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Cyanobacteria are important primary producers, sources of secondary metabolites, 
and sentinels of environmental change in aquatic ecosystems – including large 
estuaries. Here, we newly investigated cyanobacterial diversity within the Albemarle 
Pamlico Sound System (APES) using (16S rRNA) gene amplicon sequencing analyses. 
Substantial cyanobacterial diversity including lineages lacking current isolates were 
recovered (46 genera, 17 potentially cyanotoxic), with oligohaline waters of the 
Albemarle Sound and its tributaries being notable regional hotspot for diversity. 
Salinity and temperature were influential drivers of cyanobacterial community 
composition. Picocyanobacteria (cells <3 µm in diameter) were abundant in 
amplicon sequence libraries (72% of cyanobacterial sequences) – especially 
populations within Synechococcus SubClade 5.2. Picocyanobacteria along with 
picoeukaryotes were large contributors to total phytoplankton biomass comprising 
~47% of chlorophyll a. Further, the picocyanobacterial genera Synechococcus, 
Cyanobium, and Synechocystis (55.4%, 14.8%, and 12.9% of cyanobacterial sequences, 
respectively) formed a core community spanning from freshwater regions (eastern 
AST, D949) to polyhaline environments (NRE100 downstream stations to PS5), 
suggesting resilience to significant salinity fluctuations and associated environmental 
changes. Amplicon sequence variant (ASV) and environmental data indicate the 
presence of several putative ecotypes, as well as distinct abundance patterns 
among closely related populations, highlighting substantial fitness variability among 
subspecies. Notably, potentially cyanotoxic genera, Synechocystis, Planktothrix, 
Plectonema, and Dolichospermum were the four more abundant detected in 
polyhaline APES regions, far beyond conspicuous freshwater sources. These findings 
reveal previously unrecognized potential sources of cyanotoxics in estuarine food 
webs and habitats, underscoring the ecological significance of cyanobacterial 
community dynamics across salinity gradients.
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Introduction

Cyanobacteria occur in diverse aquatic systems and play key 
ecosystem roles, including contributing significantly to primary 
production and affecting water quality (Fogg et al., 1973; Li, 1994; 
Paerl et al., 2001). Substantial cyanobacterial diversity exists across 
aquatic ecosystems (Gaysina et al., 2019), but arguably, their diversity 
and functional roles are less resolved in estuaries (Fogg et al., 1973; 
Paerl and Dubravko, 2022). Nonetheless, estuarine cyanobacteria, 
especially picocyanobacteria (cyanobacteria <2–3 μm in diameter), 
are increasingly recognized as significant contributors (e.g., >50%) to 
estuarine phytoplankton biomass and primary production (Ray et al., 
1989; Gaulke et al., 2010; Paerl et al., 2020; Zdun et al., 2021). While 
pelagic ocean and freshwater ecotypes are more well established 
(Ahlgren et al., 2020; Six et al., 2021; Rocap et al., 2002; Cabello-Yeves 
et  al., 2022a; Park et  al., 2024), recent evidence has pointed out 
estuarine picocyanobacterial ecotypes with putatively different 
lifestyles (Liu et al., 2014; Xia et al., 2017, 2023; Zufia et al., 2022; 
Aguilera et al., 2023).

Cyanobacteria are endemic to the Albemarle-Pamlico Sound 
System (APES), the second largest estuary in the mainland USA 
(Paerl et al., 2007), and are significant contributors to total chlorophyll 
a (Chl a) Cyanobacteria are significant contributors to total 
chlorophyll a (Chl a) and picophytoplankton (PicoP) in a sub-estuary, 
the Neuse River Estuary (NRE) - averaging from ~ 40% and > 70% 
during summer periods (Gaulke et  al., 2010; Paerl et  al., 2020). 
Picocyanobacteria, in particular, are numerically dominant in the 
NRE and likely abundant in other APES regions, yet their abundance 
and diversity have not been thoroughly investigated (Stanley and 
Hobble, 1981; Moorman et al., 2016; Brentjens and Bratt, 2023). A 
genetic assessment of broad APES cyanobacterial diversity holds 
potential for improving the resolution of cyanobacterial biodiversity 
and evolution, their roles in nutrient cycles and food webs, their 
population dynamics, and identification of unforeseen “lifestyles,” as 
observed in other aquatic systems (Sohm et al., 2016; Salazar et al., 
2020; Novotny et  al., 2023). In addition, environmental DNA 
sequence data can be used to study in situ populations that comprise 
a core community that persists across environmental gradients and 
are presumably resilient to environmental change, e.g., salinity 
changes (Hanski, 1982; Lindh et al., 2017; Stadler et al., 2023), an 
important characteristic considering that more extreme cycling of 
wet/dry periods is predicted for many estuaries (Kennish et al., 2023). 
We  hypothesize that a diverse and environmentally resilient 
cyanobacterial core exists within the APES despite the narrow 
tolerance of temperature and salinity of some cyanobacteria (Celepli 
et al., 2017; Olofsson et al., 2020; Cabello-Yeves et al., 2022a). This 
core presumably plays a role in maintaining microbiome homeostasis, 
especially amid increasingly frequent disturbances commonly found 
in estuaries, such as storm events and droughts (Paerl et al., 2018a; 
Walker et al., 2022; Thompson et al., 2023; Kennish et al., 2024).

In this study, we examined the APES cyanobacterial diversity and the 
contributions of picocyanobacteria to biomass in understudied APES 
regions. We used established PCR primers to obtain 16S rRNA amplicon 
sequences from surface water samples where hydrological measurements, 
flow cytometry (FCM) phytoplankton enumeration, and size-fractionated 
Chl a measurements were carried out in parallel. Taken together, these 
data allowed for an analysis of trends in biomass contribution and 
sequence (relative) abundance alongside environmental changes.

Materials and methods

Samples and environmental data

Surface water was collected from NRE and Pamlico Sound (PS) 
stations as part of the Neuse River Estuary Modeling and Monitoring 
Project (ModMon) (Luettich et al., 2000; Buzzelli et al., 2001; Paerl 
et  al., 2010), as well as from stations in Albemarle Sound and its 
tributaries (AST), and the North Carolina Department of 
Environmental Quality (NCDEQ) Ambient Monitoring Program 
(Figure 1). Surface water samples were kept on ice in dark coolers and 
transported overnight to North Carolina State University, Raleigh, NC, 
for processing the next day. Water samples were collected from 2017 to 
2019 (Supplementary Tables S1, S2). Corresponding biological and 
hydrological data were provided through the ModMon and NCDEQ 
monitoring programs.1

Flow cytometry

Samples for FCM analysis were fixed, stored, and analyzed as 
reported by Paerl et al. (2020) using Guava EasyCyte HT (Millipore, 
MA, United States) and GuavaSoft (Millipore, MA, United States). 
Briefly, small phytoplankton (picocyanobacteria, eukaryotic 
phytoplankton) were identified and enumerated based on 
autofluorescence from blue and red laser excitation (Liu et al., 2014; 
Paerl et al., 2020). The limit of quantification for FCM analysis was 
1.62 × 101 cells mL−1 based on the detection of a single cell from the 
average sample volume processed from winter samples. Assuming a 
spherical shape for all PicoP, biovolume, as well as carbon biomass 
units per PicoP cell, was calculated using the conversion factor of 
237 fg C μm−3 (Worden et al., 2004).

Chlorophyll a measurements

Total phytoplankton biomass and PicoP biomass were estimated 
as described by Paerl et al. (2020). Briefly, Chl a was extracted from 
biomass on Glass Fiber Filters (GF/F) filters using acetone (100%), 
sonication, and fluorometric analysis. Non-parametric linear 
regressions (Kendall–Theil) were used to evaluate the relationship 
between PicoP Chl a or percent PicoP Chl a and total Chl a via the 
Median-Based Linear Models (mblm v0.12.1) package (Komsta, 2019) 
using the R environment.

DNA extraction and sequencing

DNA was extracted from planktonic biomass collected via 
vacuum filtration on Supor 0.22-μm filters (Pall; Port 
Washington, NY, United States) using the PowerWater Kit 
(Qiagen; Dusseldorf, Germany) according to the manufacturer’s 
instructions, with a modification of three cycles of freezing 
(−20°C) and thawing prior to extraction, to increase DNA yield. 

1 https://paerllab.web.unc.edu/modmon/
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The V3–V4 region (~379 bp) of the 16S rRNA gene was amplified 
from the extracted DNA using cyanobacterial-specific primers 
(CYB359-F: 5’-GGGGAATYTTCCGCAATGGG-3′; CYB781-R1: 
5’-GACTACTGGGGTATCTAATCCCATT-3′, and CYB781-R2: 
5’-GACTACAGGGGTATCTAATCCCTTT-3′) (Nübel et  al., 
1997) as well as CS1 and CS2 linker sequences at the 5′ end of 
primers to generate sequencer-ready libraries (Naqib et al., 2018). 
PCR (25 μL) contained 0.2 μM of each primer and 1x KAPA HiFi 
HotStart Ready Mix (KAPA Biosystems, Cape Town, 
South Africa). Products of triplicate PCR using each sample were 
pooled and sequenced using Illumina Miseq V3 chemistry (2 × 
250 bp; Genome Research Division, Genome Research Core, 
University of Illinois at Chicago).

Sequence processing and statistical analysis

Primer sequences were removed from reads using cutadapt (v4.2) 
(Martin, 2011), followed by denoising and chimera removal using 
DADA2 (v1.26.0) (Callahan et  al., 2016) (parameters: maxN = 0, 
maxEE = 2,5, trunclen = 260,160). Taxonomic assignment of the 
amplicon sequence variants (ASVs) was performed within DADA2 
with the Ribosomal Database Project Bayes naïve classifier (Cole et al., 

2014) against the SILVA v138 database (Quast et al., 2012) with a 
minimum bootstrap confidence level of 80%. After data processing, 
an average of 13,085 sequences per sample were retained (min: 7140, 
max: 190173). ASVs classified as chloroplast (40.7%) and 
non-cyanobacterial (33.3%) were removed. A phylogenetic tree was 
then constructed using the aligned sequences to verify that all were 
affiliated to cyanobacteria; any non-affiliated sequences were excluded 
from further analyses. Of the 2,441 ASVs in the library, 26% (635 
ASVs) were affiliated to cyanobacteria.

All cyanobacterial ASVs (635 ASVs) identified by SILVA were 
reclassified using Elastic-Blast (v1.2.0) (Camacho et al., 2023). Cloud 
searches for each cyanobacterial ASV were conducted on the Amazon 
Web Server (AWS) in January 2025. Each search was performed with 
BLASTn against the non-redundant database. The output was saved 
in a tabular format (−outfmt ‘7’) using the standard scientific name as 
description, and the closest match with a 98% threshold of sequence 
identity was used for further analyses. All ASVs below the threshold 
were categorized as unidentified cyanobacteria. ASVs with a best 
BLASTn hit (with 98% of percent identity as cutoff) to a cyanobacteria 
reference strain were selected over environmental samples, and the 
final taxonomic assignation shown in figures, text, and tables was from 
BLASTn. The strategy of reannotating ASVs identified by DADA2/
SILVA and subsequently using BLASTn (MEGABLAST) enhanced 

FIGURE 1

Sampled stations across the APES, including Albemarle Sound and Tributaries (AST) stations: D949, M61C, M698, M39C, and M7175; Neuse River Estuary 
(NRE) stations: NRE30, NRE70, NRE100, and NRE180; and Pamlico Sound (PS) stations: PS1, PS3, and PS5. Map creation credit: Esri World Gray Canvas.
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taxonomic classification at the species level of all ASVs, providing 
more accurate insights into cyanobacterial composition of the samples 
(Bars-Cortina et al., 2023). Given the well-known limitations of short-
read sequencing, which can lead to misassignments when using the 
NCBI database for taxonomy, particularly for certain cyanobacterial 
taxa with percent identity values >98%, the annotation was carefully 
examined through additional phylogenetic analyses (Salmaso 
et al., 2022).

Cyanobacterial sequences were aligned using Multiple Alignment 
Fast Fourier Transform (MAFFT) (Katoh and Standley, 2013), and 
alignment gaps were removed via Block Mapping and Gathering with 
Entropy (BMGE) (Criscuolo and Gribaldo, 2010) using NGPhylogeny.
fr (default settings) (Lemoine et al., 2019). Aligned sequences were 
used to construct phylogenetic trees using Seaview (Gouy et al., 2010) 
and the neighbor-joining method, assuming a Jukes–Cantor model 
for tree construction (1,000 replicates). The Jukes–Cantor model was 
selected due to its computational efficiency and its suitability for 
distance-based clustering approaches in large cyanobacterial datasets, 
instead of using a model selection strategy (e.g., ModelTest) that might 
provide a more rigorous and robust approach to phylogenetic 
inference. The resulting trees were edited using the interactive tree of 
Life (iTOL, http://itol.embl.de). References for Synechococcales clades 
were obtained from several publications (Robertson et al., 2001; Ernst, 
2003; Jasser et al., 2011; Xu et al., 2015; Hunter-Cevera et al., 2016; 
Albrecht et al., 2017; Juteršek et al., 2017; Doré et al., 2020; Gin et al., 
2021; Schallenberg et al., 2022; Suzuki et al., 2022; Aguilera et al., 
2023). Synechococcales and non-Synechococcales references are 
included in Supplementary Tables S3, S4.

Alpha diversity metrics (observed = richness, Simpson, Shannon) 
were obtained using phyloseq (v1.42.0) (McMurdie and Holmes, 
2013). Faith’s phylogenetic diversity indices were calculated using the 
picante package (v1.8.2). Sequence abundances were not rarefied to 
minimum sample abundance to avoid loss of information and 
statistical power as rarefaction can artificially reduce data complexity 
and introduce biases (McMurdie and Holmes, 2014). All metrics were 
visualized using the plot_richness function from phyloseq. 
Non-parametric Wilcoxon signed-rank tests (ggpubr package v0.6.0) 
were performed to assess significant differences in alpha diversity 
estimates for regions, including singletons for relevant metrics.

Abundances of ASVs were Hellinger-transformed, used to 
calculate the Bray–Curtis index (dissimilarities), and plotted using a 
non-metric multidimensional scaling (NMDS) implemented by the 
microviz package (v0.10.6) (Barnett et al., 2021). Statistical differences 
in community composition across regions and seasons were calculated 
with PERMANOVA using the adonis2 function with 999 permutations 
using the vegan package (v2.6.8). The core cyano-microbiomes of 
NRE-PS and AST were determined based on a minimum relative 
abundance of 0.1% and a prevalence threshold of 20% for NRE-PS and 
40% for AST for each ASV (Hernandez-Agreda et al., 2017; Risely, 
2020). Venn diagram was generated using the package microeco 
(v1.12.0) (Liu et al., 2021).

Relationships between environmental parameters (Z-score-
transformed) and ASV abundances were examined through 
transformed-based redundancy analysis (tb-RDA) using vegan 
(Oksanen et al., 2022) and ggplot2 (v3.5.1) (Wickham et al., 2023) 
packages. Monte Carlo permutation was used to test the significance 
of each significant individual environmental variable in the structure 
of cyanobacterial communities across regions (NRE-PS) and seasons 

and across AST stations and seasons. A goodness-of-fit test (Wang 
et  al., 2020) was carried out to identify the number of ASVs that 
explain a majority of variation across all samples.

Spearman’s rank correlation was performed to identify significant 
relationships (p < 0.001) between abundant ASVs of NRE-PS (top 17) 
and significant environmental factors determined by the RDA using 
the package corrplot (v0.95) in the R environment (Wei et al., 2021).

Results

APES cyanobacterial diversity patterns

Multiple alpha diversity analyses using the 635 recovered 
cyanobacterial ASVs revealed higher cyanobacterial diversity in AST 
compared to NRE-PS samples (Shannon diversity index H′ = 3.59, 2.52, 
and 2.62, respectively) (Figure 2). Along the NRE-PS freshwater to 
polyhaline continuum, alpha diversity decreased from the upper 
estuary (NRE30) to middle estuary (NRE100), but it showed a slight 
increase at lower NRE (NRE180) and PS stations 
(Supplementary Figure S1). Diversity was lowest at riverine AST 
stations (Chowan River and Scuppernong River) and higher downriver 
at Albemarle Sound and Alligator River stations 
(Supplementary Figure S1). Cyanobacterial community composition 
(beta diversity) across samples was separated by season (p = 0.001, 
R2 = 0.20) and region (p = 0.001, R2 = 0.19) with a clear distinction of 
cold (winter and early spring) and warm (summer and fall) weather 
communities. NRE-PS communities were also distinct from AST 
communities (Figure 3). Of the environmental variables measured, 
temperature and salinity were the most significant contributors to 
variations in cyanobacterial diversity (combined 34.3% in NRE-PS and 
14.5% in AST) (Table  1). Accordingly, most variations in APES 
cyanobacterial composition were not explained by commonly measured 
water quality parameters (~ 66–86% for NRE-PS and AST, respectively), 
which is in line with the results from other estuarine/marine studies 
(Bertos-Fortis et al., 2016; Affe et al., 2018; Ahlgren et al., 2019).

Identified cyanobacterial taxa

Multiple cyanobacterial groups were identified in APES sequence 
libraries, including unicellular and colonial forms, diazotrophs, 
potential cyanotoxic producers, and other poorly resolved populations 
(unidentified cyanobacteria, 3% of cyanobacterial sequences). In total, 
46 genera were identified, and sequences belonging to the 
picocyanobacterial genera Synechococcus, Cyanobium, and 
Synechocystis were dominant across APES samples (55.8, 17.2, and 
12.4%, respectively) (Figure  4). Notably, Synechocystis limnetica 
CCAP1480/5 and 17 related APES ASVs (e.g., ASVs 3, 8, and others; 
Figure  5) were classified by dada2 and BLAST as belonging to 
Synechococcus and Cyanobium (Group K) rather than to Synechocystis 
species. This clustering is consistent with recent phylogenetic analyses 
that suggest a close relationship between these taxa (Juteršek et al., 
2017). Multiple picocyanobacterial lineages were obtained and were 
most phylogenetically affiliated with Synechococcus subcluster (SC) 5.2 
(Figure 5), which was recently named the Cyanobium SC (Doré et al., 
2020). SC 5.2 sequences clustered into 36 clades, with 26 lacking a 
known representative isolate or metagenome-assembled genome 
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(MAG) and the remaining being affiliated with previously described 
clades, e.g., Group I, Subalpine II, and Group C (Robertson et al., 
2001; Cai et al., 2010; Suzuki et al., 2022) (Figure 5). A single ASV 
clustered within SC 5.3, while eight ASVs were affiliated with marine 
SC5.1 and previously reported clades within this marine SC (SC5.1) 
(WPC1, HK1, I, III, IX, VI, VII, and VIII) (Figure 5).

Notable non-picocyanobacterial clades and taxa 
(Supplementary Figure S2) were also identified. Among these were 
Coelosphaeriaceae and Merismopediaceae affiliates (referred to as the 
CM clade here), specifically Coelomoron, Woronichinia, Snowella, and 
Merismopedia populations, which are primarily considered colonial 

cyanobacteria. A total of 17 potentially cyanotoxic genera were 
detected, namely Anabaena, Aphanizomenon, Aphanothece, 
Cuspidothrix, Dolichospermum, Geitlerinema, Leptolyngbya, 
Microcoleus, Microcystis, Oscillatoria, Planktothrix, Plectonema, 
Pseudanabaena, Raphidiopsis, Sphaerospermopsis, Synechocystis, and 
Tolypothrix (Figure  4). Some of these genera notably occurred in 
higher-salinity NRE-PS waters and at times reached relatively high 
abundances, such as Synechocystis (17.3% in PS), Planktothrix (3.02% 
in NRE), Dolichospermum (0.74% in NRE), Oscillatoria (0.33% in 
NRE), and Aphanizomenon (0.59% in NRE) (Figure 4). In particular, 
the four most abundant and cosmopolitan of these genera 

FIGURE 2

Alpha diversity indexes (at the ASV level) across regions of APES. Levels of significance determined by Wilcoxon test: 0.0001 = ****, 0.001 = ***, 0.01 = **, 

0.05 = *, 1 = non-significant—ns. Observed = richness (number of different ASVs observed), Shannon H′ = − ' ' (' ')1 ∗=∑ pi ln piR
i

where R is total richness, 

pi is the proportion of R of the ith species, Simpson (measure of evenness (D), D = 1- Σp2i). Faith PD phylogenetic diversity = phylogenetic diversity. The 
data in the boxplot are depicted as first and third quartiles, and the line in the middle of each box represents the median of the relative abundance of 
each genus. Dots represent individual samples. “Whisker” lines above and below boxes denote the minimum and maximum value.
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(Synechocystis, Planktothrix, Plectonema, and Dolichospermum) did 
include individual ASVs of varying abundance across the APES 
(Figure 6). However, Dolichospermum and Planktothrix were more 
common in NRE-PS stations, whereas Synechocystis ASVs were the 
most prevalent in AST stations; in addition, Plectonema ASVs 
appeared at low abundance in nearly all monitoring stations (Figure 6).

Picocyanobacterial abundance and 
contribution to Chl a and POC in the APES

While picocyanobacteria are recognized as abundant and 
significant contributors to primary production and phytoplankton 

biomass in the NRE (Gaulke et al., 2010; Paerl et al., 2020), they have 
not been studied in larger PS and AST components of the 
APES. Phycocyanin-rich and phycoerythrin-rich Synechococcus-like 
cells (PC-Syn and PE-Syn, respectively) and picoeukaryotic algae were 
present in the PS and AST samples (Supplementary Figures S3, S4). 
PC-Syn was the most abundant, generally matching the dominance of 
SC5.2 Synechococcus in recovered APES cyanobacterial sequences 
(Figure 5). PC-Syn cells reached upwards of ~7 × 105 cells/mL in the 
summer/fall PS and AST samples, whereas PE-Syn abundance peaked 
at ~5 × 104 cells/mL in the PS during the summer (2019) and in the 
AST during the winter (2018) (Table  2). Overall, PicoP biomass 
accounted for a notable percentage (on average 2.71%) of total POC 
across PS samples, with higher contributions during summer (~5%) 
and 3 weeks after the landfall of Hurricane Florence (6.15%, PS1, Oct. 
4, 2018). Similarly, an increased PicoP contribution to POC was 
observed post-Florence in the NRE (Paerl et al., 2020), which signals 
broad PicoP stimulation in the NRE-PS after the extreme storm.

Regarding biomass, PC-Syn cells were major contributors (up to 
63%) to PicoP biomass across APES samples (Figure 7). Although 
PE-Syn contributed less to PicoP biomass than PC-Syn across all 
regions, its highest relative contribution (45%) was observed in the 
NRE (Figure 7). PicoP contributions to total phytoplankton biomass 
(extracted Chl a) were on average 47% (6 to 86%) in the PS and 47% 
(12 to 80%) in the AST (Supplementary Figures S5, S7A). In AST 
samples, PicoP Chl a concentration followed changes in total Chl a 
concentration, showing a positive linear relationship, which suggests 
that small and large phytoplankton respond similarly to environmental 
change (e.g., temperature and dissolved nutrients). Conversely, this 
relationship was weaker and more variable in PS samples, suggesting 
that PicoP and total phytoplankton biomass are influenced by distinct 
factors (Supplementary Figures S6, S7B).

Select taxa (ASV) abundance patterns

Redundancy analysis, including ASV relative abundance and 
environmental parameters, revealed several potential ecotypes in the 
NRE-PS (AST data were more limited, yielding highly similar 
ordination patterns) (Figure 8, Supplementary Figure S8). Putative 
warm-temperature estuarine ecotypes (i.e., those showing positive 
relationships between relative abundance and temperature) were 
phylogenetically affiliated with (SC 5.2) clades C, J, Picocyano8, and 
CM (ASV27, ASV51, ASV2, ASV25, ASV11) (Figure 8). SC 5.1 ASVs 
were affiliated with clades IX (ASV38, Synechococcus sp. KORDI-71 
rel.) and VIII (ASV16, Synechococcus sp. WH 8101 rel.), and they also 
showed positive relationships with temperature and salinity (Figure 8, 
Supplementary Figure S9). ASVs belonging to K (ASV8, Synechocystis 
limnetica CCAP 1480/5 rel.) and Bornholm Sea (ASV24, Cyanobium 
sp. CZS_40F rel.) were less abundant when the temperature was 
higher, suggesting they are temperate/cold ecotypes (Figure  8, 
Supplementary Figure S9). Finally, select ASVs (ASV 68 and 115, 
Synechococcus sp. 1tu14s11 and Cyanobium sp. JJNV rels.) increased 
with elevated levels of dissolved NOx (nitrate plus nitrite), turbidity, 
and dissolved organic carbon, which suggests that they may 
be eutrophic ecotypes (Figure 8, Supplementary Figure S9).

The most abundant cyanobacterial population based on mean 
relative abundance across all cyanobacterial sequence libraries 
(ASV1) was taxonomically affiliated with Synechococcus sp. CB0101 

TABLE 1 Results of a Monte Carlo permutation by environmental variable 
and cyanobacterial communities of NRE-PS and AST.

Region Environmental 
variable

Variance 
explained 

(%)

Pseudo-F P-
value

NRE-PS Temperature 13.8 28.7 0.001

NRE-PS Salinity 7.8 16.4 0.001

NRE-PS Dissolved oxygen 1.41 2.94 0.001

NRE-PS Turbidity 2.6 5.47 0.001

NRE-PS Particulate organic 

carbon

1.4 3.12 0.003

NRE-PS Dissolved organic 

carbon

1.3 2.76 0.008

NRE-PS Dissolved inorganic 

carbon

1.6 3.54 0.007

NRE-PS NO3/NO2 1.6 3.37 0.004

NRE-PS PO4 1.1 2.31 0.027

NRE-PS SiO2 1.3 2.82 0.009

AST Salinity 7.0 2.62 0.018

AST Temperature 7.4 2.78 0.015

The analysis is based on redundancy analysis, where each variable’s explanatory power is 
measured in terms of variance explained, pseudo-F values, and statistical significance (p-value).

FIGURE 3

A non-metric multidimensional scaling (NMDS) plot of APES 
cyanobacterial communities (at the ASV level) labeled based on 
region and season.
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(12.4%, Supplementary Table S5), a PC-rich Chesapeake Bay isolate 
and representative of SC5.2 clade CB4 (Figure  9, 
Supplementary Figure S10) (Fucich et  al., 2019). ASV1 was 
ubiquitous in the APES but peaked in abundance at middle estuary 
station NRE70 (20.8%; Figure 9, Supplementary Figure S10). Other 
Synechococcus SC5.2-affiliated ASVs were also cosmopolitan in the 
APES but were phylogenetically affiliated with novel clades 
Picocyano 8 and 12 (ASV25 and ASV9, respectively) 
(Supplementary Figure S10). Regionally abundant ASVs were also 
evident in the APES. For example, ASVs belonging to multiple 
Synechococcales clades occurred primarily in AST samples, e.g., J 
(ASV20), C (ASV27), A (ASV52), Picocyano 8 (ASV39), Picocyano 
7 (ASV15, ASV43), and CM (ASV164) (Supplementary Figure S11). 
ASVs belonging to clades J (ASV2), III (ASV12), and VIII (ASV16) 
occurred primarily in NRE-PS samples (Supplementary Figure S12). 
Overall, regional and cosmopolitan picocyanobacterial populations 
were present in our dataset.

Furthermore, we found evidence of a shared core of cyanobacterial 
populations across the APES (Figure 9; Supplementary Figure S13) 
and several abundant populations (ASVs), e.g., ASV22 (uncultured 
Plectonema sp.) and ASV43 (uncultured Synechococcus sp.), that are 
not well represented by public 16S rRNA gene sequences from isolates 

or genomes (Figure 9). Regarding the shared cyanobacterial core, 40 
ASVs comprised the APES cyanobacterial shared core (Figure  9, 
Supplementary Figure S13), and most were picocyanobacteria, e.g., 
Synechococcus (n = 19), Cyanobium (n = 8), and Synechocystis (n = 5). 
The remaining core members were either filamentous taxa, namely 
Anabaenopsis (n = 1), Leptolyngbya (n = 1), Microcoleus (n = 1), 
Plectonema (n = 1), and Romeria (n = 1), or unclassifiable at the genus 
level (n = 3). These core members are presumably highly adaptive and/
or resilient to environmental changes given their breadth of 
occurrence across sampling stations and conditions 
(Supplementary Table S5).

Discussion

Collectively and locally rich cyanobacterial 
diversity within the APES

The sequence data obtained in this study highlight the APES as a 
system rich in cyanobacterial diversity, building on prior microscopic 
data and recently obtained sequence data from the APES (Piehler 
et al., 2002; Cira et al., 2016; Moorman et al., 2016; Plaas et al., 2022). 

FIGURE 4

Mean relative abundance of 46 cyanobacterial genera in each region (Inset). Mean relative abundance of 17 potential cyanotoxic-producing genera in 
each region. The inset plot shows the mean relative abundance of potential toxin-producing genera (based on Jones et al., 2021).
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FIGURE 5

Synechococcales phylogenetic tree constructed from cyanobacteria-specific 16S RNA gene (V3-V4 region) sequences, including reference (n = 111) 
and 454 APES ASV sequences. Clade assignments for sequences were made by identifying the closest known group representative(s) or designated as 
Picocyano 1–26 if APES sequences did not cluster with strain(s) known to be affiliated with an established clade. The phylogenetic tree was rooted 
using the outgroup, Staphylococcus aureus JP080. Groups of Synechococcus subclusters (SC) are shown in green (SC 5.2), blue (SC 5.1), orange (SC 
5.3), pink (representing Coelosphaeriaceae and Merismopediaceae: Synechocystis, Merismopedia, Snowella, Coleomoron, Woronichinia), and grey 
(potential novel clades, “Picocyano”). Numbers in the tree represent the bootstrap value (bootstrap values below 50% are not shown at the nodes).
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FIGURE 6

Relative abundances for 37 populations (ASVs) belonging to the four most abundant potentially cyanotoxics genera (Synechocystis, Dolichospermum, 
Planktothrix, and Plectonema). Each bubble represents the mean relative abundance of each ASV at different stations. All ASVs identified as S. limnetica 
CCAP1480/5 were excluded from this analysis and plot because they are more phylogenetically related to Synechococcus/Cyanobium (uncommon 
toxin producers) and therefore might not be considered cyanotoxic producers.

TABLE 2 PicoP average cell abundances from PS and AST stations.

Region Station PE-Syn (cells/mL) PC-Syn (cells/mL) PEuk (cells/mL)

PS PS1 6.86E+03 ± 1.04E+04 2.30E+05 ± 1.74E+05 2.30E+05 ± 1.87E+04

PS PS3 1.19E+04 ± 1.72E+04 2.54E+05 ± 2.69E+05 2.54E+05 ± 1.79E+04

PS PS5 9.47E+03 ± 9.75E+03 2.71E+05 ± 1.87E+05 2.71E+05 ± 1.22E+04

AST D949 1.24E+03 ± 1.41E+03 4.43E+04 ± 5.44E+04 6.22E+03 ± 6.10E+03

AST M61C 1.32E+03 ± 1.23E+03 3.25E+05 ± 1.67E+05 3.83E+03 ± 1.91E+03

AST M698 1.31E+04 ± 1.46E+04 7.98E+04 ± 1.47E+05 1.90E+03 ± 2.13E+03

AST M39C 1.88E+03 ± 9.39E+02 3.22E+05 ± 2.39E+05 3.72E+03 ± 1.70E+03

AST M7175 5.24E+02 ± 1.75E+02 3.74E+05 ± 2.26E+05 2.22E+03 ± 1.08E+03

Average cell abundance ± standard deviation is shown. PE-Syn = Phycoerythrin Synechococcus; PC-Syn = Phycocyanin Synechococcus; PEuk = PicoEukaryotes.
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In particular, our results open up new research avenues and further 
our understanding: specifically, the AST as a regional hotspot for 
cyanobacterial diversity; how multiple picocyanobacterial lineages 

coexist, especially abundant representatives of clades CB4 and 
Bornholm Sea resolving the ecologies of multiple genera not 
previously described in the APES, including picocyanobacteria and 

FIGURE 7

Contributions of picocyanobacteria to total PicoP biomass (carbon units) in each region of the APES.

FIGURE 8

Redundancy analysis (RDA) ordination plot for NRE-PS cyanobacterial community composition in relation to environmental parameters. Only 
significant explanatory environmental factors (p ≤ 0.001) (black arrows) and ASVs (grey arrows) with goodness of fit ≥ 0.74 (grey) are included in the 
figure. The ASVs with goodness of fit at least 0.72 in the ordination plane formed by axes 1 and 2 are shown in the RDA plot.
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potential cyanotoxic populations (Planktothrix, Plectonema, etc.), 
which persist into polyhaline waters (downriver NRE-PS stations); 
and also relatively prevalent yet poorly classified taxa not represented 
by currently available isolates and genome. Whereas amplicon-based 
diversity studies have their limitations and do not provide metabolic 
insights (Ju and Zhang, 2015), metagenomic sequencing may miss 
portions of in situ cyanobacterial community diversity (Rodríguez-
Gijón et al., 2023). Thus, there is significant value in the (16S rRNA 
sequence) diversity data obtained in our study. Moreover, a number 
of populations identified here serve as logical targets for future 
studies aiming to resolve their lifestyles and metabolic potential 
through in situ sampling and experimentation (Schallenberg et al., 
2022), representative isolate acquisition and physiological laboratory 

studies (Xu et al., 2015; Xia et al., 2020; Schallenberg et al., 2022; 
Kling et al., 2023), or (meta)genomic approaches (Kearney et al., 
2021; Xia et al., 2023).

Notably, the understudied AST portion of the APES is a regional 
hotspot for cyanobacterial diversity, making it attractive for natural 
product bioprospecting (Demay et  al., 2019), as well as further 
exploration into cyanobacterial evolution and ecology (Celepli et al., 
2017; Affe et al., 2018). The lowest diversity among AST samples was 
observed at Chowan and Scuppernong River stations (D949, 
M698C), which seems to reflect stronger selection against multiple 
cyanobacteria in these upriver stations, possibly due to increased 
levels of heavy metals and/or inhibitory dissolved organic matter 
(Preston and Shackelford, 2002; Sha et al., 2025). Overall, the high 

FIGURE 9

Relative abundances of the 40 shared core APES ASVs across the three regions. Samples were grouped by stations, and each bubble represents the 
mean of each ASV by station. ASVs were ordered based on prevalence, with the most prevalent at the top and the least prevalent at the bottom.
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cyanobacterial diversity in AST waters, along with the increased 
concern in water and air quality in the region (Plaas et al., 2022; 
Pierce et  al., 2024), generally calls for greater attention to 
cyanobacteria within these freshwater regions of the APES.

APES picocyanobacteria: key contributors 
to diversity and biomass

Our findings show that picocyanobacteria (also PicoP) are 
important primary producers (2.71% of POC; upwards of 47% of Chl 
a) in the APES, which expands our prior knowledge of their 
importance only within the NRE (Gaulke et al., 2010; Paerl et al., 
2020). The dominance of PC-Syn is in line with recent findings from 
NRE surface waters (Paerl et  al., 2020) and calls for a greater 
understanding of PC-Syn ecology alongside other recent coastal and 
estuarine studies (Rajaneesh and Mitbavkar, 2013; Li et  al., 2019; 
Alegria Zufia et al., 2021).

The dominance of picocyanobacterial phylogenetic clades CB4, 
Bornholm Sea, J, and K (Cyanobium clades SC 5.2, sensu stricto) 
(Doré et  al., 2020) in the APES emphasizes the success of these 
lineages in temperate estuaries and coastal waters worldwide (Chen 
et al., 2006; Xu et al., 2015; Hunter-Cevera et al., 2016; Hunter-Cevera 
et  al., 2021). Their importance in the study region and globally 
supports future work to understand the physiological reasons for 
their success, e.g., mechanisms of cell persistence (Fucich and Chen, 
2020). Novel picocyanobacterial clades described in this study and in 
recent studies (using different PCR primers) (Zufia et  al., 2022; 
Aguilera et  al., 2023) spotlight the high picocyanobacterial 
microdiversity and potential for varied ecologies within SC 5.2.

The large differences we observed in the relative abundance of 
highly related cyanobacterial populations (ASVs), e.g., Synechococcus 
sp. CB0101 (Clade CB4) and Synechocystis limnetica sp. CCAP1480/5 
(Clade K) ASVs, point to fitness variations among closely related clade 
members and emphasize that clade-level assessments of biogeography 
and ecology, based on relationships between in situ abundance and 
environmental variables, are likely applicable only to the most 
abundant representatives (Liu et al., 2014; Xu et al., 2015; Hunter-
Cevera et al., 2016). Potentially, comparative genomics of representative 
isolate genomes or in situ genomes, e.g., MAGs (Xia et al., 2023), may 
reveal gene repertoire variations among these phylogenetically closely 
related taxa and help explain the large differences in their in situ 
abundance. Estuarine picocyanobacterial ecotypes are recognized 
based on temperature, salinity, pigmentation/photosynthetic capacity, 
and metal tolerance (Larsson et al., 2014; Marsan et al., 2017; Grébert 
et  al., 2018), and similarly, the APES appears to contain different 
ecotypes (e.g., warm, temperate/cold; Figure 8). Measurements beyond 
those made by common water quality monitoring efforts may help 
explain variations in closely related taxa, e.g., susceptibility to viral 
infections (Ahlgren et al., 2019; Dart et al., 2023).

Only recently were Synechocystis and colonial genera Romeria, 
Snowella, and Merismopedia reported from a component of the APES 
(Chowan River) (Plaas et al., 2022); in the present study, we note that 
these colonial genera can be abundant (up to 1.22, 0.81, and 0.42% of 
cyanobacterial sequences, respectively) and deserve future study. 
Because these genera are often larger than Synechococcus and 
Cyanobium spp. and form aggregates or filaments (Callieri et  al., 
2012), their impact on elemental cycling (especially, particulate 

carbon), food webs, and water quality is potentially distinct from 
those of unicellular picocyanobacteria. Their larger cell size is 
particularly significant since larger cells tend to possess larger 
genomes with more biosynthetic gene clusters, for instance those 
coding for secondary metabolite (e.g., cyanotoxic) production 
(Medema et  al., 2021). Furthermore, it is presumed that some 
Synechocystis spp. produce cyanotoxics (Banack et  al., 2012; 
Cervantes Cianca et  al., 2012; Vareli et  al., 2013), and colonial 
cyanobacteria can carry out unique biochemical transformations 
influencing ecosystem functionality and productivity, e.g., N2 fixation 
(Bergman et al., 2006; Zehr and Paerl, 2008; Marcarelli et al., 2022).

Unforeseen cyanotoxic populations in the 
APES

We detected several cyanobacterial genera with toxin-producing 
potential not reported previously in the APES (Plaas et  al., 2022; 
Brentjens and Bratt, 2023) but are of concern in freshwater to marine 
systems (Chorus et al., 2021; Jones et al., 2021). They are Aphanothece, 
Cuspidothrix, Geitlerinema, Microcoleus, Oscillatoria, Planktothrix, 
Plectonema, Sphaerospermopsis, and Synechocystis and are logical 
targets for future APES water quality monitoring and research. The 
data also bring to light questions of whether some populations are 
viable and persist in the face of varied conditions along the fresh to 
polyhaline continuum, especially the more cosmopolitan 
Synechocystis, Planktothrix, Plectonema, and Dolichospermum ASVs, 
or whether these cells are non-viable and are transported downriver 
(Mohamed, 2013; Rastogi et al., 2015; Buratti et al., 2017; Paerl et al., 
2018a). If they are highly adaptive, they must be  physiologically 
unique because most of the potentially cyanotoxic genera are 
significantly less abundant in more saline NRE-PS surface waters. This 
observation is in line with prior reports of few cyanotoxic populations 
in polyhaline and marine waters (Tonk et al., 2007; Rosen et al., 2018; 
Georges Des Aulnois et al., 2019; Osburn et al., 2023).

The detection of these potentially cyanotoxic populations in 
polyhaline waters is particularly important as they are potential vectors 
of cyanotoxics in APES regions that are far from conspicuous 
freshwater blooms. Reports of cyanotoxics in multiple trophic levels of 
marine coastal food webs are increasingly common (Brand et al., 2010; 
Ferrão-Filho and Kozlowsky-Suzuki, 2011; Bukaveckas et al., 2017; 
Preece et al., 2017; Anderson et al., 2023) as is our need to resolve toxin 
entry into the food web along the freshwater to marine continuum 
(Paerl et al., 2018b). Our results point to a more in-depth investigation 
of cosmopolitan genera as cyanotoxic vectors in the APES. Future 
studies should focus on impacts of potentially cyanotoxic populations 
on water quality and their respective competitive interactions within 
ecosystems. Furthermore, improved cultivation efforts, genomic 
sequencing, and in situ sampling hold promise for resolving the 
metabolisms and capabilities of these newly recognized populations of 
concern (Chen et al., 2021; Cabello-Yeves et al., 2022b).

Conclusion

Our results—sequence data as well as abundance and biomass 
estimates—emphasize the following: (1) our knowledge of estuarine 
cyanobacterial diversity as well as their ecologies and ecosystem 
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impact is currently limited, including relatively abundant 
populations; (2) picocyanobacteria are important contributors to 
phytoplankton biomass in the APES, especially understudied 
PC-Syn cells; and (3) several poorly studied cyanobacteria in the 
APES are potential cyanotoxic producers unexpectedly persisting 
or surviving in polyhaline waters. Our findings highlight important 
knowledge gaps that require future research. Specifically, we need 
to clarify metabolic pathways that can help explain the dominance 
of specific estuarine picocyanobacteria over less abundant yet 
phylogenetically related taxa, and determine the cyanotoxic 
production potential among genera with limited characterization 
within the APES (Synechocystis, Planktothrix, Plectonema, 
Dolichospermum, and others) to resolve the entry of cyanotoxics 
into local food webs. Furthermore, we should address primary and 
secondary metabolism in understudied and novel lineages, as some 
of these may impact water quality and biogeochemical cycling, and 
could also be beneficial for biotechnological advancements (e.g., 
diverse cyanobacteria in the AST). Overall, our results enhance the 
understanding of cyanobacteria in a large temperate estuarine 
system of biogeochemical and economic importance, particularly 
knowledge of key contributors to productivity, toxin production, 
and microbiome homeostasis amid environmental changes.

Data availability statement

Raw sequence data have been deposited in NCBI Genbank under 
Bioproject PRJNA1125422, Accessions: SRR29455238 - SRR29455322, 
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1125422.

Author contributions

JS-G: Conceptualization, Data curation, Formal analysis, 
Investigation, Methodology, Software, Visualization, Writing  – 
original draft, Writing  – review & editing. NC: Methodology, 
Writing – review & editing. HP: Data curation, Funding acquisition, 
Writing  – review & editing. RP: Conceptualization, Funding 
acquisition, Methodology, Project administration, Resources, 
Supervision, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research and/or publication of this article. JS-G was supported by a 
doctoral fellowship sponsored by the National Secretariat of Science 
and Technology of Panama (contract number 270–2019-181). RP was 
supported in part by NC C-CAPE and its funding from the US 
National Science Foundation and the National Institutes of Health 

(OCE-2414792 and 1P01ES035542-01, respectively). This work was 
supported by the NC Department of Environmental Quality, UNC 
Collaboratory ModMon Projects 196 and 452, and the National Fish 
and Wildlife Foundation Project 8020.16.053916, the Lower Neuse 
Basin Association, and NC Sea Grant, Project R/16-HCE-1 Field data 
collection and physical-chemical-biological measurements in the NRE 
and APES were conducted by the NC Collaboratory-supported 
ModMon program (https://paerllab.web.unc.edu/modmon/).

Acknowledgments

We thank Jeremy Braddy, Karen Rossignol, Betsy Abare, Randy 
Sloup, and the UNC-IMS ModMon team for assistance with water 
collections and sharing hydrological, chemical, and biological data. 
Additionally, we thank Barbara Paerl for assistance with water transport; 
Rebecca Venezia for her data contribution related to picoplankton 
abundance analysis of NRE; the North Carolina Department of 
Environmental Quality (NCDEQ) for water collection of Albemarle-
Chowan sites; and Kristen Slodysko (NCDEQ) for sharing hydrological 
and chemical data from Albemarle-Chowan monitoring stations.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Gen AI was used in the creation of 
this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1539050/
full#supplementary-material

References
Affe, H. M. D. J., Rigonato, J., Nunes, J. M. D. C., and Menezes, M. (2018). 

Metagenomic analysis of Cyanobacteria in an oligotrophic tropical estuary South 
Atlantic. Front. Microbiol. 9:1393. doi: 10.3389/fmicb.2018.01393

Aguilera, A., Alegria Zufia, J., Bas Conn, L., Gurlit, L., Śliwińska-Wilczewska, S., 
Budzałek, G., et al. (2023). Ecophysiological analysis reveals distinct environmental 

preferences in closely related Baltic Sea picocyanobacteria. Environ. Microbiol. 25, 
1674–1695. doi: 10.1111/1462-2920.16384

Ahlgren, N. A., Belisle, B. S., and Lee, M. D. (2020). Genomic mosaicism underlies the 
adaptation of marine Synechococcus ecotypes to distinct oceanic iron niches. Environ. 
Microbiol. 22, 1801–1815. doi: 10.1111/1462-2920.14893

https://doi.org/10.3389/fmicb.2025.1539050
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1125422
https://paerllab.web.unc.edu/modmon/
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1539050/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1539050/full#supplementary-material
https://doi.org/10.3389/fmicb.2018.01393
https://doi.org/10.1111/1462-2920.16384
https://doi.org/10.1111/1462-2920.14893


Sánchez-Gallego et al. 10.3389/fmicb.2025.1539050

Frontiers in Microbiology 14 frontiersin.org

Ahlgren, N. A., Perelman, J. N., Yeh, Y., and Fuhrman, J. A. (2019). Multi-year 
dynamics of fine-scale marine cyanobacterial populations are more strongly explained 
by phage interactions than abiotic, bottom-up factors. Environ. Microbiol. 21, 2948–2963. 
doi: 10.1111/1462-2920.14687

Albrecht, M., Pröschold, T., and Schumann, R. (2017). Identification of Cyanobacteria 
in a eutrophic coastal lagoon on the southern Baltic coast. Front. Microbiol. 8:923. doi: 
10.3389/fmicb.2017.00923

Alegria Zufia, J., Farnelid, H., and Legrand, C. (2021). Seasonality of coastal 
Picophytoplankton growth, nutrient limitation, and biomass contribution. Front. 
Microbiol. 12:786590. doi: 10.3389/fmicb.2021.786590

Anderson, M., Valera, M., and Schnetzer, A. (2023). Co-occurrence of freshwater and 
marine phycotoxins: a record of microcystins and domoic acid in Bogue sound, North 
Carolina (2015 to 2020). Harmful Algae 125:102412. doi: 10.1016/j.hal.2023.102412

Banack, S. A., Metcalf, J. S., Jiang, L., Craighead, D., Ilag, L. L., and Cox, P. A. (2012). 
Cyanobacteria produce N-(2-Aminoethyl)Glycine, a backbone for peptide nucleic acids 
which may have been the first genetic molecules for life on earth. PLoS One 7:e49043. 
doi: 10.1371/journal.pone.0049043

Barnett, D., Arts, I., and Penders, J. (2021). microViz: an R package for microbiome 
data visualization and statistics. JOSS 6:3201. doi: 10.21105/joss.03201

Bars-Cortina, D., Moratalla-Navarro, F., García-Serrano, A., Mach, N., Riobó-Mayo, L., 
Vea-Barbany, J., et al. (2023). Improving species level-taxonomic assignment from 16S 
rRNA sequencing technologies. Curr Protoc 3:e930. doi: 10.1002/cpz1.930

Bergman, B., Gallon, J. R., Rai, A. N., and Stal, L. J. (2006). N2 fixation by non-heterocystous 
cyanobacteria1. FEMS Microbiol. Rev. 19, 139–185. doi: 10.1111/j.1574-6976.1997.tb00296.x

Bertos-Fortis, M., Farnelid, H. M., Lindh, M. V., Casini, M., Andersson, A., Pinhassi, J., 
et al. (2016). Unscrambling Cyanobacteria community dynamics related to 
environmental factors. Front. Microbiol. 7:625. doi: 10.3389/fmicb.2016.00625

Brand, L. E., Pablo, J., Compton, A., Hammerschlag, N., and Mash, D. C. (2010). 
Cyanobacterial blooms and the occurrence of the neurotoxin, beta-N-methylamino-l-
alanine (BMAA), in South Florida aquatic food webs. Harmful Algae 9, 620–635. doi: 
10.1016/j.hal.2010.05.002

Brentjens, E. T., and Bratt, A. R. (2023). Beneath the surface: spatial and temporal 
trends in water quality and its impacts on algal community composition in the Albemarle 
sound, North Carolina. Aquat. Ecol. 57, 243–262. doi: 10.1007/s10452-023-10008-y

Bukaveckas, P. A., Lesutienė, J., Gasiūnaitė, Z. R., Ložys, L., Olenina, I., Pilkaitytė, R., 
et al. (2017). Microcystin in aquatic food webs of the Baltic and Chesapeake Bay regions. 
Estuar. Coast. Shelf Sci. 191, 50–59. doi: 10.1016/j.ecss.2017.04.016

Buratti, F. M., Manganelli, M., Vichi, S., Stefanelli, M., Scardala, S., Testai, E., et al. 
(2017). Cyanotoxics: producing organisms, occurrence, toxicity, mechanism of action 
and human health toxicological risk evaluation. Arch. Toxicol. 91, 1049–1130. doi: 
10.1007/s00204-016-1913-6

Buzzelli, C. P., Luettich, R. A., Paerl, H. W., Fear, J., Fleming, J., Twomey, L., et al. (2001). 
Neuse River estuary modeling and monitoring project phase 2: monitoring of hydrography 
and water quality, circulation, phytoplankton physiology, and sediment-water coupling. 
Report UNC-WRRI-426 Water Resources Research Institute of the University of North 
Carolina. Available at: https://api.semanticscholar.org/CorpusID:135306833

Cabello-Yeves, P. J., Callieri, C., Picazo, A., Schallenberg, L., Huber, P., Roda-Garcia, J. J., 
et al. (2022a). Elucidating the picocyanobacteria salinity divide through ecogenomics of 
new freshwater isolates. BMC Biol. 20:175. doi: 10.1186/s12915-022-01379-z

Cabello-Yeves, P. J., Scanlan, D. J., Callieri, C., Picazo, A., Schallenberg, L., Huber, P., 
et al. (2022b). α-cyanobacteria possessing form IA RuBisCO globally dominate aquatic 
habitats. ISME J. 16, 2421–2432. doi: 10.1038/s41396-022-01282-z

Cai, H., Wang, K., Huang, S., Jiao, N., and Chen, F. (2010). Distinct patterns of 
Picocyanobacterial communities in winter and summer in the Chesapeake Bay. Appl. 
Environ. Microbiol. 76, 2955–2960. doi: 10.1128/AEM.02868-09

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., and 
Holmes, S. P. (2016). DADA2: high-resolution sample inference from Illumina amplicon 
data. Nat. Methods 13, 581–583. doi: 10.1038/nmeth.3869

Callieri, C., Gertrud, C., and John, S. (2012). “Freshwater picocyanobacteria: single 
cells, microcolonies and colonial forms” in Ecology of Cyanobacteria II: Their diversity 
in space and time. ed. B. A. Whitton (Dordrecht: Springer), 229–269.

Camacho, C., Boratyn, G. M., Joukov, V., Vera Alvarez, R., and Madden, T. L. (2023). 
ElasticBLAST: accelerating sequence search via cloud computing. BMC Bioinform. 
24:117. doi: 10.1186/s12859-023-05245-9

Celepli, N., Sundh, J., Ekman, M., Dupont, C. L., Yooseph, S., Bergman, B., et al. 
(2017). Meta-omic analyses of Baltic Sea cyanobacteria: diversity, community structure 
and salt acclimation: Baltic Sea cyanobacteria. Environ. Microbiol. 19, 673–686. doi: 
10.1111/1462-2920.13592

Cervantes Cianca, R. C., Baptista, M. S., Lopes, V. R., and Vasconcelos, V. M. (2012). 
The non-protein amino acid β-N-methylamino-l-alanine in Portuguese cyanobacterial 
isolates. Amino Acids 42, 2473–2479. doi: 10.1007/s00726-011-1057-1

Chen, M.-Y., Teng, W.-K., Zhao, L., Hu, C.-X., Zhou, Y.-K., Han, B.-P., et al. (2021). 
Comparative genomics reveals insights into cyanobacterial evolution and habitat 
adaptation. ISME J. 15, 211–227. doi: 10.1038/s41396-020-00775-z

Chen, F., Wang, K., Kan, J., Suzuki, M. T., and Wommack, K. E. (2006). Diverse and unique 
Picocyanobacteria in Chesapeake Bay, revealed by 16S-23S rRNA internal transcribed spacer 
sequences. Appl. Environ. Microbiol. 72, 2239–2243. doi: 10.1128/AEM.72.3.2239-2243.2006

Chorus, I., Fastner, J., and Welker, M. (2021). Cyanobacteria and cyanotoxics in a 
changing environment: concepts, controversies, challenges. Water 13:2463. doi: 
10.3390/w13182463

Cira, E. K., Paerl, H. W., and Wetz, M. S. (2016). Effects of nitrogen availability and 
form on phytoplankton growth in a Eutrophied estuary (Neuse River estuary, NC, USA). 
PLoS One 11:e0160663. doi: 10.1371/journal.pone.0160663

Cole, J. R., Wang, Q., Fish, J. A., Chai, B., McGarrell, D. M., Sun, Y., et al. (2014). 
Ribosomal database project: data and tools for high throughput rRNA analysis. Nucl. 
Acids Res. 42, D633–D642. doi: 10.1093/nar/gkt1244

Criscuolo, A., and Gribaldo, S. (2010). BMGE (block mapping and gathering with 
entropy): a new software for selection of phylogenetic informative regions from multiple 
sequence alignments. BMC Evol. Biol. 10:210. doi: 10.1186/1471-2148-10-210

Dart, E., Fuhrman, J. A., and Ahlgren, N. A. (2023). Diverse marine T4-like 
Cyanophage communities are primarily comprised of low-abundance species including 
species with distinct seasonal, persistent, occasional, or sporadic dynamics. Viruses 
15:581. doi: 10.3390/v15020581

Demay, J., Bernard, C., Reinhardt, A., and Marie, B. (2019). Natural products from 
Cyanobacteria: focus on beneficial activities. Mar. Drugs 17:320. doi: 
10.3390/md17060320

Doré, H., Farrant, G. K., Guyet, U., Haguait, J., Humily, F., Ratin, M., et al. (2020). 
Evolutionary mechanisms of long-term genome diversification associated with niche 
partitioning in marine Picocyanobacteria. Front. Microbiol. 11:567431. doi: 
10.3389/fmicb.2020.567431

Ernst, A. (2003). Ecosystem-dependent adaptive radiations of picocyanobacteria 
inferred from 16S rRNA and ITS-1 sequence analysis. Microbiology 149, 217–228. doi: 
10.1099/mic.0.25475-0

Ferrão-Filho, A. D. S., and Kozlowsky-Suzuki, B. (2011). Cyanotoxics: bioaccumulation 
and effects on aquatic animals. Mar. Drugs 9, 2729–2772. doi: 10.3390/md9122729

Fogg, G. E., Stewart, W. D. P., Fay, P., and Walsby, A. E. (1973). “Introduction” in The 
blue-green algae ed. Fogg (London: Academic Press), 1–8.

Fucich, D., and Chen, F. (2020). Presence of toxin-antitoxin systems in 
picocyanobacteria and their ecological implications. ISME J. 14, 2843–2850. doi: 
10.1038/s41396-020-00746-4

Fucich, D., Marsan, D., Sosa, A., and Chen, F. (2019). Complete genome sequence of 
subcluster 5.2 Synechococcus sp. strain CB0101, isolated from the Chesapeake Bay. 
Microbiol Resour Announc 8, e00484–e00419. doi: 10.1128/MRA.00484-19

Gaulke, A. K., Wetz, M. S., and Paerl, H. W. (2010). Picophytoplankton: a major 
contributor to planktonic biomass and primary production in a eutrophic, river-
dominated estuary. Estuar. Coast. Shelf Sci. 90, 45–54. doi: 10.1016/j.ecss.2010. 
08.006

Gaysina, L. A., Saraf, A., and Singh, P. (2019). Cyanobacteria in diverse habitats. 
Cyanobacteria, (Elsevier), 1–28. doi: 10.1016/B978-0-12-814667-5.00001-5

Georges Des Aulnois, M., Roux, P., Caruana, A., Réveillon, D., Briand, E., Hervé, F., 
et al. (2019). Physiological and metabolic responses of freshwater and brackish-water 
strains of Microcystis aeruginosa acclimated to a salinity gradient: insight into salt 
tolerance. Appl. Environ. Microbiol. 85, e01614–e01619. doi: 10.1128/AEM.01614-19

Gin, K. Y.-H., Sim, Z. Y., Goh, K. C., Kok, J. W. K., Te, S. H., Tran, N. H., et al. (2021). 
Novel cyanotoxic-producing Synechococcus in tropical lakes. Water Res. 192:116828. 
doi: 10.1016/j.watres.2021.116828

Gouy, M., Guindon, S., and Gascuel, O. (2010). SeaView version 4: a multiplatform 
graphical user Interface for sequence alignment and phylogenetic tree building. Mol. 
Biol. Evol. 27, 221–224. doi: 10.1093/molbev/msp259

Grébert, T., Doré, H., Partensky, F., Farrant, G. K., Boss, E. S., Picheral, M., et al. 
(2018). Light color acclimation is a key process in the global ocean distribution of 
Synechococcus cyanobacteria. Proc. Natl. Acad. Sci. USA 115, E2010–E2019. doi: 
10.1073/pnas.1717069115

Hanski, I. (1982). Dynamics of regional distribution: the Core and satellite species 
hypothesis. Oikos 38:210. doi: 10.2307/3544021

Hernandez-Agreda, A., Gates, R. D., and Ainsworth, T. D. (2017). Defining the Core 
microbiome in corals’ microbial soup. Trends Microbiol. 25, 125–140. doi: 
10.1016/j.tim.2016.11.003

Hunter-Cevera, K. R., Hamilton, B. R., Neubert, M. G., and Sosik, H. M. (2021). 
Seasonal environmental variability drives microdiversity within a coastal Synechococcus 
population. Environ. Microbiol. 23, 4689–4705. doi: 10.1111/1462-2920.15666

Hunter-Cevera, K. R., Post, A. F., Peacock, E. E., and Sosik, H. M. (2016). Diversity of 
Synechococcus at the Martha’s vineyard coastal observatory: insights from culture 
isolations, clone libraries, and flow cytometry. Microb. Ecol. 71, 276–289. doi: 
10.1007/s00248-015-0644-1

Jasser, I., Królicka, A., and Karnkowska-Ishikawa, A. (2011). A novel phylogenetic 
clade of picocyanobacteria from the Mazurian lakes (Poland) reflects the early ontogeny 
of glacial lakes: a picocyanobacterial clade reflecting lake ontogeny. FEMS Microbiol. 
Ecol. 75, 89–98. doi: 10.1111/j.1574-6941.2010.00990.x

https://doi.org/10.3389/fmicb.2025.1539050
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1111/1462-2920.14687
https://doi.org/10.3389/fmicb.2017.00923
https://doi.org/10.3389/fmicb.2021.786590
https://doi.org/10.1016/j.hal.2023.102412
https://doi.org/10.1371/journal.pone.0049043
https://doi.org/10.21105/joss.03201
https://doi.org/10.1002/cpz1.930
https://doi.org/10.1111/j.1574-6976.1997.tb00296.x
https://doi.org/10.3389/fmicb.2016.00625
https://doi.org/10.1016/j.hal.2010.05.002
https://doi.org/10.1007/s10452-023-10008-y
https://doi.org/10.1016/j.ecss.2017.04.016
https://doi.org/10.1007/s00204-016-1913-6
https://api.semanticscholar.org/CorpusID:135306833
https://doi.org/10.1186/s12915-022-01379-z
https://doi.org/10.1038/s41396-022-01282-z
https://doi.org/10.1128/AEM.02868-09
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1186/s12859-023-05245-9
https://doi.org/10.1111/1462-2920.13592
https://doi.org/10.1007/s00726-011-1057-1
https://doi.org/10.1038/s41396-020-00775-z
https://doi.org/10.1128/AEM.72.3.2239-2243.2006
https://doi.org/10.3390/w13182463
https://doi.org/10.1371/journal.pone.0160663
https://doi.org/10.1093/nar/gkt1244
https://doi.org/10.1186/1471-2148-10-210
https://doi.org/10.3390/v15020581
https://doi.org/10.3390/md17060320
https://doi.org/10.3389/fmicb.2020.567431
https://doi.org/10.1099/mic.0.25475-0
https://doi.org/10.3390/md9122729
https://doi.org/10.1038/s41396-020-00746-4
https://doi.org/10.1128/MRA.00484-19
https://doi.org/10.1016/j.ecss.2010.08.006
https://doi.org/10.1016/j.ecss.2010.08.006
https://doi.org/10.1016/B978-0-12-814667-5.00001-5
https://doi.org/10.1128/AEM.01614-19
https://doi.org/10.1016/j.watres.2021.116828
https://doi.org/10.1093/molbev/msp259
https://doi.org/10.1073/pnas.1717069115
https://doi.org/10.2307/3544021
https://doi.org/10.1016/j.tim.2016.11.003
https://doi.org/10.1111/1462-2920.15666
https://doi.org/10.1007/s00248-015-0644-1
https://doi.org/10.1111/j.1574-6941.2010.00990.x


Sánchez-Gallego et al. 10.3389/fmicb.2025.1539050

Frontiers in Microbiology 15 frontiersin.org

Jones, M. R., Pinto, E., Torres, M. A., Dörr, F., Mazur-Marzec, H., Szubert, K., et al. 
(2021). CyanoMetDB, a comprehensive public database of secondary metabolites from 
cyanobacteria. Water Res. 196:117017. doi: 10.1016/j.watres.2021.117017

Ju, F., and Zhang, T. (2015). 16S rRNA gene high-throughput sequencing data mining 
of microbial diversity and interactions. Appl. Microbiol. Biotechnol. 99, 4119–4129. doi: 
10.1007/s00253-015-6536-y

Juteršek, M., Klemenčič, M., and Dolinar, M. (2017). Discrimination between 
Synechocystis members (Cyanobacteria) based on heterogeneity of their 16S rRNA and 
ITS regions. ACSi 64, 804–817. doi: 10.17344/acsi.2017.3262

Katoh, K., and Standley, D. M. (2013). MAFFT multiple sequence alignment software 
version 7: improvements in performance and usability. Mol. Biol. Evol. 30, 772–780. doi: 
10.1093/molbev/mst010

Kearney, S. M., Thomas, E., Coe, A., and Chisholm, S. W. (2021). Microbial diversity 
of co-occurring heterotrophs in cultures of marine picocyanobacteria. Environ. Microb. 
16:1. doi: 10.1186/s40793-020-00370-x

Kennish, M. J., Paerl, H. W., and Crosswell, J. R. (2023). Climate change and estuaries. 
1st Edn. Boca Raton: CRC Press.

Kennish, M. J., Paerl, H., Crosswell, J. R., and Moore, K. A. (2024). Estuaries face a 
stormy future. Am. Sci. 112, 302–309. doi: 10.1511/2024.112.5.302

Kling, J. D., Lee, M. D., Walworth, N. G., Webb, E. A., Coelho, J. T., Wilburn, J. T., et al. 
(2023). Dual thermal ecotypes coexist within a nearly genetically identical population 
of the unicellular marine cyanobacterium Synechococcus. Proc. Natl. Acad. Sci. 
120:e2315701120. doi: 10.1073/pnas.2315701120

Komsta, L. (2019). mblm: Median-Based Linear Models. Available online at: https://
cran.r-project.org/web/packages/mblm/index.html (Accessed August 19, 2023).

Larsson, J., Celepli, N., Ininbergs, K., Dupont, C. L., Yooseph, S., Bergman, B., et al. 
(2014). Picocyanobacteria containing a novel pigment gene cluster dominate the 
brackish water Baltic Sea. ISME J. 8, 1892–1903. doi: 10.1038/ismej.2014.35

Lemoine, F., Correia, D., Lefort, V., Doppelt-Azeroual, O., Mareuil, F., 
Cohen-Boulakia, S., et al. (2019). NGPhylogeny.fr: new generation phylogenetic services 
for non-specialists. Nucleic Acids Res. 47, W260–W265. doi: 10.1093/nar/gkz303

Li, W. (1994). Primary production of prochlorophytes, cyanobacteria, and eucaryotic 
ultraphytoplankton: measurements from flow cytometric sorting. Limnol. Oceanogr. 39, 
169–175. doi: 10.4319/lo.1994.39.1.0169

Li, J., Chen, Z., Jing, Z., Zhou, L., Li, G., Ke, Z., et al. (2019). Synechococcus bloom 
in the Pearl River estuary and adjacent coastal area–with special focus on flooding 
during wet seasons. Sci. Total Environ. 692, 769–783. doi: 
10.1016/j.scitotenv.2019.07.088

Lindh, M. V., Sjöstedt, J., Ekstam, B., Casini, M., Lundin, D., Hugerth, L. W., et al. 
(2017). Metapopulation theory identifies biogeographical patterns among core and 
satellite marine bacteria scaling from tens to thousands of kilometers: applied 
metapopulation theory for marine microbes. Environ. Microbiol. 19, 1222–1236. doi: 
10.1111/1462-2920.13650

Liu, C., Cui, Y., Li, X., and Yao, M. (2021). Microeco: an R package for data mining in 
microbial community ecology. FEMS Microbiol. Ecol. 97:fiaa255. doi: 
10.1093/femsec/fiaa255

Liu, H., Jing, H., Wong, T. H. C., and Chen, B. (2014). Co-occurrence of phycocyanin- 
and phycoerythrin-rich Synechococcus in subtropical estuarine and coastal waters of 
Hong Kong: PE-rich and PC-rich Synechococcus in subtropical coastal waters. Environ. 
Microbiol. Rep. 6, 90–99. doi: 10.1111/1758-2229.12111

Luettich, R. A., McNinch, J. E., Paerl, H. W., Peterson, C. H., Wells, J. T., Alperin, M. J., 
et al. (2000). Neuse River estuary modeling and monitoring project stage 1: Hydrography 
and circulation, water column nutrients and productivity, sedimentary processes and 
benthic-pelagic coupling, and benthic ecology. Report UNC-WRRI-2000-325B. Raleigh, 
NC: Water Resources Research Institute of the University of North Carolina.

Marcarelli, A. M., Fulweiler, R. W., and Scott, J. T. (2022). Nitrogen fixation: a poorly 
understood process along the freshwater-marine continuum. Limnol. Oceanogr. Lett. 7, 
1–10. doi: 10.1002/lol2.10220

Marsan, D., Place, A., Fucich, D., and Chen, F. (2017). Toxin-antitoxin Systems in 
Estuarine Synechococcus Strain CB0101 and their transcriptomic responses to 
environmental stressors. Front. Microbiol. 8:1213. doi: 10.3389/fmicb.2017.01213

Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput 
sequencing reads. EMBnet 17, 10–12. doi: 10.14806/ej.17.1.200

McMurdie, P. J., and Holmes, S. (2013). Phyloseq: an R package for reproducible 
interactive analysis and graphics of microbiome census data. PLoS One 8:e61217. doi: 
10.1371/journal.pone.0061217

McMurdie, P. J., and Holmes, S. (2014). Waste not, want not: why rarefying 
microbiome data is inadmissible. PLoS Comput. Biol. 10:e1003531. doi: 
10.1371/journal.pcbi.1003531

Medema, M. H., De Rond, T., and Moore, B. S. (2021). Mining genomes to illuminate 
the specialized chemistry of life. Nat. Rev. Genet. 22, 553–571. doi: 
10.1038/s41576-021-00363-7

Mohamed, Z. (2013). Allelopathic activity of the norharmane-producing 
cyanobacterium Synechocystis aquatilis against cyanobacteria and microalgae. Oceanol. 
Hydrobiol. Stud. 42, 1–7. doi: 10.2478/s13545-013-0053-3

Moorman, M., Fitzgerald, S., Gurley, L., Rhoni-Aref, A., and Loftin, K. (2016). Water 
quality and bed sediment quality in the Albemarle sound, North Carolina, 2012–14. 
Reston, VA: U.S. Geological Survey.

Naqib, A., Poggi, S., Wang, W., Hyde, M., Kunstman, K., and Stefan, G. (2018). 
“Making and sequencing heavily multiplexed, high-throughput 16S ribosomal RNA 
gene amplicon libraries using a flexible, two-stage PCR protocol” in Gene expression 
analysis, eds. N. Raghavachari and N. Garcia-Reyero (New  York, NY: Springer 
New York), 149–169. doi: 10.1007/978-1-4939-7834-2

Novotny, A., Serandour, B., Kortsch, S., Gauzens, B., Jan, K. M. G., and Winder, M. 
(2023). DNA metabarcoding highlights cyanobacteria as the main source of primary 
production in a pelagic food web model. Sci. Adv. 9:eadg1096. doi: 
10.1126/sciadv.adg1096

Nübel, U., Garcia-Pichel, F., and Muyzer, G. (1997). PCR primers to amplify 16S rRNA 
genes from cyanobacteria. Appl. Environ. Microbiol. 63, 3327–3332. doi: 
10.1128/aem.63.8.3327-3332.1997

Oksanen, J., Simpson, G. L., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., 
et al. (2022). vegan: Community Ecology Package. Available online at: https://cran.r-
project.org/web/packages/vegan/index.html (Accessed August 18, 2023).

Olofsson, M., Suikkanen, S., Kobos, J., Wasmund, N., and Karlson, B. (2020). 
Basin-specific changes in filamentous cyanobacteria community composition across 
four decades in the Baltic Sea. Harmful Algae 91:101685. doi: 10.1016/j.hal.2019. 
101685

Osburn, F. S., Wagner, N. D., Taylor, R. B., Chambliss, C. K., Brooks, B. W., and 
Scott, J. T. (2023). The effects of salinity and N: P on N-rich toxins by both an N-fixing 
and non-N-fixing cyanobacteria. Limnol. Oceanogr. Lett. 8, 162–172. doi: 
10.1002/lol2.10234

Paerl, H. W., Crosswell, J. R., Van Dam, B., Hall, N. S., Rossignol, K. L., Osburn, C. L., 
et al. (2018a). Two decades of tropical cyclone impacts on North Carolina’s estuarine 
carbon, nutrient and phytoplankton dynamics: implications for biogeochemical cycling 
and water quality in a stormier world. Biogeochemistry 141, 307–332. doi: 
10.1007/s10533-018-0438-x

Paerl, H., and Dubravko, J. (2022). “Estuarine phytoplankton” in Estuarine Microbial 
Ecology. eds. B. Crump, T. Jeremy and D. Kenneth (Hoboken, New York: John Wiley & 
Sons, Ltd), 85–110.

Paerl, H. W., Fulton, R. S., Moisander, P. H., and Dyble, J. (2001). Harmful freshwater 
algal blooms, with an emphasis on Cyanobacteria. Sci. World J. 1, 76–113. doi: 
10.1100/tsw.2001.16

Paerl, H. W., Otten, T. G., and Kudela, R. (2018b). Mitigating the expansion of harmful 
algal blooms across the freshwater-to-marine continuum. Environ. Sci. Technol. 52, 
5519–5529. doi: 10.1021/acs.est.7b05950

Paerl, H. W., Rossignol, K. L., Hall, S. N., Peierls, B. L., and Wetz, M. S. (2010). 
Phytoplankton community indicators of short- and long-term ecological change in the 
Anthropogenically and climatically impacted Neuse River estuary, North Carolina, USA. 
Estuar. Coasts 33, 485–497. doi: 10.1007/s12237-009-9137-0

Paerl, H. W., Valdes-Weaver, L. M., Joyner, A. R., and Winkelmann, V. (2007). 
Phytoplankton indicators of ecological change in the eutrophying Pamlico sound 
system, North Carolina. Ecol. Appl. 17, S88–S101. doi: 10.1890/05-0840.1

Paerl, R. W., Venezia, R. E., Sanchez, J. J., and Paerl, H. W. (2020). Picophytoplankton 
dynamics in a large temperate estuary and impacts of extreme storm events. Sci. Rep. 
10:22026. doi: 10.1038/s41598-020-79157-6

Park, H., Bulzu, P., Shabarova, T., Kavagutti, V. S., Ghai, R., Kasalický, V., et al. 
(2024). Uncovering the genomic basis of symbiotic interactions and niche 
adaptations in freshwater picocyanobacteria. Microbiome 12:150. doi: 
10.1186/s40168-024-01867-0

Piehler, M. F., Dyble, J., Moisander, P. H., Pinckney, J. L., and Paerl, H. W. (2002). 
Effects of modified nutrient concentrations and ratios on the structure and function of 
the native phytoplankton community in the Neuse River estuary, North Carolina, USA. 
Aquat. Ecol. 36, 371–385. doi: 10.1023/A:1016529015349

Pierce, E., Valera, M., Vander Borgh, M., Wiltsie, D., Fensin, E., Godwin, C., et al. 
(2024). Unprecedented toxic blooms of Microcystis spp. in 2019 in the Chowan River, 
North Carolina. Harmful Algae 140:102747. doi: 10.1016/j.hal.2024.102747

Plaas, H. E., Paerl, R. W., Baumann, K., Karl, C., Popendorf, K. J., Barnard, M. A., et al. 
(2022). Harmful cyanobacterial aerosolization dynamics in the airshed of a eutrophic 
estuary. Sci. Total Environ. 852:158383. doi: 10.1016/j.scitotenv.2022.158383

Preece, E. P., Hardy, F. J., Moore, B. C., and Bryan, M. (2017). A review of microcystin 
detections in estuarine and marine waters: environmental implications and human 
health risk. Harmful Algae 61, 31–45. doi: 10.1016/j.hal.2016.11.006

Preston, B. L., and Shackelford, J. (2002). Risk-based analysis of environmental 
monitoring data: application to heavy metals in North Carolina surface waters. Environ. 
Manag. 30, 279–293. doi: 10.1007/s00267-002-2698-3

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2012). The 
SILVA ribosomal RNA gene database project: improved data processing and web-based 
tools. Nucleic Acids Res. 41, D590–D596. doi: 10.1093/nar/gks1219

Rajaneesh, K. M., and Mitbavkar, S. (2013). Factors controlling the temporal and 
spatial variations in Synechococcus abundance in a monsoonal estuary. Mar. Environ. 
Res. 92, 133–143. doi: 10.1016/j.marenvres.2013.09.010

https://doi.org/10.3389/fmicb.2025.1539050
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.watres.2021.117017
https://doi.org/10.1007/s00253-015-6536-y
https://doi.org/10.17344/acsi.2017.3262
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1186/s40793-020-00370-x
https://doi.org/10.1511/2024.112.5.302
https://doi.org/10.1073/pnas.2315701120
https://cran.r-project.org/web/packages/mblm/index.html
https://cran.r-project.org/web/packages/mblm/index.html
https://doi.org/10.1038/ismej.2014.35
https://doi.org/10.1093/nar/gkz303
https://doi.org/10.4319/lo.1994.39.1.0169
https://doi.org/10.1016/j.scitotenv.2019.07.088
https://doi.org/10.1111/1462-2920.13650
https://doi.org/10.1093/femsec/fiaa255
https://doi.org/10.1111/1758-2229.12111
https://doi.org/10.1002/lol2.10220
https://doi.org/10.3389/fmicb.2017.01213
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pcbi.1003531
https://doi.org/10.1038/s41576-021-00363-7
https://doi.org/10.2478/s13545-013-0053-3
https://doi.org/10.1007/978-1-4939-7834-2
https://doi.org/10.1126/sciadv.adg1096
https://doi.org/10.1128/aem.63.8.3327-3332.1997
https://cran.r-project.org/web/packages/vegan/index.html
https://cran.r-project.org/web/packages/vegan/index.html
https://doi.org/10.1016/j.hal.2019.101685
https://doi.org/10.1016/j.hal.2019.101685
https://doi.org/10.1002/lol2.10234
https://doi.org/10.1007/s10533-018-0438-x
https://doi.org/10.1100/tsw.2001.16
https://doi.org/10.1021/acs.est.7b05950
https://doi.org/10.1007/s12237-009-9137-0
https://doi.org/10.1890/05-0840.1
https://doi.org/10.1038/s41598-020-79157-6
https://doi.org/10.1186/s40168-024-01867-0
https://doi.org/10.1023/A:1016529015349
https://doi.org/10.1016/j.hal.2024.102747
https://doi.org/10.1016/j.scitotenv.2022.158383
https://doi.org/10.1016/j.hal.2016.11.006
https://doi.org/10.1007/s00267-002-2698-3
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1016/j.marenvres.2013.09.010


Sánchez-Gallego et al. 10.3389/fmicb.2025.1539050

Frontiers in Microbiology 16 frontiersin.org

Rastogi, R. P., Madamwar, D., and Incharoensakdi, A. (2015). Bloom dynamics of 
Cyanobacteria and their toxins: environmental health impacts and mitigation strategies. 
Front. Microbiol. 6:1254. doi: 10.3389/fmicb.2015.01254

Ray, R., Haas, L., and Sieracki, M. (1989). Autotrophic picoplankton dynamics in a 
Chesapeake Bay sub-estuary. Mar. Ecol. Prog. Ser. 52, 273–285. doi: 10.3354/meps052273

Risely, A. (2020). Applying the core microbiome to understand host–microbe systems. 
J. Anim. Ecol. 89, 1549–1558. doi: 10.1111/1365-2656.13229

Robertson, B. R., Tezuka, N., and Watanabe, M. M. (2001). Phylogenetic analyses of 
Synechococcus strains (cyanobacteria) using sequences of 16S rDNA and part of the 
phycocyanin operon reveal multiple evolutionary lines and reflect phycobilin content. 
Int. J. Syst. Evol. Microbiol. 51, 861–871. doi: 10.1099/00207713-51-3-861

Rocap, G., Distel, D. L., Waterbury, J. B., and Chisholm, S. W. (2002). Resolution of 
Prochlorococcus and Synechococcus ecotypes by using 16S-23S ribosomal DNA internal 
transcribed spacer sequences. Appl. Environ. Microbiol. 68, 1180–1191. doi: 
10.1128/AEM.68.3.1180-1191.2002

Rodríguez-Gijón, A., Buck, M., Andersson, A. F., Izabel-Shen, D., Nascimento, F. J. A., 
and Garcia, S. L. (2023). Linking prokaryotic genome size variation to metabolic 
potential and environment. ISME Commun. 3:25. doi: 10.1038/s43705-023-00231-x

Rosen, B., Loftin, K., Graham, J., Stahlhut, K., Riley, M., Johnston, B., et al. (2018). 
Understanding the effect of salinity tolerance on Cyanobacteria associated with a 
harmful algal bloom in Lake Okeechobee, Florida. Reston, VA: U.S. Geological 
Service.

Salazar, V. W., Tschoeke, D. A., Swings, J., Cosenza, C. A., Mattoso, M., 
Thompson, C. C., et al. (2020). A new genomic taxonomy system for the Synechococcus 
collective. Environ. Microbiol. 22, 4557–4570. doi: 10.1111/1462-2920.15173

Salmaso, N., Vasselon, V., Rimet, F., Vautier, M., Elersek, T., Boscaini, A., et al. (2022). DNA 
sequence and taxonomic gap analyses to quantify the coverage of aquatic cyanobacteria and 
eukaryotic microalgae in reference databases: results of a survey in the alpine region. Sci. 
Total Environ. 834:155175. doi: 10.1016/j.scitotenv.2022.155175

Schallenberg, L. A., Wood, S. A., Puddick, J., Cabello-Yeves, P. J., and Burns, C. W. (2022). 
Isolation and characterisation of monoclonal picocyanobacterial strains from contrasting 
New Zealand lakes. Inland Waters 12, 383–396. doi: 10.1080/20442041.2022.2053455

Sha, J., Song, L., Liu, C., Bai, F., Zhang, H., Gong, Z., et al. (2025). The autotoxicity of 
dissolved organic matter from Microcystis may be a contributor to the decline of its 
bloom. Water Res. 268:122710. doi: 10.1016/j.watres.2024.122710

Six, C., Ratin, M., Marie, D., and Corre, E. (2021). Marine Synechococcus 
picocyanobacteria: light utilization across latitudes. Proc. Natl. Acad. Sci. USA 
118:e2111300118. doi: 10.1073/pnas.2111300118

Sohm, J. A., Ahlgren, N. A., Thomson, Z. J., Williams, C., Moffett, J. W., Saito, M. A., 
et al. (2016). Co-occurring Synechococcus ecotypes occupy four major oceanic regimes 
defined by temperature, macronutrients and iron. ISME J. 10, 333–345. doi: 
10.1038/ismej.2015.115

Stadler, M., Barnard, M. A., Bice, K., De Melo, M. L., Dwivedi, D., Freeman, E. C., et al. 
(2023). Applying the core-satellite species concept: characteristics of rare and common 
riverine dissolved organic matter. Front. Water 5:1156042. doi: 10.3389/frwa.2023.1156042

Stanley, D. W., and Hobble, J. E. (1981). Nitrogen recycling in a North Carolina coastal 
river1: nitrogen recycling. Limnol. Oceanogr. 26, 30–42. doi: 10.4319/lo.1981.26.1.0030

Suzuki, S., Yamaguchi, H., and Kawachi, M. (2022). Potential genetic diversity of 
Synechococcus-related strains maintained in the microbial culture collection of the 

National Institute for Environmental Studies, Japan. Microb. Resour. Syst 38, 63–74. doi: 
10.60369/microresys.38.2_63

Thompson, P. A., Paerl, H. W., Campbell, L., Yin, K., and McDonald, K. S. (2023). 
Tropical cyclones: what are their impacts on phytoplankton ecology? J. Plankton Res. 45, 
180–204. doi: 10.1093/plankt/fbac062

Tonk, L., Bosch, K., Visser, P., and Huisman, J. (2007). Salt tolerance of the harmful 
cyanobacterium Microcystis aeruginosa. Aquat. Microb. Ecol. 46, 117–123. doi: 
10.3354/ame046117

Vareli, K., Jaeger, W., Touka, A., Frillingos, S., Briasoulis, E., and Sainis, I. (2013). 
Hepatotoxic seafood poisoning (HSP) due to microcystins: a threat from the ocean? 
Mar. Drugs 11, 2751–2768. doi: 10.3390/md11082751

Walker, J. R., Woods, A. C., Pierce, M. K., Steichen, J. L., Quigg, A., Kaiser, K., et al. 
(2022). Functionally diverse microbial communities show resilience in response to a 
record-breaking rain event. ISME Commun. 2:81. doi: 10.1038/s43705-022-00162-z

Wang, H., Zhang, C., Chen, F., and Kan, J. (2020). Spatial and temporal variations of 
bacterioplankton in the Chesapeake Bay: a re-examination with high-throughput 
sequencing analysis. Limnol. Oceanogr. 65, 3032–3045. doi: 10.1002/lno.11572

Wei, T., Simko, V., Levy, M., Xie, Y., Jin, Y., Zemla, J., et al. (2021). Corrplot: 
Visualization of a Correlation Matrix. Available online at: https://cran.r-project.org/web/
packages/corrplot/index.html (Accessed August 19, 2023).

Wickham, H., Chang, W., Henry, L., Pedersen, T. L., Takahashi, K., Wilke, C., et al. 
(2023). ggplot2: Create Elegant Data Visualisations Using the Grammar of Graphics. 
Available online at: https://cran.r-project.org/web/packages/ggplot2/index.html 
(Accessed August 19, 2023).

Worden, A. Z., Nolan, J. K., and Palenik, B. (2004). Assessing the dynamics and 
ecology of marine picophytoplankton: the importance of the eukaryotic component. 
Limnol. Oceanogr. 49, 168–179. doi: 10.4319/lo.2004.49.1.0168

Xia, X., Guo, W., Tan, S., and Liu, H. (2017). Synechococcus assemblages across the 
salinity gradient in a salt wedge estuary. Front. Microbiol. 8:1254. doi: 
10.3389/fmicb.2017.01254

Xia, X., Lee, P., Cheung, S., Lu, Y., and Liu, H. (2020). Discovery of Euryhaline 
Phycoerythrobilin-containing Synechococcus and its mechanisms for adaptation to 
estuarine environments. mSystems 5, e00842–e00820. doi: 10.1128/mSystems. 
00842-20

Xia, X., Liao, Y., Liu, J., Leung, S. K., Lee, P. Y., Zhang, L., et al. (2023). Genomic and 
transcriptomic insights into salinity tolerance-based niche differentiation of 
Synechococcus clades in estuarine and coastal waters 8, e01106–e01122. doi: 
10.1128/msystems.01106-22

Xu, Y., Jiao, N., and Chen, F. (2015). Novel psychrotolerant picocyanobacteria isolated 
from Chesapeake Bay in the winter. J. Phycol. 51, 782–790. doi: 10.1111/jpy.12318

Zdun, A., Stoń-Egiert, J., Ficek, D., and Ostrowska, M. (2021). Seasonal and spatial 
changes of primary production in the Baltic Sea (Europe) based on in situ measurements 
in the period of 1993–2018. Front. Mar. Sci. 7:604532. doi: 10.3389/fmars.2020.604532

Zehr, J. P., and Paerl, H. W. (2008). “Chapter 13 - molecular ecological aspects of 
nitrogen fixation in the marine environment” in Microbial ecology of the oceans. ed. D. 
L. Kirchman. 2nd ed (New York, NY: John Wiley & Sons, Inc.).

Zufia, J. A., Legrand, C., and Farnelid, H. (2022). Seasonal dynamics in 
picocyanobacterial abundance and clade composition at coastal and offshore stations in 
the Baltic Sea. Sci. Rep. 12:14330. doi: 10.1038/s41598-022-18454-8

https://doi.org/10.3389/fmicb.2025.1539050
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.3389/fmicb.2015.01254
https://doi.org/10.3354/meps052273
https://doi.org/10.1111/1365-2656.13229
https://doi.org/10.1099/00207713-51-3-861
https://doi.org/10.1128/AEM.68.3.1180-1191.2002
https://doi.org/10.1038/s43705-023-00231-x
https://doi.org/10.1111/1462-2920.15173
https://doi.org/10.1016/j.scitotenv.2022.155175
https://doi.org/10.1080/20442041.2022.2053455
https://doi.org/10.1016/j.watres.2024.122710
https://doi.org/10.1073/pnas.2111300118
https://doi.org/10.1038/ismej.2015.115
https://doi.org/10.3389/frwa.2023.1156042
https://doi.org/10.4319/lo.1981.26.1.0030
https://doi.org/10.60369/microresys.38.2_63
https://doi.org/10.1093/plankt/fbac062
https://doi.org/10.3354/ame046117
https://doi.org/10.3390/md11082751
https://doi.org/10.1038/s43705-022-00162-z
https://doi.org/10.1002/lno.11572
https://cran.r-project.org/web/packages/corrplot/index.html
https://cran.r-project.org/web/packages/corrplot/index.html
https://cran.r-project.org/web/packages/ggplot2/index.html
https://doi.org/10.4319/lo.2004.49.1.0168
https://doi.org/10.3389/fmicb.2017.01254
https://doi.org/10.1128/mSystems.00842-20
https://doi.org/10.1128/mSystems.00842-20
https://doi.org/10.1128/msystems.01106-22
https://doi.org/10.1111/jpy.12318
https://doi.org/10.3389/fmars.2020.604532
https://doi.org/10.1038/s41598-022-18454-8

	New perspectives on picocyanobacteria and understudied cyanobacterial diversity in the Albemarle Pamlico sound system, North Carolina, USA
	Introduction
	Materials and methods
	Samples and environmental data
	Flow cytometry
	Chlorophyll a measurements
	DNA extraction and sequencing
	Sequence processing and statistical analysis

	Results
	APES cyanobacterial diversity patterns
	Identified cyanobacterial taxa
	Picocyanobacterial abundance and contribution to Chl a and POC in the APES
	Select taxa (ASV) abundance patterns

	Discussion
	Collectively and locally rich cyanobacterial diversity within the APES
	APES picocyanobacteria: key contributors to diversity and biomass
	Unforeseen cyanotoxic populations in the APES

	Conclusion

	References

