549 
100 LE17-20 C5B 97.9901749 B 2 A549 
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50 LE17-20 C5B 96.8644124 B 2 A549 
25 LE17-20 C5B 93.9896707 B 2 A549 

12.5 LE17-20 C5B 87.7921524 B 2 A549 
100 LE17-20 C5C 95.4447389 C 2 A549 
50 LE17-20 C5C 95.0185083 C 2 A549 
25 LE17-20 C5C 91.9966618 C 2 A549 

12.5 LE17-20 C5C 86.1169497 C 2 A549 
100 LE17-20 C5C 99.7829121 C 2 A549 
50 LE17-20 C5C 99.217492 C 2 A549 
25 LE17-20 C5C 93.0867309 C 2 A549 

12.5 LE17-20 C5C 87.9637498 C 2 A549 
100 LE19-197.1 C6A 93.2968593 A 2 A549 
50 LE19-197.1 C6A 89.5432224 A 2 A549 
25 LE19-197.1 C6A 90.9167482 A 2 A549 

12.5 LE19-197.1 C6A 85.4584876 A 2 A549 
100 LE19-197.1 C6A 89.192411 A 2 A549 
50 LE19-197.1 C6A 88.1516258 A 2 A549 
25 LE19-197.1 C6A 87.1457873 A 2 A549 

12.5 LE19-197.1 C6A 84.050015 A 2 A549 
100 LE19-197.1 C6B 57.834926 B 1 A549 
50 LE19-197.1 C6B 92.6815884 B 1 A549 
25 LE19-197.1 C6B 98.9848155 B 1 A549 

12.5 LE19-197.1 C6B 102.843026 B 1 A549 
100 LE19-197.1 C6B 60.7852871 B 1 A549 
50 LE19-197.1 C6B 103.54097 B 1 A549 
25 LE19-197.1 C6B 107.808327 B 1 A549 

12.5 LE19-197.1 C6B 110.799945 B 1 A549 
100 LE19-197.1 C6C 101.536697 C 1 A549 
50 LE19-197.1 C6C 114.465557 C 1 A549 
25 LE19-197.1 C6C 115.405809 C 1 A549 

12.5 LE19-197.1 C6C 116.480497 C 1 A549 
100 LE19-197.1 C6C 101.478736 C 1 A549 
50 LE19-197.1 C6C 117.000735 C 1 A549 
25 LE19-197.1 C6C 117.372649 C 1 A549 

12.5 LE19-197.1 C6C 117.6379 C 1 A549 
100 LE19-84.1 C7C 100.044812 C 1 A549 
50 LE19-84.1 C7C 112.321212 C 1 A549 
25 LE19-84.1 C7C 117.350511 C 1 A549 

12.5 LE19-84.1 C7C 117.089688 C 1 A549 
100 LE19-84.1 C7C 98.061268 C 1 A549 
50 LE19-84.1 C7C 113.786129 C 1 A549 
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25 LE19-84.1 C7C 118.866546 C 1 A549 
12.5 LE19-84.1 C7C 118.616389 C 1 A549 
100 LE19-84.1 C7B 91.1287244 B 1 A549 
50 LE19-84.1 C7B 108.697058 B 1 A549 
25 LE19-84.1 C7B 117.239621 B 1 A549 

12.5 LE19-84.1 C7B 120.394455 B 1 A549 
100 LE19-84.1 C7B 88.6800857 B 1 A549 
50 LE19-84.1 C7B 110.965173 B 1 A549 
25 LE19-84.1 C7B 117.223924 B 1 A549 

12.5 LE19-84.1 C7B 118.272248 B 1 A549 
100 Doxorubicin Dox 12.6183281 NA 1 A549 
50 Doxorubicin Dox 16.1525225 NA 1 A549 
25 Doxorubicin Dox 48.1641415 NA 1 A549 

12.5 Doxorubicin Dox 65.0299028 NA 1 A549 
100 Doxorubicin Dox 10.0624218 NA 1 A549 
50 Doxorubicin Dox 20.8201709 NA 1 A549 
25 Doxorubicin Dox 57.34065 NA 1 A549 

12.5 Doxorubicin Dox 66.9725928 NA 1 A549 
100 LE19-197.1 C6B 61.3624387 B 2 A549 
50 LE19-197.1 C6B 99.097944 B 2 A549 
25 LE19-197.1 C6B 99.044817 B 2 A549 

12.5 LE19-197.1 C6B 108.090214 B 2 A549 
100 LE19-197.1 C6B 64.2615996 B 2 A549 
50 LE19-197.1 C6B 103.175488 B 2 A549 
25 LE19-197.1 C6B 97.9560015 B 2 A549 

12.5 LE19-197.1 C6B 100.815077 B 2 A549 
100 LE19-197.1 C6C 112.707276 C 2 A549 
50 LE19-197.1 C6C 102.913881 C 2 A549 
25 LE19-197.1 C6C 101.12214 C 2 A549 

12.5 LE19-197.1 C6C 98.9381795 C 2 A549 
100 LE19-197.1 C6C 115.381078 C 2 A549 
50 LE19-197.1 C6C 103.358652 C 2 A549 
25 LE19-197.1 C6C 99.8867935 C 2 A549 

12.5 LE19-197.1 C6C 105.03033 C 2 A549 
100 LE19-84.1 C7C 109.658132 C 2 A549 
50 LE19-84.1 C7C 101.359006 C 2 A549 
25 LE19-84.1 C7C 95.9095575 C 2 A549 

12.5 LE19-84.1 C7C 102.201749 C 2 A549 
100 LE19-84.1 C7C 111.002034 C 2 A549 
50 LE19-84.1 C7C 105.318597 C 2 A549 
25 LE19-84.1 C7C 100.401186 C 2 A549 
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12.5 LE19-84.1 C7C 105.19393 C 2 A549 
100 LE19-84.1 C7B 105.741119 B 2 A549 
50 LE19-84.1 C7B 106.401658 B 2 A549 
25 LE19-84.1 C7B 100.263669 B 2 A549 

12.5 LE19-84.1 C7B 106.522489 B 2 A549 
100 LE19-84.1 C7B 108.590797 B 2 A549 
50 LE19-84.1 C7B 100.090671 B 2 A549 
25 LE19-84.1 C7B 99.2818746 B 2 A549 

12.5 LE19-84.1 C7B 99.8866017 B 2 A549 
100 Doxorubicin Dox 12.474869 NA 2 A549 
50 Doxorubicin Dox 25.2136467 NA 2 A549 
25 Doxorubicin Dox 68.3445141 NA 2 A549 

12.5 Doxorubicin Dox 86.6547211 NA 2 A549 
100 Doxorubicin Dox 12.2732933 NA 2 A549 
50 Doxorubicin Dox 29.0422422 NA 2 A549 
25 Doxorubicin Dox 70.609987 NA 2 A549 

12.5 Doxorubicin Dox 87.2803537 NA 2 A549 
NA Control 

(Vehicle) 
NA 83.7156277 NA NA A549 

NA Control 
(Vehicle) 

NA 109.628602 NA NA A549 

NA Control 
(Vehicle) 

NA 110.719125 NA NA A549 

NA Control 
(Vehicle) 

NA 116.554671 NA NA A549 

NA Control 
(Vehicle) 

NA 78.9237121 NA NA A549 

NA Control 
(Vehicle) 

NA 107.817323 NA NA A549 

NA Control 
(Vehicle) 

NA 106.425099 NA NA A549 

NA Control 
(Vehicle) 

NA 86.2158408 NA NA A549 

 

HK2       
dose culture_na

me 
culture viability bio_rep plate cell_line 

100 LE18-22.4 C1A 79.9943871 A 1 HK2 
50 LE18-22.4 C1A 82.3997143 A 1 HK2 
25 LE18-22.4 C1A 83.4631451 A 1 HK2 

12.5 LE18-22.4 C1A 79.2998983 A 1 HK2 
100 LE18-22.4 C1A 97.2728329 A 1 HK2 
50 LE18-22.4 C1A 100.332102 A 1 HK2 
25 LE18-22.4 C1A 101.19548 A 1 HK2 

12.5 LE18-22.4 C1A 97.0307253 A 1 HK2 
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100 LE18-22.4 C1B 97.381572 B 1 HK2 
50 LE18-22.4 C1B 102.655331 B 1 HK2 
25 LE18-22.4 C1B 100.715453 B 1 HK2 

12.5 LE18-22.4 C1B 99.5839979 B 1 HK2 
100 LE18-22.4 C1B 100.233249 B 1 HK2 
50 LE18-22.4 C1B 105.241275 B 1 HK2 
25 LE18-22.4 C1B 102.171115 B 1 HK2 

12.5 LE18-22.4 C1B 101.216088 B 1 HK2 
100 LE18-22.4 C1C 97.1560516 C 1 HK2 
50 LE18-22.4 C1C 102.240816 C 1 HK2 
25 LE18-22.4 C1C 107.217678 C 1 HK2 

12.5 LE18-22.4 C1C 102.958091 C 1 HK2 
100 LE18-22.4 C1C 104.236319 C 1 HK2 
50 LE18-22.4 C1C 105.208771 C 1 HK2 
25 LE18-22.4 C1C 107.736241 C 1 HK2 

12.5 LE18-22.4 C1C 104.163435 C 1 HK2 
100 LE19-55.1 C2A 103.86922 A 1 HK2 
50 LE19-55.1 C2A 115.034992 A 1 HK2 
25 LE19-55.1 C2A 107.675086 A 1 HK2 

12.5 LE19-55.1 C2A 109.868967 A 1 HK2 
100 LE19-55.1 C2A 107.906805 A 1 HK2 
50 LE19-55.1 C2A 108.455694 A 1 HK2 
25 LE19-55.1 C2A 104.9546 A 1 HK2 

12.5 LE19-55.1 C2A 100.221353 A 1 HK2 
100 LE19-55.1 C2B 83.5745649 B 1 HK2 
50 LE19-55.1 C2B 95.4435377 B 1 HK2 
25 LE19-55.1 C2B 98.9727807 B 1 HK2 

12.5 LE19-55.1 C2B 97.9565986 B 1 HK2 
100 LE19-55.1 C2B 81.6797581 B 1 HK2 
50 LE19-55.1 C2B 91.9385893 B 1 HK2 
25 LE19-55.1 C2B 96.3456192 B 1 HK2 

12.5 LE19-55.1 C2B 93.8828228 B 1 HK2 
100 LE18-22.4 C1A 85.418261 A 2 HK2 
50 LE18-22.4 C1A 88.9308889 A 2 HK2 
25 LE18-22.4 C1A 80.6519016 A 2 HK2 

12.5 LE18-22.4 C1A 86.785751 A 2 HK2 
100 LE18-22.4 C1A 93.896251 A 2 HK2 
50 LE18-22.4 C1A 94.6773326 A 2 HK2 
25 LE18-22.4 C1A 88.1808595 A 2 HK2 

12.5 LE18-22.4 C1A 95.6045685 A 2 HK2 
100 LE18-22.4 C1B 93.3529873 B 2 HK2 
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50 LE18-22.4 C1B 94.1645239 B 2 HK2 
25 LE18-22.4 C1B 90.7172847 B 2 HK2 

12.5 LE18-22.4 C1B 94.426228 B 2 HK2 
100 LE18-22.4 C1B 93.5354188 B 2 HK2 
50 LE18-22.4 C1B 97.0026628 B 2 HK2 
25 LE18-22.4 C1B 92.5520502 B 2 HK2 

12.5 LE18-22.4 C1B 97.2600375 B 2 HK2 
100 LE18-22.4 C1C 103.395081 C 2 HK2 
50 LE18-22.4 C1C 99.9521714 C 2 HK2 
25 LE18-22.4 C1C 94.6279179 C 2 HK2 

12.5 LE18-22.4 C1C 98.3529845 C 2 HK2 
100 LE18-22.4 C1C 103.199363 C 2 HK2 
50 LE18-22.4 C1C 100.243286 C 2 HK2 
25 LE18-22.4 C1C 94.7197308 C 2 HK2 

12.5 LE18-22.4 C1C 94.0960001 C 2 HK2 
100 LE19-55.1 C2A 101.216652 A 2 HK2 
50 LE19-55.1 C2A 101.325932 A 2 HK2 
25 LE19-55.1 C2A 97.3185589 A 2 HK2 

12.5 LE19-55.1 C2A 94.7164464 A 2 HK2 
100 LE19-55.1 C2A 103.89953 A 2 HK2 
50 LE19-55.1 C2A 99.2369264 A 2 HK2 
25 LE19-55.1 C2A 97.4593387 A 2 HK2 

12.5 LE19-55.1 C2A 95.2989733 A 2 HK2 
100 LE19-55.1 C2B 59.0254059 B 2 HK2 
50 LE19-55.1 C2B 80.1095336 B 2 HK2 
25 LE19-55.1 C2B 86.6800542 B 2 HK2 

12.5 LE19-55.1 C2B 85.9324134 B 2 HK2 
100 LE19-55.1 C2B 69.2897916 B 2 HK2 
50 LE19-55.1 C2B 79.2190229 B 2 HK2 
25 LE19-55.1 C2B 89.7613853 B 2 HK2 

12.5 LE19-55.1 C2B 86.8723388 B 2 HK2 
100 LE19-131.1 C3A 92.8160867 A 1 HK2 
50 LE19-131.1 C3A 105.639859 A 1 HK2 
25 LE19-131.1 C3A 103.888734 A 1 HK2 

12.5 LE19-131.1 C3A 105.855242 A 1 HK2 
100 LE19-131.1 C3A 99.9578618 A 1 HK2 
50 LE19-131.1 C3A 112.906038 A 1 HK2 
25 LE19-131.1 C3A 116.06028 A 1 HK2 

12.5 LE19-131.1 C3A 114.520248 A 1 HK2 
100 LE19-131.1 C3B 13.0754399 B 1 HK2 
50 LE19-131.1 C3B 108.516874 B 1 HK2 
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25 LE19-131.1 C3B 116.44797 B 1 HK2 
12.5 LE19-131.1 C3B 118.188549 B 1 HK2 
100 LE19-131.1 C3B 13.4675976 B 1 HK2 
50 LE19-131.1 C3B 108.499715 B 1 HK2 
25 LE19-131.1 C3B 109.808457 B 1 HK2 

12.5 LE19-131.1 C3B 111.349562 B 1 HK2 
100 LE19-131.1 C3C 104.403687 C 1 HK2 
50 LE19-131.1 C3C 99.9555382 C 1 HK2 
25 LE19-131.1 C3C 108.614467 C 1 HK2 

12.5 LE19-131.1 C3C 113.31321 C 1 HK2 
100 LE19-131.1 C3C 99.964654 C 1 HK2 
50 LE19-131.1 C3C 108.567815 C 1 HK2 
25 LE19-131.1 C3C 108.849869 C 1 HK2 

12.5 LE19-131.1 C3C 109.161057 C 1 HK2 
100 LE19-41.2 C4B 104.926861 B 1 HK2 
50 LE19-41.2 C4B 107.08498 B 1 HK2 
25 LE19-41.2 C4B 109.480824 B 1 HK2 

12.5 LE19-41.2 C4B 118.008557 B 1 HK2 
100 LE19-41.2 C4B 103.139988 B 1 HK2 
50 LE19-41.2 C4B 103.484064 B 1 HK2 
25 LE19-41.2 C4B 100.585064 B 1 HK2 

12.5 LE19-41.2 C4B 107.987443 B 1 HK2 
100 LE19-131.1 C3A 91.121325 A 2 HK2 
50 LE19-131.1 C3A 100.228693 A 2 HK2 
25 LE19-131.1 C3A 102.603008 A 2 HK2 

12.5 LE19-131.1 C3A 100.400618 A 2 HK2 
100 LE19-131.1 C3A 90.4180348 A 2 HK2 
50 LE19-131.1 C3A 104.331438 A 2 HK2 
25 LE19-131.1 C3A 103.882393 A 2 HK2 

12.5 LE19-131.1 C3A 104.45572 A 2 HK2 
100 LE19-131.1 C3B 4.15155417 B 2 HK2 
50 LE19-131.1 C3B 103.62334 B 2 HK2 
25 LE19-131.1 C3B 108.993085 B 2 HK2 

12.5 LE19-131.1 C3B 104.27243 B 2 HK2 
100 LE19-131.1 C3B 17.366621 B 2 HK2 
50 LE19-131.1 C3B 109.660534 B 2 HK2 
25 LE19-131.1 C3B 101.906566 B 2 HK2 

12.5 LE19-131.1 C3B 103.02233 B 2 HK2 
100 LE19-131.1 C3C 101.638042 C 2 HK2 
50 LE19-131.1 C3C 107.548914 C 2 HK2 
25 LE19-131.1 C3C 102.451627 C 2 HK2 
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12.5 LE19-131.1 C3C 104.365095 C 2 HK2 
100 LE19-131.1 C3C 94.3229202 C 2 HK2 
50 LE19-131.1 C3C 107.845704 C 2 HK2 
25 LE19-131.1 C3C 106.287888 C 2 HK2 

12.5 LE19-131.1 C3C 107.861148 C 2 HK2 
100 LE19-41.2 C4B 99.3080197 B 2 HK2 
50 LE19-41.2 C4B 107.902235 B 2 HK2 
25 LE19-41.2 C4B 102.791397 B 2 HK2 

12.5 LE19-41.2 C4B 106.549272 B 2 HK2 
100 LE19-41.2 C4B 99.0757751 B 2 HK2 
50 LE19-41.2 C4B 106.366274 B 2 HK2 
25 LE19-41.2 C4B 103.697355 B 2 HK2 

12.5 LE19-41.2 C4B 103.582835 B 2 HK2 
100 LE19-41.2 C4C 102.876702 C 1 HK2 
50 LE19-41.2 C4C 91.3393286 C 1 HK2 
25 LE19-41.2 C4C 99.4598894 C 1 HK2 

12.5 LE19-41.2 C4C 100.200771 C 1 HK2 
100 LE19-41.2 C4C 112.571614 C 1 HK2 
50 LE19-41.2 C4C 104.291437 C 1 HK2 
25 LE19-41.2 C4C 107.215461 C 1 HK2 

12.5 LE19-41.2 C4C 104.395286 C 1 HK2 
100 LE17-20 C5A 69.9695917 A 1 HK2 
50 LE17-20 C5A 105.215171 A 1 HK2 
25 LE17-20 C5A 104.128068 A 1 HK2 

12.5 LE17-20 C5A 101.601564 A 1 HK2 
100 LE17-20 C5A 42.0198626 A 1 HK2 
50 LE17-20 C5A 109.651343 A 1 HK2 
25 LE17-20 C5A 109.877272 A 1 HK2 

12.5 LE17-20 C5A 105.917444 A 1 HK2 
100 LE17-20 C5B 115.025549 B 1 HK2 
50 LE17-20 C5B 112.480635 B 1 HK2 
25 LE17-20 C5B 107.702173 B 1 HK2 

12.5 LE17-20 C5B 107.452472 B 1 HK2 
100 LE17-20 C5B 109.19752 B 1 HK2 
50 LE17-20 C5B 110.523778 B 1 HK2 
25 LE17-20 C5B 103.758253 B 1 HK2 

12.5 LE17-20 C5B 108.119176 B 1 HK2 
100 LE17-20 C5C 110.258169 C 1 HK2 
50 LE17-20 C5C 113.86981 C 1 HK2 
25 LE17-20 C5C 111.918673 C 1 HK2 

12.5 LE17-20 C5C 105.762833 C 1 HK2 
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100 LE17-20 C5C 104.933117 C 1 HK2 
50 LE17-20 C5C 109.065073 C 1 HK2 
25 LE17-20 C5C 100.621527 C 1 HK2 

12.5 LE17-20 C5C 92.900095 C 1 HK2 
100 LE19-197.1 C6A 101.53829 A 1 HK2 
50 LE19-197.1 C6A 109.177859 A 1 HK2 
25 LE19-197.1 C6A 103.462794 A 1 HK2 

12.5 LE19-197.1 C6A 96.59485 A 1 HK2 
100 LE19-197.1 C6A 98.6509077 A 1 HK2 
50 LE19-197.1 C6A 105.222678 A 1 HK2 
25 LE19-197.1 C6A 102.328325 A 1 HK2 

12.5 LE19-197.1 C6A 103.230073 A 1 HK2 
100 LE19-41.2 C4C 90.0387797 C 2 HK2 
50 LE19-41.2 C4C 87.0481571 C 2 HK2 
25 LE19-41.2 C4C 82.0885549 C 2 HK2 

12.5 LE19-41.2 C4C 83.7728381 C 2 HK2 
100 LE19-41.2 C4C 94.4425392 C 2 HK2 
50 LE19-41.2 C4C 89.8856498 C 2 HK2 
25 LE19-41.2 C4C 86.9023121 C 2 HK2 

12.5 LE19-41.2 C4C 91.7000424 C 2 HK2 
100 LE17-20 C5A 84.1108604 A 2 HK2 
50 LE17-20 C5A 93.1079342 A 2 HK2 
25 LE17-20 C5A 89.5817212 A 2 HK2 

12.5 LE17-20 C5A 91.1195766 A 2 HK2 
100 LE17-20 C5A 93.9975737 A 2 HK2 
50 LE17-20 C5A 95.6318821 A 2 HK2 
25 LE17-20 C5A 91.1409944 A 2 HK2 

12.5 LE17-20 C5A 91.9132004 A 2 HK2 
100 LE17-20 C5B 96.6025305 B 2 HK2 
50 LE17-20 C5B 96.583881 B 2 HK2 
25 LE17-20 C5B 90.4468833 B 2 HK2 

12.5 LE17-20 C5B 90.7152613 B 2 HK2 
100 LE17-20 C5B 95.0476282 B 2 HK2 
50 LE17-20 C5B 94.9733216 B 2 HK2 
25 LE17-20 C5B 90.1272191 B 2 HK2 

12.5 LE17-20 C5B 91.8884315 B 2 HK2 
100 LE17-20 C5C 93.3790805 C 2 HK2 
50 LE17-20 C5C 95.1231004 C 2 HK2 
25 LE17-20 C5C 94.969242 C 2 HK2 

12.5 LE17-20 C5C 97.6259219 C 2 HK2 
100 LE17-20 C5C 91.3665369 C 2 HK2 
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50 LE17-20 C5C 95.853345 C 2 HK2 
25 LE17-20 C5C 93.4455193 C 2 HK2 

12.5 LE17-20 C5C 94.6026627 C 2 HK2 
100 LE19-197.1 C6A 88.1363847 A 2 HK2 
50 LE19-197.1 C6A 98.3252783 A 2 HK2 
25 LE19-197.1 C6A 98.6858839 A 2 HK2 

12.5 LE19-197.1 C6A 96.7158845 A 2 HK2 
100 LE19-197.1 C6A 91.7240828 A 2 HK2 
50 LE19-197.1 C6A 96.5050577 A 2 HK2 
25 LE19-197.1 C6A 95.5550986 A 2 HK2 

12.5 LE19-197.1 C6A 93.9360887 A 2 HK2 
100 LE19-197.1 C6B 77.6947107 B 1 HK2 
50 LE19-197.1 C6B 87.1164243 B 1 HK2 
25 LE19-197.1 C6B 85.6513836 B 1 HK2 

12.5 LE19-197.1 C6B 89.8039834 B 1 HK2 
100 LE19-197.1 C6B 87.5376681 B 1 HK2 
50 LE19-197.1 C6B 94.4707543 B 1 HK2 
25 LE19-197.1 C6B 96.0996561 B 1 HK2 

12.5 LE19-197.1 C6B 99.2641361 B 1 HK2 
100 LE19-197.1 C6C 104.3256 C 1 HK2 
50 LE19-197.1 C6C 97.0917387 C 1 HK2 
25 LE19-197.1 C6C 100.905719 C 1 HK2 

12.5 LE19-197.1 C6C 108.116596 C 1 HK2 
100 LE19-197.1 C6C 107.074384 C 1 HK2 
50 LE19-197.1 C6C 101.265341 C 1 HK2 
25 LE19-197.1 C6C 106.122326 C 1 HK2 

12.5 LE19-197.1 C6C 104.65035 C 1 HK2 
100 LE19-84.1 C7C 103.914263 C 1 HK2 
50 LE19-84.1 C7C 114.158651 C 1 HK2 
25 LE19-84.1 C7C 109.485737 C 1 HK2 

12.5 LE19-84.1 C7C 112.15586 C 1 HK2 
100 LE19-84.1 C7C 106.879415 C 1 HK2 
50 LE19-84.1 C7C 108.642061 C 1 HK2 
25 LE19-84.1 C7C 109.554492 C 1 HK2 

12.5 LE19-84.1 C7C 111.320109 C 1 HK2 
100 LE19-84.1 C7B 107.833059 B 1 HK2 
50 LE19-84.1 C7B 108.561418 B 1 HK2 
25 LE19-84.1 C7B 111.813476 B 1 HK2 

12.5 LE19-84.1 C7B 111.967232 B 1 HK2 
100 LE19-84.1 C7B 105.332741 B 1 HK2 
50 LE19-84.1 C7B 110.683687 B 1 HK2 
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25 LE19-84.1 C7B 108.242612 B 1 HK2 
12.5 LE19-84.1 C7B 110.737977 B 1 HK2 
100 Doxorubicin Dox 18.7304879 X 1 HK2 
50 Doxorubicin Dox 23.8591211 X 1 HK2 
25 Doxorubicin Dox 53.4624936 X 1 HK2 

12.5 Doxorubicin Dox 93.912002 X 1 HK2 
100 Doxorubicin Dox 17.5224337 X 1 HK2 
50 Doxorubicin Dox 27.0529257 X 1 HK2 
25 Doxorubicin Dox 55.7704182 X 1 HK2 

12.5 Doxorubicin Dox 90.5959455 X 1 HK2 
100 LE19-197.1 C6B 75.4489265 B 2 HK2 
50 LE19-197.1 C6B 93.4637483 B 2 HK2 
25 LE19-197.1 C6B 95.5316128 B 2 HK2 

12.5 LE19-197.1 C6B 94.9409509 B 2 HK2 
100 LE19-197.1 C6B 81.3034925 B 2 HK2 
50 LE19-197.1 C6B 95.2762803 B 2 HK2 
25 LE19-197.1 C6B 99.6273433 B 2 HK2 

12.5 LE19-197.1 C6B 102.868495 B 2 HK2 
100 LE19-197.1 C6C 101.676396 C 2 HK2 
50 LE19-197.1 C6C 103.411853 C 2 HK2 
25 LE19-197.1 C6C 101.815203 C 2 HK2 

12.5 LE19-197.1 C6C 105.131421 C 2 HK2 
100 LE19-197.1 C6C 103.954663 C 2 HK2 
50 LE19-197.1 C6C 101.130846 C 2 HK2 
25 LE19-197.1 C6C 105.198815 C 2 HK2 

12.5 LE19-197.1 C6C 112.071789 C 2 HK2 
100 LE19-84.1 C7C 103.217705 C 2 HK2 
50 LE19-84.1 C7C 106.742499 C 2 HK2 
25 LE19-84.1 C7C 105.821074 C 2 HK2 

12.5 LE19-84.1 C7C 103.2367 C 2 HK2 
100 LE19-84.1 C7C 104.268258 C 2 HK2 
50 LE19-84.1 C7C 106.111656 C 2 HK2 
25 LE19-84.1 C7C 105.515698 C 2 HK2 

12.5 LE19-84.1 C7C 105.648113 C 2 HK2 
100 LE19-84.1 C7B 103.298798 B 2 HK2 
50 LE19-84.1 C7B 104.800475 B 2 HK2 
25 LE19-84.1 C7B 106.25229 B 2 HK2 

12.5 LE19-84.1 C7B 106.579035 B 2 HK2 
100 LE19-84.1 C7B 101.885155 B 2 HK2 
50 LE19-84.1 C7B 106.389636 B 2 HK2 
25 LE19-84.1 C7B 105.248676 B 2 HK2 
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12.5 LE19-84.1 C7B 103.466828 B 2 HK2 
100 Doxorubicin Dox 15.4227769 X 2 HK2 
50 Doxorubicin Dox 24.004177 X 2 HK2 
25 Doxorubicin Dox 58.5034694 X 2 HK2 

12.5 Doxorubicin Dox 96.8904639 X 2 HK2 
100 Doxorubicin Dox 15.9683264 X 2 HK2 
50 Doxorubicin Dox 21.8201527 X 2 HK2 
25 Doxorubicin Dox 49.705822 X 2 HK2 

12.5 Doxorubicin Dox 93.6706809 X 2 HK2 
NA Control 

(Vehicle) 
NA 101.5877 NA NA HK2 

NA Control 
(Vehicle) 

NA 110.5116 NA NA HK2 

NA Control 
(Vehicle) 

NA 101.7818 NA NA HK2 

NA Control 
(Vehicle) 

NA 103.5619 NA NA HK2 

NA Control 
(Vehicle) 

NA 98.1335 NA NA HK2 

NA Control 
(Vehicle) 

NA 93.30079 NA NA HK2 

NA Control 
(Vehicle) 

NA 96.77899 NA NA HK2 

NA Control 
(Vehicle) 

NA 94.34373 NA NA HK2 

 

Hep3B 
      

dose culture_name culture viability bio_rep plate cell_line 
100 LE18-22.4 C1A 110.277961 A 1 Hep3B 
50 LE18-22.4 C1A 109.243843 A 1 Hep3B 
25 LE18-22.4 C1A 103.252633 A 1 Hep3B 

12.5 LE18-22.4 C1A 92.581541 A 1 Hep3B 
100 LE18-22.4 C1A 74.8621038 A 1 Hep3B 
50 LE18-22.4 C1A 115.171005 A 1 Hep3B 
25 LE18-22.4 C1A 106.297275 A 1 Hep3B 

12.5 LE18-22.4 C1A 103.563869 A 1 Hep3B 
100 LE18-22.4 C1B 85.8881318 B 1 Hep3B 
50 LE18-22.4 C1B 114.587562 B 1 Hep3B 
25 LE18-22.4 C1B 109.33558 B 1 Hep3B 

12.5 LE18-22.4 C1B 102.032041 B 1 Hep3B 
100 LE18-22.4 C1B 118.133585 B 1 Hep3B 
50 LE18-22.4 C1B 125.189602 B 1 Hep3B 
25 LE18-22.4 C1B 118.726034 B 1 Hep3B 
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12.5 LE18-22.4 C1B 109.411637 B 1 Hep3B 
100 LE18-22.4 C1C 115.057585 C 1 Hep3B 
50 LE18-22.4 C1C 122.29941 C 1 Hep3B 
25 LE18-22.4 C1C 118.102228 C 1 Hep3B 

12.5 LE18-22.4 C1C 114.910807 C 1 Hep3B 
100 LE18-22.4 C1C 110.712957 C 1 Hep3B 
50 LE18-22.4 C1C 127.71485 C 1 Hep3B 
25 LE18-22.4 C1C 111.488879 C 1 Hep3B 

12.5 LE18-22.4 C1C 109.295216 C 1 Hep3B 
100 LE19-55.1 C2A 110.599204 A 1 Hep3B 
50 LE19-55.1 C2A 127.2088 A 1 Hep3B 
25 LE19-55.1 C2A 113.964089 A 1 Hep3B 

12.5 LE19-55.1 C2A 116.517025 A 1 Hep3B 
100 LE19-55.1 C2A 113.06741 A 1 Hep3B 
50 LE19-55.1 C2A 128.771318 A 1 Hep3B 
25 LE19-55.1 C2A 122.508235 A 1 Hep3B 

12.5 LE19-55.1 C2A 114.129215 A 1 Hep3B 
100 LE19-55.1 C2B 70.5785221 B 1 Hep3B 
50 LE19-55.1 C2B 67.1932882 B 1 Hep3B 
25 LE19-55.1 C2B 96.1742655 B 1 Hep3B 

12.5 LE19-55.1 C2B 102.265551 B 1 Hep3B 
100 LE19-55.1 C2B 65.2167894 B 1 Hep3B 
50 LE19-55.1 C2B 62.4233377 B 1 Hep3B 
25 LE19-55.1 C2B 91.2471958 B 1 Hep3B 

12.5 LE19-55.1 C2B 97.97363 B 1 Hep3B 
100 LE18-22.4 C1A 69.5814482 A 2 Hep3B 
50 LE18-22.4 C1A 104.174093 A 2 Hep3B 
25 LE18-22.4 C1A 84.6502702 A 2 Hep3B 

12.5 LE18-22.4 C1A 105.41722 A 2 Hep3B 
100 LE18-22.4 C1A 73.8311141 A 2 Hep3B 
50 LE18-22.4 C1A 118.161278 A 2 Hep3B 
25 LE18-22.4 C1A 104.144142 A 2 Hep3B 

12.5 LE18-22.4 C1A 114.75364 A 2 Hep3B 
100 LE18-22.4 C1B 70.8773755 B 2 Hep3B 
50 LE18-22.4 C1B 123.13502 B 2 Hep3B 
25 LE18-22.4 C1B 117.80526 B 2 Hep3B 

12.5 LE18-22.4 C1B 123.426195 B 2 Hep3B 
100 LE18-22.4 C1B 75.2227616 B 2 Hep3B 
50 LE18-22.4 C1B 140.011409 B 2 Hep3B 
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25 LE18-22.4 C1B 120.180047 B 2 Hep3B 
12.5 LE18-22.4 C1B 126.852359 B 2 Hep3B 
100 LE18-22.4 C1C 99.4705286 C 2 Hep3B 
50 LE18-22.4 C1C 126.298417 C 2 Hep3B 
25 LE18-22.4 C1C 129.198737 C 2 Hep3B 

12.5 LE18-22.4 C1C 130.978824 C 2 Hep3B 
100 LE18-22.4 C1C 98.6213982 C 2 Hep3B 
50 LE18-22.4 C1C 133.672574 C 2 Hep3B 
25 LE18-22.4 C1C 125.988407 C 2 Hep3B 

12.5 LE18-22.4 C1C 139.204581 C 2 Hep3B 
100 LE19-55.1 C2A 99.0743707 A 2 Hep3B 
50 LE19-55.1 C2A 131.686844 A 2 Hep3B 
25 LE19-55.1 C2A 127.78177 A 2 Hep3B 

12.5 LE19-55.1 C2A 130.004639 A 2 Hep3B 
100 LE19-55.1 C2A 101.294152 A 2 Hep3B 
50 LE19-55.1 C2A 127.922263 A 2 Hep3B 
25 LE19-55.1 C2A 132.729885 A 2 Hep3B 

12.5 LE19-55.1 C2A 126.657522 A 2 Hep3B 
100 LE19-55.1 C2B 68.6776647 B 2 Hep3B 
50 LE19-55.1 C2B 71.8722476 B 2 Hep3B 
25 LE19-55.1 C2B 96.788203 B 2 Hep3B 

12.5 LE19-55.1 C2B 121.67853 B 2 Hep3B 
100 LE19-55.1 C2B 62.4252862 B 2 Hep3B 
50 LE19-55.1 C2B 87.9523067 B 2 Hep3B 
25 LE19-55.1 C2B 100.821418 B 2 Hep3B 

12.5 LE19-55.1 C2B 124.454106 B 2 Hep3B 
100 LE19-131.1 C3A 94.7681992 A 1 Hep3B 
50 LE19-131.1 C3A 100.667673 A 1 Hep3B 
25 LE19-131.1 C3A 102.745916 A 1 Hep3B 

12.5 LE19-131.1 C3A 99.6212128 A 1 Hep3B 
100 LE19-131.1 C3A 97.2944483 A 1 Hep3B 
50 LE19-131.1 C3A 107.580582 A 1 Hep3B 
25 LE19-131.1 C3A 106.640536 A 1 Hep3B 

12.5 LE19-131.1 C3A 101.407567 A 1 Hep3B 
100 LE19-131.1 C3B 10.262449 B 1 Hep3B 
50 LE19-131.1 C3B 96.9521887 B 1 Hep3B 
25 LE19-131.1 C3B 97.0666089 B 1 Hep3B 

12.5 LE19-131.1 C3B 101.01994 B 1 Hep3B 
100 LE19-131.1 C3B 3.37922925 B 1 Hep3B 
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50 LE19-131.1 C3B 108.889575 B 1 Hep3B 
25 LE19-131.1 C3B 112.179403 B 1 Hep3B 

12.5 LE19-131.1 C3B 101.391889 B 1 Hep3B 
100 LE19-131.1 C3C 85.8784578 C 1 Hep3B 
50 LE19-131.1 C3C 108.323812 C 1 Hep3B 
25 LE19-131.1 C3C 106.849694 C 1 Hep3B 

12.5 LE19-131.1 C3C 97.169687 C 1 Hep3B 
100 LE19-131.1 C3C 91.7305623 C 1 Hep3B 
50 LE19-131.1 C3C 111.002844 C 1 Hep3B 
25 LE19-131.1 C3C 107.543554 C 1 Hep3B 

12.5 LE19-131.1 C3C 101.873588 C 1 Hep3B 
100 LE19-41.2 C4B 124.986782 B 1 Hep3B 
50 LE19-41.2 C4B 111.937219 B 1 Hep3B 
25 LE19-41.2 C4B 102.955074 B 1 Hep3B 

12.5 LE19-41.2 C4B 98.499362 B 1 Hep3B 
100 LE19-41.2 C4B 119.430568 B 1 Hep3B 
50 LE19-41.2 C4B 117.545806 B 1 Hep3B 
25 LE19-41.2 C4B 106.115137 B 1 Hep3B 

12.5 LE19-41.2 C4B 103.333361 B 1 Hep3B 
100 LE19-131.1 C3A 124.33955 A 2 Hep3B 
50 LE19-131.1 C3A 110.661141 A 2 Hep3B 
25 LE19-131.1 C3A 102.985311 A 2 Hep3B 

12.5 LE19-131.1 C3A 103.419448 A 2 Hep3B 
100 LE19-131.1 C3A 93.9718691 A 2 Hep3B 
50 LE19-131.1 C3A 112.722829 A 2 Hep3B 
25 LE19-131.1 C3A 107.787375 A 2 Hep3B 

12.5 LE19-131.1 C3A 89.6715641 A 2 Hep3B 
100 LE19-131.1 C3B 3.23564989 B 2 Hep3B 
50 LE19-131.1 C3B 98.0702354 B 2 Hep3B 
25 LE19-131.1 C3B 105.034957 B 2 Hep3B 

12.5 LE19-131.1 C3B 96.5288322 B 2 Hep3B 
100 LE19-131.1 C3B 4.46086783 B 2 Hep3B 
50 LE19-131.1 C3B 111.518299 B 2 Hep3B 
25 LE19-131.1 C3B 111.949657 B 2 Hep3B 

12.5 LE19-131.1 C3B 100.231349 B 2 Hep3B 
100 LE19-131.1 C3C 98.2965673 C 2 Hep3B 
50 LE19-131.1 C3C 112.8133 C 2 Hep3B 
25 LE19-131.1 C3C 109.6357 C 2 Hep3B 

12.5 LE19-131.1 C3C 100.542594 C 2 Hep3B 
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100 LE19-131.1 C3C 95.0297311 C 2 Hep3B 
50 LE19-131.1 C3C 128.725386 C 2 Hep3B 
25 LE19-131.1 C3C 111.576966 C 2 Hep3B 

12.5 LE19-131.1 C3C 100.030955 C 2 Hep3B 
100 LE19-41.2 C4B 126.02793 B 2 Hep3B 
50 LE19-41.2 C4B 122.47486 B 2 Hep3B 
25 LE19-41.2 C4B 109.374477 B 2 Hep3B 

12.5 LE19-41.2 C4B 98.133843 B 2 Hep3B 
100 LE19-41.2 C4B 127.231225 B 2 Hep3B 
50 LE19-41.2 C4B 113.29221 B 2 Hep3B 
25 LE19-41.2 C4B 106.526339 B 2 Hep3B 

12.5 LE19-41.2 C4B 99.931838 B 2 Hep3B 
100 LE17-20 C5A 84.6324303 A 1 Hep3B 
50 LE17-20 C5A 106.015736 A 1 Hep3B 
25 LE17-20 C5A 105.277264 A 1 Hep3B 

12.5 LE17-20 C5A 95.0311023 A 1 Hep3B 
100 LE17-20 C5A 92.2181274 A 1 Hep3B 
50 LE17-20 C5A 114.5492 A 1 Hep3B 
25 LE17-20 C5A 117.78314 A 1 Hep3B 

12.5 LE17-20 C5A 108.251965 A 1 Hep3B 
100 LE17-20 C5B 97.8955086 B 1 Hep3B 
50 LE17-20 C5B 119.861507 B 1 Hep3B 
25 LE17-20 C5B 119.801454 B 1 Hep3B 

12.5 LE17-20 C5B 110.288117 B 1 Hep3B 
100 LE17-20 C5B 93.8345029 B 1 Hep3B 
50 LE17-20 C5B 126.18966 B 1 Hep3B 
25 LE17-20 C5B 120.8063 B 1 Hep3B 

12.5 LE17-20 C5B 116.15844 B 1 Hep3B 
100 LE17-20 C5C 100.133521 C 1 Hep3B 
50 LE17-20 C5C 116.346923 C 1 Hep3B 
25 LE17-20 C5C 127.039022 C 1 Hep3B 

12.5 LE17-20 C5C 109.991122 C 1 Hep3B 
100 LE17-20 C5C 111.820061 C 1 Hep3B 
50 LE17-20 C5C 123.98643 C 1 Hep3B 
25 LE17-20 C5C 123.151635 C 1 Hep3B 

12.5 LE17-20 C5C 112.783881 C 1 Hep3B 
100 LE19-197.1 C6A 60.0573996 A 1 Hep3B 
50 LE19-197.1 C6A 104.67941 A 1 Hep3B 
25 LE19-197.1 C6A 109.410809 A 1 Hep3B 
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12.5 LE19-197.1 C6A 114.440391 A 1 Hep3B 
100 LE19-197.1 C6A 65.232655 A 1 Hep3B 
50 LE19-197.1 C6A 116.761051 A 1 Hep3B 
25 LE19-197.1 C6A 123.849676 A 1 Hep3B 

12.5 LE19-197.1 C6A 117.219772 A 1 Hep3B 
100 LE17-20 C5A 93.1374928 A 2 Hep3B 
50 LE17-20 C5A 103.887143 A 2 Hep3B 
25 LE17-20 C5A 92.5239956 A 2 Hep3B 

12.5 LE17-20 C5A 115.994071 A 2 Hep3B 
100 LE17-20 C5A 95.76422 A 2 Hep3B 
50 LE17-20 C5A 110.202307 A 2 Hep3B 
25 LE17-20 C5A 108.918598 A 2 Hep3B 

12.5 LE17-20 C5A 120.30832 A 2 Hep3B 
100 LE17-20 C5B 98.0759345 B 2 Hep3B 
50 LE17-20 C5B 119.531483 B 2 Hep3B 
25 LE17-20 C5B 115.700448 B 2 Hep3B 

12.5 LE17-20 C5B 117.876694 B 2 Hep3B 
100 LE17-20 C5B 96.443831 B 2 Hep3B 
50 LE17-20 C5B 126.617975 B 2 Hep3B 
25 LE17-20 C5B 122.726984 B 2 Hep3B 

12.5 LE17-20 C5B 130.448687 B 2 Hep3B 
100 LE17-20 C5C 100.024995 C 2 Hep3B 
50 LE17-20 C5C 128.064377 C 2 Hep3B 
25 LE17-20 C5C 123.158668 C 2 Hep3B 

12.5 LE17-20 C5C 119.843903 C 2 Hep3B 
100 LE17-20 C5C 97.5888313 C 2 Hep3B 
50 LE17-20 C5C 125.27593 C 2 Hep3B 
25 LE17-20 C5C 138.96732 C 2 Hep3B 

12.5 LE17-20 C5C 122.981068 C 2 Hep3B 
100 LE19-197.1 C6A 68.5496407 A 2 Hep3B 
50 LE19-197.1 C6A 114.418359 A 2 Hep3B 
25 LE19-197.1 C6A 119.597597 A 2 Hep3B 

12.5 LE19-197.1 C6A 118.905347 A 2 Hep3B 
100 LE19-197.1 C6A 61.9752065 A 2 Hep3B 
50 LE19-197.1 C6A 115.782118 A 2 Hep3B 
25 LE19-197.1 C6A 123.954302 A 2 Hep3B 

12.5 LE19-197.1 C6A 126.487692 A 2 Hep3B 
100 LE19-197.1 C6B 62.4351393 B 1 Hep3B 
50 LE19-197.1 C6B 91.1526337 B 1 Hep3B 
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25 LE19-197.1 C6B 107.768866 B 1 Hep3B 
12.5 LE19-197.1 C6B 107.749542 B 1 Hep3B 
100 LE19-197.1 C6B 60.9067622 B 1 Hep3B 
50 LE19-197.1 C6B 81.5899462 B 1 Hep3B 
25 LE19-197.1 C6B 92.1898847 B 1 Hep3B 

12.5 LE19-197.1 C6B 109.538644 B 1 Hep3B 
100 LE19-197.1 C6C 97.1912244 C 1 Hep3B 
50 LE19-197.1 C6C 91.8970523 C 1 Hep3B 
25 LE19-197.1 C6C 91.1787954 C 1 Hep3B 

12.5 LE19-197.1 C6C 81.531677 C 1 Hep3B 
100 LE19-197.1 C6C 104.973431 C 1 Hep3B 
50 LE19-197.1 C6C 99.1488908 C 1 Hep3B 
25 LE19-197.1 C6C 99.2125112 C 1 Hep3B 

12.5 LE19-197.1 C6C 89.0067816 C 1 Hep3B 
100 LE19-84.1 C7C 117.921083 C 1 Hep3B 
50 LE19-84.1 C7C 102.995252 C 1 Hep3B 
25 LE19-84.1 C7C 96.4045903 C 1 Hep3B 

12.5 LE19-84.1 C7C 95.7829532 C 1 Hep3B 
100 LE19-84.1 C7C 114.692494 C 1 Hep3B 
50 LE19-84.1 C7C 107.817622 C 1 Hep3B 
25 LE19-84.1 C7C 101.209717 C 1 Hep3B 

12.5 LE19-84.1 C7C 94.155578 C 1 Hep3B 
100 LE19-84.1 C7B 107.161202 B 1 Hep3B 
50 LE19-84.1 C7B 104.856298 B 1 Hep3B 
25 LE19-84.1 C7B 104.92973 B 1 Hep3B 

12.5 LE19-84.1 C7B 94.7742422 B 1 Hep3B 
100 LE19-84.1 C7B 118.970523 B 1 Hep3B 
50 LE19-84.1 C7B 109.892421 B 1 Hep3B 
25 LE19-84.1 C7B 99.5389376 B 1 Hep3B 

12.5 LE19-84.1 C7B 96.6602613 B 1 Hep3B 
100 Doxorubicin Dox 71.149207 X 1 Hep3B 
50 Doxorubicin Dox 36.1269931 X 1 Hep3B 
25 Doxorubicin Dox 69.1242667 X 1 Hep3B 

12.5 Doxorubicin Dox 75.2196005 X 1 Hep3B 
100 Doxorubicin Dox 67.1591914 X 1 Hep3B 
50 Doxorubicin Dox 58.9652376 X 1 Hep3B 
25 Doxorubicin Dox 42.0540354 X 1 Hep3B 

12.5 Doxorubicin Dox 74.9575347 X 1 Hep3B 
100 LE19-197.1 C6B 59.7798394 B 2 Hep3B 
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50 LE19-197.1 C6B 96.7581957 B 2 Hep3B 
25 LE19-197.1 C6B 109.695111 B 2 Hep3B 

12.5 LE19-197.1 C6B 123.07635 B 2 Hep3B 
100 LE19-197.1 C6B 59.4249639 B 2 Hep3B 
50 LE19-197.1 C6B 94.5913483 B 2 Hep3B 
25 LE19-197.1 C6B 96.8456992 B 2 Hep3B 

12.5 LE19-197.1 C6B 125.197177 B 2 Hep3B 
100 LE19-197.1 C6C 101.214396 C 2 Hep3B 
50 LE19-197.1 C6C 90.6358633 C 2 Hep3B 
25 LE19-197.1 C6C 98.1741329 C 2 Hep3B 

12.5 LE19-197.1 C6C 85.7975646 C 2 Hep3B 
100 LE19-197.1 C6C 106.173579 C 2 Hep3B 
50 LE19-197.1 C6C 99.5651154 C 2 Hep3B 
25 LE19-197.1 C6C 101.774094 C 2 Hep3B 

12.5 LE19-197.1 C6C 90.9709695 C 2 Hep3B 
100 LE19-84.1 C7C 115.998284 C 2 Hep3B 
50 LE19-84.1 C7C 106.097094 C 2 Hep3B 
25 LE19-84.1 C7C 99.548587 C 2 Hep3B 

12.5 LE19-84.1 C7C 96.0095541 C 2 Hep3B 
100 LE19-84.1 C7C 121.625087 C 2 Hep3B 
50 LE19-84.1 C7C 110.191937 C 2 Hep3B 
25 LE19-84.1 C7C 111.344391 C 2 Hep3B 

12.5 LE19-84.1 C7C 102.326663 C 2 Hep3B 
100 LE19-84.1 C7B 120.055532 B 2 Hep3B 
50 LE19-84.1 C7B 123.088341 B 2 Hep3B 
25 LE19-84.1 C7B 107.606369 B 2 Hep3B 

12.5 LE19-84.1 C7B 95.3001271 B 2 Hep3B 
100 LE19-84.1 C7B 123.028709 B 2 Hep3B 
50 LE19-84.1 C7B 114.844533 B 2 Hep3B 
25 LE19-84.1 C7B 116.968277 B 2 Hep3B 

12.5 LE19-84.1 C7B 102.483521 B 2 Hep3B 
100 Doxorubicin Dox 59.1732577 X 2 Hep3B 
50 Doxorubicin Dox 47.6687606 X 2 Hep3B 
25 Doxorubicin Dox 43.3888262 X 2 Hep3B 

12.5 Doxorubicin Dox 64.2991642 X 2 Hep3B 
100 Doxorubicin Dox 70.9225609 X 2 Hep3B 
50 Doxorubicin Dox 55.138964 X 2 Hep3B 
25 Doxorubicin Dox 47.9808884 X 2 Hep3B 

12.5 Doxorubicin Dox 74.1534455 X 2 Hep3B 
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NA Control (Vehicle) NA 119.7498 NA NA Hep3B 
NA Control (Vehicle) NA 122.8228 NA NA Hep3B 
NA Control (Vehicle) NA 115.7631 NA NA Hep3B 
NA Control (Vehicle) NA 70.48745 NA NA Hep3B 
NA Control (Vehicle) NA 70.48745 NA NA Hep3B 
NA Control (Vehicle) NA 108.0646 NA NA Hep3B 
NA Control (Vehicle) NA 94.83625 NA NA Hep3B 
NA Control (Vehicle) NA 99.84572 NA NA Hep3B 

 
 
 
Table S4.9.5: Concentration of cyanotoxins detected via targeted LC-MS in each crude extract 
in the 100 µM dose exposed to each cell line in viability experiments. 

Sa
mpl
e 

Cult
ure 

Repli
cate 

Metab
olite 

ppb sd M
W 
(g/
mol
) 

Fin
al 
stoc
k 
add
ed 
for 
100
uM 
(uL
) 

Fin
al 
assa
y 
vol
um
e 
(uL
) 

Stoc
k 
(mg/
mL) 

Toxin 
per 
mg 
crude 
(ug/m
g) 

Toxin 
conc 
in 
crude 
(ug/m
L) 

uM of 
toxin 
in 
stock 

Do
se 
(u
M
) 

Final 
uM 
added 

C1
A 

LE1
8-
22.4 

A MCLR 1793.
60124 

65.68
40507 

995.
2 

1 100 100 0.017
93601 

1.793
60124 

1.802
25205 

10
0 

0.018
02252 

C1
B 

LE1
8-
22.4 

B MCLR 4406.
8309 

89.53
88771 

995.
2 

1 100 100 0.044
06831 

4.406
8309 

4.428
08571 

10
0 

0.044
28086 

C1
C 

LE1
8-
22.4 

C MCLR 3967.
30283 

197.0
69356 

995.
2 

1 100 100 0.039
67303 

3.967
30283 

3.986
43773 

10
0 

0.039
86438 

C2
A 

LE1
9-
55.1 

A MCLR 738.4
45796 

22.33
24303 

995.
2 

1 100 100 0.007
38446 

0.738
4458 

0.742
00743 

10
0 

0.007
42007 

C2
B 

LE1
9-
55.1 

B MCLR 642.8
14993 

39.37
16051 

995.
2 

1 100 100 0.006
42815 

0.642
81499 

0.645
91539 

10
0 

0.006
45915 

C2
C 

LE1
9-
55.1 

C MCLR 111.6
44324 

15.15
65257 

995.
2 

1 100 100 0.001
11644 

0.111
64432 

0.112
1828 

10
0 

0.001
12183 

C3
A 

LE1
9-
131.
1 

A MCLR 0 0 995.
2 

1 100 100 0 0 0 10
0 

0 

C3
B 

LE1
9-
131.
1 

B MCLR 0 0 995.
2 

1 100 100 0 0 0 10
0 

0 

C3
C 

LE1
9-
131.
1 

C MCLR 0 0 995.
2 

1 100 100 0 0 0 10
0 

0 
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C4
B 

LE1
9-
41.2 

B MCLR 2599.
44458 

147.3
14708 

995.
2 

1 100 100 0.025
99445 

2.599
44458 

2.611
98209 

10
0 

0.026
11982 

C4
C 

LE1
9-
41.2 

C MCLR 2183.
61067 

154.9
40874 

995.
2 

1 100 100 0.021
83611 

2.183
61067 

2.194
14255 

10
0 

0.021
94143 

C5
A 

LE1
7-20 

A MCLR 0 0 995.
2 

1 100 100 0 0 0 10
0 

0 

C5
B 

LE1
7-20 

B MCLR 0 0 995.
2 

1 100 100 0 0 0 10
0 

0 

C5
C 

LE1
7-20 

C MCLR 0 0 995.
2 

1 100 100 0 0 0 10
0 

0 

C6
A 

LE1
9-
197.
1 

A MCLR 0 0 995.
2 

1 100 100 0 0 0 10
0 

0 

C6
B 

LE1
9-
197.
1 

B MCLR 0 0 995.
2 

1 100 100 0 0 0 10
0 

0 

C6
C 

LE1
9-
197.
1 

C MCLR 0 0 995.
2 

1 100 100 0 0 0 10
0 

0 

C7
B 

LE1
9-
84.1 

B MCLR 272.9
36695 

4.771
91568 

995.
2 

1 100 100 0.002
72937 

0.272
9367 

0.274
25311 

10
0 

0.002
74253 

C7
C 

LE1
9-
84.1 

C MCLR 739.8
81607 

64.46
04999 

995.
2 

1 100 100 0.007
39882 

0.739
88161 

0.743
45017 

10
0 

0.007
4345 

C1
A 

LE1
8-
22.4 

A MCR
R 

6994.
90227 

89.53
86476 

103
8.2 

1 100 100 0.069
94902 

6.994
90227 

6.737
52868 

10
1 

0.067
37529 

C1
B 

LE1
8-
22.4 

B MCR
R 

22776
.7598 

731.9
63202 

103
8.2 

1 100 100 0.227
7676 

22.77
67598 

21.93
87014 

10
2 

0.219
38701 

C1
C 

LE1
8-
22.4 

C MCR
R 

19043
.4746 

660.5
82706 

103
8.2 

1 100 100 0.190
43475 

19.04
34746 

18.34
27804 

10
3 

0.183
4278 

C2
A 

LE1
9-
55.1 

A MCR
R 

6564.
71981 

82.69
41843 

103
8.2 

1 100 100 0.065
6472 

6.564
71981 

6.323
17454 

10
4 

0.063
23175 

C2
B 

LE1
9-
55.1 

B MCR
R 

5573.
30051 

52.60
52263 

103
8.2 

1 100 100 0.055
73301 

5.573
30051 

5.368
23398 

10
5 

0.053
68234 

C2
C 

LE1
9-
55.1 

C MCR
R 

299.5
20517 

16.13
92132 

103
8.2 

1 100 100 0.002
99521 

0.299
52052 

0.288
49982 

10
6 

0.002
885 

C3
A 

LE1
9-
131.
1 

A MCR
R 

9.001
38337 

0.052
60896 

103
8.2 

1 100 100 9.001
38E-
05 

0.009
00138 

0.008
67018 

10
7 

8.670
18E-
05 

C3
B 

LE1
9-
131.
1 

B MCR
R 

0 0 103
8.2 

1 100 100 0 0 0 10
8 

0 

C3
C 

LE1
9-
131.
1 

C MCR
R 

0 0 103
8.2 

1 100 100 0 0 0 10
9 

0 
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C4
B 

LE1
9-
41.2 

B MCR
R 

24113
.8748 

92.41
60925 

103
8.2 

1 100 100 0.241
13875 

24.11
38748 

23.22
6618 

11
0 

0.232
26618 

C4
C 

LE1
9-
41.2 

C MCR
R 

20505
.8562 

519.5
95862 

103
8.2 

1 100 100 0.205
05856 

20.50
58562 

19.75
13545 

11
1 

0.197
51355 

C5
A 

LE1
7-20 

A MCR
R 

0 0 103
8.2 

1 100 100 0 0 0 11
2 

0 

C5
B 

LE1
7-20 

B MCR
R 

0 0 103
8.2 

1 100 100 0 0 0 11
3 

0 

C5
C 

LE1
7-20 

C MCR
R 

0 0 103
8.2 

1 100 100 0 0 0 11
4 

0 

C6
A 

LE1
9-
197.
1 

A MCR
R 

0 0 103
8.2 

1 100 100 0 0 0 11
5 

0 

C6
B 

LE1
9-
197.
1 

B MCR
R 

0 0 103
8.2 

1 100 100 0 0 0 11
6 

0 

C6
C 

LE1
9-
197.
1 

C MCR
R 

0 0 103
8.2 

1 100 100 0 0 0 11
7 

0 

C7
B 

LE1
9-
84.1 

B MCR
R 

616.0
36517 

2.532
98661 

103
8.2 

1 100 100 0.006
16037 

0.616
03652 

0.593
36979 

11
8 

0.005
9337 

C7
C 

LE1
9-
84.1 

C MCR
R 

616.2
81813 

1.885
76478 

103
8.2 

1 100 100 0.006
16282 

0.616
28181 

0.593
60606 

11
9 

0.005
93606 

C1
A 

LE1
8-
22.4 

A MCY
R 

0 0 104
5.2 

1 100 100 0 0 0 12
0 

0 

C1
B 

LE1
8-
22.4 

B MCY
R 

225.6
00556 

11.85
1421 

104
5.2 

1 100 100 0.002
25601 

0.225
60056 

0.215
84439 

12
1 

0.002
15844 

C1
C 

LE1
8-
22.4 

C MCY
R 

183.6
63205 

23.17
71482 

104
5.2 

1 100 100 0.001
83663 

0.183
66321 

0.175
72063 

12
2 

0.001
75721 

C2
A 

LE1
9-
55.1 

A MCY
R 

526.3
75385 

33.79
67618 

104
5.2 

1 100 100 0.005
26375 

0.526
37539 

0.503
61212 

12
3 

0.005
03612 

C2
B 

LE1
9-
55.1 

B MCY
R 

426.7
72731 

22.41
55649 

104
5.2 

1 100 100 0.004
26773 

0.426
77273 

0.408
31681 

12
4 

0.004
08317 

C2
C 

LE1
9-
55.1 

C MCY
R 

90.52
10642 

9.075
11679 

104
5.2 

1 100 100 0.000
90521 

0.090
52106 

0.086
60645 

12
5 

0.000
86607 

C3
A 

LE1
9-
131.
1 

A MCY
R 

0 548.5
86172 

104
5.2 

1 100 100 0 0 0 12
6 

0 

C3
B 

LE1
9-
131.
1 

B MCY
R 

0 0 104
5.2 

1 100 100 0 0 0 12
7 

0 

C3
C 

LE1
9-
131.
1 

C MCY
R 

0 0 104
5.2 

1 100 100 0 0 0 12
8 

0 
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C4
B 

LE1
9-
41.2 

B MCY
R 

1721.
5937 

147.6
08951 

104
5.2 

1 100 100 0.017
21594 

1.721
5937 

1.647
14284 

12
9 

0.016
47143 

C4
C 

LE1
9-
41.2 

C MCY
R 

2235.
90233 

124.4
11402 

104
5.2 

1 100 100 0.022
35902 

2.235
90233 

2.139
21004 

13
0 

0.021
3921 

C5
A 

LE1
7-20 

A MCY
R 

0 0 104
5.2 

1 100 100 0 0 0 13
1 

0 

C5
B 

LE1
7-20 

B MCY
R 

0 0 104
5.2 

1 100 100 0 0 0 13
2 

0 

C5
C 

LE1
7-20 

C MCY
R 

0 0 104
5.2 
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Equation 4.9.1: Calculation of toxin added to cells from Microcystis culture extracts. 

 

 

4.9.2 SI Figures 
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Figure S4.9.1: Mean viability and ±95% confidence interval of (a) lung (A549), (b) kidney 
(HK2), and (c) liver (Hep-3B) cell lines following exposure to four doses (100, 50, 25, 12.5 µM) 
crude extracts of Microcystis isolates from the WLECC relative to the DMSO vehicle control 
(shown in black). The dotted line represents the mean viability of DMSO vehicle controls. 
Isolate effects below the dotted line indicate significant cytotoxicity relative to control. 
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Figure S4.9.2: Principal Coordinates Analysis (PCoA) of viability responses to WLECC 
Microcystis isolate extracts in human cell lines lung (A549), liver (Hep-3B), and kidney (HK2), 
based on Euclidean distances of mean viability. Each point represents one isolate–cell line 
combination, colored by isolate identity. Shapes and sizes of points vary across panels where in 
(a) shapes indicate the cell line tested, (b) point size is scaled to total microcystin content (ppb) 
in the extract, and (c) point size is scaled to total anabaenopeptin content (ppb) in the extract. 
PCoA axes represent the proportion of total variance explained (PCoA 1: 66.8%, PCoA 2: 
28.3%). 
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Chapter 5 Conclusions 

5.1 Summary and Overview  

This dissertation advances our understanding of the environmental and ecological drivers 

shaping the spatiotemporal dynamics of bloom-forming cyanobacteria and their biosynthesis in 

large, eutrophic Great Lakes basins. It also provides evidence that the complex chemical ecology 

of cyanoHABs poses unexplored risks to human and environmental health through the co-

occurrence of bioactive secondary metabolites in freshwater bodies relied on for drinking, 

subsistence, and recreation.  

In Chapter 2, integrated metagenomic and metabolomic analyses revealed temporal 

distributions, successions, and simultaneous occurrences of multiple cyanopeptides in western 

Lake Erie (WLE) cyanoHABs. These phases co-varied with shifts in nitrogen form and 

availability, dissolved organic matter makeup, and eDNA detection of grazers, providing testable 

hypotheses for the mechanisms driving biosynthetic successions within cyanoHABs. In Chapter 

3, metagenomic analyses revealed spatial differences in cyanobacterial dominance and 

biosynthetic potential across the Winam Gulf, Lake Victoria (Kenya). Dolichospermum 

abundance was identified at sites with visible, large cyanoHAB events, while Microcystis was 

identified to encode the mcy operon, enabling microcystin production, at high abundance in 

turbid regions near river mouths. The Microcystis-dominated blooms could go unnoticed by 

lakeside communities using the water for daily tasks like laundry or bathing, due to low visibility 

and the absence of green scums, underscoring the hidden health risks these events pose. 

Moreover, over 300 biosynthetic gene clusters (BGCs) without known synthesis products were 
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identified in the gulf, revealing a widely unexplored chemical space encoded by these organisms. 

Together, Chapters 2 and 3 demonstrate the power of spatiotemporally resolved multi-omic 

datasets to uncover the distribution, dynamics, and co-varying environmental pressures of 

cyanobacterial metabolites. These data reveal the importance of evaluating not only well-

established cyanotoxins like microcystins, but also lesser studied yet potentially toxic 

cyanobacterial secondary metabolites in future monitoring and management efforts.  

Chapter 4 examines the toxicity of co-occurring cyanopeptides, specifically microcystins 

and anabaenopeptins, as well as complex Microcystis metabolite mixtures in human liver, 

kidney, and lung cells. Anabaenopeptins exhibited toxic effects comparable to microcystin-LR 

across all three cell types, underscoring the need for further investigation and recognition of 

anabaenopeptins as cyanobacterial metabolites of concern. The data also revealed dose-

dependent synergistic and antagonistic responses by microcystin and anabaenopeptin mixtures, 

with toxicity varying by metabolite ratios and cell type. Beyond these two cyanopeptides, which 

did not fully account for the observed variation in toxicity of Microcystis metabolite extracts, 

other cyanobacterial metabolites within the extract and their interactions likely contributed to the 

observed toxic effects on human cells and warrant closer investigation. These results underscore 

the need for expanded research on the mechanisms of entry and action for lesser studied and co-

occurring cyanobacterial metabolites. Continued evaluation of these metabolites and their 

mixtures will clarify whether high-abundance, lesser-studied cyanopeptides pose risks that merit 

inclusion in routine monitoring and regulatory oversight. 

This dissertation challenges the field to move beyond the conventional toxic/non-toxic 

paradigm centered on the presence of the mcy operon and its ability to encode the synthesis of 

microcystins. Many cyanopeptides such as the highly abundant anabaenopeptins, aeruginosins, 
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and aerucyclamides likely contribute to the strain-specific adaptive success of Microcystis and 

Dolichospermum under certain conditions and play critical ecological roles, such as allelopathy, 

grazing deterrence, oxidative stress protection, phycosphere recruitment, and nutrient storage and 

cycling (1–7). Chapters 2 and 3 generate testable hypotheses for these functions in two vital 

freshwater bodies. Future work should combine field studies and controlled culture experiments 

to further investigate how these molecules respond to environmental change. 

Notably, non-microcystin cyanopeptides often occur at higher levels than microcystins 

and may exhibit greater toxicity toward aquatic organisms (8,9). This dissertation provides 

evidence that they mark functionally distinct cyanobacterial populations and contribute to bloom 

toxicity, strain heterogeneity, and multi-trophic impacts on ecosystems. Despite this, their 

potential human and environmental health effects remain largely unexamined due to a lack of 

standardized toxicological methods for assessing the effects of metabolite combinations and 

complex mixtures. Chapter 4 provides evidence and argues for developing such methods and 

shifting toward testing combinations of metabolites across relevant biological targets beyond the 

liver. 

5.2 Looking Beyond Microcystins in Freshwater CyanoHABs: Conclusions, Opportunities, 

and Future Directions 

5.2.1 Implications for Water Quality Monitoring in a Changing Climate 

As of 2025, the Ohio Environmental Protection Agency (EPA) monitors four cyanotoxins 

in western Lake Erie (WLE): microcystins, cylindrospermopsins, saxitoxins, and anatoxins 

(Figure 1.4). While these are critical due to their potent toxicity and prevalence in waters used 

for drinking, recreation, and fishing, they represent only a fraction of the diverse and potentially 

harmful cyanobacterial metabolites produced throughout a cyanoHAB season. Chapters 2, 3, and 
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4 demonstrate that the dynamics and consequences of this chemical diversity remains 

understudied despite the frequent occurrence and co-occurrence of potentially toxic metabolites 

in cyanoHABs, increasing risks to human and aquatic health.   

Due to the vast chemical diversity of cyanobacteria, identifying which metabolites to 

prioritize for monitoring and investigation remains challenging. A two-pronged approach to 

identify the most common and abundant metabolites with toxic or therapeutic activities could 

narrow down the list of metabolites for further investigation. First, nontargeted liquid 

chromatography-mass spectrometry (LC-MS) applied to culture and field-derived samples can 

reveal the most common and abundant individual and co-occurring metabolites (10–12). In 

parallel, samples could be investigated for their activity via bioactivity-guided fractionation to 

isolate metabolites with activities of interest (13–15). Used together, these approaches offer a 

promising framework for characterizing underexplored freshwater chemical space and 

identifying individual metabolites or mixtures of concern. Once novel metabolites are 

characterized, their role in culture- and field-based studies could be explored to expand our 

understanding of cyanoHAB chemical ecology beyond the paradigm of microcystins.  

Not only is the cyanobacterial metabolome relatively unexplored, but it is also 

responding to environmental variability such as warming temperatures, increased nutrient 

loading, and more intense and frequent weather events (16–18). These changes can shift bloom 

composition which in turn influence bloom toxicity and metabolite profiles. For example, 

Dolichospermum abundance has increased in both WLE and Winam Gulf in recent years 

(Chapters 2 & 3), plausibly increasing the potential for other toxins to be produced in WLE such 

as saxitoxin (19). Rising temperatures and elevated nitrogen:phosphorus ratios have been linked 

to increased detection of the saxitoxin gene sxtA (19), while microcystin concentrations rise with 
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nitrogen and light availability (20–22). Some models even predict that reducing phosphorus 

alone, without reducing nitrogen, could yield more toxic blooms (23). The succession from 

Microcystis to Dolichospermum in these basins may also shift bloom chemistry, as nutrient-

dependent co-culture studies suggest these genera can engage in allelopathic interactions that 

elevate microcystin, saxitoxin, and anatoxin production (4). However, most of this work focuses 

on well-characterized cyanotoxins, leaving the responses of other cyanopeptides, like 

anabaenopeptins, aeruginosins, and aerucyclamides, to environmental stressors largely unknown. 

Chapter 2 shows these metabolites increase after the peak of nitrate and microcystin abundance, 

suggesting dependence on regenerated nitrogen sources and late-season nutrient pulses, among 

many other co-variant environmental conditions later in the season. Understanding how climate 

and nutrient dynamics influence these metabolites is critical for anticipating future bloom 

toxicity and tracking functionally distinct populations of bloom-forming cyanobacteria. 

Beyond cyanobacteria, cyanoHABs also contain a complex microbial community with 

broad implications for water quality (24–26). They are hotspots for antimicrobial resistance 

(AMR), fueled by antibiotic runoff from agriculture and wastewater reuse (27). AMR is a 

growing global threat, contributing to nearly 5 million deaths in 2019 alone (28). Lakes and 

rivers act as AMR reservoirs and transmission routes, and cyanoHABs may accelerate resistance 

via increased microbial biomass and mobile genetic elements. The co-occurrence of Microcystis 

and AMR-carrying bacteria, such as Proteobacteria, may create a positive feedback loop 

enhancing bloom persistence, toxicity, and resistance potential (29,30). Future monitoring and 

management must consider the broader microbiome of cyanoHABs, not just cyanobacteria, and 

the ways these communities interact under changing environmental conditions. As climate 



 338 

change continues to reshape freshwater ecosystems, proactive metabolite monitoring and 

collaborative, capacity-building science will be vital for protecting global water security. 

5.2.2 Insights into the Chemical Ecology and Functions of the Diverse Biosynthetic Arsenals 

of Bloom-Forming Cyanobacteria 

The ecological functions of microcystins and other cyanobacterial secondary metabolites 

remain poorly understood. Hypothesized roles include allelopathy, grazing deterrence, oxidative 

stress mitigation, nutrient storage and metabolism, photosynthetic support, and microbiome 

recruitment and maintenance (31). Studies investigating the plausibility of each of these 

hypotheses have been conducted for microcystins (1,32–34), however, even the ecological role 

of this well-studied compound remains unknown. This suggests that focusing solely on 

microcystins may potentially obscure broader ecological patterns. Other commonly produced 

cyanopeptides, such as anabaenopeptins, aeruginosins, micropeptins, and cyclamides, may 

perform redundant, complementary, or competitive functions that could provide greater insights 

into the ecological role of microcystins and other cyanopeptides.  

The ecological roles of individual cyanobacterial metabolites may be less informative for 

understanding strain-specific niche partitioning, which ultimately shapes bloom toxicity and 

chemical composition, than the collective effects of distinct suites of secondary metabolites 

produced by each strain. In Chapter 2, seven years of data revealed consistent temporal co-

variance among certain BGCs and their associated metabolites, suggesting that specific strains 

and thus BGCs and metabolites co-occur more frequently than others. Studying these co-varying 

metabolite suites may clarify how entire packages of biosynthetic potential and metabolite 

synthesis confers ecological advantages that exceed those of single compounds. Integrating 

temporal patterns of BGC abundance, expression, and metabolite production with environmental 
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parameters offers a framework for identifying drivers of metabolite synthesis, forming 

hypotheses that can be experimentally tested under controlled conditions. 

For example, Chapter 2 showed that microcystins peaked during periods of elevated 

nitrate and eDNA detection of grazers (mussels and Daphnia), while anabaenopeptins, 

aeruginosins, and aerucyclamides peaked later in the season during periods of high reduced 

organic nitrogen and eDNA detection of amoebas. These patterns suggest distinct ecological 

roles for strains that can produce different cyanopeptides. We hypothesize that microcystin-

producing strains may be more resistant to grazing by Daphnia and mussels, but primarily under 

conditions of high inorganic nitrogen. In contrast, strains producing anabaenopeptins, 

aeruginosins, and aerucyclamides may be less defended against grazing but potentially more 

capable of fostering symbiotic interactions with microbiome members to enhance access to 

reduced organic nitrogen. Experimental validation of these hypotheses would help confirm field 

observations and further elucidate the complex chemical ecology underlying cyanoHAB 

dynamics 

5.2.3 Improved Understanding of Global CyanoHABs through Collaboration 

As of June 2025, only six metagenome-based studies have been conducted on the 

microbial communities of Lake Victoria, Kenya, half of which stem from the work presented in 

Chapter 3, compared to over 25 on Lake Erie, USA. Notably, Lake Erie has five times more 

NCBI BioProjects than Lake Victoria, underscoring a stark disparity in publicly available 

genomic data. Our collaborative project between 2022 and 2023 generated the first known 

metagenomic sequencing data from Winam Gulf, Lake Victoria, an area with year-round intense 

cyanoHABs effecting dense human and wildlife populations. This work was supported by the 

NSF International Research Experiences for Students (IRES) program (Award #1953468), which 
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supported North American and African students to jointly investigate biological, chemical, 

limnological, and socioeconomic aspects of cyanoHABs and water quality in the region. Close 

collaboration with local experts, students, and faculty ensured sampling captured the spatial and 

temporal complexity of cyanoHABs and addressed regionally relevant questions. Metagenomic 

analyses provided key insights into the bloom ecology of the gulf, including identification of 

Microcystis as the primary microcystin producer, detection of other potentially toxigenic 

cyanobacteria like Dolichospermum and Sphaerospermopsis, and the influence of spatially 

variable nitrogen: phosphorus ratios on bloom dominance. Importantly, toxigenic Microcystis 

was detected in highly turbid waters frequently used by lakeside communities for daily tasks, 

identifying serious but often unrecognized exposure risks due to a lack of green, visible scums. 

All resulting data were made publicly available and directly shared with Kenyan collaborators to 

support continued research and management. 

This work was presented at the February 2024 African Center for Aquatic Research and 

Education (ACARE) meeting in Kisumu, Kenya, where a North American–African Great Lakes 

Metagenomics Working Group was established. The group, comprising over 30 researchers 

(65% faculty/staff, 35% students), aims to foster collaborative, genomics-driven research across 

the African and North American Great Lakes through shared datasets, tool tutorials, and joint 

deliverables such as datasets, reports and peer-reviewed manuscripts. Members represent Lakes 

Victoria, Tanganyika, Albert, Kivu, Edward, Erie, and Superior. Through this initiative and the 

NSF-IRES program, students and faculty have exchanged tools and tutorials (e.g., KBase), and 

conceptualized collaborative grants and manuscripts, building capacity and helping to close the 

genomic data gap in the Global South. These models of collaboration can be extended to 
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underrepresented freshwater systems in Africa, South America, Pacific Islands, and Southeast 

Asia, helping advance more equitable and informed global lake management. 

5.2.4 Toxicity beyond Microcystins: Assessing, Monitoring, and Managing the Combinatorial 

Effects of Co-Occurring Cyanobacterial Metabolites 

 Cyanobacteria produce a complex mixture of metabolites during cyanoHABs, many of 

which remain uncharacterized, unmonitored, and unmanaged, threatening human and 

environmental health. While individual cyanotoxins such as microcystins, cylindrospermopsins, 

and anatoxins are well-studied, growing evidence shows that mixtures of these compounds can 

act synergistically in human and murine models (35–37). Chapter 4 of this thesis demonstrated 

potentially synergistic effects between microcystins and anabaenopeptins in human lung, liver, 

and kidney cell lines, underscoring the need to study both the individual toxic mechanisms of 

anabaenopeptins and its’ interactions with other co-occurring metabolites, an increasingly 

common scenario in natural blooms (8,38,39). Experiments using crude extracts from 

Microcystis cultures have repeatedly shown that microcystin concentrations alone do not account 

for observed toxicity (40–42), a finding echoed in Chapter 4. This thesis contributes to a growing 

body of evidence that cyanoHAB toxicity cannot be fully understood through a microcystin-

centric lens. Interactions among known and unknown metabolites within the cyanobacterial 

metabolome likely contribute to the observed toxic effects. 

To address this complexity, coordinated long-term monitoring and toxicity testing efforts 

are needed. Integrating acute toxicity testing with multi-omics sampling (e.g., metagenomics, 

metatranscriptomics, metabolomics) on a standardized time course will support the development 

of interannual toxicity datasets across vital freshwater bodies. Such efforts require 

standardization of field extract testing, including defined cell lines, passage numbers, dosing 
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protocols, and specifying cytotoxicity and pro-inflammatory assays. Establishing this 

standardized framework will enhance our ability to identify metabolites of concern, support 

informed regulatory decisions, and ultimately better protect lakeside communities. Collaborative, 

standardized, and interdisciplinary approaches are essential to fully capture and mitigate the 

evolving risks of cyanoHAB toxicity. 

5.3 Continuing Advancements for Future Applications 

Advancing our understanding of cyanobacterial biosynthetic potential and its 

spatiotemporal dynamics requires two major priorities: obtaining more high-quality genomes and 

elucidating the synthesis products of cryptic biosynthetic gene clusters (BGCs). As of June 2025, 

there are only nine Microcystis and three Dolichospermum genomes in the in Joint Genome 

Institute Integrated Microbial Genomes (JGI IMG/MER) database labeled as "Finished," 

reflecting the highest sequencing quality (43). These genomes were largely generated using long-

read sequencing platforms such as PacBio. Continued improvements in long-read sequencing 

technologies such as PacBio and Oxford Nanopore will be essential for producing high-quality 

and complete genomes that capture large BGCs, often exceeding 50 kilobases. There are 

currently 146 characterized cyanobacterial BGCs in the MIBiG database, compared to over 500 

for Ascomycota and more than 1,000 for Actinomycetota (44). Metabologenomics studies and 

data within this thesis (Chapters 2 and 3) confirm the presence and high abundance of many 

cryptic BGCs in both cyanobacterial cultures and environmental cyanoHAB samples (25,45–47), 

underscoring the need for further elucidation of the synthesis products of these BGCs. As 

bioinformatics tools such as antiSMASH, GECCO, DeepBGC, and SanntiS (48–50,50–52) and 

synthetic biology approaches for BGC characterization continue to evolve, the discovery and 

annotation of new BGCs from cyanobacterial will accelerate.  
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Beyond biosynthetic potential, advances in non-targeted metabolomics workflows and 

databases, especially for environmental samples, are enabling more confident compound 

identification through secondary fragmentation (48,53). High-resolution liquid chromatography-

mass spectrometry (HRLC-MS), paired with tandem mass spectrometry (MS/MS), provides 

detailed snapshots of metabolite profiles at specific points in time (54). One of the most powerful 

workflows for analyzing non-targeted metabolomics data is feature-based molecular networking 

via the Global Natural Products Social Molecular Networking (GNPS) platform (55). This is 

supported by the MassIVE database, which contains over 1,800 public datasets and 1.2 billion 

MS/MS spectra (56). Researchers can use this platform to annotate compounds in their own 

datasets, compare unidentified features to others globally, and track molecular signatures across 

studies. These tools have rapidly advanced the field and enabled much of the work in this thesis 

such as tracking the temporal patterns cyanopeptides in WLE in Chapter 2 while also opening 

new opportunities for novel molecule discovery which is a vast opportunity as suggested by the 

cryptic biosynthetic potential revealed in Winam Gulf in Chapter 3. Continued use of non-

targeted metabolomics and the curation of new scripts and tools such as MassQL (57) to 

automatically detect and annotate cyanopeptides beyond microcystins, especially those with 

characteristic diagnostic ions (12), will expand the available data on lesser-studied compounds 

and enable more researchers to explore them in their own samples. In parallel, further elucidation 

of cyanopeptide congeners and other cyanobacterial secondary metabolites and deposition of 

annotated spectra into public databases will accelerate efforts to uncover the vast and largely 

untapped chemical space of cyanobacteria. 

Ultimately, long-term, spatially and seasonally resolved time series of multi-omics data—

paired with detailed physicochemical metadata—can enable predictive modeling of taxa, gene 
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expression, and metabolite production across bloom events. These models require extensive 

datasets and consistent sampling across multiple years to generate accurate, meaningful 

prediction. This represents a critical frontier for the field, where we have the ability not only to 

describe bloom dynamics, but to predict what is happening now, what triggered it, and what may 

happen next. Current cyanoHAB forecasting models primarily rely on satellite imagery, 

hydrodynamic data, microcystin levels, and chlorophyll concentrations to predict bloom 

movement and severity through hindcasts and various computer models (58–60). By integrating 

biological insights from multi-omics datasets and agent-based models, we will be able to model 

the in-situ behavior of cyanobacterial communities in real time, transforming bloom forecasting 

into a tool for proactive public health protection. Harnessing advances in computing, machine 

learning, and systems ecology, we can move toward more holistic and predictive management of 

cyanoHABs. 

Together, improvements in sequencing technology, bioinformatic pipelines, 

metabolomics infrastructure, and data sharing platforms are driving the next generation of multi-

omics integration. These advances will enable more holistic, accessible studies of cyanobacterial 

chemical ecology in aquatic ecosystems.  

5.4 Concluding Remarks 

 This dissertation evaluated the biosynthetic potential, chemical diversity, and ecological 

consequences of cyanobacterial secondary metabolism in two geographically distinct eutrophic 

Great Lakes basins, western Lake Erie and the Winam Gulf. The findings make clear that bloom-

forming cyanobacteria proliferating in freshwater cyanoHABs encode the ability to produce a 

wide array of bioactive metabolites beyond microcystins, most of which remain uncharacterized. 

This understudied chemical diversity carries implications for both human and ecosystem health 
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that remain largely unexamined. To fully grasp cyanoHAB toxicity and its drivers, future work 

must move beyond the narrow framework of mcy-encoding versus non-mcy encoding organisms 

and subsequent microcystin detection. A more expansive view, one that considers the full suite 

of secondary metabolites produced by different strains and genera, may reveal the ecological 

roles of these compounds and uncover new strategies to mitigate bloom proliferation and 

toxicity. For the protection of our most vital natural resource, I encourage researchers to use this 

work as a stepping stone toward a more holistic understanding of cyanoHAB chemical 

complexity, its spatiotemporal dynamics, and the evolving threats it poses to both human and 

environmental well-being. 
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Appendix 

Appendix A: Effects of Field-Derived CyanoHAB Extracts on Human Cell Viability  

A.1 Introduction 

This study was conducted in parallel with the cell viability assays described in Chapter 4, 

using the same methodology. However, in this case, field-derived cyanobacterial harmful algal 

bloom (cyanoHAB) metabolite mixtures collected from four stations in western Lake Erie 

(WLE) between August and October 2023 (Figure A.6.1) were tested on four human cell lines 

(A549, HK-2, Hep-G2, and HEK-293) to assess their effects on viability. Preliminary results 

revealed a dose-dependent response: minimal effects were observed at concentrations up to 100 

µM, while some extracts caused viability reductions exceeding 50% at the highest concentration 

(500 µM) in two of the cell lines. 

A.2 Results 

Cyanotoxin Concentrations vary Spatiotemporally in WLE 

The concentration of anabaenopeptin (ABN) and microcystin (MC) congeners were 

quantified in each field extract (Figure A.6.2). ABN-B and all MC congeners were detected at 

their highest levels in replicates from samples 1, 2, and 3. These samples were collected in 

August and September of 2023 from stations WE4, WE12, and WE9. ABN-A was only detected 

in samples 7 and 8, collected in October 2023 from stations WE2 and WE9. Sample 7 was the 

only sample to have replicates containing all measured cyanotoxins in the study, although often 

detected at very low concentrations.  
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Field-Derived Metabolite Mixtures Elicit Dose-Dependent Responses Across Four Human Cell 

Lines 

The effects of field-derived cyanoHAB metabolite mixtures were evaluated across four 

human cell lines at varying concentrations (Figure A.6.3, Figure A.6.4, Figure A.6.5). At lower 

extract doses (≤100 µM), cell viability was largely unaffected in all cell lines. Among them, 

A549 cells showed the greatest sensitivity at these lower concentrations. At higher doses 

(>100 µM), Hep-G2 and HEK-293 cells exhibited pronounced decreases in viability (Figure 

A6.5). This trend was consistent across all extracts, though some mixtures caused stronger 

cytotoxic effects than others. Notably, replicates from sample 6 induced some of the most 

substantial reductions in cell viability—even at low doses—despite not having the highest 

cyanotoxin concentrations compared to other samples. 

A.3 Discussion 

Within cyanoHABs, hundreds of cyanobacterial derived metabolites can be present at any 

given time, many of which exhibit toxic effects towards humans, wildlife, domestic animals, and 

aquatic organisms (1–3). However, the combinatorial and interactive effects of such mixtures 

remain understudied, especially in western Lake Erie (WLE), a critical drinking water source for 

Toledo and its’ surrounding municipalities. Most existing literature focuses on the effects of 

microcystins, largely overlooking the remaining 80% of characterized cyanobacterial 

metabolites, as well as numerous uncharacterized compounds (1). In this study, we tested the 

effects of field-derived cyanoHAB metabolite mixtures collected across a bloom season in WLE 

on the cell viability of human lung, liver, and kidney cells. Although some samples yielded less 

material and could not be tested at the highest concentration across all cell lines, we were still 
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able to observe distinct effects of extracts from different stations and bloom periods, as well as 

differential responses among cell lines exposed to the same extract. 

We observed that some samples with relatively low cyanotoxin concentrations induced 

more pronounced toxic effects than samples containing higher concentrations of cyanotoxins. 

Several factors may explain this unexpected outcome: (1) the presence of other bioactive 

molecules in the low-cyanotoxin extracts that exert stronger cytotoxic effects on human cell 

lines, or (2) potential interactions within the high-cyanotoxin extracts that interfere with or 

suppress the activity of known cyanotoxins (MCs and ABNs), thereby reducing their overall 

impact on cell viability. These results suggest that complex drug–drug or drug–target interactions 

may be occurring within these crude mixtures, contributing to extract-specific cytotoxic profiles 

across different cell lines. To better understand these dynamics, future studies should focus on 

collecting larger volumes of material across a broader range of stations and bloom periods in 

WLE to ensure sufficient sample availability for IC₅₀ determination across all cell lines. 

Additionally, fractionation of the crude extracts, followed by individual testing of the fractions 

and non-targeted metabolomic profiling, will be essential to identify the compounds most 

responsible for driving toxicity in each complex extract. 

 In addition to extract-specific effects on cell viability, the results suggest that some 

human cell lines were more strongly affected by the toxic effects of the extracts than others. This 

variability may be attributed to differences in expression of organic anion transporting 

polypeptides (OATPs), which are required for the cellular uptake of microcystins to exert their 

protein phosphatase inhibition activity (4). Notably, we observed more pronounced cytotoxic 

effects at low extract doses in the A549 lung cell line, which is known to express OATP1B3, the 

primary transporter for microcystin-LR (5). In contrast, the HK-2 kidney cell line, which showed 
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weaker responses to the extracts, expresses only OATP4C1, a transporter not yet confirmed to 

mediate uptake of microcystins or other cyanopeptides (6). HEK-293 cells do not express 

OATPs, while Hep-G2 cells are known to express OATP1B3 but at relatively low levels (7,8). 

Interestingly, greater toxic effects in HEK-293 cells compared to Hep-G2 were observed, 

suggesting that other bioactive molecules within the extracts, either transported by different 

carrier proteins or capable of passive diffusion, may be responsible for these effects. At higher 

extract doses, additional modes of entry and toxicity may be at play, including synergistic or 

antagonistic interactions between different compounds within the mixtures. Future studies should 

focus on elucidating the uptake mechanisms of other abundant cyanopeptides, such as 

anabaenopeptins, both in the presence and absence of microcystins, to better understand potential 

interactive toxic mechanisms in human cell models. 

A.4 Materials and Methods  

 

Cell Culturing and Targeted Metabolomics Analysis 

Mammalian cell culturing for the cell lines A549 (lung) and HK-2 (kidney) and targeted 

metabolomics analysis of extracts were conducted as outlined in the methods section of Chapter 

4 (Section 4.6) of this thesis.  

 

Hep-G2 and Hek-293 Cell Culturing 

Human hepatocellular carcinoma (liver epithelial) Hep-G2 (Virginia, USA, catalog no. HB-

8065) and human immortalized embryonic kidney Hek-293 (Virginia, USA, catalog no. CRL-

1573) cells were acquired from ATCC. Cells were cultured under standard conditions and stored 

in Gibco Recovery Cell Culture Freezing Medium at 2 x 106 cells per aliquot. Cells were 
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cultured in T175 flasks in Dulbecco’s Modified Eagle Medium (DMEM, Life Technologies 

media, Carlsbad, CA, USA) supplemented with 10% Fetal Bovine Serum (FBS) and 1% 

penicillin/streptomycin. Cultures were maintained at 37°C in a humid atmosphere with 5% CO2.  

 

Field Sample Collection  

Surface water samples (<1 meter depth) were collected using a 100 µm mesh plankton net tow. 

In some cases, depth-integrated samples were collected using a peristaltic pump from the surface 

to 1 meter above the lake bottom. All samples were collected between August and October 2023 

from four National Oceanic and Atmospheric Administration Great Lakes Environmental 

Research Laboratory (NOAA GLERL) regulator monitoring stations: WE2, WE12, WE4, and 

WE9. At each station, four biological replicates were collected, resulting in four 1 L samples per 

site. Samples were stored in high-density polyethylene (HDPE) bottles at room temperature and 

returned to the lab, where they were left on the benchtop for four hours to allow biomass 

separation. Once biomass had settled or floated, it was pipetted into 50 mL Falcon tubes, 

centrifuged at 10,000 rpm for 15 minutes, and the supernatant was discarded. Pelleted biomass 

was stored at –20 °C until metabolite extraction. 

 

Metabolite Extraction  

Cell pellets were thawed and put into glass scintillation vials. Metabolites were extracted from 

the cellular biomass using a freshly made 50:50 high-performance liquid chromatography 

(HPLC)-grade methanol/chloroform mixture. The solvent mixture was added to the thawed 

scintillation vials to cover the biomass completely. Vials were then sonicated in a water bath for 

30 minutes. Methanol rinsed stir bars were placed in each vial and samples were warmed at 40°C 
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and slowly stirred for four hours with caps lightly screwed on to allow for gas exchange. For 

each sample, two clean, pre-weighed vials, one for toxicity assays and one for targeted 

metabolomics analysis, were prepared. Extraction mixtures were filtered to remove residual 

solids and then evenly divided between the two vials. After filtration, vials were dried under a 

gentle stream of N2 gas at 30°C. Dried samples were weighed again to calculate their crude 

extract weight and stored at -20°C until further analysis. 

 

Cell Line Exposures to Field Extracts  

Extracts were reconstituted in 50/50 DMSO/water at a concentration of 100 mg/mL, based on the 

crude extract weight of the sample and stored at -20°C for the duration of experimental use. The 

viability and toxicity of all extracts were assessed in Hep-3B, A549, Hep-G2, and Hek-293 cells 

using the CellTiter-Glo assay (Promega, Madison, WI, USA). Cells were seeded in 20 µL of 

medium at a density of 10,000 cells per well in opaque, 96-well tissue culture-treated plates after 

reaching desired confluency and allowed to adhere for 24 hours. After adherence, cells were 

treated with serial dilutions between 1.25 and 500 µM of each extract, doxorubicin (positive 

control), and the highest stock concentration of DMSO/water to account for a negative vehicle 

control. Note that all extracts against each cell line were not tested at all doses or against all cell 

lines due to material limitation. Following treatment, 20 µL of fresh medium was added to each 

well and plates were incubated for an additional 48 hours. After incubation, 20 µL of CellTiter-

Glo reagent was added to each well and incubated for five minutes at room temperature. 

Luminescence from each well was measured using a spectrophotometer. Results were 

normalized to a DMSO-vehicle control, and growth curves were visualized using GraphPad 
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Prism 10 (San Diego, CA, USA). Each extract was tested in duplicate on each plate, and each 

plate was repeated on different days to ensure technical and biological replication.  
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A.6 Figures 

 

Appendix Figure A.6.1: Map of western Lake Erie showing NOAA long-term monitoring 
stations evaluated in this study. Near-shore sites WE2 and WE12 border the Ohio coastline, WE9 
is located between the Maumee and Detroit River mouths, and WE4 represents an offshore 
station. 
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Appendix Figure A.6.2: Quantification of cyanotoxins via liquid chromatography-mass 
spectrometry (LC-MS), including anabaenopeptins (ABN-A and ABN-B) and microcystin (MC) 
congeners (Asp3-LR, HilR, LA, LR, LY, RR, YR). Each vertical panel represents a different 
cyanotoxin, each with a unique y-axis scale. Biological replicates (samples collected from the 
same station and date) are shown along the x-axis as replicates and are grouped by collection 
date and station. All extracts were collected from the surface using a 100 µM plankton net tow, 
while samples with a * (sample 11, collected from WE4 on October 19th, 2023) were collected 
from a depth integrated sample and were not filtered using any mesh. 
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Appendix Figure A.6.3: (a) Cell viability response by HK-2 (Kidney) cells to cyanoHAB field 
extracts collected in 2023. Extracts were dosed between 12.5 and 100 µM, relative to the crude 
weight of dried extract after metabolite extraction. Hotter tiles indicate more viability relative to 
the DMSO control, and darker tiles indicate less viability relative to the DMSO control. (b) Cell 
viability response by HK-2 (Kidney) cells to cyanoHAB field extracts collected in 2023. Extracts 
were dosed between 1.25 and 10 µM, relative to the crude weight of dried extract after 
metabolite extraction. Hotter tiles indicate more viability relative to the DMSO control, and 
darker tiles indicate less viability relative to the DMSO control. 
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Appendix Figure A.6.4: (a) Cell viability response by A549 (Lung) cells to cyanoHAB field 
extracts collected in 2023. Extracts were dosed between 12.5 and 100 µM, relative to the crude 
weight of dried extract after metabolite extraction. Hotter tiles indicate more viability relative to 
the DMSO control, and darker tiles indicate less viability relative to the DMSO control. (b) Cell 
viability response by HK2 (Kidney) cells to cyanoHAB field extracts collected in 2023. Extracts 
were dosed between 1.25 and 10 µM, relative to the crude weight of dried extract after 
metabolite extraction. Hotter tiles indicate more viability relative to the DMSO control, and 
darker tiles indicate less viability relative to the DMSO control. 

 



 362 

 

Appendix Figure A.6.5: (a) Cell viability response by Hep-G2 (Liver) cells to cyanoHAB field 
extracts collected in 2023. Extracts were dosed between 3.9 and 500 µM (shown on the x-axis), 
relative to the crude weight of dried extract after metabolite extraction. Cell viability response, 
shown as the percent viability relative to the DMSO control, is shown on the y-axis. Biological 
replicates share the same color but differ in shape. (b) Cell viability response by Hek-293 
(Kidney) cells to cyanoHAB field extracts collected in 2023. Extracts were dosed between 3.9 
and 500 µM (shown on the x-axis), relative to the crude weight of dried extract after metabolite 
extraction. Cell viability response, shown as the percent viability relative to the DMSO control, 
is shown on the y-axis. Biological replicates share the same color but differ in shape.  


