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ARTICLE INFO ABSTRACT

Keywords: Despite the global expansion of cyanobacterial harmful algal blooms (cHABs), research is biased to temperate
Metabarcoding systems within the global north, such as the Laurentian Great Lakes. This lack of diversity represents a significant
Metagenomics gap in the field and jeopardizes the health of those who reside along at-risk watersheds in the global south. The

Lake Victoria

Lake Simbi African Great Lake, Lake Victoria, is understudied despite serving as the second largest lake by surface area and
aKe 51mb1

Lake Naivasha demonstrating year-round cHABs. Here, we address this knowledge gap by performing a molecular survey of
Methane metabolism cHAB communities in three anthropogenically and ecologically important freshwater systems of Victoria's
Sulfur limitation Kenyan watershed: Winam Gulf (Lake Victoria), Lake Simbi and Lake Naivasha. We identified a bloom of non-

toxic Dolichospermum and toxic Microcystis in the Winam Gulf, with data suggesting sulfur limitation shapes com-
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petition dynamics between these two bloom-formers. Though we did not detect a bloom in Naivasha, it contained
the largest diversity of cHAB genera amongst the three lakes. In turn, our results indicated methane metabolism
may allow non-toxic picoplankton to outcompete cHAB genera, while suggesting Synechococcus spp. serves as a
methane source and sink in this system. Lake Simbi exhibited a non-toxic Limnospira bloom at the time of sam-
pling with very low abundances of cHAB genera present. Subsequently, these results were employed to design a
cHAB screening and risk assessment framework for local stakeholders. Cumulatively, this work serves to increase
cHAB research efforts on the international scale while serving as an impetus for cHAB monitoring on the local

scale.

1. Introduction

Despite accounting for ~25 % of Earth's unfrozen freshwater, the
African Great Lakes remain some of the least-studied to date (Lawrence
et al., 2023). Even lesser studied are the thousands of smaller lakes
throughout the region which serve as vital resources to human popula-
tions and ecological communities alike. A notable threat to these sys-
tems are cyanobacterial harmful algal blooms (cHABs) formed by cos-
mopolitan genera such as Microcystis, which are increasing in distribu-
tion, duration and frequency due to climate change (Wells et al., 2020;
Wilhelm et al., 2020; Zepernick et al., 2023). The present study con-
ducted opportunistic surveys (June-July 2022) to investigate the pres-
ence of cHABs within three anthropogenically-impacted and ecologi-
cally important Kenyan lakes: Lake Victoria (African Great Lake), Lake
Simbi (Soda Crater Lake) and Lake Naivasha (Great Rift Valley Lake).

1.1. Winam Gulf, Lake Victoria (Nyanza Viktoria)

Lake Victoria is the second largest lake in the world by surface area
(Hecky, 1993). It is estimated ~50 % of Kenya's population resides
within Lake Victoria's basin (Njagi et al., 2022), with the majority of
people located within the catchment of Winam Gulf (also referred to as
Nyanza Gulf). The Winam Gulf serves as a source of potable water, food
and economic revenue to the ~5 million residents within the watershed
(McKay et al., 2024; Njuguna et al., 2006; Obuya et al., 2023). Yet, due
to deforestation, agricultural intensification and urbanization (Scheren
et al., 2000), this freshwater system has become jeopardized by eu-
trophication (Hecky, 1993; Sitoki et al., 2010). It is difficult to deter-
mine when the shift in Lake Victoria's trophic status occurred (Table 1)
(Hecky et al., 2010), but symptoms began to manifest in the 1980’s. A
switch from diatom to cyanobacterial dominance was noted (Gophen et
al., 1995), massive “blue-green” algal blooms were attributed to fish

Table 1

Characteristics of the three lakes that were opportunistically sampled during
the June-July 2022 NSF IRES Advanced Studies Institute on Water Quality and
Harmful Algal Blooms in Lake Victoria, Kenya. Asterisks indicate values re-
ported correspond to those recorded upon sample collection in this study.
Otherwise, values are the most recently reported in the literature (Ballot et
al., 2005; Gharib et al., 2023; Ojiambo and Lyons, 2019; Opiyo et al., 2019;
Romero and Alexander, 2006; Sitoki et al., 2012; Yongo et al., 2023).

Characteristics Lake Victoria Lake Simbi Lake Naivasha
(Winam Gulf) (Crescent Island)
Location of sample 0°31'17.63” S 0°22'10.81” S 0°45°31.00” S
collection* 34°27°25.30" E  34°37°44.11”E  36°25’30.00” E
Surface Area (km?) 1,300 0.29 145
Mean Depth (m) 10 23 5
Residence time (yr) 1-1.5 Unknown 3-6
Altitude above sea level (m) 1,134 1,142 1,890
Population in basin 5 million 250,000 380,000
Conductivity (uS e em™) 100-200 16,000 240-400
pH* 7.4 10.34 7.4
Trophic State Indices HE, TSI = 145 HE, E/HE,
TSI = 87.01 TSI = 66
Potable water source? Yes No Yes
cHAB visibly present?* Yes, Algae Yes, microscopy No
Torch

kills (Ochumba, 1990) and shifts within the fish fauna were observed
(Gophen et al., 1995; Hecky, 1993; Lowe-McConnell, 1994). Notably,
heavy blooms of Microcystis spp. (Gikuma-Njuru et al., 2006; Krienitz et
al., 2002; Ochumba and Kibaara, 1989; Sitoki et al., 2012) and Dolichos-
permum spp. (formerly Anabaena spp.) (Brown et al., 2024a; Gikuma-
Njuru et al., 2013; Olokotum et al., 2020) have been routinely docu-
mented in the Winam Gulf of Lake Victoria. In recent years, studies
have confirmed Lake Victoria's cHABs (and their associated toxins) pose
a significant risk to human health and confer negative socioeconomic
consequences (Brown et al., 2024a; Obuya et al., 2023; Olokotum et al.,
2020; Roegner et al., 2020; Roegner et al., 2023). Yet, to date, cHABs
within Lake Victoria have not been widely characterized at a molecular
level (Lawrence et al., 2023; Olokotum et al., 2020).

1.2. Lake Simbi (Simbi Nyaima)

Lake Simbi is a soda crater lake located ~1 km from the Winam Gulf
of Lake Victoria. The lake's physiochemistry is consistent with a typical
soda lake: eutrophic, stratified, hypoxic and routinely surpassing pHs of
10 (Table 1) (Ballot et al., 2005; Opiyo, 2020; Opiyo et al., 2019). The
planktonic community of Simbi is dominated by cyanobacterial blooms
of Limnospira spp. (formerly Arthrospira spp.) (Ballot et al., 2005), with
historical studies describing Simbi as a “unialgal cyanobacterial bloom
of Limnospira spp.” (Finlay et al., 1987; Melack, 1979). While the alka-
line-saline chemistry of the lake renders it unsuitable for direct human
use, Simbi is a vital cultural, economic and ecological reserve
(Hayombe et al., 2014). Notably, Simbi hosts populations of the endan-
gered Lesser Flamingo (Phoeniconaias minor) (Tuite, 1979) which feeds
on Limnospira as its primary food source (Raini, 2006). As a result,
Simbi generates considerable revenue via environmental tourism
(Hayombe et al., 2014). However, agricultural development in recent
decades has exacerbated eutrophication (Opiyo et al., 2019). Coinci-
dently, recent studies have reported alarming declines in flamingo pop-
ulations (Ndetei and Muhandiki, 2005; Oduor, 2018) and marked shifts
in the cyanobacterial community. Notably, Microcystis spp. dominated
Simbi's water column throughout a six-month period in 2018-2019
(Opiyo, 2020) and Ballot et al. (2005) detected substantial levels of mi-
crocystins (19.7-39.0 pg e g~! dry weight of microcystin-LR) in Simbi
throughout June 2001-2002. In turn, Ballot et al. (2005) raised con-
cerns that Limnospira species within Simbi may possess the ability to
synthesize microcystins. Yet, despite substantial shifts in cyanotoxin
concentrations and community composition, there have been no further
investigations, to our knowledge, regarding cHABs within this lake.

1.3. Lake Naivasha

Naivasha is the second largest freshwater lake in Kenya (Renaut and
Owen, 2023), and is one of seven lakes located within the Great Rift
Valley. The physiochemistry of Naivasha is distinct from its neighbors.
In contrast to the alkaline-saline soda lakes within the Great Rift Valley,
Naivasha is characterized by nutrient-poor waters, low-salinities (i.e.,
282-374 S e cm™!) and slightly basic pHs (~8-9) across both wet and
dry seasons (Ballot et al., 2009; Harper et al., 2011; Otiang'a-Owiti and
Oswe, 2007; Yongo et al., 2023). As a result, the fresh waters of
Naivasha in a region otherwise dominated by soda lakes elevates the
importance of this system to surrounding communities. Naivasha pro-
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vides drinking water, food, and irrigation to ~380,000 residents within
its watershed (Onywere et al., 2012; Yongo et al., 2023). Yet, rapid de-
velopment has threatened this critical resource in recent decades. No-
tably, the region is one of the fastest growing in Kenya, experiencing a
population increase of 137 % from 1999-2009 (Onywere et al., 2012).
Concurrently, Naivasha has undergone rapid physiochemical and biotic
changes in recent decades. For example, the surrounding watershed has
undergone intense agricultural development as foreign large-scale
farming operations replace local small-scale establishments (Harper et
al., 2011). Cumulatively, the lake has experienced progressive eutroph-
ication (Harper et al., 2011; Hubble and Harper, 2002; Otiang'a-Owiti
and Oswe, 2007) - shifting its status to eutrophic (Table 1) (Harper et
al., 1993; Yongo et al., 2023). Coinciding with shifts in trophic status —
a shift in phytoplankton composition has occurred. Surveys conducted
throughout 2001-2005 noted cyanobacterial dominance and a dense
bloom of Microcystis aeruginosa was reported in 2006 (Ballot et al.,
2009). Most recently, a study conducted from February-July 2019
found cyanobacteria continued to dominate the water column (Owino
et al., 2020). However, to our knowledge, there have not been any fur-
ther studies concerning cHABs within Naivasha.

1.4. Investigating the presence of cHABs and genomic potential for toxicity

Though each possesses a distinct physiochemical profile (Table 1),
Winam Gulf (Lake Victoria), Lake Simbi and Lake Naivasha are unified
by acute eutrophication and episodic reports of cHABs. Despite this
risk, the knowledge that is presently available is largely based on mi-
croscopy — which falls short of determining if the cyanobacteria possess
genes associated with toxin biosynthesis. More broadly, there has been
a lack of molecular characterization concerning these lakes to date, rep-
resenting a considerable gap within the field. In this study, we utilized
genomic and bioinformatic techniques to 1) Establish baseline molecu-
lar characterizations of the cyanobacterial community, 2) Determine
the toxic biosynthetic potential of cyanobacteria and 3) provide base-
line resources and recommendations for future risk assessment in these
vulnerable freshwater systems.

2. Methods
2.1. Sample collection and water column physiochemistry

Samples of opportunity (n = 26) were collected from the plank-
tonic water column across Lakes Victoria (n = 22), Simbi (n = 2) and
Naivasha (n = 2) in June-July of 2022 as part of the NSF IRES Ad-
vanced Studies Institute on Water Quality and Harmful Algal Blooms in
Lake Victoria, Kenya (2022-2023) (Zepernick et al., 2024 in review). To
investigate the presence of cHABs in these lakes, six libraries were se-
lected for analysis originating from Homa Bay (Winam Gulf), (0°
31°17.63” S, 34° 27°25.30” E), Lake Simbi (0° 22’10.81” S, 34°
37°44.11” E) and Crescent Island, Lake Naivasha (0° 45°31.00” S, 36°
25°30.0” E). Sample sites spanned various trophic states and bloom
severity (Table 1) (Fig. 1) (Supplemental Table 1).

Whole water samples (1 L) were collected in biological duplicate
from a depth of ~0.5 m. Subsequently, samples for DNA analysis were
collected onto sterile 0.22 pm pore-size Sterivex filters (Sigma Aldrich,
St. Louis, MO, USA) and stored at room temperature in DNA/RNA
Shield (Zymo Research, Irvine, CA, USA) until extraction. Filtrate was
collected in biological duplicate for dissolved nutrient analysis (NOy,
NH,, DRP, SiO,) and stored at -20 °C until processing on a QuAAtro 5-
Channel continuous segmented flow auto-analyzer (Seal Analytical
Inc., Mequon, WI, USA). A multiparameter sonde (YSI Inc., Yellow
Springs, OH, USA) and Algae Torch (bbe Moldaenke, Kiel, Germany)
were available for in situ measurements at Lake Victoria. Otherwise, the
temperature and pH of each system was measured in situ using an LCD
digital aquarium thermometer (Vivosun, Ontario, CA, USA) and high
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Fig. 1. The three lakes sampled over the course of the 2022 NSF IRES Advanced
Studies Institute on Water Quality and Harmful Algal Blooms in Lake Victoria,
Kenya. (A) Image of a cyanobacterial bloom in Homa Bay, Lake Victoria taken
on June 24, 2022, prior to sampling. (B) Image of flamingoes along the shore-
line of Lake Simbi taken on July 2" 2022, prior to sampling. (C) Image of Lake
Naivasha shoreline taken on July 12% 2022, prior to sampling. Photo credit:
Brittany N. Zepernick.

accuracy MQuant pH strips (0.3 intervals, range pH 6.5-10) (Millipore
Sigma, Burlington, MA, USA). All metadata are available online at the
Biological and Chemical Oceanography Data Management Office
(Bullerjahn et al., 2024).

2.2. DNA extraction and sequencing
Prior to extraction, DNA/RNA Shield was flushed from filters using

~50 mL of sterilized PBS solution to maximize DNA yields (Supplemen-
tal Figure 1). DNA was extracted using standard basic phenol-
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chloroform methods followed by ethanol precipitation as reported pre-
viously (Martin and Wilhelm, 2020; Zepernick et al., 2022). DNA was
assessed for quality using a Nanodrop ND-100 Spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA) to ensure purity was suf-
ficient for sequencing (260/280 > 1.80). DNA concentration was
quantified using the Qubit dsDNA HS assay (Invitrogen, Waltham, MA,
USA). Libraries for 16S rRNA metabarcoding were prepared using the
Nextera XT Library Preparation Kit (Illumina, San Diego, CA, USA) and
the dual-index approach targeting the V4 region with the 515F and
806R primers (Gohl et al., 2016; Illumina, 2015). Following, 16S rRNA
gene libraries were sequenced on an Illumina MiSeq using the Nano v2
kit (2 x 300 bp, paired end reads) at the University of Minnesota Ge-
nomics Center. Concurrently, metagenomes were generated
(2 x 150 bp paired end reads) on a NovaSeq S4 yielding ~200 million
total reads per sample.

2.3. Metabarcoding analysis to identify major cyanobacterial genera

All raw fastq files (n = 26) were processed in RStudio (v.4.3.2) us-
ing the DADA2 pipeline (v.1.28.0) (Callahan et al., 2016). Briefly,
primers were trimmed from samples with resulting sequence length
truncated at 225 bp (forward reads) and 200 bp (reverse reads) based
on sequence quality profiles. Quality control was performed using the
DADA2 error correction model, with sequences possessing > 2 ex-
pected errors removed and sequences with quality scores < 2 trun-
cated. Forward and reverse reads were interleaved with a minimum
overlap of 150 bp and chimeras, chloroplasts and mitochondria were
removed from the dataset. Subsequently, taxonomy was assigned to
amplicon sequencing variants (ASVs) using the DADA2 classifier and
the DADA2 formatted SILVA ribosomal RNA gene database (v.138.1)
(Quast et al., 2012). Assignments were made to the species level at
100 % identity for ASVs and taxonomically unassigned chloroplasts
were removed. The resulting ASV count matrix (n = 4,383 unique
ASVs) was used for downstream statistical analysis (Supplemental
Table 2) with results from the six libraries of interest reported in this
study.

2.4. Metagenomic analysis reveals minor cyanobacterial genera and
metabolic potential

All raw fastq files (n = 26) were preprocessed (quality control, fil-
tering, trimming) using fastp (v.0.20.0) (Chen, 2023; Chen et al., 2018)
through the Great Lakes Atlas of Multi-omics Research (GLAMR)
pipeline (https://greatlakesomics.org/). Files were subsequently
processed on the ISAAC NG cluster. Libraries were concatenated and as-
sembled (coassembled) using MEGAHIT (v.1.2.9) (Li et al., 2015) with
coassembly statistics determined via QUAST QC (Supplemental Table 3)
(v.5.0.2) (Gurevich et al., 2013). Trimmed reads of each library were
mapped to the coassembly using BBMap (default settings) (Supplemen-
tal Table 4,5) (v.38.90) (Bushnell, 2014). Open reading frames and
gene predictions within the coassembly were called using MetaGene-
Mark (v.3.38) (Zhu et al., 2010) using the metagenome style model.
Following, read counts to the open reading frames were tabulated using
featureCounts available in the subread package (v.2.0.2) (Liao et al.,
2014). Taxonomic annotations of the prokaryotic community were per-
formed using the nucleic acid sequences corresponding to open reading
frames and Kraken2 (v.2.1.3) (Kraken2 database = standard) (Wood et
al., 2019). We note that while Anabaena was reclassified as Dolichosper-
mum spp. (Driscoll et al., 2018; Li et al., 2016), the most recent version
of the KRAKEN2 database does not reflect this revision — thus we have
kept the annotations of Anabaena and Dolichospermum spp. separate.
Likewise, we recognize Cylindrospermopsis spp. was reclassified as
Raphidiopsis spp. (Aguilera et al., 2018), yet this revision is also not in-
cluded within the most recent reference databases. Thus, we kept these
genera separated within their original classifications for reproducibil-
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ity. Functional annotations of protein sequences corresponding to the
open reading frames were made using eggNOG (v.2.1.12) (Huerta-
Cepas et al., 2019) and the eggNOG database (v.5.0.2). All subsequent
analyses in this study used the six metagenomic (MEG) libraries of in-
terest.

2.5. Comparative analyses between metabarcoding and metagenomic
taxonomic distributions

To our knowledge, microbiota within two of the three lakes in this
study have never been characterized by molecular tools — raising con-
cerns dominant genera may be underrepresented or absent within tradi-
tional taxonomic databases which are biased towards ecosystems
within the global north (Hughes et al., 2021; Wishart, 1998). To deter-
mine reproducibility of metabarcoding results and enable genomic po-
tential predictions, metagenomic analysis was conducted in tandem
with metabarcoding analysis on the same DNA samples. In further ef-
forts to confirm reproducibility — two common taxonomic reference
databases were used: Metabarcoding analyses utilized the taxonomic
reference database SILVA and metagenomic analyses used the taxo-
nomic database KRAKEN2. While metabarcoding is a time and cost ef-
fective means to determine the major taxa within communities,
metagenomics possesses the sequencing depth and power to identify
lesser abundant, minor taxa which remain biologically meaningful
(Durazzi et al., 2021). In the present study, we employ metabarcoding
to identify major cyanobacterial genera (i.e., bloom formers) and trial
its effectiveness at capturing community abundance and diversity as a
potential cost-effective monitoring strategy for local agencies. In tan-
dem, we employ metagenomics to confirm major genera identified via
metabarcoding, investigate minor cyanobacterial genera and identify
the biosynthetic potential of both major and minor genera with respect
to toxin production.

2.6. Cyanotoxin and cyanopeptide gene cluster detection

Trimmed, quality-controlled metagenomic libraires (n = 6) were
mapped to biosynthetic gene clusters (BGCs) in the MIBiG database us-
ing MiniMap2 (v.2.24) (Li, 2018). Briefly, reads were mapped to BGCs
that were taxonomically annotated as toxigenic cyanobacterial genera
including Anabaena, Aphanizomenon, Raphidiopsis, Microcystis, Dolichos-
permum, Planktothrix, and Sphaerospermopsis spp. Results were statisti-
cally filtered to include mappings with 80 % coverage and 90 % iden-
tity to the reference. Hits to genes within BCGs were retained if > 50 %
of the gene was covered in the library and > 75 % of core genes within
the BGC were present. Subsequently, read counts were normalized to
mean reads per kilobase per million (RPKM) of core genes present for
downstream analysis (Wagner et al., 2012).

2.7. Calculating cHAB risk and proposing a monitoring framework

Ten risk metrics pertaining to the formation of cHABs (i.e., trophic
status, water temperature, residence time, wet / dry season, watershed
land use, riverine inputs, lake depth) and human exposure to cHABs
(ie.,, population in watershed, potable water source, recreational re-
source) were selected based on the literature (Olokotum et al., 2020;
Omara et al., 2023; Veerman et al., 2024). Following, each risk metric
was assigned point designations: Trophic status: Oligotrophic = 0,
mesotrophic = 1, eutrophic = 2, hypereutrophic = 3, water tempera-
ture: <15 °C = 0, 16-23°C = 1, 24-30 °C = 2, > 30 °C = 3, resi-
dence time: <lyr = 0, 1-3yrs = 1, 3-6yrs = 2, >6yrs = 3, wet/dry
season: wet = 0, dry = 1, watershed land use: unpopulated = 0, ur-
ban = 1, agriculture small family farms = 2, agriculture large industry
farms = 3, agriculture livestock = 3, riverine inputs: 1 point assigned
per river draining into lake, lake depth: > 100 m = 0, 100-75m = 1,
75-10 m = 2, <10 m = 3, population in watershed: <300,000 = 1,
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300,000-800,000 = 2, 800,000-1.5 million =3, >1.5 million = 4,
potable water source: No = 1 Yes = 3, recreational use: no = 1,
yes = 2. Subsequently, scores for each risk metric were assigned per
lake based on the water column physiochemistry at the time of sam-
pling (Bullerjahn et al., 2024) and current knowledge of lake features
(Table 1). The sum of the ten cHAB risk metrics was then calculated,
leading to a risk score designation of low risk = < 15, moderate
risk = 16-24, or high risk = > 25. In addition to cHAB risk estimates,
a potential monitoring framework was formulated based on the results
of this study and the recommendations of local stakeholders. Subse-
quently, we provide a user-friendly excel sheet which local researchers
can use to calculate risk scores for these systems.

2.8. Statistical analysis

Normalization of raw read mappings to the metagenomic coassem-
bly (RPKM) (Dick, 2018) was performed on the ISAAC NG OnDemand
RStudio Server (v.4.0.4). Calculations of ASV alpha diversity metrics
(species richness, evenness, Shannon's H) and MEG beta diversity met-
rics (Bray-Curtis dissimilarity and nonmetric multidimensional scaling -
NMDS) were also performed on the RStudio Server. Similarity Percent-
ages (SIMPER) were calculated in PRIMER (v.7) (Clarke and Gorley,
2015). KEGG Orthology (Kanehisa et al., 2016) gene set enrichment
analyses were performed using clusterProfiler (v4.10.1) (Settings: pAd-
justMethod = Benjamini & Hochberg, minGSSize = 10, seed = 123)
(Yu et al., 2012) on the RStudio Server. Heatmaps were made using
heatmapper.ca (clustering method = Average linkage, distance mea-
surement method = Euclidean) (Babicki et al., 2016). Comparisons of
dissolved nutrients and alpha diversity across lakes were performed us-
ing one-way ANOVAs with multiple comparisons via Prism (v.10.0.3).

3. Results
3.1. Distinct biotic and physiochemical profiles distinguish lakes

Cyanobacterial blooms were visually observed in Lakes Victoria and
Simbi at the time of sampling. In Lake Victoria's Winam Gulf, expansive
green surface scums were spotted (Fig. 1A) with Algae Torch readings
estimating cyanobacteria accounted for ~60 % of the total photosyn-
thetic community (Total Chl a = 75 pg e L™!) (Supplemental Table 1).
Likewise, Lake Simbi was dominated by green filamentous aggregates
which were confirmed to be Limnospira spp. by brightfield microscopy
(Fig. 1B) (Supplemental Figure 2). In contrast, there was no qualitative
nor quantitative evidence of a bloom at Lake Naivasha at the time of
sampling (Fig. 1C). Regarding nutrient profiles, Lake Simbi exhibited
nitrogen (NO,, NH,) and phosphorus (DRP) concentrations that were
significantly higher compared to the Winam Gulf and Lake Naivasha
(p < 0.008) (Supplemental Figure 3) (Supplemental Table 1). Yet,
higher (albeit non-significant, p > 0.05) concentrations of DRP (7.62 pg
e L1 +/- 4.64 compared to 0.22 pg e L' +/-0.31), NO; + NO,
(1.26 pg o L' +/- 0.76 compared to 0.25 pg e L™! +/- 0.26) and NH,
(27.91 pg o L1 + /- 19.52 compared to 7.10 pg e L™! +/- 5.09 ) were
recorded in the Winam Gulf compared to Lake Naivasha.

3.2. Metabarcoding confirms blooms of major cyanobacterial genera in the
Winam Gulf and Lake Simbi

While each lake had comparable percentages of cyanobacteria at the
phylum level (23-35 %) (Fig. 2A) (Supplemental Table 6), distinct dif-
ferences in the dominant cyanobacterial genera were present (Fig. 2B)
(Supplemental Table 7). The Winam Gulf site was dominated by
Dolichospermum spp. (83 % + /- 0.84) and a subpopulation of Microcys-
tis spp. (14 % + /- 0.54). In contrast, Lake Simbi was dominated by Lim-
nospira spp. (76 % +/- 10.27) with a subpopulation of Nostoc spp.
(24 % +/- 10.11). The cyanobacterial community of Lake Naivasha
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was largely composed of Cyanobium spp. (58 % + /- 0.48) with a sub-
population of Microcystis spp. (2 % + /- 0.07). We note Cyanobium is a
routinely abundant, non-toxic member of many comparatively healthy
freshwater lakes (Ivanikova et al., 2008; Wilhelm et al., 2006) and thus
this is not considered a bloom — which we define as one genus con-
tributing > 55 % of the photosynthetic community which alters the
normal ecological function of the system (Zepernick et al., 2024).

Notably, while the cyanobacterial community was largely domi-
nated by one or two genera in Winam Gulf and Lake Simbi (consistent
with a bloom), Lake Naivasha harbored a more diverse cyanobacterial
community (Fig. 2C) with significantly higher alpha diversity metrics
(p < 0.004) (Supplemental Figure 4). Specifically, ~40 % of the
cyanobacteria in Lake Naivasha constituted <5 % of the total
cyanobacterial ASV counts across all three lakes - and were thus classi-
fied as “Other” (Fig. 2C). Synechocystis spp. and Raphidiopsis spp. were
the second and third most abundant cyanobacterial genera in Lake
Naivasha (each constituting 15 % of the cyanobacterial population),
while they were not detected in Homa Bay (Winam Gulf) or Lake Simbi
via metabarcoding. Likewise, populations of toxin producing Limnolyng-
bya spp. (1 %) and Planktothrix spp. (0.5 %) were present in Lake
Naivasha but not the others (Supplemental Table 7).

3.3. Metagenomics reveals Simbi and Naivasha harbor diverse, minor
populations of cHAB genera

Relative abundances of the major cyanobacterial genera within each
of the three lakes were comparable in metabarcoding and metagenomic
analyses (Supplemental Figure 5) (Supplemental Table 8) with the top
four major cyanobacterial genera detected by each respective analysis
weakly correlated (y = 395.0x + 414,539, R? = 0.40) (Supplemental
Figure 6). Yet, while both analyses confirmed Limnospira, Dolichosper-
mum, Microcystis and small picoplankton (Cyanobium or Synechococcus)
were the four major cyanobacterial genera present across the three
lakes — metagenomic analyses indicated a higher amount of variability
and diversity in the “minor contributors” (i.e., those contributing less
than 5 % of the total relative abundance across all sample sites) (Sup-
plemental Figure 7). Metagenomic analyses of the minor contributing
genera revealed metabarcoding failed to detect subdominant popula-
tions of potentially toxigenic cyanobacteria in Lake Simbi. Notably,
~5 % of the cyanobacterial community in Lake Simbi was annotated as
Raphidiopsis, Dolichospermum, Leptolyngbia, Nodularia, Planktothrix, and
Sphaerospermopsis (Supplemental Table 9). Whereas metabarcoding
successfully identified these populations within Lake Naivasha —certain
genera were underrepresented in metabarcoding results (specifically
Microcystis abundance).

3.4. Key genera and genes drive dissimilarity between cyanobacterial
communities

Preliminary determination of cyanobacterial community similarity
between lakes was performed using normalized metagenomic libraries
and Similarity Percentages (SIMPER). All three lakes demonstrated
high levels of similarity between biological replicates (71-88 % similar-
ity) (Fig. 3A) (Supplemental Table 10). Lake Victoria's Winam Gulf and
Lake Simbi demonstrated an average similarity of 47 % whereas the
Winam Gulf exhibited 38 % similarity to Lake Naivasha. In turn, Lakes
Simbi and Naivasha demonstrated 33 % similarity. All three lakes
shared 35 % similarity to one another. Subsequent visualization of beta
diversity metrics (Bray-Curtis dissimilarity) via NMDS confirmed repli-
cates clearly clustered by lake, with Lake Naivasha libraries clustering
away from the Winam Gulf and Lake Simbi on both planes (Fig. 3B)
(Supplemental Figure 8).

To determine key genera and metabolic processes driving dissimi-
larity between cyanobacterial communities, SIMPER genes were as-
sessed for taxonomy and function. Comparisons between the Winam
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Fig. 2. Metabarcoding relative abundances of major bacterial and cyanobacterial communities (ASVs) across Lake Victoria (LV), Simbi (LS) and Naivasha (LN). (A)
Major bacterial phyla abundance across the three lakes. All detected groups which formed <5 % of the total reads across the three lakes are included within “Other”
(10bav-F6, Acidobacteriota, AncK6, Armatimonadota, Bdellovibrionota, Caldisericota, Campylobacterota, Chloroflexi, Chrysiogenetota, Cloacimonadota, Deferrisomatota,
Deinococcota, Dependentiae, Desulfobacterota, Elusimicrobiota, Fibrobacterota, Firmicutes, Fusobacteriota, Gemmatimonadota, Hydrogenedentes, Latescibacterota, LCP-89,
Margulisbacteria, MBNT15, Methylomirabilota, Myxococcota, NB1-j, Nitrospinota, Nitrospirota, Patescibacteria, PAUC34f, RCP2-54, SAR324 clade, Spirochaetota, Sumer-
laeota, Sva0485, Synergistota, TAO6, Thermotogota, WOR-1, WPS-2, WS1). (B) Major cyanobacterial genera abundance across the three lakes. All detected groups
which formed <5 % of the total reads across the three lakes are included within “Other” (Annamia, Cuspidothrix, Cyanobacterium, Raphidiopsis, Geminocystis, Gloeo-
capsa, Limnolyngbya, Merismopedia, Nodosilinea, Planktothrix, Prochlorothrix, Psuedoanabaena, Snowella, Spaerospermopsis, Synechocystis, Vampirovirbio). (C) Unfiltered
cyanobacterial abundance across the 3 lakes. Biological duplicates are joined with horizontal bars.

Gulf and Lake Simbi revealed 1,125 genes formed the top 10 % dissimi-
larity, with the Gulf vs. Lake Naivasha comparisons containing 2,576
genes and Lake Simbi vs. Lake Naivasha containing 3,294 genes. With
respect to taxonomy, ~53 % and ~57 % of the top 10 % genes driving
dissimilarity between Winam Gulf vs. Lake Simbi and Winam Gulf vs.
Lake Naivasha were annotated as Dolichospermum and Limnospira spp.

(Supplemental Figure 9A, B) (Supplemental Tables 11, 12). In compari-
son, ~92 % of the genes driving dissimilarity between Lakes Simbi vs.
Naivasha were annotated as Limnospira and Synechococcus spp. (Supple-
mental Figure 9C) (Supplemental Table 13). With respect to genomic
potential, the clusters of orthologous groups (COGs) contributing to the
top 10 % dissimilarity were largely the same across lakes — with genes
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Fig. 3. Beta diversity statistics (Bray-Curtis dissimilarity) of the cyanobacterial communities within the six normalized metagenomic libraries (RPKM). (A) Venn di-
agram depicting Similarity Percentages (SIMPER) of intra and inter-similarity comparisons of cyanobacterial community. Lake Victoria (dark blue) demonstrated
88 % similarity between biological replicates, 47 % similarity with Lake Simbi (light green), and 38 % similarity with Lake Naivasha (yellow). Lake Simbi (dark
green) demonstrated 71 % similarity between biological replicates and 33 % similarity with Lake Naivasha (light blue). Lake Naivasha (teal) demonstrated 82 %
shared similarity between replicates. All three lakes demonstrated 35 % shared similarity. (B) NMDS of the cyanobacterial community relative abundance, stress
value < 0.05. Lake Victoria is indicated by dark blue triangles (LV), Lake Simbi is indicated by green squares (LS) and Lake Naivasha is indicated by teal circles

(LN).

involved in cellular metabolism driving dissimilarity (Supplemental
Figure 9D, E, F) (Supplemental Tables 14, 15, 16).

3.5. Gene enrichment analyses indicate differential metabolic processes
drive genomic diversity

Gene enrichment analyses were made using normalized metage-
nomic libraries to determine which core metabolic pathways were dri-
ving cyanobacterial community trends at the time of sampling. Lake
Simbi analyses lacked statistical significance and yielded no results,
which was attributed to the dominance of a single genera within the
water column (Limnospira spp.). Thus, only the Winam Gulf and Lake
Naivasha libraries were pursued for downstream analysis. In total, 18
KEGG pathways were statistically enriched within the Winam Gulf and
89 pathways were significantly enriched in Lake Naivasha
(Pagj < 0.05) (Supplemental Tables 17, 18). Comparisons between the
top 20 enriched pathways in Lake Naivasha vs. the Winam Gulf indi-
cated four distinct pathways of interest (Fig. 4). Cysteine and methion-
ine metabolism (ko00270) was the 10™ highest enriched pathway in
the Winam Gulf yet failed to make the top 20 in Lake Naivasha (Fig.
4A). In contrast, homologous recombination (ko03440), 2-
oxocarboxylic acid metabolism (ko01210) and methane metabolism
(ko00680) were in the top 20 pathways enriched in Lake Naivasha, yet
these pathways were not statistically enriched in the Winam Gulf.

3.6. Cysteine metabolism and sulfur-scavenging genes are associated with a
diazotrophic bloom in Lake Victoria's Winam Gulf

Considering the gene enrichment results, we investigated how meta-
bolic potential may drive cyanobacterial community diversity between
a cHAB-dominated site in the Winam Gulf and cHAB subdominated
Lake Naivasha. The enrichment of sulfur-heavy amino acid metabolism

in the Winam Gulf (Fig. 4A) prompted an investigation into sulfur-
related genes within Winam Gulf vs. Lake Naivasha SIMPER results
(Supplemental Table 15) — which revealed 53 genes related to sulfur
transport and metabolism were enriched in abundance within Winam
Gulf (Supplemental Figure 10A) (Supplemental Table 19). Sulfate/sul-
fonate transporters (cysA, cysW, and cysT), genes encoding for sulfur-
heavy photosynthetic proteins (ndhD, ndhJ, ndhK, ndhl, ndhN, ndhH,
ndhA, ndhA, ndhB, ndhC, ndhM, ndhO) and genes involved in iron-sulfur
binding and repair (patB, nifU_1, nifU_2, fdxB, hycB, mrp) were present.
Sulfur metabolism genes belonged to filamentous, diazotrophic
cyanobacteria, including the major bloom-former in the Winam Gulf
(Dolichospermum spp.) in addition to Nostoc, Anabaena and Sphaerosper-
mopsis spp. (Supplemental Figure 10B). Coincident with gene enrich-
ment results, ~34 % of genes involved in sulfur scavenging and recy-
cling contributed to SIMPER dissimilarity between Winam Gulf and
Lake Naivasha - including genes annotated as cysteine desulfurases
(cdsF_1, cdsF 2, iscS_1, iscS_2), genes encoding for sulfatases (smfl 1, sm-
fl2, smfl 3, smfl 4, smfL5, smfl 6) and nucleotide-disulfide oxidoreduc-
tases (selD, gor, merA). Notably, Dolichospermum spp. possessed three of
the four genes in the nif system which has been shown to direct nitroge-
nase maturation by coordinating the biogenesis of Fe/S proteins (Sup-
plemental Figure 10C) (Blanc et al., 2015; Frazzon and Dean, 2003;
Jacobson et al., 1989).

3.7. Methane metabolism genes were significantly enriched in Lake
Naivasha's picocyanobacteria

Considering the significantly enriched pathways of methane metab-
olism and 2-oxocarboxylic acid in Lake Naivasha (Fig. 4B), we assessed
a variety of methane-related metabolic processes alluded to within the
Winam Gulf vs. Lake Naivasha SIMPER results (Supplemental Table
15). Notably, genes encoding for methylphosphonate transporters (phn)
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Fig. 4. Gene set enrichment analyses in Lake Victoria (dark blue) and Naivasha (teal) organized by KEGG mapper metabolic pathways. (A) Gene enrichment results
showing the 18 significantly enriched metabolic pathways in Lake Victoria organized by gene ratio and significance. Metabolic pathways uniquely enriched in Lake
Victoria (i.e., not found in the top 20 significantly enriched pathways in Naivasha) are shown in dark green. (B) Gene enrichment results showing the top 20 signifi-
cantly enriched metabolic pathways in Lake Naivasha organized by gene ratio and significance. Metabolic pathways uniquely enriched in Lake Naivasha (i.e., not
found in the 18 significantly enriched pathways in Victoria) are shown in light blue. The number of normalized read counts per KEGG mapper pathway is indicated

by circle size.

were found to drive dissimilarity between the two lakes. Further analy-
sis identified 213 phosphonate genes within the coassembly which
were nearly unanimously increased in relative abundance within Lake
Naivasha (Fig. 5A) (Supplemental Table 20). Taxonomic analysis re-
vealed ~77 % of phn genes belonged to non-toxic picoplankton which
dominated Lake Naivasha's cyanobacterial community (Cyanobium and
Synechococcus spp.) (Fig. 5B). Yet, despite only ~4 % of all phn genes
belonging to Raphidiopsis spp., it was the only genus that possessed
phnl, phnJ, phnkK, and phnL (Fig. 5C), which are phosphonate genes asso-
ciated with the metabolic conversion of methylphosphonate into
methane and phosphate during phosphate limitation (Fig. 5D) (Kamat
et al., 2011). In contrast, Cyanobium and Synechococcus spp. only pos-
sessed phosphonate transporters (phnC, phnD and phnE). Beyond phos-
phonate transport / metabolism genes, we queried our coassembly
against the KEGG methane metabolism pathway (map00680), which
revealed a variety of genes associated with methane metabolism (Fig.
6) (Supplemental Table 21, 22). Notably, ~73 % of genes encoding for
proteins in the methanotroph serine pathway (KEGG MD: 00346) be-
longed to Synechococcus spp. (Fig. 6A), with these genes increased in
relative abundance within Lake Naivasha and decreased in Winam Gulf
and Lake Simbi (Fig. 6B). Likewise, ~64 % of genes encoding for pro-
teins involved in the methanotroph ribulose monophosphate pathway
(KEGG MD: 00345) belong to Synechococcus and Cyanobium spp. (Fig.
6C), with these genes increased in relative abundance within Lake
Naivasha compared to the others (Fig. 6D). We note while formalde-
hyde assimilation is the second step of the methane metabolism path-
way (as methane is oxidized into formaldehyde), methane transporters
and primary genes involved in the first step of methane oxidation (i.e.,
methane monooxygenase) were not detected.

3.8. Homologous recombination was significantly enriched in Lake
Naivasha Synechococcus spp.

The KEGG homologous recombination pathway (KEGG ko03440)
was significantly enriched in Lake Naivasha (Fig. 4B) but not in the
Winam Gulf (Fig. 4A). We detected 1,441 genes encoding for proteins

involved in homologous recombination which largely belonged to Syne-
chococcus spp. (~75 %) and Cyanobium spp. (~11 %) (Supplemental
Figure 11A). Overall, genes involved in homologous recombination
were increased in relative abundance within Lake Naivasha and de-
creased in the others (Supplemental Figure 11B) (Supplemental Table
23).

3.9. Elevated genomic potential for cyanotoxins in Lake Victoria's Winam
Gulf and Lake Naivasha

Several BGCs encoding for cyanotoxins were detected in metage-
nomic samples collected from the Winam Gulf and Lake Naivasha (Fig.
7) (Supplemental Table 24). In contrast, cyanobacterial BGCs were not
detected in Lake Simbi replicates. BGCs encoding for secondary
metabolites synthesized by Microcystis spp. dominated both lakes, with
the microcystin BGC (i.e., mcy BGC) detected in both Winam Gulf repli-
cates (Fig. 7A), yet neither Lake Naivasha replicate (Fig. 7B). Additional
Microcystis-derived BGCs (piricyclamide, micropeptin, cyanopeptolin
and aeruginosin) were also detected in both lakes. Notably, the anacy-
clamide BGC belonging to Anabaena spp. dominated the Winam Gulf
BGC pool (Fig. 7A) yet was not detected in Lake Naivasha (Fig. 7B). In
contrast, Planktothrix-synthesized anabaenopeptin and Microcystis-
synthesized microginin were abundant in Lake Naivasha samples yet
absent from the Winam Gulf samples. The Sphaerospermopsis-synthe-
sized anacyclamide BGC was detected in the Gulf but not Lake
Naivasha.

3.10. cHAB risks prevalent in Lake Naivasha and Lake Victoria's Winam
Gulf

cHAB risk scores (accounting for likelihood of cHAB presence and
human exposure) were calculated for each lake using ten selected risk
metrics based on prior regional studies (Supplemental Table 25)
(Olokotum et al., 2020; Sitoki et al., 2012; Veerman et al., 2024). Cu-
mulatively, the Winam Gulf was assigned a risk score of 27, placing its
cHARB risk as “high” (high = risk score > 25) (Fig. 8A). Lake Naivasha
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Fig. 5. Taxonomic and functional analysis of phosphonate genes (phn) across Lake Victoria (LV), Simbi (LS) and Naivasha (LN). (A) Heat map depicting the relative
abundance (RPKM) of the 213 phn genes within the coassembly. (B) Taxonomic distribution of the 213 phn genes in the coassembly by cyanobacterial genera: An-
abaena spp. (green), Calothrix spp. (lavender), Cyanobium spp. (bright green), Prochlorococcus-like spp. (light blue), Psuedanabaena spp. (dark purple), Raphidiopsis
spp. (orange), Synechococcus spp. (sea foam green), not annotated (NA, black). (C) Presence / absence of the different phn genes within the phosphonate operon in
major cyanobacterial genera which are color coded in the same manner as panel B. Genes phnC, phnD, and phnE are involved in intracellular phosphonate transport
(dark blue), phnF regulates expression of genes in the phosphonate operon (turquoise), genes phnG, phnH, phnl, phnJ,phnK, phnL and phnM are thought to be involved
in phosphonate metabolism (light blue). Hypothetical genes and their placements are predicted by a prior study (white “h” arrows). (D) Proposed reaction pathway
for the conversion of methylphosphonate to alpha-D-ribose-1,2,-cyclic-phosphate-5-phosphate and methane.

scored moderate (score: 23, moderate = risk score 16-24) and Lake
Simbi scored low (score: 14, low = risk score < 15) (Fig. 8A). Discus-
sions amongst student NSF-IRES participants were aligned with the re-
sults of this study — culminating into a targeted PCR screening proposal
for local academic and government agencies to implement (Fig. 8B).
Briefly, the cyanotoxin BGCs used in this study have been provided
(Supplemental Table 26) to identify potential primer candidates of in-
terest for future implementation by local researchers, lake managers
and municipal authorities. By providing the full nucleotide sequences
of the genes present in cyanotoxin BGCs which were deemed present
(or could be present) in the sample sites, primers can be optimized for
future, regional use in these understudied, tropical lakes. In turn, this
approach may circumvent limitations of traditional, commercially
available kits such as the Phytoxigene test (Phytoxigene Inc., Akron,
OH, USA) - which only selects for a single gene in the cyanotoxin BGC
(e.g. Microcystin - mcyE, cylindrospermopsin - cyrA) and may be biased
towards cyanotoxin genes present in well-studied, temperate systems.

4, Discussion

Historically, cHAB studies have been biased towards the global
north (Lawrence et al., 2023; Svircev et al., 2019). Indeed, the majority
of Microcystis spp. public health guidelines are based on a few temper-
ate systems (Roegner et al., 2020). Yet, Microcystis spp. is globally dis-
tributed with blooms documented in > 108 countries (Harke et al.,
2016). This lack of sample size and diversity (especially with respect to
tropical freshwater systems and the global south) confers a multitude of
disadvantages to the field and threatens the health of millions of
Africans who depend on these vital resources (Olokotum et al., 2020).
In the present study, we employed DNA sequencing to establish base-
line, snapshot molecular characterizations of cyanobacterial communi-
ties in three anthropogenically-important and ecologically distinct
Kenyan lakes.
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Fig. 6. Taxonomic and functional analysis of methanotrophic genes across Lake Victoria (LV), Simbi (LS) and Naivasha (LN). (A) Taxonomic distribution of the
658 genes annotated in the methanotrophic serine pathway (KEGG MG:00346) in the coassembly by cyanobacterial genera: Cyanobium spp. (bright green), Micro-
cystis spp. (yellow), Psuedanabaena spp. (dark purple), Synechococcus spp. (sea foam green), not annotated (NA, black), Other (grey). “Other” contains genes that
contribute <1 % abundance (RPKM) across all lake replicates. Other: Acarychloris, Anabaena, Calothrix, Chroococcidiopsis, Crocosphaera, Cyanoabcterium, Cylin-
drospermopsis (Raphidiopis), Dolichospermum, Fischerella, Geitlerinema, Gloeothece, Halothece, Halotia, Kovacikia, Leptodesmis, Limnospira, Moorena, Nodosilinea, Nodu-
laria, Nostoc, Oxynema, Parasynechococcus, Phormidium, Picosynechococcus, Richelia, Rippkaea, Sphaerospermopsis, Thermocoleostomius, Thermosynechococcus and Tri-
chothermofontia spp.).(B) Heat map depicting the relative abundance (RPKM) of the 658 serine methanotrophy genes within the coassembly. (C) Taxonomic distri-
bution of the 153 genes annotated in the methanotrophic ribulose monophosphate pathway by cyanobacterial genera: Cyanobium spp. (bright green), Microcystis
spp. (yellow), Psuedanabaena spp. (dark purple), Raphidiopsis spp. (orange), Synechococcus spp. (sea foam green), not annotated (NA, black), Other (grey). “Other”
contains genes that contribute <2 % abundance (RPKM) across all lake replicates. Other: Anabaena, Geitlerinema, Gloeobacter, Gloeocapsopsis, Leptodesmis, Lep-
tolyngbya, Limnospira, Nodularia, Nostoc, Rivularia, Synechoystis and Thermostichus spp.

4.1. Winam Gulf dominated by non-toxic Dolichospermum spp. blooms teine) is utilized by cyanobacteria during sulfur limitation (Kharwar et
with evidence of sulfur constraint on growth al., 2021; Kumaresan et al., 2017). Notably, cysteine metabolism genes
were significantly enriched within Winam Gulf Dolichospermum spp. In
The Winam Gulf routinely exhibits shifts in cyanobacterial blooms turn, this increased abundance of sulfate transporters, cysteine desul-
between filamentous, diazotrophic Dolichospermum spp. (Gikuma-Njuru furases and sulfur recycling genes suggests diazotrophy in the Winam
et al., 2013) and colonial, non-diazotrophic Microcystis spp. (Sitoki et Gulf Dolichospermum spp. bloom could be constrained by sulfur avail-
al., 2012). The Gulf also harbors spatially distinct cyanobacterial com- ability.
munities. Notably, Raphidiopsis spp. dominated the eastern regions of Beyond the sulfur requirements of nitrogenase, phycobilosomes
the Winam Gulf in June-July of 2022 (Brown et al., 2024a), whereas (and photosynthetic machinery broadly) pose another opportunity for
Dolichospermum spp. dominated the southern region of the Gulf (Homa sulfur limitation. A prior study deduced phycobiliproteins play a unique
Bay) during the same sample period in the present study. While the dri- and differential role in Microcystis and Dolichospermum spp. responses to

vers that yield these distinct populations remain unclear (Olokotum et nitrogen limitation — with M. aeruginosa degrading its phycobiliproteins
al., 2020), prior studies have proposed nitrogen limitation as the major (downregulating photosynthesis) in response to nitrogen limitation and

selector for Dolichospermum spp. (Gikuma-Njuru and Hecky, 2005; D. flos-aquae increasing phycobiliprotein production as nitrogenase-
Mugidde et al., 2003). Here, we provide evidence that sulfur metabo- mediated photosynthesis increases (Wang et al., 2021). Cysteine
lism shaped cyanobacterial competition during a Dolichospermum spp. residues play a significant role in phycobiliproteins as they covalently
bloom in Homa Bay. The synthesis of nitrogenase is energetically ex- anchor phycobilins and maintain their structural integrity (Kannaujiya
pensive, involving the production of enzymes rich in Fe-S clusters et al., 2017; Li et al., 2023). Cumulatively, we hypothesize genes in-

(Frazzon and Dean, 2003; Jacobson et al., 1989) which renders them volved in intracellular sulfur scavenging were selected for in Dolichos-
uniquely susceptible to iron and sulfur limitation (Hoffman et al., permum spp. within the Winam Gulf.
2014). Prior studies have shown intracellular sulfide (specifically cys-

10
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Fig. 7. Cyanopeptide and cyanotoxin biosynthetic gene cluster mean relative abundance (RPKM) across Lake Victoria (dark blue) and Naivasha (teal) replicates
(R1, R2). BGCs encoding the biosynthesis of cyanopeptides and cyanotoxins from the MIBiG shown on the y-axis, with the mean normalized abundance (RPKM)
of each whole BGC shown as the circle size and the taxonomic designation of the BGC indicated by color: Anabaena spp. (dark green), Microcystis spp. (yellow),
Planktothrix spp. (bright pink), and Sphaerospermopsis spp. (plum). Note no complete BGCs were detected in Lake Simbi thus it is not included in this figure.

Though sulfur limitation is rarely discussed compared to other nutri-
ents, modern day freshwater lakes (such as Lake Superior) are recog-
nized as low sulfate (< 500 pM) environments (Fakhraee et al., 2017;
Phillips et al., 2023). Indeed, lake sulfur concentrations have been re-
ported to vary from 10-1,000 pM (Holmer and Storkholm, 2001;
Tipping et al., 1998), with concentrations reported to oscillate on daily
and seasonal scales (Norici et al., 2005). Notably, historical studies
have routinely described “remarkably low” sulfate concentrations in
Lake Victoria of 3-4 pM (Hecky, 1993; Lehman and Branstrator, 1993),
with a subsequent study speculating Victoria has “the lowest sulfur con-
centrations of any large body of water on the planet” (Lehman and
Branstrator, 1994). While in situ sulfur-uptake experiments deemed
these low sulfate levels to be non-limiting to phytoplankton (Lehman
and Branstrator, 1994), researchers failed to report the phytoplankton
genera in these studies and only performed assays for a 48 h duration.
In total, we suggest sulfur may play an underappreciated role in dia-
zotroph vs. non-diazotroph cHAB competition within the Winam Gulf.

Subsequently, we investigated the biosynthetic potential of Winam
Gulf cHAB genera to produce cyanotoxins. The BGCs detected, includ-
ing the toxigenic mcy BGC, largely belonged to Microcystis spp. despite
its subdominance. This was consistent with a previous metabarcoding
survey of the Winam Gulf which described a Dolichospermum-
dominated water column during June 2022, yet detected negligible mi-
crocystins (Brown et al., 2024a). Building upon this prior observation,
we did not detect the mcy BGC in Dolichospermum spp. across 2022
Winam Gulf MEG samples and Hart et al. (2024 in review) did not de-
tect the mcy BGC in Dolichospermum spp. during subsequent 2023 MEG
sampling efforts. While the mcy BGC has been detected in many
Dolichospermum spp., it remains absent in others (Capelli et al., 2017;
Rouhiainen et al., 2004; Yancey et al., 2023). In turn, this invokes ques-
tions regarding the biochemical role and competitive trade-off of micro-
cystins given their function in combatting both oxidative (Zilliges et al.,
2011) and temperature stress (Stark et al., 2023). In total, our results
suggest microcystins in Lake Victoria's Winam Gulf are likely synthe-
sized by Microcystis spp.
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4.2. cHAB:s in Lake Naivasha may be outcompeted by methanotrophic
picoplankton - evidence for a cyanobacterial methane source and sink

In contrast to the Winam Gulf, there are few reports of cHABs in
Lake Naivasha to date. Indeed, we did not find evidence of a cyanobac-
terial bloom at the time of sampling and molecular investigations indi-
cated ~60 % of cyanobacterial ASVs belonged to routinely abundant,
non-toxic picoplankton. Yet, the remaining 40 % of the cyanobacterial
community could be described as a cocktail of cHAB genera. Approxi-
mately 30 % of all cyanobacterial ASVs were annotated as Raphidiopsis,
Synechocystis, Microcystis, Limnolyngbya or Planktothrix spp., with
metagenomic analyses suggesting Microcystis spp. populations may
have been underrepresented by metabarcoding. Yet, cHAB genera were
not blooming at the time of sampling, raising the question which factors
constrain cyanobacterial competition within Lake Naivasha.

We found evidence that methane may shape competition dynamics
in Lake Naivasha by selecting for non-toxic picoplankton (Syne-
chococcus and Cyanobium spp.). Indeed, methanogenesis is more sub-
stantial in tropical lakes compared to temperate due to elevated produc-
tivity rates and benthic sources (Bastviken et al., 2004; Morana et al.,
2020). Lake Naivasha possesses a variety of methane sources (most no-
tably papyrus-dominated wetlands) that have been attributed to ele-
vated methane levels (Bastviken et al., 2004; Jones, 2000). Yet, while
most studies consider methanogenic bacteria to be major biogenic
methane sources - cyanobacteria represent a grossly neglected producer
of methane within freshwater systems (Bizi¢ et al., 2020; Kallistova et
al., 2023; Yan et al., 2019). A recent study reported “extraordinarily”
high concentrations (156 pmol e L™!) of methane in the surface waters
of adjacent Lake Sonachi and demonstrated it originated from
cyanobacteria including Synechococcales, Cyanobium and Microcystaea
(Fazi et al., 2021). Yet, while some cyanobacteria are known to be a
source of methane - the metabolic processes behind this phenomenon
remain unclear. Here, we suggest methylphosphonate catabolism by
phn genes serves as a potential source of methane in Lake Naivasha. We
noted a large number of phn genes were significantly more abundant in
Lake Naivasha's Synechococcus and Cyanobium spp. genera. Prior studies
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Fig. 8. Proposed framework for estimating cHAB risk and recommendations for future monitoring. (A) Risk scores and designations calculated for Lake Simbi (LS),
Lake Naivasha (LN) and Lake Victoria (LV). Scores were based on numerical designations for the ten risk metrics used in this study: Trophic status, water tempera-
ture, residence time, wet / dry season, watershed land use, riverine inputs, mean lake depth, basin population, potable water source and recreational use. Here,
low risk (green) is a score of <15, moderate risk (yellow) is a score of 16-24, and high risk (red) is a score of > 25 (Supplemental Table 25). (B) Schematic of rec-
ommendations for local monitoring. Here, we sampled the DNA of three Kenyan lakes of interest (1) and identified potential primer candidates (known, harmful
BGC nucleic acid sequences, 2) for future targeted PCR screening (3). Images in panel B created with Biorender.

have shown cyanobacteria that possess phn genes grow rapidly in the
presence of methylphosphonate (using it as a phosphate source while
producing methane) (Teikari et al., 2018; Zhao et al., 2022). In our
study, we suggest Synechococcus and Cyanobium spp. are utilizing phn
genes to evade phosphorus limitation and exploit Naivasha's nutrient-
limited ecological niche. Yet, we only detected putative, Synechococcus
spp. methylphosphonate transporters in the present study. Hence, fur-
ther research is required to deduce if Naivasha's Synechococcus genera
possess phnJ to fully metabolize methylphosphonate or if the phnCDE
genes serve as surrogate inorganic phosphate transporters in the ab-
sence of phnJ (Martin and Liras, 2021; Saxton et al., 2011; Shah et al.,
2023; Zhang et al., 2024). In contrast, Raphidiopsis spp. was the only
cyanobacteria that possessed transporters (phnC) and genes necessary
for methylphosphonate catabolism (phnlJKL) in the present study. In
support, a prior study suggested tropical Raphidiopsis spp. was able to
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utilize phosphonates due to its possession of the complete phosphonate
metabolism pathway (Zhi-Jiang et al., 2022). Hence, this suggests
Raphidiopsis spp. may serve as a formidable competitor to exploit the
ecological niche of Lake Naivasha during prolonged phosphorus-
limitation. In turn, it remains unclear if Synechococcus and Cyanobium
spp. are metabolizing phosphonates via the phn gene cluster after im-
port or by another means. Broadly, we suggest methylphosphonate ca-
tabolism serves as a cyanobacterial-derived methane source in Lake
Naivasha.

While it is widely accepted that cyanobacteria can serve as a
methane source (Bizi¢ et al., 2020; Mao et al., 2024; Yan et al., 2019),
few have investigated if they function as a methane sink. In the present
study, we found Synechococcus spp. (and to a lesser extent Cyanobium
spp.) possessed a wide array of genes involved in the second step of
methane metabolism (formaldehyde assimilation through the serine
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and ribulose monophosphate pathways) with these genes significantly
enriched in Lake Naivasha while they were largely absent in the other
lakes. In addition, 2-oxocarboxylic acid metabolism was also enriched
in Naivasha's picoplankton, with 2-oxocarboxylic acid chain extension
serving as another pathway in methane metabolism. Cumulatively, this
suggests picoplankton within Naivasha are metabolizing the product of
methane (formaldehyde) and subsequently incorporating the product
into biomass. More broadly, this data indicates methanotrophy may
uniquely shape cyanobacterial communities in Lake Naivasha while
also indicating a potential role of cyanobacteria as a methane sink. Yet,
despite this abundance of methanotrophic genes - they did not possess
methane transporters or methane monooxygenases -suggesting Syne-
chococcus and Cyanobium spp. may rely on methane-oxidizing bacteria
within the water column or phycosphere to perform initial import and
metabolism steps. Indeed, Cerbin et al. (2022) demonstrated methane-
oxidizing bacteria could provide alternative carbon sources to support
cyanobacterial growth in freshwater systems. In further support, Fazi et
al. (2021) noted a bloom of cyanobacteria co-occurred with
methanogens - deducing these bacteria were positioned on suspended
aggregates which facilitated metabolic interactions between them. In
turn, methanogenic archaea and methanotrophic bacteria have been
found to co-occur with Microcystis spp. aggregates on a global scale (Li
et al., 2021). Cumulatively, our data suggest that methane metabolism
may shape Lake Naivasha's cyanobacterial community, with Syne-
chococcus spp. possessing a notable amount of methanotrophic genes
which implies a relationship with methane-oxidizing bacteria and/or
the use of methane derivatives. As a result, we hypothesize non-toxic
picoplankton in Lake Naivasha may represent a methane sink, with
methanotrophy shaping community competition dynamics.

Despite relatively minor abundances of Microcystis and Planktothrix
spp. within Lake Naivasha, BGCs for a variety of Microcystis secondary
metabolites and Planktothrix-synthesized anabaenopeptin were present
- though the mcy BGC was not detected. While their toxicity is lesser
compared to microcystins, anabaenopeptins are toxic towards zoo-
plankton, crustaceans and C. elegans due to enzyme inhibition (Lenz et
al., 2019) - with synergistic effects observed between anabaenopeptins
and other cyanopeptides (Pawlik-Skowronska and Bownik, 2022). Cu-
mulatively, Lake Naivasha appeared to be nutrient limited at the time
of sampling - which may have kept the diversity of toxigenic cHAB taxa
at bay and favored phosphonate-laden and methanotrophic Synechococ-
cus spp. genera. Yet, while the mcy BGC was not detected by our sam-
pling efforts, this does not negate the potential risk of toxigenic cHABs
in the future. In turn, additional mining of MEG libraries generated in
the present study may reveal novel biosynthetic diversity encoded by
these genera.

4.3. Establishing a cHAB risk assessment framework and screening solution

Significant advancements have been made in cHAB prediction and
monitoring across freshwater systems such as Lake Erie (NCCOS, 2024).
In contrast, there is a lack of cHAB infrastructure in Kenyan lakes and
the African continent broadly. This places the anthropogenic and eco-
logical communities that rely on these freshwater resources at substan-
tial risk. Various human health and socioeconomic consequences (in-
cluding cyanotoxin poisonings) have been documented across coastal
cities such as Kisumu and Homa Bay (Obuya et al., 2023; Olokotum et
al., 2020; Roegner et al., 2023). In turn, cyanotoxins have been attrib-
uted to mass die-offs such as the rapid decline of Lesser Flamingoes
(Ndetei and Muhandiki, 2005; Simmons, 2000) and elephant causalities
(Lomeo et al., 2024; Veerman et al., 2022, 2024; Zhao et al., 2023).
Considering cHAB distribution, duration and frequency are predicted to
be exacerbated by climate change - establishing a foundational risk as-
sessment framework and monitoring strategy is imperative. Here, we
trial a cHAB risk scoring framework and propose a targeted PCR screen-
ing strategy as a preliminary means to address this acute need.
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Winam Gulf, Lake Victoria: High Risk. While classified as
hypereutrophic, nitrogen and phosphorus concentrations were
low at the time of sampling — suggesting the Dolichospermum
spp. bloom was approaching maintenance stage as the
population self-induced nutrient limitation during the dry
season. In turn, low phosphorus concentrations likely kept
Microcystis spp. at subdominant concentrations (Poste et al.,
2013). However, due to the shallow depth of the Gulf and the
vast number of rivers transporting nutrients into the water
column - it is likely that a replenishment of nutrients (and
reseeding of Microcystis spp. genera from the sediments) would
result in Microcystis spp. dominance (Supplemental Table 25)
(Table 1). As a result, we hypothesize periods following the wet
seasons would be at an elevated risk for Microcystis spp. blooms,
whereas the dry seasons may favor diazotrophic Dolichospermum
spp. dominance due to prolonged declines in nutrient
replenishment. Cumulatively, we suggest Microcystis spp. blooms
present a larger threat to ecological and anthropogenic
communities as we confirmed this genus possesses the mcy BGC,
whereas Dolichospermum spp. was confirmed to lack toxigenic
BGCs at the time of sampling. In turn, due to the various urban
centers along the coastline and the direct use of lake water for
consumption — the risk for human exposure to cyanotoxins is
high (Obuya et al., 2023; Olokotum et al., 2022, 2020). Overall,
we recommend the Winam Gulf posits a high cHAB risk and
merits routine monitoring.

Lake Naivasha: Moderate Risk. Though traditionally classified as
eutrophic — nutrient profiles were characterized by low nitrogen
and phosphorus concentrations at the time of sampling. Yet,
unlike the Winam Gulf, there was no evidence of a bloom present
and thus cHAB-induced nutrient limitation is unlikely. In turn, it
appears the low-nutrient levels may have kept the “cHAB
cocktail” at subdominant levels — instead favoring non-toxic
picoplankton. Indeed, Synechococcus and Cyanobium spp. were
confirmed to possess phn and methanotrophic genes which would
enable them to exploit the low-nutrient conditions. However,
Lake Naivasha appears to host a harmful cyanobacterial
community poised to bloom when environmental conditions
become favorable. This lake possessed the largest variety of
cHAB genera - including Microcystis, Raphidiopsis and
Synechocystis spp. Hence, once eutrophic conditions return (and
this is likely due to rapid, ongoing anthropogenic and
agricultural development) the cHAB genera will likely
outcompete non-toxic picoplankton and exploit this niche. In
turn, because Lake Naivasha is extremely shallow and possesses
the longest residence time of the lakes we studied (Table 1), it is
likely to undergo continuous reseeding of cHAB genera from the
benthos. In turn, this region is undergoing extreme population
growth — with humans relying on Lake Naivasha as a direct
potable water source due to the dominance of saline, soda lakes
in the Rift Vally. As a result, the risk of human exposure to
cyanotoxins is high — though the mcy BGC was not detected at
the time of sampling. In total, Lake Naivasha represents a
moderate cHAB risk which we predict will exacerbate with
eutrophication, eliciting a need for monitoring.

Lake Simbi: Low Risk. Despite the Limnospira spp. bloom detected
upon sampling, dissolved nutrient levels were high - resembling a
eutrophic water column. Notably, soda lakes tend to exhibit
routinely high phosphorus concentrations (Toner and Catling,
2020). Though prior studies have detected microcystins in the
water column during Limnospira spp. dominance (Ballot et al.,
2005), we did not detect any cyanobacterial BGCs in our samples
— suggesting Limnospira spp. does not possess the microcystin
BGC. In further support, subsequent genomic sequencing of a
xenic Limnospira spp. culture collected at the time we sampled
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yielded no microcystin BGCs or cyanotoxin identification (Brown
et al., 2024b). Hence, Limnospira spp. does not appear to be the
source of microcystins - rather it is likely Microcystis spp., which
were detected at very low abundances during our sampling.
Nonetheless, Lake Simbi's eutrophic physiochemical parameters
would seemingly serve to favor cHABs — raising questions as to
which factors (beyond nutrients) are constraining these genera.
We suggest the high salinity, depth, and consistently monomictic,
stratified waters of Lake Simbi reduce cHAB risks — though
further research is required. In addition, Lake Simbi is in a region
that is sparsely populated — with human populations unable to
use the water for consumption due to its saline nature. Hence, the
risk of human exposure to cHABs is generally low — though we
note local communities bathe in the saline waters as they are
believed to treat skin diseases. Considering agricultural
development is increasing throughout the area and nutrient
inputs (and subsequent stratification changes) are likely to be
observed during the wet season — the risk of cHABs still merits
attention in this system. Yet, according to this study's risk
assessment Simbi does not serve as an ideal candidate for routine
monitoring.

5. Conclusions and recommendations

This study identified substantial cHAB risks within Lake Victoria's
Winam Gulf and Lake Naivasha — with the dominant cyanobacterial
communities constrained by varying metabolic pathways and exhibit-
ing differential niche partitioning. Considering the risk assessment
scores above, Winam Gulf and Lake Naivasha serve as model candidates
for implementing regional cHAB monitoring. In the present study, we
employed metabarcoding and metagenomics as two potential methods
for local monitoring strategies. However, subsequent discussions with
NSF-IRES student participants and stakeholders concluded these meth-
ods were not logistically feasible at the local scale. In turn, results
within this study concluded the presence of known toxigenic cHAB gen-
era (ex. Dolichospermum spp. in Winam Gulf and Microcystis spp. in Lake
Naivasha) do not correlate to the biosynthetic capacity to produce tox-
ins. As a result, we determined targeted PCR screening serves as a logis-
tically feasible and accurate means to identify cHAB toxin potential and
mitigate human exposure. In turn, this method can be synergistically
paired with total nitrogen and phosphorus concentrations or additional
metrics to bolster cHAB risk predictions. We have included the nucleic
acid sequences of known cyanotoxin BGCs that pose a risk to human
health (Supplemental Table 26), which serve as primer candidates for
local agencies to perform target PCR screenings. In conclusion, this
work serves as a foundational framework and impetus for future cHAB
identification, risk assessment and monitoring within Kenyan lakes.
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