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Toxic cyanobacterial blooms are a worldwide concern. Nutrients are among 
the numerous factors that trigger cyanobacterial blooms and the production of 
cyanotoxins. This study aimed to assess the effect of nitrogen on cyanobacteria 
and cyanotoxins through a short-term mesocosm experiment. To achieve 
this, mesocosms were installed in situ in two lakes (the Missisquoi Bay of Lake 
Champlain and Petit-Lac-St-François) and received 700  μg/L of ammonium 
or 500  μg/L of nitrate. A shift to Microcystis in the mesocosms with nitrogen 
addition was observed 2  days after the addition in Missisquoi Bay, where nitrogen 
was more limited than Petit-Lac-St-François based on nutrient ratios. There was 
a significant increase of extracellular ΣMCs and MC-LR in mesocosms with the 
addition of ammonium or nitrate after 48  h compared to control mesocosms. 
Intracellular and extracellular microcystin concentrations were associated with 
Microcystis. Microcystis presence was associated with ammonium 48  h after N 
was added at both sites. Therefore, toxin production following sudden nitrogen 
addition can occur on short time scales relevant to drinking water treatment 
plant operations. This information will help treatment plant operators better 
anticipate the arrival of potentially higher concentrations of cyanotoxins.
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1 Introduction

Harmful cyanobacterial blooms are becoming more common in surface waters worldwide 
(Paerl et al., 2011). Several toxin-producing cyanobacterial genera are of concern in water 
supplies. The most common cyanobacterial toxins include hepatotoxins (microcystins and 
nodularins), neurotoxins (e.g., anatoxin-a), cytotoxins (cylindrospermopsins), dermatotoxins 
(e.g., lyngbyatoxin) (Carmichael, 1992; Svirčev et  al., 2019), which are among the most 
frequently measured toxins produced by the cyanobacteria genera Microcystis, Planktothrix, 
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and Dolichospermum (Al-Sammak et al., 2014; Harke et al., 2016). 
Cyanobacterial toxins are a potential threat to aquatic organisms and 
human health (Lévesque et al., 2014).

In a previous study, the addition of nitrate (NO3
−) and ammonium 

(NH4
+) to hypereutrophic water bodies increased the abundance of 

total phytoplankton and increased microcystin production by up to 
13 times in 21 days in the mesocosm experiments (Donald et  al., 
2011). A recent study conducted mesocosm bioassays to determine 
the effect of different concentrations of nitrogen (N) (3, 6, 9, and 
15 mg/L) and phosphorus (P) (0.01, 0.02, 0.05, 0.1 and 0,2 mg/L) on 
algal growth over 10 days. The results indicated that nitrogen 
treatment stimulated cyanobacteria growth (mainly Microcystis 
aeruginosa) more than phosphorus (Kim et al., 2020). Moreover, a 
recent study showed that ammonium favored amino acid synthesis in 
M. aeruginosa; thus, cells developed under high concentrations of 
ammonium (7 mg N/L) led to microcystin production in 5 days (Chen 
et al., 2019). Recently, high throughput sequencing has been applied 
to evaluate the impact of NO3

− andNH4
+ on the microbial community 

structure of freshwater (Reynoso et  al., 2019) and showed no 
significant shift in the diversity of the bacterial community following 
the addition of NO3

− and NH4
+ (Reynoso et al., 2019).

To our knowledge, no in-situ mesocosm experiment using fresh 
blooms has been conducted to investigate the short-term effects of 
NO3

− and NH4
+ on cyanobacterial cells and their toxins. Although 

long-term effects of nutrients on blooms and toxin production have 
been well established, there is a need for data on shorter time scales to 
manage drinking water sources that must continuously respond to 
fluctuations of water quality in real-time. Furthermore, no study has 
examined the differences in the cyanobacterial community assessed 
using microscopic and shotgun metagenomic techniques after adding 
NH4

+ and NO3
−. In this context, the main objective of this research 

was to determine the effects of NH4
+ and NO3

− on cyanobacterial 
community composition and their related toxins on a short time scale, 
replicating a sudden increase in nitrogen that could occur as the result 
of the addition of stormwater with agricultural runoff or municipal 
effluents. Drinking water treatment plants operate continuously, and 
such information is needed for the short-term prediction of bloom 
toxicity in source waters affected by cyanobacterial blooms. In many 
jurisdictions, including Québec, regulations to limit the eutrophication 
of water bodies focus predominantly on phosphorus and nitrogen, 
which are regulated primarily for their concentrations without 
considering overall loads. This research also broadly aims to provide 
data in support of decision-making with regard to nitrogen regulation 
in drinking water sources.

2 Materials and methods

2.1 Study sites

Two selected sites were Petit-Lac-St-François (PLSF) and the 
Missisquoi Bay of Lake Champlain (MB). PLSF is located in south-
western Quebec [Canada; 45°32′16´´ N; 72°02′11´´ W; max depth 
(Z) = 1.8 m]. The PLSF is relatively small and shallow and half of its 
watershed is occupied by agricultural areas, resulting in excessive 
concentrations of phosphorus and cyanobacterial blooms (Monchamp 
et al., 2014; Le et al., 2022). Missisquoi Bay is a eutrophic and shallow 
[max. Depth (Z) = 4.75 m] embayment of Lake Champlain in southern 

Québec (Canada; 45°02′23´´ N; 73°04′41´´ W; McQuaid et al., 2011). 
These two sites were chosen because of their high nutrient 
concentration and frequent cyanobacterial presence (Medalie et al., 
2012; Wheeler et al., 2012).

2.2 Nutrient addition experiments

We conducted in-situ mesocosm experiments over eight different 
cyanobacterial bloom events, and each experiment lasted for 48 h 
(Supplementary Tables S1, S2). The short-term frame represents a 
pulse of nutrients that occurs during rainfall-runoff events. The 
mesocosm structure was based on the study of Wood et al. (2012), and 
the experimental procedure was based on the study of Le et al. (2021). 
Before the experiment, a large container was filled with lake water and 
fresh cyanobacteria scum was harvested at the field sites 
(Supplementary Figure S1). They were mixed gently to achieve a 
homogeneous mixture. Then, we filled duplicate mesocosms (n = 6) 
with that mixture which were left unamended (controls) or amended 
with nitrate or ammonium.

2.3 Preparation and application of nutrients

KNO3 and NH4Cl stock solutions were prepared, and different 
volumes of these solutions were injected into the mesocosms to 
achieve a final NO3

− concentration of 500 μg N/L and NH4
+ 

concentration of 700 μg N/L. The final concentrations of NO3
− and 

NH4
+ after additions were in the range that enhance cyanobacterial 

growth according to references (Monchamp et  al., 2014; De 
Boutray, 2017).

2.4 Sampling, filtration procedure

2.4.1 Sampling procedure
Water samples were collected from the center of each mesocosm 

using two 1-L sterilized high-density polyethylene (HPDE) bottles 
before adding the nutrients (KNO3 and NH4Cl) at time zero (T0) and 
after the addition of the nutrients at 48 h (T48). Samples were used to 
analyze genomics, taxonomy, cyanotoxins (intracellular and 
extracellular), and nutrients, including total nitrogen (TN), total 
phosphorus (TP), dissolved nitrogen (DN), dissolved phosphorus 
(DP), oxidized nitrogen (NO3

− + NO2
−), ammonia and ammonium 

(NH3 + NH4
+), total Kjeldahl nitrogen (TKN), soluble reactive 

phosphorus (SRP), dissolved organic carbon (DOC) and total organic 
carbon (TOC).

2.4.2 Filtration procedure
Samples for genomic and cyanotoxin analysis were filtered 

immediately at field sites and kept in a dry ice box during transport to 
the laboratory. For genomic analyses, a subsample of 50 mL was 
filtered through a 0.22 μm membrane (Millipore Sigma, Oakville, ON) 
under sterile conditions. The filter membrane was kept in a 50 mL 
Falcon tube (VWR, Radnor, PA, United States) and frozen at -80°C 
prior to analysis.

For toxins, a 120 mL subsample was filtered on a hydrophilic 
polypropylene (GHP) 0.45 μm membrane (PALL, Mississauga, ON). 
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A Petri dish (Millipore SAS, France) was used to keep the filter (for 
intracellular toxins), and the filtrate (for extracellular toxins) was kept 
in a 125 mL amber Nalgene™ polyethylene terephthalate glycol 
(PETG) bottle (Thermo Scientific Nalgene, Waltham, MA, 
United States). They were stored at −25°C prior to analysis.

For the enumeration of cyanobacteria, water samples were taken 
in 40 mL vials and preserved in “Lugol’s iodine solution. TN and TP 
were collected in 120 mL HPDE bottles. A 0.45 μm membrane (Merck 
Millipore, Ireland) was used for NO3

− + NO2
−, NH3 + NH4

+, SRP and 
DN/DP. TN/TP/DN/DP were stored at 4°C, NO3

− + NO2
−, 

NH3 + NH4
+, and SRP were frozen at −25°C prior to analysis. More 

details are provided in (Le et al., 2022).

2.5 Sample analyses

2.5.1 Taxonomic cell counts
Taxonomic identification and counts were identified using 

inverted microscopy in a Sedgwick-Rafter counting chamber with 40x 
magnification (Leica Microsystems GmbH, Wetzlar, Germany; Edler 
and Elbrächter, 2010; Zamyadi et al., 2013; Le et al., 2021).

2.5.2 Cyanotoxins
The samples were quenched, filtered, and directly analyzed 

through solid phase extraction (SPE) and desalting coupled to ultra-
high performance liquid chromatography tandem mass spectrometry 
(UHPLC–MS/MS). The online sample loading volume of 5 mL was 
achieved at a 2,500 μL/min flow rate into a Thermo Hypersil Gold aQ 
column (C18, 20 mm × 2 mm, 12 μm particle size) hereafter named 
online SPE column. After sample loading, analyses were injected into 
a Thermo Hypersil Gold column with C18 selectivity 
(100 mm × 2.1 mm, 1.9 μm particle size), hereafter named analytical 
column, at 500 μL/min. Then, samples were analyzed for total 
microcystins by UHPLC–MS/MS. More details are provided in 
(Munoz et al., 2017; Roy-Lachapelle et al., 2019).

2.5.3 Nutrients
Method 415.1 was used to analyze TOC and DOC (United States 

Environmental Protection Agency, 1974). Total nitrogen, dissolved 
nitrogen, nitrate, nitrite and ammonia were analyzed according to 
Standard Methods 353.2 and 350.1 (United States Environmental 
Protection Agency, 1993a,b). Standard Method 365.3 was applied for 
total and dissolved phosphorus and soluble reactive phosphorus 
(United States Environmental Protection Agency, 1978).

The sampling, filtration and analysis procedure followed a method 
described elsewhere (Le et al., 2022).

2.5.4 DNA extraction, metagenomics preparation 
and sequencing

Total nucleic acid was extracted from the frozen filter using the 
RNeasy PowerWater Kit (Qiagen Group, Germantown, MD, 
United  States). Dithiothreitol (DTT) was added into the RNeasy 
PowerWater Kit solution PM1 buffer to avoid the formation of 
disulfide bond protein residuals. Total nucleic acid was eluted with 
60 μL nuclease-free water, and 30 uL was used for DNA. For 
pyrosequencing (Roche 454 FLX instrumentation with titanium 
chemistry), 30 μL of DNA was sent to the Genome Quebec Innovation 
Center for sequencing.

An Illumina NovaSeq  6,000 S4 (Illumia Inc., San Diego, CA, 
United States) was used to sequence DNA libraries. A homemade 
bioinformatic pipeline was applied to analyze Paired-end raw reads of 
150 base pairs (bp). Raw reads trimming quality was first performed 
using SolexaQA v3.1.7.1, default parameters (Cox et  al., 2010). 
Predicted protein fragments were then clustered at 90% similarity 
using cd-hit v4.8.1 (Fu et al., 2012). More details are in (Le et al., 2022).

2.5.5 Statistical analysis
Statistical analysis was performed by R (R Core Team, 2020). All 

of the plots in this paper were generated by the ggplot2 package in R.1 
Principal component analysis (PCA) was performed to evaluate the 
impact of environmental conditions on the cyanobacterial community 
and cyanotoxins with the vegan package.2 Statistical tests were 
determined using the Kruskal-Wallis test. Statistical significance was 
established at a 0.05 p-value cutoff (p < 0.05).

3 Results and discussion

3.1 The concentration of various forms of 
nutrients

3.1.1 Initial conditions (T0), before adding 
nitrogen

The nitrogen fractions (dissolved organic nitrogen (DON), 
ammonia and ammonium (NH3 + NH4

+), total Kjeldahl nitrogen 
(TKN), oxidized nitrogen (NO3

− + NO2
−), total nitrogen (TN), 

dissolved nitrogen (DN)) and phosphorus fractions (soluble reactive 
phosphorus (SRP), dissolved organic phosphorus (DOP), dissolved 
phosphorus (DP), particulate P (PP), total P (TP)) were measured for 
the samples taken in all mesocosms at the start of the sampling period 
(T0) on 31 July and 24 September 2018, 13 August and 20 September 
2019 in Missisquoi Bay (MB) (Supplementary Table S1) and on 26 
June, 24 July, 05 August and 09 October 2019 in Petit-Lac-St-François 
(PLSF) (Supplementary Table S2).

In MB, in both 2018 and 2019, the concentrations of TN and TP 
in the mesocosms were higher in mid-summer and lower in early fall 
(Supplementary Table S1). On 31 July 2018, TN and TP reached 
5.8 mg N/L and 1,311 μg P/L, respectively, before dropping to 
2.82 mg N/L and 337 μg P/L on 24 September 2018. Similarly, TN and 
TP concentrations peaked at 8.8 mg N/L and 3,101 μg P/L on 13 
August 2019 before rapidly declining to 0.59 mg N/L and 780 μg P/L 
on 20 September 2019 (Supplementary Table S1). At T0, the most 
dominant fractions of N and P at both studied sites were TKN and PP, 
respectively (Supplementary Table S1).

A different trend in TN and TP was observed at PLSF, where the 
concentrations of TN and TP in the mesocosms were lower in 
mid-summer and higher in early fall and early summer 
(Supplementary Table S2). TN concentrations were exceptionally high 
on 26 June 2019 (11.45 mg N/L) and 09 October 2019 (30.0 mg N/L), 
but they were significantly lower on 24 July 2019 (1.21 mg N/L) and 05 
August 2019 (1.12 mg N/L) (Supplementary Table S2). TKN and DON 

1 https://ggplot2.tidyverse.org, accessed on 01 March 2024.

2 https://cran.r-project.org/package=vegan, accessed on 10 April 2024.
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were the most prevalent N fractions found, while NO3
− + NO2

− and 
NH3 + NH4

+ levels were lower. The high concentration of TKN 
suggested that the primary forms of N were organic (Celikkol et al., 
2021). PP was the most common form of P. In June, July, August, and 
October of 2019, TP followed the same trends as TN. The TP 
concentration was high on 26 June 2019 (670 μg P/L), then decreased 
on 24 July 2019 (111 μg P/L), remained lower on 05 August 2019 
(137 μg P/L), before again increasing on 09 October 2019 (1,550 μg 
P/L) (Supplementary Table S2). In both MB and PLSF, a linear 
association was observed between TKN and PP with total 
cyanobacterial biomass (R2 ≥ 0.98) (Supplementary Figures S2–S5). 
During cyanobacterial blooms, the organic and particulate fractions 
of N and P fractions have been linked to cyanobacterial biomass 
rather than the amount of bioavailable compounds in water (Celikkol 
et al., 2021).

We also looked at the ratios of several N and P components in the 
mesocosms at T0 in MB and PLSF (Supplementary Tables S1, S2), 
focusing on the TN:TP ratio as a general indicator and the DIN:SRP 
ratio as a measure of readily accessible nutrients (Celikkol et al., 2021). 
In MB and PLSF, the TN:TP ratio ranged between 0.76 and 8.37 
(Supplementary Table S1) and 8.17 and 19.35 (Supplementary Table S2), 
respectively. A low N:P ratio (<30) has been shown to promote the 
growth of cyanobacterial blooms (Harris et al., 2014; Li et al., 2018) 
and TN:TP < 22 can indicate N-limitation in fresh water (Hecky et al., 
1993; Celikkol et  al., 2021). However, the organic and particulate 
forms of N and P in cyanobacterial cells can influence TN and TP 
concentrations (Celikkol et al., 2021); therefore, the ratio TN:TP was 
a by-product of cyanobacterial blooms. The DIN:SRP ratio in MB was 
low on 31 July 2018 (4.56), 13 August 2019 (1.86) and 20 September 
2019 (2.79), while it was higher on 24 September 2018 (24.8) 
(Supplementary Table S1). In PLSF, the DIN:SRP ratio was in the 
range of 2.2 to 2.8 on 24 July and 05 August 2019 and higher on 26 
June (13.56) and 09 October (9.86) 2019 (Supplementary Table S2). 
DIN:SRP ratios of less than 10:1 have previously been shown to 
suggest significantly N-limiting circumstances that favor the growth 
and proliferation of N2-fixing cyanobacteria (Havens et  al., 2003; 
Celikkol et al., 2021).

3.1.2 After 2  days of exposure (T48)
In MB, at T48, the DIN:SRP ratio was stable in the control 

mesocosm (Supplementary Table S3) but higher than its initial 
conditions in the mesocosms which had added NH4

+ 700 μg/L (95.13–
118.19) (Supplementary Table S5) and NO3

− 500 μg/L (27.72–49.32) 
(Supplementary Table S7). Similarly, the same trend was observed in 
PLSF (Supplementary Tables S6, S8). In general, the DIN:SRP ratio 
changed from less than 13 (nitrogen-limited conditions) at T0 which 
favors the growth of N2-fixing cyanobacteria to greater than 50 
(phosphorus-limited conditions) at T48 which favors the growth of 
non-N2-fixing cyanobacteria in the mesocosms containing nutrients 
at both studied sites (Havens et al., 2003; Celikkol et al., 2021).

As planned, there was a significant change in NH4
+ concentration 

in the mesocosms to which NH4
+ 700 μg/L was added compared to the 

control mesocosms at T48  in MB. In PLSF, both NH4
+ and NO3

− 
concentrations changed significantly in the mesocosms which had 
added NH4

+ 700 μg/L and NO3
− 500 μg/L, respectively 

(Supplementary Table S9). Thus, the quantity of N added to the 
mesocosm was sufficient to change the concentrations in 
amended mesocosms.

3.2 The impact of NH4
+ and NO3

− on total 
taxonomic cell counts

In both PLSF and MB, the initial average taxonomic cell counts 
fluctuated between the experimental events but were greater than 104 
cells/mL in all mesocosms (Figure  1). In MB, on 31 July 2018, 
Dolichospermum was the most numerous genera in all mesocosms, 
accounting for almost 85% of total taxonomic cell counts 
(Supplementary Figure S6). On 24 September 2018, the dominant 
genera were more diverse, including Dolichospermum (35.1% of total 
taxonomic cell counts), Microcystis (23.2%), and Aphanothece (25.1%) 
in all the mesocosms. Interestingly, Aphanizomenon and Aphanothece 
were the most abundant genera on 13 August and 20 September 2019, 
respectively (Supplementary Figure S6). Our findings were in line with 
a short- to long-term study of cyanobacterial dynamics in MB assessed 
by taxonomy cell counts and shotgun metagenomics (Moradinejad 
et al., 2020; Jalili et al., 2021; Le et al., 2021).

Dolichospermum and Microcystis were the most common bloom-
forming cyanobacteria in PLSF mesocosms at T0 
(Supplementary Figure S7). We found that Dolichospermum was the 
representative and dominant genus on 26 June 2019 and 09 October 
2019 (more than 73% of total taxonomic cell counts), respectively, 
while Microcystis dominated on 24 July 2019 and 05 August 2019 
(around 50–75% of total taxonomic cell counts; 
Supplementary Figure S7). Our findings were consistent with previous 
findings that Dolichospermum peaked in early spring and late fall, but 
Microcystis dominated during the summer season in eutrophic lakes 
(Shan et al., 2019; Zhang et al., 2020). For both the 24 July 2019 and 
05 August 2019 experiments, Aphanizomenon (5–10% of total cell 
counts) and Aphanothece (10–25%) were also present.

After 2 days of exposure (T48), the total taxonomic cell counts 
decreased significantly (p-value <0.05) in the mesocosms with added 
NH4

+ 700 μg/L or NO3
− 500 μg/L (Figure 1). Dolichospermum and 

Aphanizomenon cell counts declined significantly (p-value <0.05) 
relative to the mesocosm with NH4

+ 700 μg/L enrichment, while no 
changes were observed with NO3

− 500 μg/L enrichment 
(Supplementary Table S10).

The relative cell abundance of individual cyanobacterial species 
remained stable in all mesocosms after 48 h except for mesocosms 
containing NH4

+ on 28 June 2019 in PLSF, where Microcystis became 
the dominant genus (Supplementary Figure S7). In MB, Microcystis 
became dominant in the mesocosms containing NO3

− on 15 August 
2019 (Supplementary Figure S6). These observations agree with 
several previous studies reporting that adding NO3

− or NH4
+ to lakes 

can promote Microcystis proliferation on a long-term time scale 
(Harke et al., 2016; Chen et al., 2019; Swarbrick et al., 2019; Andersen 
et al., 2020; Trommer et al., 2020). In addition, multiple laboratory 
investigations have shown that adding NH4

+ and NO3
− to the 

Microcystis species can help them develop faster (Erratt et al., 2018; 
Chen et al., 2019). In addition, Microcystis blooms occurred in the 
presence of high concentrations of NH3 in the water column (Gobler 
et al., 2016; Celikkol et al., 2021).

Although NH4
+ is a good source of N for cyanobacterial growth, 

concentrations of NH4
+ greater than 1.44 mg N/L have been 

demonstrated to suppress cyanobacterial growth due to toxicity 
(Britto and Kronzucker, 2002; Dai et al., 2012; Collos and Harrison, 
2014; Erratt et al., 2018). In our study, five samples of NH4

+ + NH3 in 
the mesocosms with added NH4

+ at T48 were higher than 1.44 mg N/L 
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(Supplementary Tables S5, S6). It could be a reason for observing that 
total cell counts declined in the mesocosms adding NH4

+ compared 
to the control mesocosms in several events. Moreover, NH4

+ is more 
bioavailable to cyanobacterial growth at lower concentrations (Glibert 
et al., 2016).

3.3 The impacts of NH4
+ and NO3

− on 
cyanobacterial relative abundance 
assessed by shotgun metagenomic 
sequencing

The composition of the cyanobacteria assessed by comparative 
metagenomics read levels of genus during sampling periods is 
presented in Figures 2, 3. Results passing quality standards for DNA 
sequencing were available for 24–26 September 2018 and 13–15 
August 2019 in MB and 26–28 June, 24–26 July and 05–07 August 
2019 in PLSF.

Based on high-throughput sequencing data, analysis of the relative 
abundance of the cyanobacterial community at the genus level in MB 
revealed that Microcystis (approximately 55% of total relative 
abundance) and Dolichospermum (25% of total relative abundance) 

were the dominant genera at T0 on 24 September 2018 and 13 August 
2019, respectively (Figure 2). Our findings are consistent with prior 
research that found that Dolichospermum and Microcystis dominated 
the cyanobacterial community at the same location in MB (McQuaid 
et al., 2011; Zamyadi et al., 2012; Moradinejad et al., 2020; Jalili et al., 
2021). After 48 h of exposure (on 24 September 2018), the 
cyanobacterial relative abundance remained stable in all mesocosms 
(Figure 2A). In contrast, the experiment starting on 13 August 2019 
(Figure 2B) showed shifts to Microcystis in mesocosms with nutrient 
addition, whereas the shift was most notable to Synechococcus in the 
control mesocosm. Previous investigations in MB documented 
Synechococcus alternating before, during or after Dolichospermum and 
Microcystis blooms (Jalili et al., 2021). Microcystis has been associated 
with toxin production in MB (Le et al., 2022).

In PLSF, at T0, Microcystis was the predominant genus, 
accounting for more than 30–50% of the total relative abundance at 
T0 on 26 June 2019 and 24 July 2019, while Synechococcus (13.5% 
total relative abundance), Microcystis (12.5%) and Dolichospermum 
(12.4%) were the predominant genera on 05 August 2019 (Figure 3). 
After 48 h of exposure, the relative abundance of cyanobacteria 
regarding community composition had changed in all mesocosms, 
depending on the sampling date. For example, at T48, Microcystis 

FIGURE 1

Total taxonomic cell counts in the control, NO3
− (500  μg  N/L) and NH4

+ (700  μg  N/L) mesocosms (Mean  ±  standard deviation). The events are on 31 July 
– 02 August 2018, 24 – 26 September 2018, 13 – 15 August 2019, 20 – 22 September 2019; 26 – 28 June 2019; 24 – 26 July 2019; 05 – 07 August 
2019; 09 – 11 October 2019. Data of mesocosms NO3

− at events 31 July – 02 August and 24 – 26 September 2018 were excluded because of 
unexpected conditions. T0 is 238 for before adding nitrogen, and T48 is for after two days following nitrogen addition.
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remained dominant, and their relative abundance increased in all 
mesocosms on 28 June 2019 (Figure 3A). On 07 August 2019, the 
relative abundance of Microcystis, Synechococcus and 
Dolichospermum did not markedly change in the control 
mesocosms, while the abundance of Microcystis was higher in the 
mesocosms with added nutrients (Figure  3C). Interestingly, 
Synechococcus became dominant in the mesocosms with added 
NO3

− on 26 July 2019 (Figure 3B). This shift could be the result of 
random variability. Synechococcus can utilize various nitrogen 
sources for growth, and there was no correlation between the 
abundance of Synechococcus and concentrations of inorganic 
nutrients (NO3

−, NO2
−, NH4

+ and PO4
−) (Collier et al., 1999; Moore 

et  al., 2002; Wang et  al., 2011). The change in cyanobacteria 
composition in the control mesocosms after 2 days agreed with 
other reported results on the changes in cyanobacterial composition 
and variation in the cyanobacterial community in the lake (Ndong 
et al., 2014; Moradinejad et al., 2020).

The change to Microcystis dominance likely causes the species-
specific interaction between Microcystis spp. and related bacteria. 
Some bacteria phyla, such as Proteobacteria and Bacteroidetes, have 
played important roles in enhancing the adaptation of Microcystis 
within cyanobacterial blooms, like maintaining redox balance and 
coping with chemical stress (Li et al., 2018; Moradinejad et al., 2020). 
Moreover, several organisms may release bioactive substances that 
could affect the successional dominance of Microcystis in aquatic 
systems (Wacklin et al., 2009). In addition, Microcystis has numerous 

competitive advantages over other plankton in terms of extreme 
environmental changes (Wilhelm et al., 2020).

The genera observed from microscopic cell counts do not match 
the results of shotgun metagenomic sequencing completely 
(Supplementary Figures S6, S7; Figures 2, 3). The limitations of these 
methods could be the reason for the difference in the community 
composition structure (Moradinejad et al., 2020). For microscopic 
taxonomic cell counts, low-abundance species or similar morphology 
among cyanobacterial taxa may lead to the misidentification of 
cyanobacteria (Kim et al., 2018; Casero et al., 2019; Moradinejad et al., 
2020; Le et al., 2022). In the case of shotgun metagenomic sequencing, 
the limitations can include incomplete DNA sequencing libraries or 
the use of different libraries (Moradinejad et al., 2020; Jalili et al., 2021; 
Le et al., 2022).

3.4 Impact of NH4
+ and NO3

− on 
cyanotoxins

At the beginning of the sampling period, the concentration of total 
intracellular microcystins (intracellular ΣMCs) varied around 101–
105 ng/L while total extracellular microcystins (extracellular ΣMCs) 
was around 102–104 ng/L in MB and PLSF (Figures  4, 5). Twelve 
microcystins (MC) including MC-LR, MC-YR, MC-HtyR, MC-RR, 
MC-HilR, MC-WR, MC-LA, MC-LY, MC-LW, MC-LF, [Asp3]MC-RR 
and [Asp3]MC-LR, and some cyanopeptides (anabaenopeptin A 

FIGURE 2

The cyanobacterial community at genus level in the mesocosms on 24–26 September 2018 (A) and 13–15 August 2019 (B) in Missisquoi Bay. T0 is for 
before adding nitrogen, and T48 for 2  days following nitrogen addition.
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FIGURE 3

The cyanobacterial community at genus level in the mesocosms on 26–28 June 2019 (A), 24–26 July 2019 (B), and 05–07 August 2019 (C) in Petit-
Lac-St-François. T0 is for before adding nitrogen, and T48 is for after 2  days following nitrogen addition.

FIGURE 4

The concentration of total intracellular microcystins in the control, NO3– (500 μg N/L) and NH4+ (700 μg N/L) mesocosms (Mean ± standard 
deviation). The events are (A) 31 July – 02 August 2018, (B) 24 – 26 September 2018, (C) 322 13 – 15 August 2019, (D) 20 – 22 September 2019; (a) 
26 – 28 June 2019; (b) 24 – 26 July 2019; (c) 05 – 07 August 2019; 323 (d) 09 – 11 October 2019. T0 is for before adding nitrogen, and T48 is for 
after two days following nitrogen addition.
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(AP-A) and anabaenopeptin B (AP-B)) were detected at both sites 
(Supplementary Figures S8, S9). In MB, MC-LR, MC-RR and APA 
were the most abundant intracellular and extracellular cyanotoxins 
observed (Supplementary Figures S8, S10). MC-LR was the most 
common in both intracellular and extracellular cyanotoxins, 
accounting for greater than 75% of total relative abundance in all 
mesocosms at T0 in PLSF (Supplementary Figures S9, S11).

After 48 h, the concentration of intracellular ΣMCs did not change 
significantly in the mesocosms with added nutrients compared to the 
control mesocosms at both sites. However, there was a significant 
increase in extracellular ΣMCs and extracellular MC-LR in the 
mesocosms containing NO3

− 500 μg/L and NH4
+ 700 μg/L compared 

to the control mesocosms (Supplementary Table S11). For the 
individual intracellular toxins, MC-LY and AP-B significantly changed 
in the mesocosms with added NO3

− compared to the control 
mesocosms, and there were no significant differences in individual 
cyanotoxins between the control mesocosms and the mesocosm 
containing NH4

+ (Supplementary Table S11). The composition of 
intracellular cyanotoxins remained generally stable after 48 h in all 
mesocosms in almost all events in MB and PLSF 
(Supplementary Figures S8, S9), while the composition of extracellular 
cyanotoxins varied at both sites (Supplementary Figures S10, S11).

The increase of extracellular ΣMCs can result from intracellular 
toxin release following cell death or active toxin production by 
cyanobacteria. The extracellular ΣMCs did not significantly change in 
the control mesocosms after 2 days (Figure 5), and Microcystis (the 
main microcystin-producing cyanobacteria) cells remained intact 

even with the harsh conditions of parallel coagulation mesocosms 
over the 2 days (Li et al., 2015; Xu et al., 2016). Therefore, the increase 
in extracellular ΣMCs was likely enhanced by active toxin production 
rather than cell death. N enrichment has been associated with the 
production of cyanotoxins, such as the MCs produced by Microcystis 
spp. and other bloom-forming cyanobacteria (Donald et al., 2011, 
2013; Chen et al., 2019; Krausfeldt et al., 2020). Moreover Carmichael 
and Boyer (2016) demonstrated that N availability plays an important 
role to some extent in producing MCs in nature through seven amino 
acids. On a cellular level, N assimilation in cyanobacteria is carried 
out by the transcription factor ntcA (Flores and Herrero, 2005; 
Pimentel and Giani, 2014), and ntc A binds to the mcyD (microcystin 
biosynthesis gene cluster) promoter region and has direct relevance 
for the regulation of microcystin synthetase of Microcystis spp (Ginn 
et al., 2010).

3.5 Impact of environmental conditions on 
cyanobacterial community in the 
mesocosms before and after addition

Redundancy analysis (RDA) was performed to evaluate the 
relationships among nitrogen, the relative abundance of dominant 
cyanobacteria, and cyanotoxins in Missisquoi Bay and Petit-Lac-St-
François. PC1 and PC2 represented 69.1 and 26% of the variation, 
respectively, at T0. PC1 and PC2 represented 69.1 and 26% of the 
variation, respectively, at T48 (Figure 6).

FIGURE 5

The concentration of total extracellular microcystins in the control, NO3
− (500  μg  N/L) and NH4

+ (700  μg  N/L) mesocosms (Mean  ±  standard deviation). 
The events are (A) 31 July – 02 August 2018, (B) 24 – 26 September 2018, (C) 337 13 – 15 August 2019, (D) 20 – 22 September 2019; (a) 26 – 28 June 
2019; (b) 24 – 26 July 2019; (c) 05 – 07 August 2019; 338 (d) 09 – 11 October 2019. T0 is for before adding nitrogen, and T48 is for after two days 
following nitrogen addition.
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A relationship was observed between Dolichospermum and 
Aphanizomenon with NH4

+, DN, and DP at the beginning of the 
studied period (T0), where Dolichospermum and Aphanizomenon 
were the predominant genera in all mesocosms on 13 August 
2019  in MB (Figure  6A). In contrast, the association between 
Microcystis and Synechococcus and NH4

+ was not observed at T0 in 
other events. After 2 days of exposure (T48), NH4

+ was associated 
with Microcystis in the mesocosm containing NH4

+ at T48 on 26 
September 2018  in MB, and 28 June, 26 July, and 07 August in 
2019 in PLSF (Figure 6B). In addition, Microcystis was associated 
with intra-and extracellular ΣMCs at both T0 and T48 in this study 
(Figures 6A,B).

Numerous previous studies showed that the addition of NH4
+ 

promoted the presence of cyanobacteria, especially Microcystis. A 
recent study by Monchamp and Pick evaluated the effects of different 
nitrogen forms on the cyanobacterial community in PLSF and found 
that NH4

+ substantially impacted the relative abundance of 
Microcystis (Monchamp et al., 2014). Moreover, Microcystis is known 
to have a high affinity for NH4

+ (McCarthy et al., 2009; Glibert et al., 
2016), and an increase of NH4

+ concentrations through 
decomposition processes could be related to the frequent dominance 
of Microcystis in the middle of summer (Wetzel and Likens, 2001; 
Zhang et  al., 2008; Gobler et  al., 2016). Microcystis has been 
considered the major producer of MC, and Microcystis is strongly 
related to microcystin concentrations (Chorus and Bartram, 1999; 
Rinta-Kanto et al., 2009). This could be a reason for the association 
between Microcystis and intra-and extracellular ΣMCs at T0 and 
T48 in this study.

4 Conclusion

 • Cyanobacterial species present in Petit-Lac-St-François were less 
sensitive to the addition of nitrogen, given the higher ratios of 
N:P at the beginning of the study period.

 • Intracellular and extracellular microcystin concentrations were 
related to the appearance of Microcystis.

 • NH4
+ was associated with the presence of Microcystis 48 h after 

the addition of N at both sites.
 • Precipitation events leading to increased nitrogen loads in source 

waters (e.g., stormwater, agricultural runoff, untreated municipal 
effluents) could result in higher bloom toxicity within a short 
time frame. Drinking water treatment plants receiving water 
from surface waters with recurrent blooms should remain 
vigilant, particularly in the days following such events during 
cyanobacterial blooms.

 • Future research needs include expanding to other forms of 
nitrogen (e.g., urea) and additional sampling times (e.g., 12 h or 
24 h); applying metatranscriptomic analysis to understand the 
correlations among functional profiles and metabolite release.
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the article/Supplementary material, further inquiries can be directed 
to the corresponding author.

FIGURE 6

Redundancy analysis (RDA) of environmental parameters concerning cyanobacterial communities in the control, NH4
+ and NO3

− mesocosms in 
Missisquoi Bay (■: 24–26 September 2018 and ▲: 13–15 August 2019) and Petit-Lac-St-François (●: 26–28 June 2019; ◆: 24–26 July 2019 and *: 
05–07 August 2019). (A) is for sampling before adding nitrogen, and (B) is for sampling after two days following nitrogen addition. Only significant 
parameters (p  <  0.05) are shown, with the exception of NO2

−  +  NO3
− parameters.
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