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The Susquehanna Flats is a biodiverse and resilient submerged aquatic vegetation (SAV) bed just 

below the mouth of the Susquehanna River in the Chesapeake Bay. The Susquehanna River, the 

largest tributary of the Chesapeake Bay, discharges more water than all other tributaries in the 

Bay combined. This makes the SAV bed at the Susquehanna Flats important for nutrient removal 

of the water discharged into the headwaters of the Bay. The Susquehanna Flats is also a unique 

part of the oligohaline portion of the Chesapeake Bay as it is one of the most prolific and diverse 

SAV beds that make up ~8% of SAV in the Chesapeake Bay. The SAV bed was devastated by 

Hurricane Agnes in 1972 and did not reappear until the early 2000s when an extended dry period 

and long-term reductions in nutrient loading facilitated its resurgence. Since then, it has 

recovered to be the most abundant and biodiverse SAV bed within the upper Chesapeake Bay. 

However, a nitrogen fixing filamentous Cyanobacteria, morphologically identified as Microseira 

(Lyngbya) wollei, has seasonally bloomed at the Susquehanna Flats since the early 2000s. Over 

the ensuing decade, anecdotal evidence suggested an overall increase of Cyanobacteria on the 

SAV beds on the Susquehanna Flats, which raised concerns about the impact of this growth on 

the resilience of the recovering SAV bed. Despite the consistent summer blooms, the filamentous 



 

 

Cyanobacterial mats and its microbiome at the Susquehanna Flats has not been molecularly 

identified and its characteristics have not been investigated to date. Additionally, new DNA 

sequencing technology has become more readily available, and the identification and taxonomy 

of the Cyanobacteria family Oscillatoriaceae, of which Microseira (Lyngbya) wollei is a part of, 

has become more refined and organized. Due to this, molecularly identifying the filamentous 

Cyanobacterial mats and investigating its microbiome has become much easier with current 

methods that can provide detailed taxonomic information that can help implement management 

strategies. Using PacBio long-read amplicon sequencing on the 16S rRNA genes and Illumina 

short-read amplicon sequencing on the nifH genes of the filamentous Cyanobacteria mats and a 

newly observed mucilaginous Cyanobacteria mat collected at the Susquehanna Flats, the host 

organisms and microbial compositions were revealed. The results indicate that the dominant 

filamentous Cyanobacterial mat host is Microseira (Lyngbya) wollei and these mats contain a 

complex microbial community. The host of a newly observed mucilaginous mats was revealed to 

be a novel strain of Phormidium sp. To understand the basic nutrient requirements and 

preferences of the Microseira (Lyngbya) wollei at the Susquehanna Flats, nutrient bioassay 

growth and nitrogen fixation experiments were initiated to assess its growth and nitrogen fixation 

qualities. Samples received nutrient treatments of nitrate, phosphate, nitrate + phosphate, and 

ammonium compared to the growth of control samples that did not receive nutrient treatments in 

the summers of 2022 and 2023. The results demonstrated that Microseira (Lyngbya) wollei has 

variable growth rates, with higher rates in the mid to late part of the summer season, with 

significant growth stimulations from added nitrogen and phosphorus. In terms of nitrogen 

fixation, rates were higher in the beginning of the season, with significant stimulation with 

phosphorus additions. It is likely that lower rates measured at the end of the season, were due to 



 

 

the increased availability of regenerated nitrogen within the system. More detailed investigation 

of the seasonal nutrient dynamics are warranted to fully understand the dynamics between these 

Cyanobacterial mats and the SAV beds. 
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Chapter 1: Background of the Susquehanna Flats and Emerging 

Cyanobacteria Harmful Algal Blooms 

 

 

Introduction 

Susquehanna Flats 

The Susquehanna Flats (hereafter referred to as “the Flats”) is a shallow shoal on a subaqueous 

delta below the mouth of the Susquehanna River at the head of the Chesapeake Bay (Figure 1.1). 

The Susquehanna River is the largest tributary of the Chesapeake Bay, equal in flow volume to 

all other tributaries combined (Schubel and Pritchard, 1986).  It is 16 kilometers downstream of 

the Conowingo Dam, which makes the Flats an important area of nutrient removal from the 

~1,100 m3 s-1 of discharged water into the Chesapeake Bay (Schubel and Pritchard, 1986). The 

aquatic grasses, or submerged aquatic vegetation (SAV), on the Flats is currently the most 

extensive and biodiverse in Maryland (CheseapeakeBay.net, 2019).  

 

In 1972, Tropical Storm Agnes caused flooding inundation with large amounts of sediment on 

the Flats, which caused a major decline in SAV. Low density and population of the SAV 

continued until the early 2000s (Bayley et al., 1978), until the surrounding water clarity 

increased possibly due to an extended dry period and long-term reductions in nutrient loading 

(Orth et al., 2010; Gurbisz and Kemp, 2014). As the SAV grew back, the water became clearer, 

which in turn allowed the SAV to grow more and increase the water quality. This positive 

feedback loop resulted in a resilient and biodiverse SAV bed. At its peak in 2008, the SAV bed 



2 

 

covered ~50 km2 (Figure 1.1), making it the largest SAV bed in the Chesapeake Bay watershed 

(Environmental Protection Agency, 2016), which can be seen via satellite imagery (Image 1.1). 

 

 In 2011, Tropical Storm Lee hit the Chesapeake Bay area, causing major flow and sediment 

discharge down the Susquehanna River; however, this time, the Flats was relatively stable, with 

only small reduction and therefore resilient enough to withstand the major flooding event 

(Gurbisz et al., 2016). 

 

Figure 1.1 the Susquehanna Flats at the fresh headwaters of the Chesapeake Bay at the mouth of 

the Susquehanna River. (~50 km2, 1 m average depth). (Figure by Dr. Cassie Gurbisz). 
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Image 1.1: Planet Labs imagery of the Susquehanna Flats from 17 September 2022. (Image from 

Planet Labs Imagery, accessed by Dr. Greg Silsbe. 

 

Researchers have documented that SAV beds improve water quality by reducing water column 

nutrient concentrations (Moore, 2004; McGlathery et al., 2007; Caffrey and Kemp, 1992; Bartoli 

et al., 2008), decreasing wave energy, and settling suspended particles (Ward et al., 1985; Gambi 

et al., 1990; Granata et al., 2001; Peterson et al., 2004), and benefiting benthic organisms and 

shorelines (McDevitt-Irwin et al., 2016; Minello et al., 2003; Lefcheck et al., 2017; Fourqurean 

et al. 2012, Lefcheck et al. 2019). In conjunction with these positive attributes, SAV beds like 

those that exist on the Flats are critical to the positive feedback loop and overall health of the 

Chesapeake Bay (Gurbisz and Kemp, 2014; McGlathery et al., 2007; de Boer, 2007). SAV beds 

also provide crucial habitat for fish and invertebrates and nurseries for juvenile fish and have 

been found to increase juvenile density and growth (Lefcheck et al., 2019). 
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Today, the Flats is home of up to 13 plant species that make it one of the most prolific SAV beds 

that make up ~8% of SAV in the Chesapeake Bay (Moore et al., 2000; Orth et al., 2010; Patrick 

and Weller, 2015; Gurbisz et al., 2016). Due to the dense abundance of SAV, the water column at 

the center of the Susquehanna Flats has low nutrient concentrations during the summer, 

specifically dissolved inorganic nitrogen (DIN) (Gurbisz et al., 2016; Russ & Palinkas, 2018).  

Lower turbidity and current velocity was also found towards the center of the SAV bed, which 

correlates with the higher clarity at the center of the Flats (Gurbisz et al., 2016). The SAV also 

adds drag on the water column and decreases shear stress on the bottom, which causes suspended 

particles to sink and diminishes particle resuspension. In turn, the water becomes less turbid, and 

sunlight can reach the benthos (Luhar et al., 2008; Koch, 2001). Water column Nitrogen to 

Phosphorus (N:P) ratios at the Flats are lower than the Redfield Ratio during the summer (July-

August), which is also when filamentous Cyanobacteria are observed (Gurbisz, 2016).  

 

The unique biogeochemistry and clear, shallow water column at the center of the Flats create an 

ideal environment for benthic filamentous Cyanobacteria growth, identified as Microseira 

(Lyngbya) wollei, which was first noted around 2004 (Gurbisz and Kemp, 2014; Gurbisz, 2016). 

Over the ensuing decade, anecdotal evidence suggested an overall increase in Cyanobacteria on 

the SAV beds in the Flats. This raised questions about how the overtopping growth of 

Cyanobacteria might affect the resilience of the recovering SAV beds. This thesis outlines a part 

of a Maryland Sea Grant funded project to partially address that question. This thesis focuses on 

two unresolved questions: 1) The molecular identification of the species of Cyanobacteria that 

are growing on Susquehanna Flats and their associated microbial communities and 2) The 

ecophysiology of the filamentous Cyanobacteria at the Susquehanna Flats, including 
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determination of growth rates and nitrogen fixation by the Cyanobacteria mats, and the effect of 

the addition of nitrogen and phosphorus on those rates. 

 

Background 

Cyanobacteria 

Cyanobacteria, originating around 2.5 billion years ago, were the first oxygenic phototrophic 

organisms on Earth. Their development of a system that utilizes both photosystems to extract 

electrons from water, producing O2 as a byproduct, was crucial for oxygenating the atmosphere 

and enabling the expansion of life on Earth (Knoll, 2008). In addition to their historical 

evolutionary significance, Cyanobacteria play key roles in the carbon and nitrogen cycles as 

photosynthetic and nitrogen-fixing (N2-fixing) organisms. 

 

Dinitrogen gas (N2), which makes up approximately 78% of the atmosphere, is dissolved in 

seawater. Certain prokaryotes, including some Cyanobacteria, can fix N2 into ammonia (NH3), 

for their own cellular needs, using their nitrogenase enzyme. This process, known as nitrogen 

fixation, involves breaking the very stable triple bond of N2 gas, which is energetically costly. 

However, this ability to utilize nitrogen that is unavailable to eukaryotes and other non-nitrogen 

fixing organisms is crucial for primary production in nitrogen-limited environments such as lakes 

and estuaries (Ben-Porath and Zehr, 1994). Thus, Cyanobacteria are essential contributors to the 

nitrogen cycle by adding "new" biologically available nitrogen in the form of NH3 into the 

system (Paerl and Zehr, 2000; Horne & Viner, 1971; Ashton, 1981; Capone, 1983; Howarth et 

al., 1988). Additionally, Cyanobacteria can uptake and store phosphorus under high-phosphorus 
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conditions, such as in benthic environments with phosphorus-rich sediments. They can utilize 

this stored phosphorus when they are in phosphorus-limited conditions, such as the water column 

surface (Paerl et al., 2001). 

 

These opportunistic adaptations enable Cyanobacteria to bloom in nutrient rich and in low N:P 

waters (Smith, 1990; Paerl, 1990). This is concerning as some Cyanobacteria are considered 

harmful. These Cyanobacteria are referred to as harmful "algae" (as they used to be classified as 

"bluegreen algae”) and tend to include the genera Anabaena, Aphanizomenon, Lyngbya, 

Microsystis, Nodularia, and Oscillatoria. These Cyanobacteria harmful algal blooms (cHABs) 

can produce toxins linked to liver disease, cancer, and death (Fogg, 1969; Reynolds and Walsby, 

1975; Paerl, 1988; Sellner, 1997; Paerl and Tucker, 1995; Francis, 1878). Additionally, cHABs 

can cause hypoxia and anoxia of the water column upon the death of the cells and 

remineralization by heterotrophic bacteria (Negri et al., 2004). 

 

Harmful Algal Blooms 

A cHAB is a type of harmful algal bloom (HAB) that is caused by Cyanobacteria instead of 

eukaryotic phytoplankton. Understanding characteristics and environmental and nutrient 

requirements of HABs is essential for helping determine causes of cHABs and potential 

mitigation strategies. Eukaryotic phytoplankton blooms are considered HABs when they are 

either “toxic”, “noxious”, or simply a “nuisance” to the ecosystem (Hallegraef, 1993). 

 



7 

 

HABs can cause hypoxia or anoxia of a water column due to respiration by heterotrophic 

bacteria as they break down dead or decaying biomass (Graneli et al., 1989; Mahoney and 

Steimle, 1979), harm filter feeders, and/or produce toxins that can cause massive fish die-offs, 

and shellfish poisoning in humans (Hallegraeff, 1993). HABs have also caused more economic 

loss in recent decades due to their increase in frequency and intensity (Chorus and Bartram, 

1999; Carmichael, 2001; Carmichael, 2008; Hudnell, 2008; Heisler et al., 2008; Hoagland et al., 

2002; Paerl, 2008; Paul, 2008; Paerl and Huisman, 2008; O’Neil et al., 2012) as HABs have been 

found to thrive with warmer temperatures, and eutrophication, which have been increasing with 

global climate change. (Paul, 2008; Paerl and Huisman, 2009; Glibert, 2020). 

 

Cyanobacteria Harmful Algal Blooms 

A cHAB is a type of HAB but unlike typical HABs caused by eukaryotic algae, cHABs are 

formed by prokaryotic Cyanobacteria. cHABs thrive in nutrient rich waters with high levels of 

nitrogen and phosphorus, often caused by runoff from agricultural fields and impervious 

surfaces, wastewater discharge, and other anthropogenic activities. However, they can occur in 

oligotrophic systems when under favorable conditions such as warm water temperatures, high 

light availability, and stable water columns (O’Neil et al., 2012; Fogg, 1969; Reynolds and 

Walsby, 1975; Paerl 1988; Shapiro, 1990). This is largely due to their nitrogen fixing capabilities. 

 

As cHABs are a type of HAB, they can be detrimental to the environment, wildlife, and human 

health. Overgrowth of a cHABs can create dense mats on the water surface, blocking sunlight 

from reaching the submerged aquatic vegetation (SAV) and other benthic organisms. 
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Additionally, cHABs can cause hypoxia and anoxia of the water column when they die and 

decompose, leading to fish and benthic fauna mortalities (Paerl & Tucker, 1995; Boyd et al., 

1978. Also, cHABs may produce toxins, termed cyanotoxins, such as microcystins, anatoxins, 

and saxitoxins, which can cause significant fish die-offs and damage fisheries and aquaculture. 

These toxins pose serious health risks to animals and humans through direct contact or 

consumption of contaminated drinking water or food (Francis, 1878; Codd & Bell, 1996; 

Carmichael, 1997). These health risks can include damage to the nervous system, dermatitis, 

liver disease, cancers, and death (Carmichael, 2001; Carmichael, 1998; Paerl et al., 2001; Brooks 

et al., 2017; Kirpenko et al., 1981; Fujiki et al., 1984). 

 

Researchers have linked global climate change and increasing human population and activity to 

an increase in cHAB frequency and intensity (Paul, 2008, O’Neil et al., 2012; Paerl and 

Huisman, 2009). Freshwater eukaryotic phytoplankton growth rates tend to plateau or decline as 

water temperatures exceed 20°C. In contrast, Cyanobacteria thrive at temperatures above 30°C 

(Briand et al. 2004), positioning them to benefit from the warming trends associated with global 

climate change (Canale and Vogel, 1974; Peperzak, 2003; Paerl and Huisman, 2009). 

 

As waters warm, stratification of the water column intensifies, which will ultimately reduce 

nutrient availability in surface waters. Since Cyanobacteria are diazotrophic, they can reduce 

atmospheric N2 to NH3 in low nitrogen waters. They can also control their own buoyancy 

allowing them to sink to nutrient rich bottom waters and rise for direct sunlight for 

photosynthesis. Consequently, Cyanobacteria can outcompete eukaryotic phytoplankton in 
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waters with a nitrogen limited water, as long as they have access to available phosphorus. 

(Smith, 1990; Paerl, 1990). 

 

Excess nitrogen and phosphorus levels have also often driven cHABs in warm, stratified fresh 

waters. Additionally, eutrophication has caused an increase in HAB and cHAB frequency and 

intensity (Paerl and Huisman, 2008; Paerl and Huisman, 2009; Paerl and Paul, 2012; O’Neil et 

al., 2012). Scientists believe that phosphorus-driven eutrophication is the primary nutrient factor 

for Cyanobacteria blooms, specifically nitrogen-fixing Cyanobacteria, in nitrogen-limited coastal 

and estuarine waters. If nitrogen levels increase in estuaries and coastal waters with high 

phosphorus levels or sediment rich in legacy phosphorus, it can create hotspots for cHABs 

(Putnam et al., 2022; Paerl, 2008; Paerl et al., 2001). One area in the Chesapeake Bay that is 

particularly vulnerable to a benthic cHAB is the Susquehanna Flats. With high phosphorus 

content in the sediment, clear water, and low nitrogen levels at the center of this SAV bed, 

benthic Cyanobacteria are able to outcompete eukaryotic phytoplankton and bloom seasonally 

(Gurbisz, 2016). 
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Microseira (Lyngbya) wollei Presence 

Filamentous Cyanobacteria have increased in prevalence and intensity in the Chesapeake Bay 

(Figure 1.2). Researchers first noted the presence of a benthic, filamentous Cyanobacteria in the 

SAV bed of the Susquehanna Flats around 2004, and it has bloomed seasonally since (Batiuk et 

al., 2023). Through microscopic observation, researchers identified the filamentous 

Cyanobacteria as Microseira (Lyngbya) wollei (Farlow ex Gomont) based on the description by 

Speziale and Dyck (1992). However, McGregor and Sendall (2015) recently reclassified Lyngbya 

wollei to Microseira wollei. Thus, this paper will refer to it as Microseira wollei (M. wollei). 

 

Figure 1.2 Map of Microseira (Lyngbya) wollei blooms in Chesapeake Bay based on monitoring 

data from Maryland Department of Natural Resources (MD DNR) and Old Dominion University 

(2000-2014). Blooms are defined as having more than 1,000 cells/ml or visible mats. Map 

created by MD DNR (https://dnr.maryland.gov/waters/bay/Pages/algal_blooms/Lyngyba-

Distribution.aspx). 
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Microseira wollei is fresh water filamentous benthic Cyanobacteria (Phlips et al., 1992). Due to 

its nitrogen fixing capabilities, M. wollei can not only thrive in eutrophic conditions, but also in 

nitrogen limited conditions, such as the Susquehanna Flats, where they can out-compete the 

eukaryotic phytoplankton. Nitrogen limited conditions can occur after intense phytoplankton 

growth and decomposition and/or where lush SAV sequesters nitrogen in the water column (Gao 

et al., 2014a; Gao et al., 2014b; Risgaard-Petersen and Ottosen, 2000; Gurbisz, 2016). Although 

M. wollei nitrogen fixation can be phosphorus and iron limited, the phosphorus and iron rich 

sediment and fluxes from the benthos of the Flats provides those limiting nutrients to promote M. 

wollei growth (Watkinson et al., 2005; Ahern et al., 2006; Gurbisz, 2016). As the Flats are also 

shallow with higher wave attenuation and warmer water temperatures (>20 °C), the M. wollei 

has access to ample sunlight and ideal water temperatures for growth (O'Neil et al., 2012; Paerl, 

2008). 

 

Ample sunlight in the clear water column that exists in the center of the SAV beds on the Flats, 

allows the M. wollei to grow from the benthos (Luhar et al., 2008; Gurbisz, 2016).  Eventually, 

growth creates “self-shading” of the Cyanobacteria that begins to block sunlight from forming 

new M. wollei growth, and they can potentially grow up over SAV blades. Additionally, gas 

bubbles from photosynthesis can get trapped in the M. wollei filaments and allows portions of the 

benthic mats to detach and float to the surface of the water column and form dense tangled 

surface mats, which can also act as a dispersal mechanism to other areas (Albert et al., 2005). 

These biphasic mats can be malodorous, unsightly, and can potentially blanket the SAV, which 

can block sunlight and possibly smother them (Speziale and Dyck, 1992; Carmichael et al., 

1997; Yin et al., 1997; Butler et al., 2023). Consequently, this can decrease new SAV growth that 
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requires higher light availability than established SAV (Gurbisz and Kemp, 2014). This 

ultimately will decrease SAV biomass and co-organism diversity (Tiling and Proffit, 2017). 

 

Microseira wollei and other benthic Cyanobacteria can also alter its surrounding environment in 

many ways. Microseira wollei can cause anoxic conditions by forming dense mats at the 

benthos, which can then subsequently cause the release of phosphate and iron into the water 

column (Harrington et al., 2016), which can promote their own growth. Although M. wollei can 

fix nitrogen and alter nutrient conditions, there have not been any studies to measure how much 

nitrogen the M. wollei at the Flats actually fixes. As a result, there is a lack of understanding of 

its impact on the nutrient conditions at the Flats. This information is crucial to determine in this 

unique submerged SAV bed that is vital to the health of the Chesapeake Bay. It is also important 

information for systems beyond the Chesapeake Bay, which may also suffer from excessive 

nitrogen levels and eutrophic conditions which are increasing globally. 

 

Like other cHABs, researchers have found M. wollei to produce cyanotoxins (McGregor and 

Sendall, 2015), such as a type of neurotoxin, known as saxitoxins, in bodies of freshwater in 

Alabama, South Carolina, Florida, and other southeastern areas, as well as Canada (Yin et al., 

1997, Carmichael et al., 1997, Putnam et al., 2022, Foss et al., 2012, Poirier-Larabie, 2020; 

Smith et al., 2019; Onodera et al., 1997). They have also found them to harbor harmful bacteria 

and pathogens (Vijayavel et al., 2013). 

 



13 

 

Although researchers morphologically identified the filamentous Cyanobacteria on the Flats as 

M. wollei, molecular identification was required to confirm its identity. Historically, researchers 

identified organisms in the Oscillatoriaceae family only morphologically and/or ecologically (cf. 

Geitler, 1932; Elenkin, 1938; Starmach, 1966; Wehr et al., 2015; Komárek, 2018a). However, 

this method can be unreliable because members of this family have very few distinguishing 

morphological features and often look similar or even identical to one another. This has 

historically led to frequent misidentification, confusion, and inaccurate taxonomy records. With 

the advent of molecular tools, the Oscillatoreaceae family is undergoing significant taxonomic 

revisions (McGregor and Sendall, 2015; Casamatta et al., 2005; Engene et al., 2011; Engene et 

al., 2012; McAllister et al., 2016). Therefore, molecular identification was employed in this study 

to correctly identify the filamentous Cyanobacteria with the most up-to-date technology and 

identification methods. 

 

Goals and Objectives 

To better understand the causes and effects of M. wollei at the Flats and their potential impact on 

SAV growth, a three-pronged approach was undertaken in this study, which included field 

surveys and laboratory experiments to provide information for subsequent ecosystem modelling 

efforts. This thesis will explore the first two approaches involving field and lab approaches. The 

laboratory experiments encompassed DNA analysis of the Cyanobacteria mats to investigate the 

host Cyanobacteria and their associated microbial communities as well as ecophysiology 

experiments. Water quality parameters were also assessed at the Flats, including nutrient (NO3
-, 

NH4
+, PO4

3-) levels to investigate what roles they may have in promoting M. wollei proliferation. 

The 2022 and 2023 field surveys explored in this paper include measurements of water column 
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nutrient levels and M. wollei abundance. Nutrient bioassay experiments were also conducted to 

investigate whether nitrogen or phosphorus was the limiting nutrient for the growth of M. wollei, 

as well as to determine nitrogen fixation rates under different nutrient conditions.  

 

In chapter 2, the molecular identification and the associated microbial communities of the 

Cyanobacteria at the Flats will be discussed. DNA sequencing of the 16S rRNA and nifH genes 

were performed on samples from filamentous Cyanobacteria mats, hypothesized to be M. wollei, 

and a cyanobacterium observed during the 2022 field season, hypothesized to be Oscillatoria sp., 

at the Flats. The 16S rRNA sequences were used to molecularly identify the morphologically 

identified M. wollei and Oscillatoria spp. and their microbiomes. The nifH genes were sequenced 

to investigate the potential diazotrophic microbial communities within the Cyanobacteria mats. 

The Silva 132 (Quast et al., 2013) training tool assigned the samples taxonomically and the 

Amplicon Sequence Variant (ASV) was used to document genera and/or species in the National 

Center for Biotechnology Information (NCBI) GenBank using the Basic Local Alignment Search 

Tool (BLAST). 

 

Nutrient bioassays growth rates and nitrogen fixation rates will be discussed in chapter 3. To 

determine the M. wollei nutrient limitations, nutrient bioassay experiments were performed on 

samples in triplicates, with three control samples, three samples that received daily nitrate 

treatments, three that received daily phosphate treatments, three that received daily nitrate and 

phosphate treatments, and three that received daily ammonium treatments. Nitrogen fixation 

experiments using the acetylene reduction assay were performed on M. wollei samples taken 
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directly from the nutrient bioassay samples to investigate nitrogen fixation rates under different 

nutrient conditions. 

 

Through these experiments, a better understanding of the ecophysiology of the cyanobacterium 

M. wollei at the Susquehanna Flats was gained. By using this information in future ecosystem 

models and understanding its characteristics and conditions that favor M. wollei blooms, 

management programs may be able to potentially predict and manage M. wollei blooms and 

health officials can warn the general public to mitigate exposure to harmful toxins. Identifying its 

nitrogen fixation abilities under various nutrient conditions will help predict its behavior in 

specific environmental nutrient scenarios. Understanding its nitrogen fixation capabilities is 

essential for improving nutrient modelling in the already nutrient-rich Chesapeake Bay and as 

global temperatures rise, M. wollei may increase in frequency and intensity so understanding 

their nutrient limitations can help develop adaptive strategies and mitigate their impact in a 

changing climate. Additionally, other emerging Cyanobacteria were also identified on the Flats, 

along with their associated microbial microbiomes, which underscores the complexity and 

diversity of the system, that deserves further investigation and elucidation. 
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Chapter 2: Molecular Identification of Filamentous Cyanobacteria at the 

Susquehanna Flats 

 

 

Abstract 

The Susquehanna Flats harbors a biodiverse and resilient submerged aquatic vegetation (SAV) 

bed just below the mouth of the Susquehanna River in the upper Chesapeake Bay. Therefore, the 

health of the Flats SAV remove nutrients and therefore protect the health of Chesapeake Bay. 

Nitrogen fixing and toxin producing filamentous Cyanobacteria have seasonally bloomed at the 

Susquehanna Flats. These include a Cyanobacterial mat with a woolly consistency, first observed 

in 2004, and a mat with a mucilaginous consistency, first observed in 2022. Morphological 

assessments suggested that the woolly mat was Microseira (Lyngbya) wollei while the 

mucilaginous one was Oscillatoria sp. However, species within the Oscillatoriaceae family, 

including both Microseira (Lyngbya) wollei and Oscillatoria sp., are difficult to morphologically 

identify because different species level groups are morphologically difficult or impossible to 

distinguish. Properly identifying Oscillatoriaceae mats is important because different species can 

produce different toxins. Additionally, new DNA sequencing technology provides tools to better 

identify these organisms, as well as their associated microbiota. However, such identification had 

not been done previously in the flats. Therefore, the filamentous Cyanobacteria at the 

Susquehanna Flats were identified using high-throughput sequencing of the full length of the 16S 

rRNA gene and nifH genes associated with the mucilaginous and woolly mats.  The microbial 

diversity of the bacteria associated with the filamentous Cyanobacteria mats was also 

investigated. The woolly mat was shown to be a novel ecotype of Microseira (Lyngbya) wollei, 

and the mucilaginous mat was shown to be a novel species level group of from the genus 
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Phormidium, whose closest known relative produces the toxin microcystin. The Microseira 

(Lyngbya) wollei mats and Phormidium sp. mats also contain a diverse assemblage of bacteria, 

including other nitrogen fixing Cyanobacteria. The data from this study provide a better 

taxonomic understanding of the Cyanobacterial mats and suggest that future management efforts 

should consider that both are likely toxin producing. Furthermore, it suggests that much of the 

biogeochemical influence of the mats on the surrounding environment could be modified by their 

microbiota whose role should be further explored.  

 

Introduction 

Filamentous Cyanobacteria was first observed at the Susquehanna Flats in 2004. Experts 

morphologically identified it as Microseira wollei (M. wollei). In 2022, experts from University 

of Maryland Center for Environmental Science, St. Mary’s College of Maryland, and Maryland 

Department of Natural Resources first observed another filamentous Cyanobacteria at the 

Susquehanna Flats and morphologically identified it as Oscillatoria sp. Microseira wollei and 

Oscillatoria sp. both belong to the Oscillatoriaceae family. Species in the Oscillatoriaceae family 

are notoriously difficult to differentiate morphologically because they often look similar and 

sometimes identical. Therefore, advanced molecular identification was required to accurately 

identify the filamentous Cyanobacteria at the Susquehanna Flats.  

 

Oscillatoriaceae Taxonomy 

Microseira (Lyngbya) wollei is a member of the Oscillatoriaceae family of Cyanobacteria only 

recently classified into the Microseira clade. Along with other filamentous Cyanobacteria in the 
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Oscillatoriaceae family M. wollei and other members of this family, historically been 

phylogenetically identified using morphological and environmental characteristics (Farlow ex 

Gomont; Wolle, 1887; Speziale and Dyck, 1992; Ben-Porath and Zehr, 1994; McGregor & 

Sendall, 2015). However, morphology and habitat are ambiguous measurements, as many 

Oscillatoriaceae are morphologically similar. This ambiguity has led to inaccuracies and frequent 

revisions of the family Oscillatoriaceae, including different M. wollei populations (Speziale and 

Dyck, 1992; McGregor and Sendall, 2015). Misidentification can be problematic as many 

Oscillatoriaceae are toxic. However, different species produce different toxins. Thus, accurate 

species identification is crucial to ensure that managers can adapt best management practices for 

harmful Oscillatoriaceae mats when they appear in their particular regions. Fortunately, as new 

DNA sequencing technologies have become more readily available, the identification and 

taxonomy of Oscillatoriaceae has become more refined and organized (McGregor and Sendall, 

2015).  

 

Due to its morphological ambiguity, M. wollei has been reclassified several times and has 

historically been published as six different species in three genera (Speziale & Dyck 1992). In 

the 1870s and 1880s, M. wollei was identified as either Plectonema wollei (P. wollei) or Lyngbya 

wollei (L. wollei). Farlow (1877) originally published the species collected from Woburn, 

Massachusetts as P. wollei. Wolle (1887) identified a filamentous Cyanobacteria collected in 

New Jersey as L. wollei. While Farlow and Wolle soon agreed that both Cyanobacteria were the 

same organism, many publications continued to use L. wollei in publications until Farlow ex 

Gomont (1892) published that it should be identified as P. wollei.  
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In 1987, Silva et al. (1987) concluded that L. wollei was the correct identification due to the false 

branching that was first characterized by Wolle in 1887. This identification also resolved many 

identification conflicts and encompassed species that were previously improperly identified as 

other Lyngbya spp. (Speziale and Dyck, 1992). By sequencing the 16S rRNA gene from a 

population in Australia, McGregor and Sendall (2015) determined that what was historically 

thought of as Lyngbya wollei belongs in an entirely different genus. They determined that the 

Lyngbya wollei clade is evolutionarily distinct and genetically dissimilar from other Lyngbya and 

should be considered under a separate taxon within Oscillatoriaceae and was officially 

reclassified as Microseira. wollei (McGregor and Sendall, 2015).  

 

Given that Microseria and Lyngbya have morphological similarities, the hypothesis that the 

prominent filamentous Cyanobacteria present at the Susquehanna Flats was M. wollei was tested 

in two summer field seasons in 2022 and 2023. Although the filamentous Cyanobacteria 

morphologically presented as M. wollei, due to the overhaul of Oscillatoriaceae species using 

molecular techniques, and availability of DNA sequencing technologies, identifying it as M. 

wollei using only morphological characteristics would have been unreliable. Therefore, advanced 

molecular methods were used to confirm the taxonomic identity of the Oscillatoriaceae mat. For 

clarification purposes, the mat that was hypothesized to be dominated by M. wollei will be 

referred to here as the “woolly mat” as it was uncertain what species was until the DNA results 

were obtained. 
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Filamentous algal mats can provide a substrate for attachment of bacteria and can provide 

protection against sunlight radiation and predation for the associated microbes (Byappanahalli et 

al., 2003; Chilton et al., 1986; Marks and Power, 2001; Rex et al., 1982; Taft, 1975). Mats of M. 

wollei have been found to act as a secondary host to fecal indicator bacteria (FIB), including 

Escherichia coli (E. coli), Enterococci, and Clostrodium perfringens (Vijayavel, 2013). However, 

besides these findings made by Vijayavel (2013), there is a lack of information on the M. wollei 

microbiome overall. The strongest method to investigate the M. wollei associated microbial 

community was through advanced molecular techniques.  

 

Generally, the predominant Cyanobacteria observed on the Susquehanna Flats since its first 

sightings in the 2000s has been M. wollei. However, during this project, a second predominant 

Cyanobacteria mat was observed at the Flats. It was a bright green, mucilaginous, non-integrous 

mat at the benthos and surface of the Flats. This sample was morphologically identified as 

Oscillatoria sp., but since this cyanobacterium had not been recorded prior to this observation, it 

was collected for sequencing as well. This mat will subsequently be referred to as the 

“mucilaginous mat” in reference to its morphology. (Image 2.1). 

 

Thus, morphological assessments have been used to hypothesize taxonomy in the Flats: M. 

wollei and Oscillatoria sp. The M. wollei was morphologically identified, and M. wollei is a part 

of Oscillatoraceae is only a family level pattern.  However, in other environmental systems, 

members of Oscillatoriaceae have been identified using molecular approaches (Joyner, 2007; 

Joyner et al., 2008; McGregor and Sendall, 2015; Engene et al., 2018). Furthermore, microbial 
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communities have been shown to affect the biogeochemistry of many Cyanobacterial mats (Grim 

et al., 2021; Brasell et al., 2015). However, molecular approaches have not previously been 

employed to identify either Cyanobacterial mat morphotype in the Chesapeake Bay. 

Furthermore, the microbial community has not previously been established for M. wollei in the 

Bay or elsewhere or for the mucilaginous mats. Therefore, high throughput sequencing of the 

16S rRNA genes and nifH genes were carried out in order to identify the mats and their 

associated microbial community structure. The 16S rRNA genes would provide high resolution 

taxonomic information about all species while the nifH genes in particular would provide more 

information about the genotypes of the mat communities as well as their associated diazotrophs.  

 

 

 

Image 2.1 Mucilaginous mat at the surface of the water column at the Susquehanna Flats. Photo 

taken by Maryland Department of Natural Resources (2022). 
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Background of the 16S rRNA Gene and Pacific Biosciences (PacBio) Sequencing 

The 16S rRNA gene is universal to all bacteria (Woese et al., 1985; Woese, 1987) and widely 

used as a taxonomic barcode (Fox et al., 1980; Chaban and Hill, 2012; Woese and Fox, 1977; 

Woese et al., 1985). It is effective as a barcode gene due to its fragments ranging between totally 

conserved and variable, which allow researchers to link bacteria to distantly related and closely 

related ancestors (Baker et al., 2003). The 16S rRNA gene is ~1500 base pairs long (Clarridge, 

2004). Since it is longer, the third generation Pacific Biological Sequencing (PacBio) was chosen 

to sequence the 16S rRNA gene as it can produce reads of upwards of 10 kb (Pacific 

Biosciences, 2023). Also, PacBio sequencing and bioinformatic programs can identify organisms 

to a species level and render an understanding of its microbial community structure (Callahan et 

al., 2019).  

 

Because third generation long-read sequencing is pioneered by Pacific Biosciences (PacBio), and 

because the sequencer used was sold by PacBio, this paper will refer to it as PacBio sequencing 

(Rhoads and Au, 2015). Third generation long-read sequencing is the latest DNA sequencing 

technology. Although next-generation, or short-read sequencing, is highly accurate with low 

error rates, third-generation sequencing, distributed through PacBio, can produce much longer 

read lengths of upwards of 10 kb at a faster rate than the second-generation methods (Pacific 

Biosciences, 2023).  

 

PacBio sequencing historically produced reads that had more errors than Next-generation 

sequencing (NGS) techniques, but the error rates have decreased with technological advances in 
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the molecular methodology and software analysis (Hu et al., 2021). PacBio sequences may still 

output reads with higher error rates than NGS. However, molecular and bioinformatic 

technology advances are able to correct the sequencing errors for higher accuracy.  

 

The bioinformatics tool, DADA2, was used to learn and account for errors in the sequences. The 

DADA2 algorithm is able to learn error rates and accurately identify sequences of the original 

community even in the presence of errors in the sequences data (Callahan et al., 2019). Improved 

circular consensus sequencing and high-fidelity reads allows for highly accurate reads by 

repeatedly sequencing the same DNA molecule and then creating a consensus sequence from the 

multiple passes (Hon et al., 2020). This technique and the error-identifying program, DADA2, 

produce results that are reliable for analysis of long reads. Therefore, PacBio was used to 

sequence the long and complex 16S rRNA genes, and DADA2 corrected the errors in each 

sequence. 

 

Background of the nifH Gene and Illumina MiSeq Paired End (Illumina) Sequencing 

Nitrogen fixing Cyanobacteria, also known as diazotrophs, tend to coexist with each other (Ben-

Porath & Zehr, 1994; McGregor & Sendall, 2015). Since M. wollei is a diazotroph and has been 

observed to entangle sediment, plant matter, and other Cyanobacteria in its mats, it was 

hypothesized that these mats harbor a complex and diverse microbial community. To specifically 

observe the diazotrophic bacteria, the nifH genes (which encode for the enzyme nitrogenase, 

responsible for the nitrogen fixation reaction), from the mat samples were sequenced. 
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The nifH genes from each sample were sequenced to molecularly identify the host 

Oscillatoriaceae organism and thoroughly investigate the complexity of the nitrogen fixing   

microbial community and identify the present diazotrophic microbes. The nifH gene was 

sequenced as it is the iron containing protein within nitrogenase, which is the enzyme that 

reduces N2 to ammonium. Nitrogen fixing Cyanobacteria contain nitrogenase enzymes, which 

allows them to convert N2 to NH3 (Paerl and Zehr, 2000; Rascio and La Rocca, 2013). The nifH 

gene is highly conserved among bacteria, yet it exhibits sufficient variation to allow for the 

identification of unique nifH sequences from different bacterial species (Zehr, 1992; Zehr & 

McReynolds, 1989). This allows for a consistent and efficient way to study the nitrogen-fixing 

organisms in a diverse microbial community (Zehr, 1992; Zehr and McReynolds, 1989; Ben-

Porath and Zehr; 1994). 

 

As nifH sequences are shorter than 16S rRNA gene sequences, long read sequencing was not 

required and the less expensive higher depth of sequencing, Illumina MiSeq was used to capture 

the diversity of diazotrophic bacteria in the mats. Illumina sequencing is a short-read next 

generation sequencing approach that can capture around 250 base pairs in two directions for a 

total sequence length of up to around 500 bases technology, which succeeded the first-generation 

Sanger sequencing (Hu et al., 2021). The nifH gene is 886 base pairs long, so MiSeq sequencing 

can read the whole gene with some overlap.  The Illumina technology performed paired-end 

sequencing and read each of part of the DNA fragment multiple times, which allowed for high-

quality and accurate sequencing. Therefore, Illumina sequencing was used to sequence the short 

and highly conserved nifH genes (Hu et al., 2021; Tucker et al., 2009).  
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Associated Microbial Communities 

The hypothesis proposed that the filamentous and mucilaginous mats harbored distinct yet 

diverse microbial communities, with microbial biodiversity varying by site. It was also 

anticipated that the microbial communities in rinsed and unrinsed filamentous samples would 

differ, with rinsed samples showing lower species relative abundance and, consequently, reduced 

biodiversity. This reduction in diversity was expected to result from the removal of sediment-

associated microbes during rinsing, leading to lower microbe-to-host gene ratios. Additionally, it 

was hypothesized that the mucilaginous mat would exhibit less biodiversity than the filamentous 

mats due to its apparent lack of associated sediment and microenvironments. In contrast, the 

filamentous mats, which visibly trapped sediment particles and supported more fauna and 

microscale heterogeneity, were expected to demonstrate higher microbial diversity. 

 

Methods 

Field Collections 

Samples were hand collected by snorkeling using gloves, so as to not contaminate the samples. 

Samples were taken on 6 -7 August 2023. This month showed the highest range of both woolly 

and mucilaginous mats relative to other months (June-July 2023) when the mat was observed. 

Samples of the woolly mats, which were previously morphologically identified as M. wollei, 

were collected from multiple sites at the Susquehanna Flats. The woolly mats had Cyanobacterial 

filaments with strong integrity that were observed on the benthos, growing on SAV and floating 

at the surface. Samples were also collected from the more recently observed mucilaginous 

Cyanobacterial mat, which was morphologically identified as Oscillatoria sp. The mucilaginous 
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mats were observed to have very little integrity with a mucilaginous characteristic, that broke 

apart very easily. 

 

Two samples from each site with woolly mats were collected and separated between “rinsed” and 

“unrinsed” samples to detect whether sediment within the mat shaped the microbial community. 

The “rinsed” samples were rinsed as thoroughly as possible in the Susquehanna Flats water on 

site before placing in the preservative. The “unrinsed” samples were placed directly in the 

preservative in the field. Samples were collected from sites 17, 20, 23, and 25 (Figure 3.1), 

which were labeled 17C, 20C, 23C, and 25C for the “rinsed” (or "cleaned") samples and 17D, 

20D, 23D, and 25D for the “unrinsed” (or "dirty") samples. Single samples of the mucilaginous 

mats were only collected from sites 12 and 17, which are labeled 12.Phm and 17.Phm 

respectively. The mucilaginous mats did not appear to be loaded with sediment so only unrinsed 

samples were collected. 

 

Samples placed directly into a sterile test tube with 400 µL of Zymo DNA/RNA shield a 

preservative and nucleic acid stabilization solution that can preserve most DNA samples at room 

temperature (Trivedi et al., 2022). Sample temperature was maintained at seawater at ambient 

temperature in transit, and then placed into liquid nitrogen upon return to the field lab. Once back 

at Horn Point Laboratory, samples were stored in a -80°C freezer until they were processed for 

DNA extraction. 
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DNA Extraction 

DNA was extracted from each sample over the course of a three-day period using an in-house 

phenol chloroform-based protocol. The protocol was modified from several previous protocols 

(Renshaw et al., 2015; Plough, 2018; Cram et al., 2024; Fowler et al., 2024). Before extraction 

began, forceps, and pestles were sterilized in 70% ethanol and placed in a Stratagene stratalinker 

1800 Crosslinker, which emits 1800 lumens of UV light per minute in order to kill bacteria and 

crosslink DNA, for 10 minutes.  

 

To lyse the cells and free the DNA in suspension, a small amount (about 100 μL, estimated by 

eye) of each sample was transferred to their respective 2 mL tubes. Leftover preservative was 

removed with a pipette, which made breaking down the sample easier. The tubes were then 

frozen using liquid nitrogen for 30 seconds or placed in the -80°C freezer for 10 minutes. Each 

frozen sample was ground with a Kimble Pellet pestle and 900 µL of Cetyltrimethylammonium 

bromide buffer (CTAB) and 10 µL of beta-mercaptoethanol added to each tube. Samples were 

vortexed for 5 seconds and placed in a bead-beater for 30 seconds. Samples were then incubated 

at 65°C for 20 minutes and vortexed for 3 seconds every five minutes.  

 

To clean the DNA, 400 µL of phenol-chloroform-isoamyl alcohol (25:24:1 ratio) solution was 

added to each sample and inverted five times. A Sorvall Legend T Benchtop centrifuge was then 

used to spin the samples for two minutes at 15,000 G. The bottom phenol layer was discarded, 

and the process repeated with a phenol-chloroform wash. After discarding the subsequent bottom 

layer, 400 µL of chloroform-isoamyl alcohol solution (24:1 ratio) was added to each sample and 
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inverted five times. The samples were then spun in the centrifuge at 15,000 G for 3 minutes and 

the DNA top layer was transferred to a new 2 mL tube, leaving the interface behind. Ammonium 

acetate (10M) was added at 0.31 times the volume of the lysate as well as adding ethanol at 3.05 

times the volume of the lysate and inverted five times. Finally, the samples were incubated in a 

20°C freezer overnight to allow the DNA to precipitate. 

 

After 16 hours in the freezer, the samples were spun at 15,000g at 4°C for 90 minutes centrifuge. 

The supernatant was gently poured out to reveal a pellet of DNA. Subsequently, 250 µL of cold 

70% ethanol was added to each pellet and spun again at 15,000g in 4°C for 30 minutes after 

which the ethanol was poured out and the pellet was dried by hanging the tubes inverted in the 

hood. Once the tubes were completely dry the DNA pellet was resuspended in 25 µL of tellurium 

and incubated at 37°C for 90 minutes. 

 

The DNA of each sample was quantified using an Invitrogen Qubit 4 Fluorometer Pub. No. 

MAN0017210 and using its procedure (Thermo Fisher Scientific, 2017) and samples were 

diluted to a common concentration of 10 ng/µl. Diluted samples were shipped to Molecular 

Research Laboratories. A Mock sample (bei Resources HM-782 Microbial Mock Community B) 

and two control samples were included for sequencing to check for accuracy and any sample 

contamination.  
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DNA Sequencing 

Molecular Research Laboratories performed amplicon sequencing on the quantified DNA. 

Molecular Research Laboratories completed at least 10,000 reads per assay for the long read 

PacBio sequencing on the 16S rRNA gene and 20,000 reads per assay for the short-read Illumina 

sequencing on the nifH gene. 

 

The specific primers chosen to amplify the 16S rRNA gene using long read PacBio sequencing 

(27F: AGRGTTYGATYMTGGCTCAG and 1492R: RGYTACCTTGTTACGACTT) cover most 

of the 16S rRNA gene and (Callahan et al., 2019) and amplify most bacteria including the family 

Oscillatoracaea which encompasses Microseira and its relatives (Klindworth et al., 2013). The 

primers used to amplify the nifH gene using short-read Illumina sequencing (primers nifH19F: 

GCIWTITAYGGNAARGGNGG and nifH -univ-463R: GCRTAIABNGCCATCATYTC) where 

chosen because they amplify most of the nifH genes in aquatic and marine environments (Gaby 

and Buckley, 2012). 

 

Divisive Amplicon Denoising Algorithm (DADA2) 

Molecular Research Laboratories returned demultiplexed FASTQ files which were filtered and 

organized using the FASTQ files using a custom DADA2 pipeline, modified from Lee (2019) 

and Callahan et al. (2016), described below. First, the forward and reverse complement of the 

reverse primer from each sequence was removed using “Cutadapt” (Martin, 2010). By removing 

these primers, the resulting data was more accurate for downstream analyses, such as alignment 
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and phylogenetic tree construction. This process was also performed on the reverse reads for the 

nifH sequences. 

 

The DADA2 program pipeline first de-noised the nifH fastq files then merged the forward and 

reverse (paired-end) readings to ensure higher quality reads. The DADA2 program was used to 

first de-noise the nifH fastq files then merged the forward and reverse (paired-end) readings to 

ensure higher quality reads. The DADA2 pipeline then removed chimeras and collected sample 

sequences (Callahan et al., 2016). As the 16SrRNA sequences did not contain both forward and 

reverse reads, the paired-end DADA2 protocol for the 16S rRNA sequences were altered to 

disallow inclusion of a merge read function, which usually merges forward and reverse reads. 

The altered protocol also increased the truncating length as the 16S rRNA sequences were longer 

than the nifH sequences (Callahan et al., 2016).  

 

Once DADA2 corrected errors and removed chimaeras, the sequences were available in a 

comma separated table. Naïve baysean classification, using the Silva 132 database (Quast, 2013) 

assigned the 16S rRNA taxonomy. The nifH v2.0.5 database was used to assign nifH taxonomy 

(Moynihan, 2020). The most abundant 16S rRNA and nifH sequences were entered into the 

National Center for Biotechnology Information (NCBI) Basic Local Alignment Search Tool 

(BLAST) to match to any registered sequences in the GenBank database. The searches did not 

include any uncultured/environmental sample sequences. The top match was used to identify the 

closest known relative of each 16S Amplicon Sequence Variant (sASV) and nifH Amplicon 

Sequence Variant (nASV). 
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Phylogenetic Trees 

Two phylogenetic trees were constructed, one each for the sASVs and nASVs. Each set of ASVs 

were treed along with each ASV’s closest sequenced relative in GenBank, as well as all of the 

16S rRNA and nifH sequences, as appropriate, from McGregor and Sendall’s (2015). The 

sequence alignment was performed using the MUSCLE algorithm, which accurately handles 

multiple sequence alignments (Edgar, 2004). Phylogenetic trees were then constructed using the 

maximum likelihood (ML) approach implemented in RAxML, a tool that provides robust tree-

building capabilities (Stamatakis, 2014). To assess the reliability of the tree nodes, bootstrap 

analyses were conducted with 100 resampled data sets, providing a measure of confidence for 

each branch in the trees. Finally, the resulting phylogenetic trees were visualized and formatted 

using FigTree (Rambaut, 2010), a software tool designed for displaying and editing phylogenetic 

trees. 

 

Ecological Analyses 

The relative abundances of the top 20 16S rRNA ASVs and top 20 nifH ASVs were calculated to 

identify the host ASVs of each sample. The ASVs with the highest relative abundances were 

identified as the Cyanobacteria mat’s host ASVs. The closest sequenced relatives of the ASVs 

were then searched for in GenBank through BLAST and used to identify the ASVs on a 

taxonomic level based on the identity match.  

 

To analyze the associated microbial communities of the woolly mats and mucilaginous mats, a 

ratio of the non-host sASVs to the mat host sASVs (sASV 1 for the woolly mat and sASV 4 for 
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the mucilaginous mat) and the non-host nASVs to the mat host nASVs (nASV 2 for the woolly 

mat and nASV 3 for the mucilaginous mat) were calculated. The correlation between samples 

were also analyzed using a canonical correlation analysis (CCA), which was run on a table of 

squared root transformed microbial to host gene ratios. For all correlation analyses, ASVs 

believed to be host genes (in the case of 16S rRNA gene analysis) or nifH genes of the woolly 

mat or mucilaginous mat were excluded from the analysis. These included 16S sASVs 1-6 and 8-

15, 19, and any lower abundance sASVs that that were thought to be a host gene, and nifH 

nASVs 1, 2, 5 and 7.  

 

Results 

Cyanobacteria Mat Host Identification 

Amongst the woolly mat samples top 20 most abundant sASVs, sASVs 1-3 and 5-8 had variable 

yet high relative abundances. Given their high abundance, the sASVs are hypothesized to be host 

sASVs of the woolly mats (Figure 2.1). However, for the purposes of calculating non-host 

sASVs to host sASVs, sASV 1 was used as the host sASV.  There were also multiple sASV that 

had an identity match to a strain of M. wollei in the NCBI GenBank database (Table 2.1). The 

closest known relative of sASV 1, identified through 16S rRNA gene sequencing, was 

Microseira wollei NIES-4236 (Yamaguchi et al., 2019 unpubl.) with a 98.21% identity match in 

the NCBI GenBank database. sASV 3, which had the third highest relative abundance in the 

woolly mats (Figure 2.1), had a 98.62% identity match to Microseira wollei str. Carmichael-

Alabama (Kellmann et al., 2008) in NCBI Genbank (Table 2.1). 
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The most abundant nifH based “nASV” in the woolly mat samples was nASV 1, which had a 

78.95% identity match to Filamentous cyanobacterium ESFC-1 (Woebken et al., 2012) in the 

NCBI GenBank database. The second most abundant nifH ASV, nASV 2, had a 100% match 

with Microseira sp. in the Silva 132 (Quast, 2013) database and a 100% identity match to M. 

wollei in the NCBI GenBank database. (Table 2.2). It is hypothesized that nASV 1 and nASV 2 

were both nifH genes belonging to each of the three M. wollei ASVs. 

 

Within the mucilaginous mats, sASV 3 had the highest relative abundance and was hypothesized 

as the host sASV for the mucilaginous mats. Through 16S rRNA gene sequencing, the 

mucilaginous mat host organism had a 98.22% identity match with Phormidium sp. DVL1003c 

(Shishido et al., 2013) in the NCBI GenBank database, making it the mucilaginous host 

organism’s closest sequenced relative (Table 2.1). It also matched with Phormidium IAM M-71 

in the Silva 132 (Quast, 2013) database. nASV 3 and 5 had the highest relative abundances in the 

mucilaginous mat samples. Like the woolly mat, it is hypothesized that the nASV 3 and 5 belong 

to the host organism. However, for the purposes of calculating non-host nASV to host nASV, 

nASV 3 was used as the mucilaginous host nASV. Through nifH gene sequencing, nASV 3’s 

closest sequenced relative was identified as Tolypothrix sp. PCC 7910 (Park and Song, 2020) 

with an 86.56% identity match in NCBI GenBank. However, Silva 132 (Quast, 2013) could only 

identify the organism to its class, Cyanophyceae, of which Phormidium and Tolypothrix are a 

part of. (Table 2.2). 
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Figure 2.1 Stacked bar plot portrays the percent (%) relative abundance of the 20 most abundant 

sASVs in the samples collected from the Susquehanna Flats. The Figure combined sASVs 21-

2924 for visualization purposes.  
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Table 2.1 sASV table of the top 20 most abundant 16S sASVs found in M. wollei mats collected 

from the Susquehanna Flats. The table consists of the sASV ID, the scientific name of the top 

NCBI GenBank closes known species match, the sASV and top match query cover (the 

percentage of the query (submitted) sequence that is aligned with the subject (documented) 

sequence), E-value, percent (%) identity of the sASV and top match, and the Accession number 

of the top match in NCBI GenBank. 

 

 

The 16S rRNA phylogenetic tree revealed clusters of organisms grouped according to their 

evolutionary similarity. (Figure 2.2). In the tree, the only sASV that did not form a monophyletic 

group with Micrsoeira wollei and Microseira wollei Carmichael-Alabama (Kellmann et al., 

2008) was sASV 4, which had the closest sequenced relative Phormidium sp. DVL1003c 

(Shishido et al., 2013). These tree placements infer that the nASVs 1-3 and 5-10 are ecotypes of 

Microseira wollei with slight evolutionary distinction and nASV 4 was an ecotype of 

Phormidium. However, nASV 4 was also evolutionarily similar to Lyngbya martensiana, which 

was unexpected. (Figure 2.2). 
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Figure 2.2 Phylogenetic tree of the 10 most relatively abundant sASVs from all samples. sASVs 

from the Susquehanna Flats are in bold and the closest sequenced relatives have an asterisk (*). 

16S rRNA sequences from McGregor and Sendall (2015) are not bold, nor do they have an 

asterisk. Note that Microseira wollei Carmichael/Alabama was a closest sequenced relative and a 

16S rRNA sequence from McGregor and Sendall’s (2015) phylogenetic tree. GenBank accession 

numbers are in parenthesis for all ecotypes that are documented in GenBank. Bootstrap values 

are shown at the nodes of the phylogenetic tree, representing the percentage of 100 resampled 

datasets that support the given branching pattern. Higher values indicate stronger support for the 

evolutionary relationships depicted at each node. The scale bar (0.02) in the phylogenetic tree 

represents a 2% sequence divergence, meaning that the length of the branches corresponds to the 

amount of evolutionary change or difference in the aligned sequences. Branches of the tree that 

are 0.02 units long indicate a 2% difference in the nucleotide sequences analyzed. 
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The nASV 1 and nASV 2 were primarily present in the woolly mats while nASV 3 and nASV 5 

were primarily present in the mucilaginous mat samples. The woolly mats contained more 

nASVs in each sample than the mucilaginous mats, but the sample microbial presence differed 

(Figure 2.3). A T-test revealed there was no significant difference in microbial structure between 

the rinsed and unrinsed samples for each site (p < 0.05). However, the mucilaginous samples had 

a distinct nASV composition compared to the rest, with lower dominance of nASV 1 and nASV 

2 (Figure 2.3). 

 

Figure 2.3 Stacked bar plot portraying the percent (%) relative abundance of the 20 most 

abundant nASVs in the samples collected from the Susquehanna Flats. The Figure combined 

nASVs 21-462 for visualization purposes. 
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Table 2.2 nifH ASV (nASV) table of the top 20 most abundant 16S nASVs found in M. wollei 

mats collected from the Susquehanna Flats. The table consists of the nASV ID, the scientific 

name of the top NCBI GenBank closes known species match, the nASV and top match query 

cover (the percentage of the query (submitted) sequence that is aligned with the subject 

(documented) sequence), E-value, percent (%) identity of the nASV and top match, and the 

Accession number of the top match in NCBI GenBank. 

 

 

A phylogenetic of nifH gene evolutionary similarityrevealed that Microseria wollei formed a 

monophyletic group, with nASV 2 being part of this group. There were virtually no nucleotide 

differences between nASV 2 and Microseira wollei clone gnif-1 (EF397782) (Joyner et al., 

2008), a pattern also reflected in McGregor and Sendall’s (2015) nifH phylogenetic tree of 

Microseria wollei. Additionally, nASVs 3, 5, 6, 7, and 9 formed another monophyletic group, 

though with varying bootstrap support values, indicating differing levels of confidence in these 

relationships. The closest sequenced relative for nASVs 3, 5, 6, and 7 was Tolypothrix sp. PCC 

7910. However, the tree showed that these sequences were evolutionarily distinct from one 

another, despite their close relationship. A similar pattern was observed for nASV 9, which was 

related to Leptothermofonsia sichuanensis E412 (Tang et al., 2022), yet remained distinct in the 
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tree. nASVs 11, 12, 16, and 18 were grouped with methanotrophs, suggesting that these nASVs 

were more likely to be methanotrophs rather than Cyanobacteria. nASV 1 was shown to be 

evolutionarily distinct from Filamentous cyanobacterium ESFC-1 (Woebken et al., 2012). 

Although ESFC 1 was the closest sequenced relative to nASV 1, their placement far apart on the 

tree indicated that they may not be related at the genus level, which was also reflected in their 

percent identity. Additionally, nASVs 4 and 13 were grouped with nASV 1, indicating a closer 

evolutionary similarity among these sequences. (Figure 2.4). 
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Figure 2.4 Phylogenetic tree of the 10 most relatively abundant sASVs from all samples. sASVs 

from the Susquehanna Flats are in bold and the closest sequenced relatives have an asterisk (*). 

16S rRNA sequences from McGregor and Sendall (2015) are not bold, nor do they have an 

asterisk. Note that Microseira wollei Carmichael/Alabama was a closest sequenced relative and a 

16S rRNA sequence from McGregor and Sendall’s (2015) phylogenetic tree. Note that 

Microseira wollei clone gnif-1 (EF397782) is also a sequence in the McGregor and Sendall 

(2015) phylogenetic tree. GenBank accession numbers are in parenthesis for all ecotypes that are 

documented in GenBank. Bootstrap values are shown at the nodes of the phylogenetic tree, 

representing the percentage of 100 resampled datasets that support the given branching pattern. 

Higher values indicate stronger support for the evolutionary relationships depicted at each node. 

The scale bar (0.02) in the phylogenetic tree represents a 2% sequence divergence, meaning that 

the length of the branches corresponds to the amount of evolutionary change or difference in the 

aligned sequences. Branches of the tree that are 0.02 units long indicate a 2% difference in the 

nucleotide sequences analyzed. 
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Associated Microbial Communities 

A correspondence analysis (CA) showed that the microbial community structure varied between 

sites (Figure 2.5). The ratios of the sample’s host sASV to non-host sASVs were calculated to 

analyze the dissimilarity of microbial make-up between samples. The microbiome of the 

mucilaginous mat samples were most dissimilar from those of the woolly samples, those the two 

mucilaginous mat samples microbiota were also dissimilar from each other. Among the woolly 

mat samples, 17D and 20C’s were most dissimilar from the other samples’ microbial 

communities. Sample 23D’s associated microbial community was more similar to 20C’s and 

25D’s associated microbial communities than any other samples. (Figure 2.5). 
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Figure 2.5 Canonical correlation analysis of the microbial communities (defined as the squared-

root of non-host sASV counts to sASV host counts) sequenced by their 16S rRNA genes. Each 

point represents a sample’s microbiome and with all other sASVs that are believed to be host-

related sASVs removed. The distance between points represents the Chi Squared distance in 

community composition between those samples, with closer points having more similar 

community structure. CA1, CA2, and CA3 represent the primary axes of inertia and explaining 

23%, 19% and 16 % of the total inertia respectively. 

 

The nifH genes were used to analyze the correlation between samples’ nitrogen fixing microbial 

communities. The ratios of the sample’s host nASV to non-host nASVs were calculated to 

analyze the dissimilarity of microbial make-up between samples. The Correlation Analysis 

positioned samples 20C and 23D far from other samples, indicating a unique microbial 

community. The mucilaginous samples clustered, indicating less microbial community 

dissimilarity between the two samples. Samples 25C and 25D also clustered, indicating less 

microbial community dissimilarity between the two samples as well. Samples 17C, 17D, 23C, 
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25C, and 25D were less dissimilar to each other than other samples, inferring that their microbial 

communities was less dissimilar to each other than to other sample’s microbial community. 

Samples12.Phm, and 20C samples were distinct, which suggests that their microbial makeup 

were each unique and dissimilar from the other samples. (Figure 2.6). 

 

Figure 2.6 Canonical correlation analysis of the microbial communities (defined as the squared 

root of non-host nASV counts to nASV host counts) sequenced by their nifH genes. Each point 

represents a sample’s microbiome and with all other nASVs that are believed to be host-related 

nASVs removed. “C” indicates that the sample was rinsed in the site water (clean) and “D” 

indicates that the sample was not rinsed in the site water (dirty). The distance between points 

represents the Chi Squared distance in community composition between those samples, with 

closer points having more similar community structure. CA1, CA2, and CA3 represent the 

primary axes of inertia and explaining 23%, 19% and 16 % of the total inertia respectively. 

 

The ratios of the sample’s host sASV to non-host sASVs were calculated to analyze the 

mucilaginous and woolly mat associated microbial communities. The mucilaginous mat (samples 

12.Phm and 17.Phm) host sASV was sASV 4 (closet relative Phormidium IAM M-71) and the 

woolly mat (17C/D, 20C/D, 23C/D, and 25C/D) host sASV was sASV 3 (closest relative 

Microseira Carmichael-Alabama). Sample 12.Phm had a higher total microbial to host gene ratio 
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than sample 17.Phm, indicating that 12.Phm had a more dominant associated microbial presence 

and 17.Phm was made up of mainly the host, sASV 3. Samples 17C and 23C had similar 

microbe to host ratios with ~6 non-host microbes for every host microbe. Samples 17D, 20C, and 

20D had higher ratios of ~60-90 non-host microbes for every host count. Samples 23D, 25C, and 

25D had ~10-40 non-host microbes for every host microbe (Figure 2.7). 

 

The samples’ associated microbial communities varied at the phylum level (Figure 2.8). Among 

the dominant microbial phyla, Armatimonadetes, Omnitrophicaeota, and Spirochaetes exhibited 

low ratios in most samples. Cyanobacteria presence was variable with low presence in 17C and 

high presence in 20C and 20D. Gammaproteobacteria, Deinococcus-Thermus, and 

Plantomycetes were variable with a low proportion in the 17.Phm sample. Alphaproteobacteria 

presence was variable as well, with low microbial counts in samples 17.Phm and 20D. Overall, 

sample 17.Phm had a more microbial presence than 12.Phm. 

 

Amongst the mucilaginous mat samples, 12.Phm had a higher presence of associated microbes 

than 17.Phm. Associated Cyanobacteria had a high presence in both samples, with a higher 

presence of Leptolyngbya BN43 in 17.Phm, and a higher presence of Microseira Carmichael-

Alabama, Oscillatoria PCC-10802 and Phormidium ETS-05 in 12.Phm. (Figure 2.9). There were 

also variable genera present within the Cyanobacteria phylum. Microseira Carmichael-Alabama, 

the closest known relative to sASV 3, had low presence in sample 17.Phm and an even lower 

presence in sample 12.Phm. Phormidium IAM M-71, the closest known relative to sASV 4, had 
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variable presence in the filamentous samples. Oscillatoria PCC-10802 and Phormidium ETS-05 

had low ratios in all samples with the highest ratio in the 12.Phm sample. (Figure 2.9) 

 

Figure 2.7 Ratios of the sample’s non-host sASV microbial count to the host microbial count of 

each sample (along a log10 scaled axis) on the y-axis. The sample is portrayed on the x-axis. “C” 

indicates that the sample was rinsed in the site water (clean) and “D” indicates that the sample 

was not rinsed in the site water (dirty). The samples of the mucilaginous mat, 12.Phm and 

17.Phm, host sASV was sASV 4 and the woolly mat host sASV was sASV 3. 
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Figure 2.8 Scatter plots portraying the ratio (along a log10 scaled axis) of each non-host phylum 

count to the host phylum count. The ratio is portrayed on the y-axis. “C” indicates that the 

sample was rinsed in the site water (clean) and “D” indicates that the sample was not rinsed in 

the site water (dirty). The mucilaginous mat samples’, 12.Phm and 17.Phm, host sASV was 

sASV 4 (Phormidium IAM M-71) and the woolly mat host sASV was sASV 3 (Microseira 

Carmichael-Alabama). 
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Figure 2.9 Scatter plots of the sASV ratio (along a log10 scaled axis) of each non-host genus 

count to the host genus count within the Cyanobacteria phylum. The ratio is portrayed on the y-

axis. “C” indicates that the sample was rinsed in the site water (clean) and “D” indicates that the 

sample was not rinsed in the site water (dirty). The mucilaginous mat samples’, 12.Phm and 

17.Phm, host sASV was sASV 4 (Phormidium IAM M-71) and the woolly mat host sASV was 

sASV 3 (Microseira Carmichael-Alabama). 

 

Associated Nitrogen Fixing Microbial Community 

The nifH gene sequences revealed a diverse and complex microbial community associated with 

the woolly and mucilaginous mats. There were >350 nifH Amplicon Sequence Variants (nASV) 

sequenced from the samples collected at the Susquehanna Flats.  

 

Among the nASVs, the mucilaginous mat samples (12.Phm and 17.Phm) had smaller ratios of 

non-host microbial count to host microbial count than the filamentous samples with 20C and 
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20D exhibiting the highest ratios of non-host microbial count to host microbial counts. (Figure 

2.10). Cyanobacteria, Pseudomonadota, and Thermodesulfobacteriota were among the most 

dominant phyla present. The mucilaginous samples had lower phyla richness, mainly made up of 

up Cyanobacteria and Pseudomonadota presence in sample 17.Phm. (Figure 2.11). 

 

Among the Cyanobacteria phylum, Leptolyngbya, Leptothermofonsia, and Tricormus were the 

most dominant genera, although the latter was not found in the mucilaginous samples (Figure 

2.12). The Microseira nifH genes were found in the mucilaginous samples. Pseudomonadota 

genera containing methanotroph nifH genes were present across samples; however, counts were 

variable, which may be due to the different environmental conditions the mats were in. Thus, 

different environmental conditions may influence the associated microbial communities of the 

filamentous Cyanobacteria mats. 

 

The presence of Thermodesulfobacteria and Pseudomonadota indicate anerobic conditions and 

methane sources within the woolly mats. Among the Pseudomonadota phylum, methanotrophs 

had variable presence. Methylococcus had a higher presence in the samples collected from sites 

17 and 20. Methylomonas had variable presence, with low presence in sample 12.Phm and 

samples from site 20. (Figure 2.13). 

 

Among Thermodesulfobacteriota, of which sulfate-reducing genera were present, Desulfobulbus 

and Geobacter were the most dominant genera (Vick et al., 2009; Jeanthon et al., 2002). Both of 

these phyla are associated with anaerobic conditions, indicating anaerobic conditions within the 
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woolly mats (Suzuki et al., 2007). Geobacter was also considered one of the predominant Fe 

(III)-reducing microorganisms in sediment (Lovley et al., 2011). (Figure 2.14). 

 

 

Figure 2.10 Scatter plot portraying the ratio of the sample’s non-host nASV microbial count to 

the host microbial count of each sample on the y-axis (along a log10 scaled axis). The sample is 

portrayed on the y-axis. “C” indicates that the sample was rinsed in the site water (clean) and 

“D” indicates that the sample was not rinsed in the site water (dirty). The samples of the 

mucilaginous mat, 12.Phm and 17.Phm, host nASV was nASV 3 (Tolypothrix sp. PCC 7910) and 

the woolly mat host nASV was nASV 2 (Microseira wollei). 
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Figure 2.11 Scatter plots portraying the nASV ratio (along a log10 scaled axis) of each non-host 

phylum count to the host phylum count. The ratio is portrayed on the y-axis. “C” indicates that 

the sample was rinsed in the site water (clean) and “D” indicates that the sample was not rinsed 

in the site water (dirty). The mucilaginous mat samples’, 12.Phm and 17.Phm, host nASV was 

nASV 3 (Tolypothrix sp. PCC 7910) and the woolly mat host nASV was nASV 2 (Microseira 

wollei). 
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Figure 2.12 Scatter plots of the nASV ratio (along a log10 scaled axis) of each non-host genus 

count to the host genus count within the Cyanobacteria phylum. The ratio is portrayed on the y-

axis. “C” indicates that the sample was rinsed in the site water (clean) and “D” indicates that the 

sample was not rinsed in the site water (dirty). The mucilaginous mat samples’, 12.Phm and 

17.Phm, host nASV was nASV 3 (Phormidium IAM M-71) and the woolly mat host nASV was 

nASV 2 (Microseira wollei). 
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Figure 2.13 Scatter plots of the nASV ratio (along a log10 scaled axis) of each non-host genus 

count to the host genus count within the Pseudomonadota phylum. The ratio is portrayed on the 

y-axis. “C” indicates that the sample was rinsed in the site water (clean) and “D” indicates that 

the sample was not rinsed in the site water (dirty). The mucilaginous mat samples’, 12.Phm and 

17.Phm, host nASV was nASV 3 and the woolly mat host nASV was nASV 2. 
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Figure 2.14 Scatter plots of the nASV ratio (along a log10 scaled axis) of each non-host genus 

count to the host genus count within the Thermodesulfobacteriota phylum. The ratio is portrayed 

on the y-axis. “C” indicates that the sample was rinsed in the site water (clean) and “D” indicates 

that the sample was not rinsed in the site water (dirty). The mucilaginous mat samples’, 12.Phm 

and 17.Phm, host nASV was nASV 3 and the woolly mat host nASV was nASV 2. 

 

Discussion 

Woolly Mat Host- Microseira wollei Ecotype 

For the purposes of this analysis, ASVs with a ≥98% and < 100% identity match to the closest 

sequenced relative in GenBank are considered the same species as the match, but of a different 

ecotype. If the ASV had a 95% to 98% identity match to the closest sequenced relative in 

GenBank, the ASV was considered to be of the same genus as the observed species (following 

Cheng et al., 2014). 
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The analyses indicated that within the woolly mat samples, 14 sASVs out of the 20 most 

abundant sASVs were all distinct ecotypes of the M. wollei species suggesting microdiversity 

within the M. wollei population. Within the top 20 most abundant sASVs, more than one M. 

wollei sASV was found in the mats at each site. sASV 1, 2, 8-15, and 19 had a ~98% (species 

level) identity match to Microseira wollei NIES-4236 (Yamaguchi et al., 2019 unpubl.), making 

them a novel ecotype of M. wollei with their closest relative being Microseira wollei NIES-4236 

(Yamaguchi et al., 2019 unpubl.). sASV 3, 5, and 6 had a ~98.6% (species level) identity match 

to Microseira wollei str. Carmichael-Alabama (Kellmann et al., 2008), making them a novel 

ecotype of Microseira wollei with their closest relative being Microseira wollei str. Carmichael-

Alabama (Kellmann et al., 2008). These sASVs had high yet variable relative abundances, which 

may be because they were all M. wollei ecotypes that coexist in the mats. (Figure 2.12.). Three of 

these sASVs (1, 2, and 3) were “dominant” comprising more than half of all M. wollei ASVs. 

The relative proportions of these dominant sASVs varied between sites, suggesting that 

environmental or historical effects may shape the structure within this population (Martiny et al., 

2011). 

 

Because two nifH gene ASVs (nASVs) were dominant in the woolly mat samples, and only the 

second most abundant of these mapped to M. wollei, it was hypothesized that both the first and 

second most abundant genes are actually from the same M. wollei with the first gene being novel. 

(Figure 2.13). While it is conceivable that the other nifH gene is from some other organism, its 

abundance, relative to that of nASV2 suggests that it is most likely from the dominant known 

diazotroph in the environment, with M. wollei having two nifH genes (nASV1 and nASV2). 

While it is conceivable, given the 16s rRNA gene microdiversity, that some nASVs harbor one 
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nifH gene and others harbor the other, the consistent 2-1 ratio of nASV1 to nASV2 across the 

different samples, in spite of different ratios of the dominant sASVs suggests that each ecotype 

harbors both nifH genes, in a common 2-1 ratio (Figure 2.1, 2.2). It is hypothesized that given its 

dissimilarity to other samples, the nifH gene corresponding to nASV1 is novel and currently 

unique to this site, while nASV2 has been documented in GenBank as having been found in 

Florida. (Table 2.2, Figure 2.13). However, note that the supplied GenBank reference (Joyner et 

al., 2008) did not refer to the accession number for this sequence so its distribution in Florida, 

aside from being associated with fresh and coastal environments is unknown to us and missing 

from the scientific literature.  

 

Similar below species level for M. wollei have been previously documented by Joyner et al. 

(2008). Using 16S rRNA and nifH gene sequences, Joyner et al. (2008) identified three distinct 

“Operational taxonomic units” (OTUs), encompassing at least two different Lyngbya wollei 

species (since reclassified as M. wollei). Joyner et al.’s (2008) OTUs are similar to the 

Susquehanna Flats ASVs but were determined from clone libraries with a separate informatics 

protocol. Given the OTUs phylogenetic differences, Joyner et al. (2008) contended one of the 

OTUs should be considered a different species from the other two. These OTUs coexisted across 

21 river and spring sites in Florida. However, it was found that different sites tended to be 

dominated by different, single, OTUs. This is in contrast to the Susquehanna Flats sites, where 

the ASVs tend to co-occur with their proportions varying between sites (Figure 2.1). They also 

found a direct 1-1 mapping in abundance between 16S rRNA genes and nifH genes, suggesting 

that each OTU harbored a particular nifH gene in their site, in contrast to the Susquehanna Flats 

where it appears that each sample harbors the same nASVs. 
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Conversely, Engene et al. (2010) suggest caution when observing microdiversity in 

Cyanobacterial mats. These authors also observed OTU level microdiversity amongst Lyngbya 

spp. but concluded that 16S rRNA sequencing can be unreliable to identify ecotypes of Lyngbya 

because Lyngbya can often contain multiple copies of the 16S rRNA gene, leading to an 

overestimation of Lyngbya microdiversity. However, this interpretation might not apply at the 

Susquehanna Flats because the proportions of the different sASVs vary between sites, a pattern 

that would not occur if each organisms harbored all of the same set of 16s ASV genes. Indeed, it 

is possible that there are different species with different combinations of 16s ASV genes, in 

which case the patterns could be more complicated than is articulated here, but in which there 

would still need to be more than one ecotype with different ratios or combinations of the 

observed 16s rRNA genes. Further investigation using metagenomics would allow researchers to 

identify which 16S rRNA genes and nifH genes are present in which organisms and provide a 

more wholistic picture of the within population diversity in the Susquehanna flats.  

 

Associated Microbial Community of Microseira wollei Dominated Mats 

The woolly mats harbored complex and diverse associated microbial communities that exhibited 

spatial differences amongst samples. The woolly mats contained various phyla, including 

Acidobacteria, Actinobacteria, Alphaproteobacteria, Cyanobacteria, Deinococcus-Thermus, 

Gammaproteobacteria, and Planctomycetes. These phyla are common across aquatic soil and 

other environments and their presence in the mats is unsurprising (Kielak et al., 2016; Barka et 

al., 2015; Delgado-Baquerizo et al., 2018; Sheng et al., 2016; Röske et al., 2012; Zhang et al., 

2015).   
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nifH sequencing revealed a diverse nitrogen fixing microbial community associated with the M. 

wollei mats. Cyanobacteria, Pseudomonadota, and Thermodesulfobacteriota were among the 

most commonly detected nitrogen fixing phyla across samples. Within Pseudomonadota, 

methanotrophs were detected in the mats and within Thermodesulfobacteriota, sulfate-reducers 

were detected in the mats. The different genera of nitrogen fixing bacteria indicate that 

diazotrophs associated with the woolly mats have the potential to carry out a range of 

biogeochemical processes.   

 

It was unexpected that the “rinsed” M. wollei samples, did not have any significant differences 

with the “unrinsed” samples’ associated microbial communities (p < 0.05) as it was clear that the 

rinsing process removed a lot of sediment, and it was suspected that the sediment would harbor 

its own microbiota. This nondifference suggests that the woolly mats effectively “trap” their 

associated microbial communities or that the sediment that was rinsed away harbored relatively 

few organisms relative to the mats. The observation that the rinsed and unrinsed communities 

harbored similar proportions of M. wollei preclude that the similarity could be from the sediment 

having the same microbial community since the mats visually have more M. wollei than 

sediment. Though, that most microorganisms in M. wollei mats are tightly bound to their hosts 

suggests an opportunity for close ecological associations between M. wollei and its associated 

microbial community, which should be taken into consideration future explorations of M. wollei 

mat biogeochemistry. Sequencing the attached sediment that is rinsed off would also further 

reveal the associated microbial communities that are more associated with the filamentous 

Cyanobacteria mats and those that are more associated with the sediment. 
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The high-level microbial patterns seen in the samples from the Susquehanna Flats mirror those 

seen elsewhere. For instance, associated microbial communities of Lyngbya spp. collected from 

Papua New Guinea, Curaçao, and Jamaica, found similar phyla to the Susquehanna Flats sites 

including Alphaproteobacteria, Betaproteobacteria, c-proteobacteria, and Bacteroidetes (Engene 

et al., 2010).  

 

The spatial variability of the associated microbial communities may reflect differences in 

environmental factors, such as location, depth, water clarity, and water column nutrient make-up 

(Gurbisz, 2016; Nguyen et al., 2021). Therefore, abiotic factors and the microbiome of 

filamentous and M. wollei mats should be taken into consideration when making management 

decisions. 

 

The presence of fecal indicator bacteria, Pseudomonas, as well as human pathogens, Legionella 

and Bacteroides, were detected. This finding mirrors observations of M. wollei dominated mats 

in Lake St. Clair (Vijayavel et al., 2013) which also trapped fecal indicator bacteria and 

pathogens.  

 

Mucilaginous Mat Host- Phormidium Ecotype 

In contrast to the M. wollei mat, the mucilaginous mats had only one sASV (sASV) 4, which had 

a 98.22% (species level) identity match to Phormidium sp. DVL1003c. This partial match 
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suggests that sASV 4 is a novel ecotype of Phormidium with its closest sequenced relative being 

Phormidium sp. DVL1003c (Shishido et al., 2013). (Figure 2.12). The most abundant nifH gene 

in the mat was nASV 3, which had an 86.56% (< genus level) identity match to its closest 

sequenced relative, Tolypothrix sp. PCC 7910. This lack of identity suggests that this gene is 

novel. Any similarity to Tolypothrix sp. PCC 7910 (Park and Song, 2020) suggests that the gene 

may share a common ancestor with one found Tolypothrix sp. PCC 7910 (Park and Song, 2020) 

and that the gene arrived in Phormidium due to horizontal gene transfer. (Figure 2.13). With only 

a 98.22% identity match to the Phormidium sp. DVL1003c (Shishido et al., 2013) 16S rRNA 

gene and an 86.56% identity match to the Tolypothrix sp. nifH gene, it is hypothesized that the 

Phormidium species at the Flats is a novel ecotype of Phormidium that has not been sequenced 

elsewhere.  

 

Phormidium taxonomic classification has changed over time, with molecular and morphological 

approaches sometimes contradicting each other (Marquardt and Palinska, 2007; Palinska and 

Marquardt, 2008; Palinska et al., 2011). Phormidium is not a monophyletic genus and 

morphological identification does not reveal the associated microbial communities as well 

(McAllister et al., 2016; Marquardt and Palinska, 2007). Therefore, it is highly suggested that 

information provided by molecular studies such as this one should take precedence over 

morphological approaches. 

 

The Susquehanna Flats is unlike other environments in which Phormidium has been previously 

detected – in those other environments, water flow tends to be moderate with higher dissolved 
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inorganic nitrogen (>0.1 mg L-1) than seen at the Susquehanna Flats sites (Heath, 2009; Heath et 

al., 2016. Thus, this new Phormidium species level group appears to be found outside the 

environmental range of previously discovered Phormidium, warranting additional study into its 

physiology and ecology. However, the flats does share some features with other Phormidium 

dominated environments – in particular dissolved reactive phosphorus is low in both other 

Phormidium dominated sites (>0.01 mg L-1) (McAllister et al., 2016; Heath et al., 2011) and in 

this study. Similarly, both the other Phormidium waters (McAllister et al., 2016; Heath et al., 

2011) and the Flats has warm summer waters, reaching >22 °C in August 2023 (measured with a 

Hydrolab HL4) when the Phormidium dominated mats were present. 

 

Phormidium dominated mats in other environments have been found to produce cyanotoxins 

(Gugger et al., 2005; Teneva et al., 2005; Wood et al., 2007; Borges et al., 2015), including 

anatoxin-a (ATX), homoanatoxin-a (HTX) (Quiblier et al., 2013), saxitoxins and microcystins 

(Teneva et al., 2005). Animal deaths have been linked to Phormidium dominated mat outbreaks 

in France, Netherlands, New Zealand, and the United States (Gugger et al., 2005; Wood et al., 

2007; Puschner et al., 2008; Faassen et al., 2012). Thus, it is recommended that the scientific 

community prioritize testing the Phormidium dominated mats in the Susquehanna Flats for these 

and other toxins. 

 

Associated Microbial Community of Phormidium sp. Dominated Mats 

Phormidium at site 12 had a higher presence of non-Phormidium microbial species compared 

Phormidium mats at site 17. However, both samples exhibited a high presence of non-
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Phormidium Cyanobacteria. The results mirror microbial analyses of other Phormidium 

dominated mats which have been found to contain bacteria, Cyanobacteria, and some eukaryotic 

algae (McAlister et al., 2016).  These microorganisms have been shown to exhibit symbiotic 

relationships with one-another and the Phormidium (Hart et al., 2013; Brasell et al., 2015) and so 

similar interactions may occur in the Susquehanna Flats as well. 

 

While only one survey of the Phormidium was conducted during one point during the summer, 

observations elsewhere suggest mats are temporally dynamic with Phormidium-dominated mats 

progress through three distinct phases of microbial community composition (Brasell et al., 2015). 

In the first phase, the microbial community is primarily composed of eukaryotic diatoms, 

Alphaproteobacteria, and Betaproteobacteria. The second phase sees a shift, with the microbial 

community dominated by Alphaproteobacteria, Betaproteobacteria, Sphingobacteria, and 

Flavobacteria, along with a significant presence of diatoms. During this phase, Phormidium is 

present but in lower abundance, mainly using the substrate for growth. The final phase is 

dominated by Cyanobacteria, Sphingobacteria and Flavobacteria, with minimal diatom presence. 

This phase consists of species that recycle nutrients, supporting and stabilizing the mat's 

structure. Because the study focused on amplifying the 16S rRNA and nifH genes, the presence 

of eukaryotic diatoms was not detected. However, the dominance of Phormidium in the samples 

and presence of Cyanobacteria suggests that the mats observed were likely in the final, stable, 

nutrient-cycling phase. (Figure 2.1, 2.2, 2.6). 
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Management Implications 

While the M. wollei dominated mats at the Flats produce saxitoxins (Wazniak et al., 2022 

unpubl.) the Phormidium dominated mats at the Flats have not been tested for toxins. Like M. 

wollei, different Phormidium species can produce various toxins, so following molecular 

identification, toxin analysis is essential to understand the possible toxin impact on human and 

environmental health (Mitsui et al., 1987; Lilleheil et al., 1997; Anagnostidis and Komarek, 

1988; Baker et al., 2001; Teneva et al., 2005). 

 

The novel 16S ASVs suggesting microdiversity within the M. wollei mats would not have been 

discovered without long read PacBio long-sequencing. Future studies should use metagenomics 

to confirm and identify the multiple ecotypes in the bay. Furthermore, metagenomics has the 

potential to better characterize the genetic potential of the microbial communities associated with 

the mat samples. 

 

Metagenomic sequencing would allow researchers to confidently identify the ecotype of M. 

wollei and Phormidium at the Flats and their potentially different microbiomes, which would 

enhance the understanding of microbial diversity in M. wollei and Phormidium mats in 

comparable aquatic ecosystems. Identifying the microbes present in the mats is crucial, as some 

of these microbes may be sources of toxins or play significant roles in biogeochemical fluxes, 

which may alter the surrounding environment’s nutrient fluxes. Uncovering dominant microbes, 

allows better understanding of biogeochemical processes, and possible toxin-producers, which is 
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crucial for implementing effective management decisions, especially in nutrient-loaded 

environments.  
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Chapter 3: Microseira (Lyngbya) wollei Ecophysiology 

 

 

Abstract 

Just below the mouth of the Susquehanna River at the head of the Chesapeake Bay lies a 

recovering submerged aquatic vegetation (SAV) bed at the Susquehanna Flats. The Susquehanna 

Flats plays a crucial role in nutrient removal, situated at the confluence where the Susquehanna 

River, the largest tributary of the Chesapeake Bay, flows into the Bay. The SAV bed was 

decimated by the devastating effects of Hurricane Agnes in 1972 but has since recovered to be 

the most abundant and biodiverse SAV bed in the Chesapeake Bay. However, a filamentous 

cyanobacterium, molecularly identified as Microseira (Lyngbya) wollei, has bloomed 

consistently on an annual basis since the early 2000s. However, its ecophysiology and affects it 

may have on the recovering SAV bed has not been investigated. To investigate the basic nutrient 

requirements and preferences of the Microseira (Lyngbya) wollei, studies taking a three-prong 

approach of field, laboratory and modelling approaches, were initiated to study its role in the 

environment. This study focused on the field and laboratory approaches to provide the necessary 

information for a model simulation. Field studies included measuring Microseira (Lyngbya) 

wollei abundance and nitrogen oxides, ammonium, and soluble reactive phosphorus, at various 

sites at Flats. Laboratory experiments included nutrient bioassays and acetylene reduction assays 

to assess the Microseira (Lyngbya) wollei growth rates and nitrogen fixation rates. Nutrient 

bioassay experiments were conducted in which Microseira (Lyngbya) wollei samples received 

different nutrient additions of either nitrate (NO3
-), phosphate (PO4

3-), NO3
- + PO4

3-, or 

ammonium (NH4
+). The growth response of Microseira (Lyngbya) wollei was measured over a 

six-day period and compared to the growth of control samples with no nutrient additions. The 
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growth rates were variable in both 2022 and 2023 but were stimulated by nutrient additions. The 

nitrogen fixation experiments were held over a 24-hour period and the Microseira (Lyngbya) 

wollei group that received daily PO4
3- treatments had the highest nitrogen fixation rates. 

Although the growth rates were variable, a seasonal growth and nitrogen fixation pattern 

emerged, showing that the Microseira (Lyngbya) wollei nitrogen fixation rates are higher in the 

early summer months when growth rates are low, and the nitrogen fixation rates are lower in the 

late summer months when growth rates are higher. It is further hypothesized that Microseira 

(Lyngbya) wollei allocates energy to nitrogen fixation in the early summer months to produce 

potential anti-grazing toxins for protection. Later in the summer, it may recycle the nitrogen 

within its mats, reducing the need for continued nitrogen fixation. The Microseira (Lyngbya) 

wollei can then focus energy into growth, completing the seasonal pattern. 

 

 

Introduction 

The filamentous Cyanobacteria Microseira (Lyngbya) wollei is a non-heterocystous diazotroph, 

capable of converting N2 gas dissolved in the water into ammonia (NH3) for its own cellular use 

(Phlips et al., 1992). Gaseous N2 comprises ~78% of the atmosphere and is available to nitrogen 

fixing prokaryotes, also known as diazotrophs, in the dissolved form in surface seawater. Only 

very specific groups of some heterotrophic bacteria and Cyanobacteria (diazotrophs) possess the 

enzyme nitrogenase, that catalyzes the reaction of nitrogen fixation (Paerl and Zehr, 2000). The 

very stable triple bond in N2 makes nitrogen (N) fixation a very energetically demanding 

reaction; despite the energy cost, diazotrophs can have a competitive advantage over other non-

diazotrophic eukaryotes in nitrogen-limited waters by N2 into bioavailable ammonia. (Gallon, 
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1992; Paerl and Zehr, 2000; Deutsch et al., 2007; Schmittner et al., 2008). The biological 

nitrogen fixation reaction is as follows: 

(Equation 1) 

During biological N fixation, N2 is reduced to NH3 by the enzyme nitrogenase. The process uses 

8 hydrogen ions and 8 electrons to reduce the N2 to NH3 and the hydrolysis of 16 adenosine 

triphosphate (ATP) to 16 adenosine diphosphate (ADP) + 16Pi supplies the reaction with the 

required energy to split the N2 triple bond. Hydrogen gas (H2) and ammonia (NH3) are the 

byproducts of the reaction. The NH3 then accepts a proton (H+) from water (H2O), which results 

in the formation of ammonium (NH4
+) for its own cellular needs. (Equation 1). Upon death or 

decay of the N fixing organisms, it releases the newly fixed nitrogen to the environment as 

bioavailable NH4
+, which is then available to other non-nitrogen fixing organisms (Paerl and 

Zehr, 2000). 

 

N2 fixing organisms, such as M. wollei, require certain environmental and nutrient conditions to 

fix nitrogen due to the energetically demanding process (Phlips et al., 1992). Previous studies 

have shown that higher levels of Phosphorus (P) in aquatic environments can promote 

Cyanobacteria harmful algal bloom formation (cHAB) (Schindler et al., 2008), with diazotrophic 

capacity alleviating N limitation. Consequently, P is likely the limiting nutrient for M. wollei 

growth, and M. wollei requires sufficient access to P, through the water column or P-rich 

sediments, as energy for nitrogenase activity (Hamilton et al., 2016).  However, diazotrophic 

Cyanobacteria are efficient at halting their N2 fixation when ample levels of readily assimilable 
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N, such as ammonium are available (Watkinson et al., 2005; Paerl et al., 2008). Consequently, 

diazotrophic Cyanobacteria can adapt to variable nutrient conditions, allowing them to thrive in 

both nutrient-rich and low-N waters. They can establish themselves initially through P uptake 

and N fixation, while non-diazotroph biomass is in low nitrogen environments (Elser et al., 2009; 

Lewis et al., 2020). 

 

Because M. wollei is not N-limited like many eukaryotic phytoplankton (Paerl and Zehr, 2000), it 

can thrive in low N environments, such as those that occur seasonally within the submerged 

aquatic vegetation (SAV) beds at the Susquehanna Flats. Dissolved inorganic nitrogen (DIN) has 

been demonstrated to be substantially reduced at the center of the Flats SAV bed where SAV 

biomass was higher (Gurbisz et al., 2016). This occurs because SAV beds with their large 

seasonal biomass, such as the one on the Flats, reduce wave and current energy, causing 

suspended sediment and other particles that may contain nutrients to settle and are subsequently 

taken up by growing SAV biomass from the sediments (Ward et al., 1985; Gambi et al., 1990; 

Granata et al., 2001; Peterson et al., 2004). The lower DIN and dissolved inorganic phosphorus 

(DIP) in the water column limits the phytoplankton and epiphyte growth, which allows sufficient 

light to reach the benthos and allows for SAV photosynthesis (Moore, 2004; Gurbisz et al., 

2016). The limitation of phytoplankton and epiphyte growth contributes to increasing water 

clarity at the center of the SAV bed. SAV also takes up DIN in the water column and may 

enhance denitrification, which may also account for lower levels of DIN at the center of the SAV 

bed at Susquehanna Flats during the summer months (Gurbisz and Kemp, 2014).  The 

combination of increased water clarity and lower water column DIN levels provides an open 

niche for M. wollei to thrive as a diazotroph.  
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Therefore, the lower DIN levels at the Susquehanna Flats center (Gurbisz et al., 2016) likely 

selects for M. wollei growth, given its diazotrophic capacity. However, M. wollei growth requires 

ample access to phosphorus as well, for nitrogen fixation. This suggests that the M. wollei 

growth could be stimulated by available DIP and/or sediment P availability (Watkinson et al. 

2005; Ahern et al., 2007). It is hypothesized that M. wollei establishes itself on the benthos at the 

center of the Flats where the sediment is rich in legacy P. The integrity of M. wollei’s filaments 

effectively traps the fine-grained sediment particles as they overtop SAV plants and shade the 

benthos. As they get access to light and rapidly photosynthesize, the oxygen bubbles get trapped 

within the filaments and cause the Cyanobacteria to float to the surface in dense tangled mats 

(Albert et al., 2005). Once they create these mats, they then can utilize the P from the trapped 

sediment particles entrained within its filaments as well as DIP from the water column. 

Therefore, it is also hypothesized that there are lower water column DIN and DIP levels where 

M. wollei is most prevalent. 

 

To develop an understanding of M. wollei nutrient limitation, optimum growth and conditions 

that promote nitrogen fixation, nutrient bioassay growth and nitrogen fixation experiments were 

carried out during the summer seasons of 2022 and 2023. It was hypothesized that M. wollei 

growth rates would be higher among the groups that received a nitrogen + phosphate treatment 

since the M. wollei would not be N or P limited. Additionally, it was anticipated that higher 

nitrogen fixation rates would be measured among the samples that received phosphate 

treatments, as they would experience nitrogen-limited conditions and because phosphate acts as 

an enzyme in the nitrogen fixation process. Experiments were also designed to investigate 

sediment nitrogen fixation under aerobic and anaerobic conditions to address nutrient availability 
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for the M. wollei and confirm whether most nitrogen fixation occurs within the sediment 

microbiome or with the M. wollei and its associated microbial community. 

 

Methods 

Study Site and Sample Collection 

Microseira wollei samples were collected on June 14-15 and July 26-27 in 2022 and June 5-6 

and August 7 in 2023. Core samples were taken by hand while snorkeling, for M. wollei and SAV 

biomass, and nutrients and other water quality parameters from the Susquehanna Flats at sites 

along 2 crisscrossing transects (Figure 3.1). Percent cover of SAV and Cyanobacteria was 

estimated in four random 0.25 m2 quadrats at each site, using a one to four scale, with one being 

0-25% and four being 75-100% cover (Duarte and Kirkman, 2001). Samples of M. wollei for 

laboratory experiments were also collected directly from benthos by snorkeling. In 2022, most 

samples were collected from sites 22 and 23. In 2023, most samples were collected from sites 17, 

23, and 27. (Figure 3.1). Samples were transported in coolers with site water, to the laboratory, 

where samples were subsequently cleaned of other material (e.g. SAV, invertebrates, detritus). 

Aerators kept samples from going anaerobic. 
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Figure 3.1 Map of the Susquehanna Flats site numbers and location relative to the SAV bed. 

Black points represent sites, and the red cross represents the two transects. 

 

Nutrient Bioassay Growth Experiment 

Samples for nutrient bioassays were rinsed with filtered site water back at the lab, and forceps 

were used to remove any remaining organisms, such as invertebrates and SAV. Subsamples of 

volumetrically measured (5 mL) M. wollei in 3L wide-mouthed polycarbonate jars containing 

700 mL of GF/F filtered (nominal pore size of 0.7 µM) site water in triplicate treatments of:  10 

µM NO3
-, 5 µM PO4

3-, 10 µM NO3
- + 5 µM PO4

3-, and 10 µM NH4
+, and controls with no 
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nutrient additions (Table 3.1, Figure 3.2). Nutrients were added daily at ~12:00-13:00 h, and 

lightly stirred to ensure even distribution.  

 

Before the initial addition of nutrient treatments, samples were maintained in an incubation 

chamber at ambient temperature and 12h light/dark cycle at ~ 50 µE light (using a Waltz UM-

500 light meter) (under 2 layers of neutral density screening) for two to four days to acclimate; 

and then subsequently wet-weight obtained for initial biomass. Wet weight of biomass samples 

were obtained every two to three days and the experiment terminated after ~six days, at which 

time cumulated biomass was calculated to determine growth rate. In 2022, excess water was 

uniformly blotted from the samples, before each weighing. In 2023, samples were wrapped in a 

filter to contain the filaments and were spun in a salad spinner in a consistent manner, to remove 

excess weight from water, before each weighing, which yielded more reproducible results 

(Image 3.1). 

 

Table 3.1. Nutrient bioassay growth rate experiment samples, sample number, and assigned 

nutrient treatments. 

Sample Nutrient Treatment 

1-3 Control 

4-6 + 10 µM NO3
- 

7-9 + 5 µM PO4
3- 

10-12 + 10 µM NO3
- + 5 µM PO4

3- 

13-15 + 10 µM NH4 
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Figure 3.2: Nutrient bioassay growth experimental set-up in triplicate. Three control samples, 

three samples that received a daily nitrate (+ NO3
-) treatment, three samples that received a daily 

phosphate treatment (+ PO4
3-), three samples that received a daily nitrate + phosphate treatment 

(+ NO3
- + PO4

3-), and three samples that received a daily ammonium (+ NH4
+) treatment 

(Graphic: A. Vader, UMCES). 

 

 

 

Image 3.1 Removal of excess water from M. wollei samples with use of salad spinner, to provide 

more consistent measurement of biomass wet weights among all samples. 
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Microseira (Lyngbya) wollei Nitrogen Fixation Experiments 

Subsamples of M. wollei from the nutrient bioassay experiment were used for N fixation 

experiments using the acetylene reduction assay (ARA) method (Hardy et al., 1968, Capone, 

1993). (Equation 2). 

C2H2 + 2e- + 2H+ → C2H4 (Equation 2) 

Subsamples consisting of 0.5 mL of M. wollei and 30 mL of filtered site water were placed in 50 

mL Erlenmeyer flasks with gas-tight suba-seal caps. Acetylene gas, generated from reacting 

calcium carbide and water, was then added to the flasks at a volume equal to 15% gas phase 

volume of the flask. These samples were then measured immediately for acetylene reduction, 

taking several time points over a 24h period. This method uses acetylene as a triple bonded 

substrate analog for nitrogen gas, and the enzyme nitrogenase preferentially reduces the weaker 

triple bond of acetylene to ethylene (rather than the stronger triple bond of dinitrogen to 

ammonium). (Equation 2). Ethylene production was measured by injecting 100 µL subsamples 

of the headspace of each flask with a gas-tight syringe into a Shimadzu gas chromatograph  GC- 

8A with a Flame Ionization Detector (FID). Acetylene reduction rates were determined by the 

ethylene peak heights recorded on a Chromatopac Integrator (C-R8A)  and compared to the peak 

heights of 100 ppm ethylene standards. These measurements were normalized to the dry weight 

of the Cyanobacteria samples and flask headspace volume. The acetylene reduction rates were 

converted to nitrogen fixation rates using a standard 3:1 ratio of acetylene to nitrogen reduced 

(Hardy et al., 1968; Goldsborough and O’Neil, 2016; Capone, 1993; Montoya et al., 1996; 

Postgate, 1998).  
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Sediment Nitrogen Fixation Experiments 

To test whether the majority of N fixation was produced either by M. wollei or sediment 

microbes, sediment N fixation experiments were also conducted. Sediment samples were 

collected using 250 ml cut-off syringes to sample the top ~5cm of the sediment along North-

South (N-S) and East-West (E-W) transects. Cores were maintained in an upright position in 

coolers until processed at Horn Point Laboratory (O’Neil and Capone, 1989). The experimental 

flasks were sampled for ethylene production approximately four times over a ~24 h period. 

Samples of 20 ml of sediment and 40 ml of site water were added to 250 ml flasks with the gas 

tight seal product, suba-seal, in duplicate treatments of either aerobic or anaerobic (flushed with 

nitrogen gas) headspace conditions in the dark, to measure nitrogen fixation rates to test whether 

rates were primarily heterotrophic or autotrophic in nature, along an anaerobic to aerophilic 

gradient.  After ethylene analysis, the dry weights were then taken to normalize the ARA results. 

(Montoya et al., 1996; Postgate, 1998) 

 

Results 

Susquehanna Flats Bottom Nutrients and Microseira wollei Abundance 

Microseira wollei was most abundant in the southeast part of the Flats in both 2022 and 2023, 

which generally corresponded to lower bottom water concentrations of SRP, NOx, and NH4
+. In 

June 2022, the bottom NH4, NOx, and SRP levels were negatively correlated with M. wollei 

abundance (p < 0.05). The July 2022 bottom NH4, NOx, and SRP levels were not significantly 

correlated with M. wollei abundance. (Table 3.3; Figure 3.3, 3.4, 3.5, 3.6). 
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In June 2023, the Flats experienced an anomalous high tide at the time of sampling, which may 

have caused enhanced water column mixing and increasing inputs from the surrounding 

Chesapeake Bay water (Table 3.2). The bottom NH4 and NOx levels had low negative 

correlation with M. wollei abundance and the bottom SRP levels had a moderate positive 

correlation with M. wollei abundance. In August 2023, the bottom NH4 levels had no correlation 

with M. wollei abundance and NOx levels had moderate negative correlations with M. wollei 

abundance and the bottom SRP levels had a low positive correlation with M. wollei abundance. 

In 2023, the correlations between nutrient levels and M. wollei abundance were not significant. 

(Table 3.3; Figure 3.3, 3.4, 3.5, 3.6). 

 

Table 3.2 High (H) and low (L) tide levels (m) at Havre de Grace, Maryland on June 6 in 2021-

2024 and the time of each tide measurement. Asterisk (*) represents the sampling time at the 

Flats during the anomalous high tide event (NOAA Tide Predictions, 2021-2024). 

 



76 

 

 

  

Figure 3.3 Figure presents the spatial distribution of nutrient concentrations and the abundance of 

M. wollei at the Flats on 14-15 June 2022. The varying sizes of circles represent different 

concentration levels, and the numbers represent the site number. A. NOx (µM) b. NH4 (µM) c. 

SRP (µM) d. M. wollei abundance (0 = 0% quadrat cover, 1 = 1-25% quadrat cover, 2 = 26-50% 

quadrat cover, 3 = 51-75% quadrat cover, 4 = 76-100% quadrat cover). 
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Figure 3.4 Figure presents the spatial distribution of nutrient concentrations and the abundance of 

M. wollei at the Flats on 26-27 July 2022. The varying sizes of circles represent different 

concentration levels, and the numbers represent the site number. A. NOx (µM) b. NH4 (µM) c. 

SRP (µM) d. M. wollei abundance (0 = 0% quadrat cover, 1 = 1-25% quadrat cover, 2 = 26-50% 

quadrat cover, 3 = 51-75% quadrat cover, 4 = 76-100% quadrat cover). 
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Figure 3.5 Figure presents the spatial distribution of nutrient concentrations and the abundance of 

M. wollei at the Flats on 5-6 June 2023. The varying sizes of circles represent different 

concentration levels, and the numbers represent the site number. A. NOx (µM) b. NH4 (µM) c. 

SRP (µM) d. M. wollei abundance (0 = 0% quadrat cover, 1 = 1-25% quadrat cover, 2 = 26-50% 

quadrat cover, 3 = 51-75% quadrat cover, 4 = 76-100% quadrat cover). 
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Figure 3.6 Figure presents the spatial distribution of nutrient concentrations and the abundance of 

M. wollei at the Flats on 6-7 August 2023. The varying sizes of circles represent different 

concentration levels, and the numbers represent the site number. A. NOx (µM) b. NH4 (µM) c. 

SRP (µM) d. M. wollei abundance (0 = 0% quadrat cover, 1 = 1-25% quadrat cover, 2 = 26-50% 

quadrat cover, 3 = 51-75% quadrat cover, 4 = 76-100% quadrat cover). 
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Table 3.3 Pearson values and p-values of Microseira wollei abundance and NH4, NOx, and SRP 

levels (µM) taken from the water column bottom and surface in June and July 2022 and June and 

August 2023. Significant p-values (p < 0.05) are labeled with an asterisk (*). 

 

 

Nutrient Bioassay Growth Rates 

Growth rates were highly variable in both 2022 and 2023 for the control samples and the 

experimental groups that received daily nitrate treatment and phosphate treatment. Filamentous 

Cyanobacteria is difficult to work with as each filament is made up of hundreds of cells and there 
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is no uniform way to measure it, and because it can trap so much organic material (McGregor 

and Sendall, 2015; Engene et al., 2018).  This may have caused variability in the results. In 2022, 

the samples with added nitrate had the highest mean growth rate (0.098 grams/day (g/d)) and the 

samples with added nitrate + phosphate had the lowest mean growth rate (0.009 g/d). The group 

with added nitrate and the group with added phosphate, had higher mean growth rates than the 

control group, but with higher standard errors. The group that received nitrate + phosphate and 

the group that received ammonium treatments had lower mean growth rates than the control 

group and had lower standard errors. Methods were being developed in 2022, which account for 

only one replicate of the experiment and may account for inconclusive results. It is unclear why 

the group that received the nitrate + phosphate treatment and the group that received the 

ammonium treatment had lower growth rates than the control group (Figure 3.3). 

 

The 2023 nutrient bioassay growth rate experiments included experiments in June, July, and 

August. Thus, each experiment will be referred to by the month it was held in. In 2023, all mean 

growth rates were lower in June than in July and August. The control group exhibited the highest 

mean growth rate in June (0.062 g/d). However, in July, the group that received the nitrate + 

phosphate treatment had the highest growth rate (0.150 g/d) and in August, the groups that 

received the nitrate treatment and nitrate + phosphate treatment had the highest growth rates 

(0.125 g/d). (Figure 3.4). 
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Figure 3.3 Nutrient bioassay mean growth rates of M. wollei samples collected from the 

Susquehanna Flats in July 2022. The experiment was conducted over a 6-day period in August 

2022. The x-axis denotes the various nutrient treatments, including Control, Nitrate, Phosphate, 

Nitrate + Phosphate, and Ammonium, while the y-axis represents the growth rate in grams per 

day (g/d). Each bar represents the mean growth rate of the samples that received the respective 

treatment, with error bars indicating the standard error of the mean.  
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Figure 3.4 Nutrient bioassay mean growth rates of M. wollei samples collected from the 

Susquehanna Flats in June, July, and August 2023. The experiment was held over a six-day 

period during the respective months in 2023. The x-axis denotes the various nutrient treatments, 

including Control, Nitrate, Phosphate, Nitrate + Phosphate, and Ammonium. The y-axis 

represents the growth rate in grams per day (g/d). Blue signifies the mean growth rate in June for 

each nutrient treatment, pink signifies the mean growth rate in July for each nutrient treatment, 

and green signifies the mean growth rate in August for each nutrient treatment. Error bars 

represent the standard error of the mean. 

 

Microseira (Lyngbya) wollei and Sediment Nitrogen Fixation Rates 

Microseira wollei nitrogen fixation rates in 2023 were higher in July than in August. The only 

increase in rates over control were in experimental group that received phosphate treatments 

starting 20 July 2022, although due to high variability, was not statisitcally significant. The 

experimental group that received phosphate treatments also had a higher mean nitrogen fixation 

rate than the control group. N2 fixation declined and all samples exhibted little to no nitrogen 

fixation rates at the beginning of August. (Figure 3.5). 



84 

 

In 2023, the N2 fixation rates were higher in June before dropping off considerably in July and 

August. The group that received daily phosphate treatments had the highest mean nitrogen 

fixation rates in both June experiments. The group that received ammonium treatments had the 

lowest mean nitrogen fixation rates during the experiment that began on 15 June 23 and the 

group that received the nitrate + phosphate treatment had the lowest nitrogen fixation rates 

during the experiment that began on 22 June 2023. N2 fixation rates dropped considerably to 

minimal levels that were considered to be zero nitrogen fixation or background fixation rates in 

July and August. (Figure 3.6). 

 

The sediment collected from the N-S E-W transects had lower nitrogen fixation rates than the M. 

wollei samples by two to three orders of magnitude. The nitrogen fixation rates were not 

significantly different between the aerobic and anaerobic samples collected in June and July 

2022 and June and August 2023. (Table 3.4 and 3.5). 
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Figure 3.5 Average nitrogen fixation rates for different nutrient treatments (Control, Nitrate, 

Phosphate, Nitrate + Phosphate, Ammonium) from 2022. The x-axis denotes the start date of 

each experiment and the y-axis represents the nitrogen fixation rate in nitrogen/grams/hour 

(N/g/h). The error bars represent the standard error of the mean. Gray bars represent the control 

samples, pink represents the samples that received the nitrate treatment, purple represents the 

samples that received the phosphate treatment, green represents the samples that received the 

nitrate + phosphate treatment, and the blue bars represent the samples that received the 

ammonium treatment. 
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Figure 3.6 Mean average nitrogen fixation rates for different nutrient treatments (Control, 

Nitrate, Phosphate, Nitrate + Phosphate, Ammonium) from 2023. The x-axis denotes the start 

date of each experiment and the y-axis represents the nitrogen fixation rate in 

nitrogen/grams/hour (N/g/h). The error bars portray the standard error of the mean. Gray bars 

represent the control samples, pink represents the samples that received the nitrate treatment, 

purple represents the samples that received the phosphate treatment, green represents the samples 

that received the nitrate + phosphate treatment, and the blue bars represent the samples that 

received the ammonium treatment. 
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Table 3.4 Nitrogen fixation rates (N/g/h) from sediment samples collected in June and July 2022. 

Each row represents a sample identified by its number, which corresponds with the site the 

sample was collected from and its nitrogen fixation rate under anaerobic or aerobic conditions. 
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Table 3.5 Nitrogen fixation rates (N/g/h) from sediment samples collected in June 2023. Each 

row represents a sample identified by its number, which corresponds with the site the sample was 

collected from and its nitrogen fixation rate under anaerobic or aerobic conditions. 

 

 

 

Discussion 

During most sampling trips, M. wollei abundance was significantly negatively correlated with 

NH4, NOx, and SRP bottom water nutrient levels in June 2022. Microseira wollei abundance also 

had a significant negative correlation with surface NH4 in July 2022 and August 2023. (Table 

3.3). These findings agree with the hypothesis that higher M. wollei abundance would occur with 

lower DIN and DIP levels because the lower DIN levels would limit phytoplankton and epiphyte 

growth and provide a niche for M. wollei. It was hypothesized that the DIP levels were generally 
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lower with higher M. wollei abundance because the M. wollei was utilizing the available DIP 

along with the particulate phosphorus to stimulate N2 fixation in the early summer months and 

growth in the later summer months. 

 

In August 2022, the nutrient bioassay experimental group that received the nitrate treatments had 

the highest mean growth rate, of 0.098 g/d. This could have occurred as the M. wollei had 

enough N and used energy for growth instead of investing in the energetically demanding 

process of fixing N2. The control samples exhibited the highest mean growth in June 2023 of 

0.062 g/d. This may imply that the M. wollei had adequate nutrients for growth from within its 

own mats and were not nutrient limited when collected. They could also have also been 

allocating the additional nutrients to saxitoxin production (which is a compound high in N) 

instead of growth. However, this was the only month this trend occurred. Overall, the samples in 

June 2023 exhibited the lowest mean growth rates and highest N fixation rates across sampling 

months. (Figure 3.11). Saxitoxin measurements were also higher in the early summer months 

than the later summer months (Wazniak et al., 2022 unpubl.). It is hypothesized that M. wollei 

was expending energy to fix N2 and allocate the nitrogen into saxitoxin production rather than 

growth in the early summer months as they are not protected by the canopy of SAV growth, and 

they could be using the saxitoxins as an anti-grazing defense mechanism.  

 

The samples exhibited higher growth rates and low to zero N2 fixation in July and August 2023. 

(Figure 3.11) Measured δ15N levels collected later in the summer 2023 and maintained in the lab 

had values of 10 ‰ which indicated highly recycled nitrogen (Rejmánková et al., 2004). It is 
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hypothesized that after M. wollei has fixed sufficient nitrogen for ample biomass, the mats begin 

to recycle the N internally, in the form of ammonium, which is more readily taken up in the later 

summer months and no longer need to fix N2, which is energetically costly. They can recycle the 

N within its mats and use it for growth. This is also an indication that the mats are a consortium 

of microbes that create a mini ecosystem with biogeochemical processes occurring just within 

the mats. 

 

 

Fig 3.11 a) Scatter plot of the 2023 mean nutrient bioassay growth rates normalized to gram per 

day (g/d) from experiments held in June, July, and August. Each green shape represents a 

nutrient treatment group. b) Scatter plot of the 2023 mean nitrogen fixation rates normalized to 

nitrogen/gram/day (N/g/d) from experiments held in June, July, and August. 
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Microseira wollei may adopt a seasonal growth strategy to fix nitrogen and establish itself at the 

Flats during the early summer months when the area is nitrogen limited, which allows them to 

gain a foothold in the environment. Once it has fixed sufficient nitrogen and established itself, it 

uses recycled nitrogen within its mats, conserving energy that would otherwise be expended on 

nitrogen fixation for cellular needs and saxitoxin production. This energy could then be focused 

into growth.  

 

The nutrient bioassay growth stimulation from both nitrogen and phosphorus additions were 

expected and were similar to the results reported by Yin et al. (1997), where they also found that 

nitrate and phosphate additions stimulated M. wollei growth. When Ahern et al. (2006) 

investigated Moorea producens (formerly Lyngbya majuscula), a marine filamentous 

Cyanobacteria, in Moreton Bay, Australia, they found similar results to the July 2022 experiment 

that nitrate and phosphate additions stimulated growth. Ahern et al. (2006) also found that 

phosphorus stimulated growth more often than nitrogen additions. The same result was produced 

only in the June 2023 experiment. Watkinson et al. (2005) also found that phosphorus additions 

stimulated photosynthesis in Moorea producens collected from Moreton Bay, Australia. 

Although biomass was not measured, productivity as measured by photosynthesis in these 

experiments, are analogous to potential growth rates. These studies suggest that the growth of 

filamentous Cyanobacteria, including M. wollei, is primarily stimulated by phosphorus, with 

nitrogen also promoting growth, albeit to a lesser extent than phosphorus. Given the variable 

results observed for M. wollei at the Flats in this study, it is recommended that additional nutrient 
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bioassay growth experiments be conducted specifically on M. wollei populations present at the 

Flats. 

 

Samples that received the phosphate treatments had higher nitrogen fixation rates in the first two 

experiments conducted in 2022 and 2023. This supports results of previous studies on 

Cyanobacteria in general, and M. wollei specifically in this case, fixes nitrogen when they are 

nitrogen limited and have access to available P (Howarth et al., 1988; Paerl, 1990; Vitousek and 

Howarth, 1991). For example, at the beginning of summer, when N is limited, M. wollei forms 

mats on the benthos where the sediment is rich in P, which allow it to establish itself in nitrogen-

depleted waters. They then have ample access to P to fix N2 efficiently. This behavior might also 

explain why M. wollei traps P-laden sediment in its filaments and keeps it when forming surface 

mats. 

 

Mann and Steinke (1993) observed a similar seasonal trend in nitrogen fixation with the 

Cyanobacteria Lyngbya confervoides C.Ag. ex Gomont, Oscillatoria limosa Ag. ex Gomont, and 

Microcoleus chthonoplastes Thuret ex Gomont at Beachwood Mangrove Nature Reserve II, 

South Africa. They found that N2 fixation rates were higher during the early summer months and 

significantly decreased (p < 0.05) during the non-summer months. Paerl et al. (1993) 

demonstrated that dissolved organic carbon (DOC) stimulated nitrogenase activity in marine 

Lyngbya spp. dominated mats, with significantly higher nitrogenase activity observed in these 

samples compared to controls. Interestingly, the addition of N and P did not enhance nitrogenase 
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activity, although nitrogen did stimulate photosynthetic activity. Paerl et al. (1993) hypothesized 

that DOC stimulates nitrogenase activity, while nitrogen stimulates photosynthetic activity, 

indicating a strong interdependence between these two processes that supports the growth of the 

mats. 

 

Although DOC additions were not directly incorporated into the bioassays, molecular analyses 

(Chapter 2) revealed that M. wollei mats harbor a diverse associated microbial community, and 

amphipods among other organic material was plentiful in the mats. It is hypothesized that these 

factors lead to complex biogeochemical processes and potentially create a self-sustaining 

ecosystem within the mats. With the results from the experiments on M. wollei from the Flats, 

and the experiments led by Mann and Steink (1993) and Paerl et al (1993), it can be 

hypothesized that the effects of DOC and nutrient additions appear to vary among different 

populations of filamentous Cyanobacteria, depending on the specific environmental and nutrient 

conditions they encounter. 

 

The variability in growth rates prevented drawing concrete conclusions, which are essential for 

modeling the Susquehanna Flats and understanding the behavior of M. wollei in this 

environment. To reduce this variability and gain a clearer understanding of seasonal growth 

patterns, additional replications of nutrient bioassays are needed. Further investigation into the 

seasonal patterns of growth and nitrogen fixation is also necessary, as these may be influenced by 

factors such as light availability, nutrient levels, or SAV growth. These seasonal patterns likely 

create varying conditions at the Flats throughout the year. 
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Conducting nitrogen fixation experiments across the full seasonal cycle of M. wollei abundance 

from May through September (or later, if it persists) would provide deeper insights into these 

patterns, aiding in the development of a model for the Flats and informing targeted, month-

specific management strategies. While nutrient bioassays have been conducted, nutrient uptake 

rates remain unclear. Performing nutrient uptake experiments during the summer could reveal 

more about M. wollei's seasonal growth strategies. Additionally, nutrient bioassays focused on 

saxitoxin production should be conducted to identify which nutrients may trigger saxitoxin 

production, offering valuable information for management strategies. Regular monthly 

measurements of δ15N levels and saxitoxin production should also be taken to compare with 

growth, nutrient uptake, and nitrogen fixation rates. This comprehensive approach will enhance 

understanding of M. wollei's seasonal strategy and contribute to the development of a model for 

the Susquehanna Flats, ultimately guiding management strategies to support the growth of 

submerged aquatic vegetation (SAV). 

 

Overall Conclusions 

The recovering SAV beds on Susquehanna Flats play a key role in intercepting nutrients from 

the Susquehanna River basin, providing a valuable ecosystem service for the Chesapeake Bay. 

The low nutrient levels at the southeast part of the Flats, as compared to outside, indicate that the 

SAV beds are effective at sequestering incoming nutrients from the Susquehanna River. 

Although M. wollei and Phormidium sp. continue to bloom at the Flats seasonally, at ~11,000 

acres, the SAV beds are continuing to grow and expand (Chesapeake Bay Program, 2024) and 

the filamentous Cyanobacteria mats do not seem to be affecting the SAV recovery efforts to date.  
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Microseira wollei may just be a "side effect" of reduced nutrient levels and the resurgence of 

SAV. The nitrogen limited waters are leaving an open niche for M. wollei and Phormidium sp. to 

bloom, but this should not halt SAV recovery efforts. Efforts to reduce nutrient levels, 

particularly phosphorus, should continue in the Chesapeake Bay, as the availability of 

phosphorus allows M. wollei to thrive as they can fix their own nitrogen. Additionally, measures 

to reduce sediment pollution should be maintained, and monitoring for M. wollei blooms should 

be implemented. 

 

The molecular identification of M. wollei and Phormidium sp. and their 16S rRNA and nifH 

sequences will be entered into in NCBI GenBank for further reference. Toxin analysis of M. 

wollei at the Flats will continue and toxin analysis of Phormidium sp. at the Flats should also 

take priority. By documenting the sequences and the toxins produced by the filamentous 

Cyanobacteria at the Flats will provide information for other scientists who may encounter the 

same ecotype. This can allow for more collaboration and management efforts to hopefully reduce 

toxin impacts on animals and humans. 

 

Further investigation into the microbial communities associated with filamentous Cyanobacteria 

should be conducted in various environments. As observed at the Flats, the microbial 

communities linked to M. wollei and Phormidium sp. are complex and may form a somewhat 

self-contained ecosystem, with biogeochemical cycles occurring within the mats. Therefore, 

when studying filamentous Cyanobacteria, it is important to consider their associated microbial 
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communities, as M. wollei was found to effectively traps these microbes, making it a host of 

many diverse microbes that interact with one another. 

 

Creating an ecosystem model with the use of parameters measured in this study could provide 

crucial information about the upper Chesapeake Bay SAV community processes and help 

implement effective management programs. These studies can also help policymakers to identify 

how to implement monitoring and management programs for similar areas experiencing M. 

wollei or other Cyanobacterial blooms. A model can also be valuable to predict environmental 

changes of the Flats in a changing climate, as well as forecasting how these changes will affect 

the growth of M. wollei and SAV.  

 

Microseira wollei and the newly observed, Phormidium sp. blooms need to be reported and 

investigated as M. wollei does produce saxitoxins, which can cause paralytic shellfish poisoning, 

and Phormidium sp. have been found to produce cyanotoxins (Gugger et al., 2005; Teneva et al., 

2005; Wood et al., 2007; Borges et al., 2015). Colleagues at the Maryland Department of Natural 

Resources and the Boyer Lab at State University of New York Environmental Science Forestry 

confirmed, as part of this study, that the saxitoxins produced do enter amphipods that are living 

amongst, and presumably grazing on the M. wollei filaments (Wazniak et al., 2022 unpubl.). This 

is the first account of significant saxitoxin levels at the Susquehanna Flats and the largest values 

recorded to date in the Chesapeake Bay. Since much of the water quality and economy relies on 
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filter feeding shellfish, i.e. the eastern oyster (Crassostrea virginica), efforts to monitor these 

blooms and mitigate contamination need to be a priority. 
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