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Abstract 
Cyanobacterial harmful algal blooms (CHAB), caused by eutrophication, are 
known to threaten both wildlife and human health. Due to urbanization and 
land use changes, an increase of CHAB’s at a more frequent rate within Bar-
negat Bay has been observed. In order to detect possible CHAB causing cya-
nobacteria, water samples were collected from 12 different locations within 
Barnegat Bay. Each sample was filtered through a 30- and 0.4-μm polycar-
bonate filter sequentially. Flow cytometry was carried out for the filtrate 
collected between 0.4- and 30-μm. Chelex DNA extraction, polymerase 
chain reaction (PCR), and gel electrophoresis were then performed for all 
sites using four primer sets (27F/785R, PSF/UR, CYA359F/CYA781R and 
MSF/MSR) designed to detect cyanobacteria. Flow cytometric results indi-
cated the water samples contained a wide range of cyanobacteria, including 
M. aeruginosa, Cylindrospermum spp., Anabaena spp., and Synechococcus 
sp. IU 625 ranges from 3.16 to 8.17 × 107 cells·L−1. PCR-based assays suggest 
that general cyanobacteria as well as phytospecific species were present for all 
sites, but no toxin-producing Microcystis aeruginosa was detected. Plaque 
assays demonstrated the presence of cyanophages for S. IU 625, Anabaena 
spp., and M. aeruginosa at all sites, up to 105 PFU·ml−1. 
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1. Introduction 

Cyanobacterial harmful algal blooms (CHABs) have a negative effect on bodies 
of water globally. CHABs are produced by an overgrowth of cyanobacteria 
which can create hypoxic conditions and release toxins that can severely harm 
both wildlife and humans [1] [2]. Side effects of these toxins include respiratory 
issues, digestive tract issues, memory loss, seizures, skin irritation, and lesions 
[1]-[9]. CHABs can even be harmful enough to kill birds, fish, and humans [3]. 
The main cause of CHABs is eutrophication, where excess nutrients enter a body 
of water and result in uncontrolled growth of cyanobacteria; in particular, a sur-
plus of phosphorous or nitrogen, which are normally the limiting factors of 
growth for photosynthetic organisms, is linked to human activity [10]. Anthro-
pogenic modifications, such as domestic water use, agricultural, recreational, 
and industrial activity, construction, and sewage effluent all contribute to cultur-
al eutrophication [10] [11]. Phosphorous levels have increased 8-fold in com-
parison to pre-industrial and pre-agricultural levels and nitrogen levels have in-
creased at an even faster rate [10]. Cyanobacterial blooms have increasingly been 
of interest because their negative effects are costly. For example, from 1987 to 
1992 the USA lost $49 million in economic benefits due to CHABs [3].  

According to the National Oceanic and Atmospheric Administration’s Na-
tional Estuarine Eutrophication Assessment model, Barnegat Bay has high levels 
of eutrophication which has only worsened over time. Eutrophication and 
CHABs in Barnegat Bay have caused the loss of aquatic vegetation, changes in 
benthic communities, as well as damage to shellfish [11]. The rise in population 
and urbanization within the Barnegat Bay watershed, coupled with minimal 
freshwater input and low flushing, only further exacerbates eutrophication. This 
potential threat to the delicate ecological balance of this important estuary and 
the potential harm to humans makes studying Barnegat Bay and CHABs essen-
tial.  

Flow cytometry has become a rapid and efficient way to determine the micro-
bial community in environmental samples. Flow cytometry analyzes cells in a 
single stream—one cell at a time—using lasers to determine the optical charac-
teristics of cells. Flow cytometry is able to determine cell count, cell size, granu-
larity, as well as other physiological characteristics. Cyanobacteria can be readily 
characterized using flow cytometry methods as they already contain fluorescent 
proteins called phycobiliproteins [12] [13] [14]. The pigments phycoerythrin, a 
red pigment, and allophycocyanin, a light blue pigment, are easily detected in 
flow cytometry allowing for an even more rapid detection of cyanobacteria than 
other bacteria not containing these proteins [15] [16] [17]. This allows for the 
rapid determination of different cell types against a known standard [13]. Poly-
merase Chain Reaction (PCR) is a widely used molecular tool to detect the 
presence of the microorganisms [18] [19]. It can also be utilized as a supplement 
to flow cytometry to validate and verify the specific cyanobacterial presence in 
the water [13]. 
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A natural system that may aid in controlling the growth of CHABs is the 
presence of cyanophages. Cyanophages are bacteriophages that have the ability 
to infect and lyse cyanobacteria [20]. Cyanophages alter populations of cyano-
bacteria and can play a role in community composition, depending on the cya-
nophage types present. Given their ability to affect community structure, cya-
nophages have a critical role in reducing the frequency and strength of CHABs 
[20] [21]. The aim of this study is to rapidly detect and characterize the cyano-
bacteria and their phages of Barnegat Bay. The findings will help monitor the 
potential CHABs. 

2. Materials and Methods 
2.1. Environmental Sample Collection 

Surface water samples were collected in August 2018 from 12 sites within Bar-
negat Bay. Upon collection, GPS coordinates and water quality parameters in-
cluding dissolved oxygen (mg/L), dissolved oxygen percentage, salinity, and 
temperature were recorded. Samples were collected from the following sites: 
Bayshore Lagoon (BSL), Double Creek East (DCE), Double Creek West (DCW), 
Forked River East (FRE), Forked River Lagoon (FRL), Forked River West 
(FRW), Forked River Route 9 (FR9), Oyster Creek Mouth (OCM), Oyster Creek 
Outlet (OCO), Sunrise Beach Lagoon (SBL), Sunrise Beach Open Water 
(SBOW), and Toms River West (TRW) (Figure 1). 
 

 
Figure 1. Map of New Jersey Barnegat bay collection sites 
(Google Maps, 2019).  
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2.2. Sample Processing 

Using a polycarbonate 30 μm filter (Sterlitech, Kent, WA, USA), 500 ml of each 
sample was filtered and 100 ml of this filtrate was reserved for flow cytometry. 
The remaining 400 ml filtrate was then filtered through a polycarbonate 0.4 μm 
filter (Sterlitech, Kent, WA, USA). This process was repeated for all 12 collection 
sites. Additionally, the filters used for each sample were set aside to dry for fur-
ther analysis. 

2.3. Flow Cytometry 

Flow cytometry was used to compare the community of cyanobacteria present 
within the 12 sites collected at Barnegat Bay to a set of preset standards using a 
MACSQuant Analyzer (Miltenyi Biotec, Inc., San Diego, CA, USA). The 100 μl 
of filtrate less than 30 microns was used for flow cytometry analysis of the Bar-
negat Bay samples [22]. The samples were overlaid on top of the standards in 
order to determine the community composition using FlowJo 10.5.2 (Tree Star 
Inc., Ashland, OR, USA). 

2.4. Molecular Analysis of Water Samples 

DNA was extracted from the 0.4 μm filters using Chelex  [6]. This process was 
repeated twice for each collection site. To assess the presence of various proka-
ryotes in samples, four sets of molecular primers were selected to determine 
bacteria, photosynthetic bacteria, cyanobacteria, and toxin producing Microcys-
tis aeruginosa [23] [24] [25] [26] (Table 1). Using each primer set, a PCR was 
performed on the DNA extracted from the 12 Barnegat Bay sites using GoTaq 
Hot Start Green Master mix (Promega, Madison, WI, USA) and amplified in a 
Veriti 96 Well Thermocycler (Applied Biosystems, Carlsbad, CA, USA). Ampli-
cons were assessed on a 1% (w/v) agarose gel (113 V for 45 minutes) using a 
GeneRuler 1 Kb Plus DNA Ladder (Thermo Scientific, CA, USA). 
 
Table 1. DNA primers used to assess prokaryote presence in samples. 

Primer 
Name 

Primer Sequence 
Tm  
(˚C) 

Amplicon  
Size (nt) 

Gene Source 

27F AGAGTTTGATCCTGGCTCAG 
50 740 

Bacterial  
16S rRNA 

[23] 
785R ACTACCRGGGTATCTAATCC 

PSF GGGATTAGATACCCCWGTAGTCCT 
53 735 

Phytospecific  
16S rRNA 

[25] 
UR ACGGYTACCTTGTTACGACTT 

CYA359F GGGGAATYTTCCGCAATGGG 
50 426 

Cyanobacterial  
16S rRNA 

[24] 
CYA781R GACTACWGGGGTATCTAATCCCWTT 

MSF ATCCAGCAGTTGAGCAAGC 
58 1369 mcyA [26] 

MSR TGCAGAAAACTCCGCAGTTG 
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2.5. Plaque Assay 

To determine the presence of cyanophages the 0.4 μm filter filtrate was ultracen-
trifuged for 2 hours at 17,500 rpm to concentrate the sample. Plaque assays con-
taining a mix of several cyanobacterial strains Anabaena spp., Synechococcus sp. 
IU 625, Microcystis aeruginosa sp. UTEX 2386, Microcystis aeruginosa sp. 
UTEX 2385 and Cylindrospermum spp. were used in order to determine the 
presence of cyanophages. Individual cyanobacteria strains were also used in or-
der to determine whether cyanophages targeted a particular cyanobacterium. 
Individual strains used were Synechococcus sp. IU 625, Anabaena spp., Micro-
cystis aeruginosa sp. UTEX 2385, and Oscillatoria spp. The cyanobacterial mix 
or individual cyanobacterial strains were concentrated and 200 μl of concen-
trated filtrate from one site within Barnegat Bay was added, and then incubated 
for 1 hour. Next, 1 ml of a 1% (w/v) agar mixture was added to the sample and 
vortexed. Each mixture was poured onto a BG-11 agar plate and then tilted to 
ensure it was evenly spread. Photos of the plaque assay plates were then taken 
daily for 16 days, in which 4 time points were chosen to display the formation of 
plaques over time. 

3. Results 
3.1. Water Quality 

For water chemistry of the 12 sites, the dissolved oxygen ranged from 5.60 mg/l 
to 7.08 mg/l, the dissolved oxygen percentage ranged from 77.0% to 98.3%, the 
salinity ranged from 13.2 parts per thousand (ppt) to 26.8 ppt, and the tempera-
ture ranged from 24.3˚C to 28.3˚C. The highest temperatures recorded are for 
the Oyster Creek Mouth and Outlet (28.2˚C and 28.3˚C), which represents the 
effluent for the heat exchangers from the Oyster Creek Nuclear Generating Sta-
tion. The inlet side is the Forked River, which had temperatures of 24.6˚C (FR9) 
and 24.9˚C (FRW). The temperature differential on this day averaged 3.5˚C 
warmer on the Oyster Creek than other sites sampled (Table 2). 

 
Table 2. Water chemistry of 12 collection sites within Barnegat Bay. 

Collection Site Dissolved Oxygen (mg/l) Dissolved Oxygen (%) Salinity (ppt) Temperature (˚C) 

Bayshore Lagoon (BSL) 6.33 89.1 23.2 26.8 

Double Creek East (DCE) 6.82 95.3 26.7 25.5 

Double Creek West (DCW) 7.01 98.3 26.8 25.5 

Forked River East (FRE) 6.04 82.1 26.2 24.4 

Forked River Lagoon (FRL) 5.45 78.8 25.8 26.5 

Forked River West (FRW) 6.02 82.7 26.1 24.9 

Forked River Route 9 (FR9) 5.65 77.0 25.3 24.6 

Oyster Creek Mouth (OCM) 5.67 83.1 24.9 28.2 

Oyster Creek Outlet (OCO) 5.6 81.2 24.8 28.3 

Sunrise Beach Lagoon (SBL) 6.18 87.1 24.6 26.0 

Sunrise Beach Open Water (SBOW) 7.08 97.2 24.0 25.2 

Toms River West (TRW) 6.61 84.0 13.2 24.3 
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3.2. Flow Cytometry 

In analyzing the samples using phycoerythrin (PE) and allophycocyanin (APC), 
all 12 sites were found to have the presence of cells similar to Synechococcus sp. 
IU 625, Cylindrospermum spp. and Anabaena spp. All samples, with the excep-
tion of Bayshore Lagoon, also had Microcystis aeruginosa like cells present 
within the sample (Figure 2). However, none of the samples had cells similar to 
Oscillatoria spp. 
 

 

Figure 2. Phycoerythrin (PE)-allophycocyanin (APC) gated profile for all 12 collection sites.  
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3.3. PCR and Gel Electrophoresis 

Molecular analyses using the four primer sets indicate the presence of bacteria, 
photospecific bacteria, and cyanobacteria (Figures 3(a)-(c)) at all 12 sampling 
sites. In all reactions, no template controls (NC) were negative as expected. In 
addition, no amplicons (1369 bp) were observed for Microcystis aeruginosa (da-
ta not shown), suggesting that there were no toxin producing cells present at 
these 12 sites. 

3.4. Plaque Assay 

A mixed culture of Anabaena, Microcystis aeruginosa UTEX 2385, Microcystis 
aeruginosa UTEX 2386, Synechococcus sp. IU 625, and Cylindrospermum were 
used to detect the presence of cyanophages. Using this mixed culture, cyano-
phages were detected up to 105 PFU·ml−1 by plaque formation on plates from all 
12 sites. After detecting viral plaques for the mixed cyanobacterial culture 
(Figure 4), individual strains of Anabaena spp., Microcystis aeruginosa UTEX 
2386, Synechococcus sp. IU 625, Cylindrospermum spp., and Oscillatoria spp. 
were plated to evaluate taxa-specific cyanophages. Results from these individual 
plaque assays indicated cyanophages were present for all 12 sites for Anabaena 
spp., Microcystis aeruginosa UTEX 2386, and Synechococcus sp. IU 625. How-
ever, no evidence of cyanophage plaques relating to Cylindrospermum spp. and 
Oscillatoria spp. were identified. 

4. Discussion 

Three methodologies were incorporated in this study: flow cytometry, PCR 
based assays, and plaque assays. This finding is encouraging considering the 
wide range of negative side effects M. aeruginosa toxins can have on wildlife and 
humans. Flow cytometry use is on the rise when it comes to determining the 
presence of cyanobacteria within water samples due to its ability to rapidly 
detect a wide range of different types of cells [27]. Flow cytometry is a useful 
method is determining the composition of water samples because it is fairly 
quick once standards are established [13]. This can give a general idea as to 
whether water samples potentially have cyanobacterial strains that are 
concerning to public health in a short time frame. This is important when time 
and resources are limited because flow cytometry can help to determine what 
water samples need to be focused on for further testing. In analyzing the rela-
tionship between water quality and flow cytometry, it was determined that salin-
ity may have affected the populations within the collection sites. Higher salinity 
seemed to correlate with two densely clustered populations within a collection 
site as seen in Double Creek East, Double Creek West, and Forked River East. 
Lower salinity was associated with a different single cluster population as seen in 
Bayshore Lagoon and Toms River West. In looking at PE by APC, similarities are 
seen if they are examined by geographical location, sites near each other have sim-
ilar cluster patterns which are expected. Double Creek East and Double Creek  
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Figure 3. Gel images of (a) PCR products using the primer set 27 F/785R (740 bp) 
for all 12 sites. Universal bacteria were detected for all sites; (b) PCR products 
using the primer set PSF/UR (735 bp) for all 12 sites. Phytospecific bacteria were 
detected for all sites; (c) PCR products using the primer set CYA359F/CYA781R 
(426 bp) for all 12 sites. cyanobacteria were detected for all sites.  

 

 

Figure 4. Representative plaque assay plate images of mixed and 
individual cyanobacterial strains. 
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West had similar cluster patterns, however Bayshore Lagoon varied from these 
two sites even though it is geographically close. Bayshore Lagoon is a manmade 
lagoon which may explain as to why is it different than Double Creek East and 
Double Creek West. Forked River Lagoon, Forked River West, and Forked River 
Route 9 had similar cluster patterns and are geographically close to one another. 
Oyster Creek Mouth, Oyster Creek Outlet, and Forked River East had similar 
cluster patterns and are geographically close to one another. Sunrise Beach La-
goon and Sunrise Beach Open Water had similar cluster patterns and are geo-
graphically close to one another. Lastly, Toms River West is geographically iso-
lated from the other collection sites and has a unique cluster pattern. These re-
sults were not surprising since different geographical locations are expected to 
vary slightly in cluster patterns. Flow cytometry data also showed an overlapping 
of common cyanobacteria at all 12 study sites including Synechococcus sp. IU 
625 like, Cylindrospermum spp. like and Anabaena spp. like cells. All sites, with 
the exception of Bayshore Lagoon, also had Microcystis aeruginosa like cells 
present within the sample. PCR results demonstrated that general bacteria, 
phytospecific bacteria, and cyanobacteria were present within the samples as ex-
pected given the history of Barnegat Bay and CHABs. However, there was no 
toxin producing Microcystis aeruginosa identified within any of the 12 collection 
sites. This may reflect the fact the gene targeted mcyA (Microcystin synthetase 
A) in using the MSF/MSR primer pair is responsible for the toxin biosynthesis. 
These finding may suggest that we have M. aeruginosa that is a non-toxin pro-
ducer. Further experiments should be carried out for verification. 

An additional part of our study was to determine the presence of cyanophages 
within the surface water of these 12 sites using plaque assays. It was found that 
all 12 sites were positive for cyanophages using a mixed cyanobacterial culture. It 
was also found that for individual strains such as Synechococcus sp. IU 625, Mi-
crocystis aeruginosa 2385, and Anabaena all had cyanophages that targeted those 
individual cyanobacteria strains when the concentrated lysate was added. This 
indicates that not only can cyanophages act when provided a mix of different 
hosts, they also have activity in the presence of individual hosts. Areas with low-
er plaques densities may be of concern since they might be less likely to affect 
biocontrol on native cyanobacterial populations and the production of CHABs. 
In contrast, no cyanophages were detected using Oscillatoria spp. as the host for 
the individual strain viral plaque assays. According to the flow cytometry 
analysis there was no Oscillatoria spp. like cells found within the 12 collection 
sites. Given that information, it is not surprising that there are no Oscillatoria 
spp. specific cyanophages present if there is possibly no Oscillatoria spp. to act as 
hosts within the samples. The understanding of cyanophage populations is im-
portant due to the fact that it can potentially be used as a CHAB control by re-
ducing the amount of cyanobacteria in a biological rather than chemical me-
thods that are currently in use [21]. 

In the future it may be prudent to employ more species-specific primers to 
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identify the cyanobacteria and cyanophage populations. This is also an area 
where next generation sequencing (NGS) methodologies can be most informa-
tive. We plan to investigate the differences between areas of the bay influenced 
by the thermal plume of the Oyster Creek nuclear generating station and those 
further removed. Although the long-term consequences of chronic thermal pol-
lution generated by nuclear power plants such as Oyster Creek is uncertain, we 
anticipate that a combination of several methodologies may shed light on the bi-
ological consequences of such thermal stress and serve as a model for global 
warming. 

5. Conclusion 

Surface water collections within Barnegat Bay determined the presence of Cy-
lindrospermum spp., Anabaena spp., and Synechococcus sp. IU 625 like species, 
while 11 of the 12 sites contained Microcystis aeruginosa like species via flow 
cytometry. PCR analyses indicated the presence of universal bacteria, 
phytospecific species, and cyanobacteria, but determined that there was no 
presence of toxin-producing Microcystis aeruginosa. Consequently, there is a 
difference in results between flow cytometry and PCR analysis and suggests that 
multiple methods may be necessary to validate the presence of CHABs in coastal 
waters. Viral plaque assays contained cyanophages that formed plaques on 
mixed cyanobacteria and cyanophages that targeted Anabaena spp., Synecho-
coccus sp. IU 625, and Microcystis aeruginosa. A few sites had cyanophages that 
targeted Cylindrospermum spp., but none of the 12 sites contained cyanophages 
that targeted Oscillatoria spp. Consequently, Barnegat Bay has a robust diversity 
of both cyanobacteria and cyanophages, which provides an auto-correcting dy-
namic interaction between host and phages which may serve to minimize 
CHABs. 
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