
116

Abstract
Cyanobacterial bloom is a serious threat to the safety of public drinking water resources 
due to potential cyanotoxin microcystin contamination. Water operators inadequately monitor 
occurrences and dynamics of cyanobacterial blooms and their toxic potential. An effective 
monitoring and risk assessment can be challenging as the commonly used cyanobacterial 
biomass indicator might not explain the actual bloom’s toxicity. This study aimed to determine 
a reliable cyanobacterial biomass indicator for monitoring toxigenic blooms in the reservoir 
used for public drinking water supply. The reservoir was sampled for 12 months at three 
sampling sites to determine its water physicochemical properties, cyanobacterial biomass 
abundance, and toxigenic potential estimated by mcyE gene copy numbers. Cyanobacterial 
biomass was quantified as total chlorophyll-a and blue-green algae phycocyanin (BGA-PC). 
The results showed that total chlorophyll-a and BGA-PC are highly variable on temporal and 
spatial scales. Microcystis spp. was the dominant toxigenic cyanobacteria, with the mean mcyE 
gene concentrations ranging from 29.5 to 1,180,144.06 copies/mL. Meanwhile, Anabaena spp. 
and Planktothrix spp. were also detected in several samples, with the mean mcyE gene 
concentrations ranging from 28.25 to 3,877.05 copies/mL and 18.45 to 3,017.4 copies/mL, 
respectively. Pearson correlation analysis revealed that mcyE gene was only significantly 
correlated to BGA-PC (R = 0.553, P < 0.05). Hence, BGA-PC can be utilized as a reliable 
cyanobacterial biomass indicator for monitoring toxigenic cyanobacterial blooms. This first 
report on toxigenic cyanobacterial biomass in the reservoir signifies the importance of bloom 
monitoring and microcystin risk assessment using blue-green algae phycocyanin pigment.
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1. Introduction
Cyanobacterial blooms have been widely 

reported worldwide and primarily affect water 
quality and disturb water ecosystem stability 
(Kubickova et al., 2019; Méresse et al., 2022; 
Ren et al., 2022). Cyanobacterial blooms have 
become more severe due to climate change 
that emerges in all the continents. High 
cyanobacterial biomass in freshwater bodies 
used for drinking water supply could pose 
a significant health risk to water consumers 

due to possible cyanotoxin contamination. 
Cyanotoxins, particularly microcystins, have 
raised health risk concerns as it is known to 
have hepatotoxic effects. 

I n  t h e  f r e s h w a t e r  e c o s y s t e m , 
cyanobacteria often grow and dominate 
as a mixed assemblage of cyanobacterial 
species (Zhang et al., 2021). The most 
common cyanobacterial species found 
in freshwater include toxic and nontoxic 
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strains of Microcystis spp., Anabaena spp., 
Planktothrix spp., and Nostoc spp. (Massey 
et al., 2022; Pham & Utsumi, 2018). In 
response to this issue, many efforts have been 
made globally to understand the dynamics 
and environmental triggers of cyanobacterial 
growth, abundance, and toxicity in various 
freshwater ecosystems (Zhang et al., 2021; 
Barçante et al., 2020; Hu et al., 2021; Park 
et al., 2021; Pham et al., 2021). A wide range of 
water physicochemical and biological factors, 
climatic and hydrological factors are known to 
influence the dynamics of cyanobacteria and 
its toxic potential in freshwater bodies (Pham 
et al., 2021; Gophen, 2021; Kimambo et al., 
2019; Pound et al., 2021; Sukchinda et al., 
2019). Nevertheless, no single factor can fully 
explain their growth, abundance, and toxicity, 
as different cyanobacterial species may 
respond differently to environmental factors. 
Hence, it is difficult to control the growth 
and determine the toxicity of cyanobacterial 
communities in freshwater bodies (Huo 
et al., 2021). 

Uncertain threats posed by cyanobacterial 
blooms in freshwater ecosystems imply that 
monitoring and risk assessment should be 
prioritized in the water bodies with possible 
human exposure to cyanotoxin microcystins, 
such as drinking water supply reservoirs. 
Cyanobacterial blooms and their toxicity 
should be monitored and controlled by water 
supply operators to ensure safe drinking water 
for the end users. According to the monitoring 
guidelines established by WHO, risks of 
cyanotoxin exposure can be determined 
through the quantification of microcystins 
concentration or cyanobacterial biomass in the 
form of chlorophyll-a concentration (Chorus 
& Welker, 2021; WHO, 2020). Cyanobacterial 
biomass quantification, usually measured as 
species biovolumes or total chlorophyll-a 
concentrations, is a preferred monitoring 
and risk assessment parameter as it is rapid 
and inexpensive over direct microcystins 
quantification (Felip & Catalan, 2000). 
However, the total biomass may not depict 
the actual toxic potential of cyanobacterial 
communities due to the coexistence of toxic 
and non-toxic species (Ninio et al., 2020). 
Besides, water operators have not prioritized 
the monitoring of toxigenic cyanobacterial 

blooms in drinking water resources over the 
past years. 

In recent years, molecular techniques 
have been the most promising method 
to determine and quantify toxigenic 
cyanobacterial species. Polymerase Chain 
Reactions (PCR) and quantitative real-time 
PCR (qPCR) are widely used to identify 
and quantify microcystin-producing genes 
in the mixed assemblage of cyanobacterial 
communities commonly occurring during 
freshwater blooms. Microcystin synthetase 
gene cluster containing ten genes, namely 
mcyA to mcyJ, is responsible for synthesizing 
microcystins in cyanobacteria (Dittmann 
& Börner, 2005; Rantala et al., 2006). The 
detection of these microcystin biosynthetic 
genes usually indicates the presence of 
potentially toxic cyanobacteria in the mixed 
communities. Among other microcystin 
biosynthetic genes, mcyE is rather unique as 
this gene encodes an enzyme and polyketide 
peptide synthetase, which is responsible for 
the synthesis of the two most toxic amino 
acids in the microcystins molecule (Chen 
et al., 2021). 

In certain areas in Malaysia, the reservoir 
serves as important freshwater sources for 
residential and industrial supplies. Despite the 
comprehensive treatment of raw water from 
the reservoir before distribution, it is crucial to 
examine the potential cyanobacterial growth 
within the reservoir. Such investigation 
holds immense importance for ensuring 
water safety and security. To date, the reports 
of cyanobacterial abundance in the local 
reservoir are rather limited. For instance, 
cyanobacterial dominance has been reported 
in Semberong Barat Dam, Johor Bahru and 
Air Itam Dam, Penang, Malaysia. However, 
no cyanobacterial biomass quantification was 
reported in these studied reservoirs (Omar et 
al., 2017; Rohaslinda, 2017). 

This study was conducted to understand 
the dynamics of water physicochemical 
proper t ies ,  and the  re la t ionship  of 
cyanobacterial biomass and mcyE gene copy 
number in the reservoir used for water supply. 
This study also aimed to validate the most 
reliable cyanobacterial biomass parameters 
for predicting the toxicity of cyanobacterial 
communities. The authors hypothesized that 
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Figure 1. Map of the studied reservoir showing the three sampling sites

blue-green algae phycocyanin (BGA-PC)
concentration can be an alternative and 
reliable cyanobacterial biomass indicator for 
predicting and monitoring the potentially toxic 
blooms. This study is the first to report on the 
occurrence and dynamics of cyanobacterial 
abundance and potentially toxic blooms in 
Malaysia reservoir. The results of this study 
will provide researchers and water operators 
with a better understanding of the temporal 
and spatial variations of cyanobacterial 
biomass, as well as an alternative parameter 
for cyanobacterial biomass quantification for 
risk assessment and monitoring purposes.	

2. Methodology

2.1 Study location 

This study was conducted in one of the 
reservoir facilities in Peninsular Malaysia. 
This reservoir is experiencing cyanobacterial 
blooms throughout the year. The studied 
reservoir has formed from the confluence 
of two rivers and is located within the 
catchment area with mixed land use, including 
residential, plantation, and industrial areas 
as shown in Figure 1. The studied reservoir 
has a 52 hectares’ catchment area with a total 
storage of 10.6 million cubic meters and 37 
meters’ height. The study area has a tropical 
climate with an average air temperature of 
26.3 °C and the annual rainfall of 2512 mm.

2.2  Sample collection  

Sampling was conducted bimonthly from 
June 2022 to June 2023. Throughout this 
sampling period, 24 sampling events were 
carried out. In the reservoir, three sampling 
sites were selected to represent the whole 
hydrological environment of the water body. 
These three sites were located on the east and 
south sides of the reservoir as the west side 
is not accessible. The distance between the 
selected sampling sites is at least 500 m. In 
detail, Site A is located near the agricultural 
land, while Site B is in the middle of the 
reservoir, where the facility’s water sampling 
and reservoir monitoring tower are located. 
Site C is located within 1km from the raw water 
intake (Figure 1). During each sampling event, 
water samples were collected in triplicate at 
each sampling site by using a water sampler. 
Samples were taken from approximately 15 cm
below the surface to avoid dirt and plant debris. 
Upon collection, water samples were stored in 
1L cleaned high-density polyethylene (HDPE) 
bottles and were kept in an ice box (~ 4 °C) 
before being transported to the laboratory for 
further analyses. 

2.3 Water physicochemical properties

Physicochemical properties of the water 
samples, including water temperature, 
conductivity, pH, and dissolved oxygen, were 
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analyzed on-site and in the laboratory. Water 
temperature and conductivity were measured 
using a portable Aquapro digital water tester 
(HM Digital, Inc.). The dissolved oxygen was 
measured using a portable Thermoscientific® 
Eutech Dissolved Oxygen meter. The water 
pH was analyzed using a benchtop pH meter 
(Sartorius®). 

2.4 Cyanobacterial biomass quantification

Cyanobacterial biomass was determined 
based on concentrations of chlorophyll-a and 
blue-green algae phycocyanin (BGA-PC). 
Chlorophyll-a is commonly used for measuring 
algae biomass in waterbodies and its spatial 
and temporal variability. It also can be used to 
classify the trophic condition of a waterbody. 
Meanwhile, BGA-PC is specifically used for 
measuring blue-green algae biomass. This 
water-soluble and photosynthetic pigment 
gives a blue color to cyanobacteria and 
functions as light energy capture during 
photosynthesis (Simkin et al., 2022). 

In this study, both chlorophyll-a and 
blue-green algae phycocyanin (BGA-PC) 
were measured triplicate using Aquaprobe 
sensors (Aquaread®) in 1000 mL of water 
samples. The aquaprobe sensors are fixed 
response fluorometers in which these 
parameters were measured primarily through 
fluorescence detection. These sensor probes 
provide excitation at specific wavelengths 
which is 470 nm for chlorophyll-a and 
590 nm for BGA-PC. The aquaprobe sensors 
also detected any resultant fluorescence above 
630 nm and 655 nm, respectively. In brief, 
the electrodes on the aquaprobe sensors will 
induce the chlorophyll-a and phycocyanin to 
fluoresce, then the longer wavelength light 
emitted as a result of the fluorescence will 
be measured and converted into μg/L and 
cells/mL, respectively.

2.5 Quantification of mcyE gene copy number 

2.5.1 DNA extraction from water samples

The mcyE gene copy numbers were 
quantified from the composite samples 
combining sites A, B, and C for each sampling 
date. In total, 24 samples were processed for 

mcyE gene quantification. Cyanobacterial cells 
were harvested on a glass microfibre filter, 
0.45 μm (Whatman®), from 500 to 1000 mL of 
water samples. The used water volumes depend 
on the cyanobacterial biomass concentration 
measured using an Aquaread® AP-Lite probe. 
The filter papers containing the harvested 
cyanobacterial cells were frozen at -20 °C until 
the extraction procedure. The DNA extraction 
was carried out within 48 hours after the filtration. 

Cyanobacterial DNA samples were 
extracted from the frozen filter papers using 
the PrimeWay Genomic DNA extraction kit 
(1st Base). The DNA extraction methods were 
performed according to the manufacturer’s 
instructions. The concentrations and purities 
of the extracted DNA were measured using a 
spectrophotometer with an absorbance ratio 
of 260 nm/280 nm (A260/A280).

2.5.2 PCR

Microcystin synthetase E gene (mcyE 
gene) PCR amplifications were performed 
using primer sets developed by the 
previous studies. The PCR assays target the 
genus-specific mcyE gene (Vaitomaa et al., 
2003; Rantala et al., 2006). The assays were 
optimized to detect the target gene from the 
collected water samples. All amplifications 
were performed in 50 μL reaction volume 
using ThermoScientificTM Dream Taq PCR 
Master Mix. Each PCR reaction containing 
25 μL of PCR master mix, 0.1 – 1.0 μM of 
forward and reverse primers, 10 pg – 1 μg 
of DNA template, and nuclease-free water 
up to 50 μL of reaction volume. The thermal 
cycling condition was performed with an 
initial denaturation at 95 °C for 3 min, 
denaturation at 95 °C for 30 s, annealing at 
46.1°C (Anabaena mcyE, 47 °C (Microcystis 
mcyE), 44.4 °C (Planktothrix mcyE) for 30 s 
with 40 cycles, extension at 72 °C for 1 min, 
and final extension at 72 °C for 15 min. 

2.5.3 qPCR

The concentrations of toxigenic Anabaena 
spp., Microcystis spp., and Planktothrix spp. 
(equivalent to Anabaena mcyE, Microcystis 
mcyE, and Planktothrix mcyE) were assayed 
by SYBR Green-based qPCR. The primers 
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Table 1. Primers sequences for genus-specific mcyE gene

sequences of the genus-specific mcyE gene 
are listed in Table 1. The qPCR mixtures 
containing SYBR Green qPCR Master Mix, 
10 μL, forward and reverse primers, 0.8 μL 
each, DNA template, 1 μL, and nuclease-free
water up to 20 μL reaction volume. The 
thermal cycling protocol was performed with 
an initial denaturation at 95 °C for 2 min, 
denaturation at 95 °C for 5 s, and annealing/
extension at 62 °C for 20 s with 40 cycles. 

2.5.4 qPCR standard curve preparation

In this study, the reference strains 
used for positive control were Microcystis 
aeruginosa NIES 89, Anabaena sp. BIR259, 
and Planktothrix agardhii NIVA-CYA127. 
A standard curve as shown in Figure 2 
was plotted from the reference strains to 
quantify the copy number of the mcyE 
gene of the selected cyanobacterial species 
in the water samples and the analysis was 
run in duplicate. The copy number of 
each gene was calculated according to its 
molecular weight and concentration and 
then converted into a copy number based on 
Avogadro’s number (1 mol = 6.02214 x 1023) 

(Baxa et al., 2010; Rinta-Kanto et al., 2005).
For the toxic cyanobacterial species 
(Anabaena, Microcystis, and Planktothrix), 
the number of mcyE gene copy numbers 
was directly utilized as the number of cell 
equivalents, since there was only one copy of 
the mcyE gene per genome (Baxa et al., 2010).

2.6 Data processing and Statistical analyses

Statistical analyses were done using 
IBM Statistical Package for the Social 
Sciences (SPSS Inc. Version 23). The data for 
physicochemical properties and cyanobacterial 
biomass were expressed as mean ± standard 
deviation for each sampling date and site. The 
mean and standard deviations were calculated 
from the measured triplicate samples. A data 
normality test was performed before statistical 
analysis. The normality of data was assessed 
based on the Shapiro-Wilk test. Data were 
then log-transformed to meet the assumption 
of normality. Pearson correlation analysis was 
conducted to identify correlations between 
mcyE gene copy numbers and cyanobacterial 
biomass measured as chlorophyll-a, and BGA-
PC concentrations were used as the average.
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Figure 2. A standard curve of the Microcystis mcyE gene was plotted with concentrations 
ranging from 2000000 to 20 DNA copies (log (DNA copy) on the x-axis), R2: 0.9989,

and qPCR efficiency: 97%

3.   Results and Discussion

3.1 Water physicochemical parameters of the 
reservoir 	

In general, water physicochemical 
parameters fluctuated throughout the sampling 
period. Figure 3 (a-d) shows the variabilities of 
water temperature, pH, dissolved oxygen, and 
conductivity in sites A, B, and C of the studied 
reservoir. Water temperature fluctuate along 
the sampling period, with mean values ranging 
from 26.0 to 30.8 °C (Figure 3a). The lowest 
and highest water temperatures were recorded 
in September 2022 and June 2022, respectively. 
The dissolved oxygen levels also displayed 
temporal variations with mean values ranging 
from 5.89 to 10.28 mg/L, with the lowest and 
highest values recorded in December 2022 
and February 2023, respectively (Figure 3b). 
Meanwhile, shifts in pH levels throughout 
the sampling period were also observed 
with mean values ranging from 5.66 to 8.5 
(Figure 3c). The lowest and highest mean pH 
values were observed in August 2022 and 
May 2023, respectively. In contrast to pH, 
variations in conductivity showed an opposite 
temporal pattern (Figure 3d). The mean water 
conductivity ranged from 105.3 to 134.00 mS/m, 
with the lowest and highest being observed in 
January 2023 and September 2022, respectively.

These fluctuations indicate the dynamics 
of physicochemical properties in the studied 
reservoir, whereby the dynamics are influenced 
by many factors. The prolonged dry period, 
becoming more common due to climate change 
will lead to fluctuations in water temperatures 
(Palinkas & Wong, 2020). Changes in water 
temperature may promote cyanobacterial 
blooms and further enhance aquatic ecosystem 
distress (Kazmi et al., 2022). It has been 
reported that cyanobacterial growth rates may 
be enhanced by warming waters more quickly 
compared to other phytoplankton, even in 
low nutrient concentrations (Freeman et al., 
2020; Visser et al., 2016). Mullin et al. (2020) 
have reported that surface water temperatures 
above 25 °C may trigger the formation of 
cyanobacterial blooms. Different cyanobacterial 
species may have maximum growth rates at 
different temperatures. Several studies have 
reported an association between cyanobacterial 
abundance and high water temperatures, 
which showed the optimum growth of certain 
cyanobacterial species at different temperatures 
(Richardson et al., 2019; Smucker et al., 2021). 
For example, temperatures around 30.6 ± 2.3 °C 
may favor the growth of Anabaena spp. (Nalley 
et al., 2018), while temperatures between 
28°C and 37 °C may promote the growth of 
Microcystis aeruginosa and Cylindrospermopsis 
raciborskii (Thomas & Litchman, 2016). 
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Apart from temperature, dissolved 
oxygen is another key indicator of health 
and stability of freshwater ecosystems. Its 
concentration is vital in aquatic existence 
and water body components’ variation and 
transition (Yu et al., 2020). In this reservoir, 
the dissolved oxygen levels were reported 
above 5 mg/L which indicates a healthy 
ecosystem for aquatic organisms to survive. 
Monitoring dissolved oxygen concentration 
in the water bodies is essential to indirectly 
assess any pollutants which will impact 
the level of dissolved oxygen. Besides, the 
fluctuation of pH levels may be influenced 
by carbon dioxide concentration in the water 
(Prakash, 2021). pH levels increase during 
the photosynthesis process of algae and 
aquatic plants, reducing the hydrogen ions 

in the water, while the decomposition and 
respiration process lowers the pH levels (Dey 
et al., 2021). The highest pH was recorded 
at sampling point A during the occurrence 
of the highest cyanobacterial biomass. 

Regarding water conductivity, its temporal 
variabilities highlighted the shifts in dissolved 
ions and contaminants throughout the 
sampling period. In the wet season, pollutants 
from the basin are flushed into water bodies 
in high quantities, resulting in water quality 
changes (Wang et al., 2020). Matej-Łukowicz 
et al. (2023) explained that the significant 
pollutant deposition in water bodies may 
have originated from the high inflow of 
pollutant load for a short period during the 
wet season. Besides, the underlying geology 
of the water body also plays an essential 

Figure 3. Variability of water physicochemical parameters in sites A, B, and C
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Figure 4. (a,b) The temporal variability of chlorophyll-a and BGA-PC in sites A, B, and C

role in determining water conductivity, 
as the soluble ions are different based on 
the topography characteristics of the area 
(Lintern et al., 2018; Mainali & Chang, 2021). 
In this study, fluctuations of these major 
water physicochemical parameters depict 
the dynamic nature of the studied reservoir 
ecosystem and the complex interplay of 
various factors influencing the water quality 
(Akhtar et al., 2021). 

3.2 Abundance of cyanobacterial biomass

The presence of cyanobacterial biomass 
in the studied reservoir was determined by 
cyanobacterial-specific pigments detection, 
including total chlorophyll-a and BGA-
PC. Figure 4(a) and Figure 4(b) showed 
the concentrations of chlorophyll-a and 
BGA-PC at sites A, B, and C throughout the 
study period. The mean total chlorophyll-a 
concentrations varied from 95.95 to 
857.67 μg/L, as shown in Figure 4(a). 
Meanwhile, the highest and lowest mean 
chlorophyll-a concentrations were recorded 
in October 2022 and June 2023, respectively.

Besides, the BGA-PC concentrations also 
showed temporal variability in all sampling 
sites. In Figure 4(b), the mean total BGA-PC
concentrations varied from 2,944.67 to 
83,521.33 cells/mL, while the highest and 

lowest mean BGA-PC concentrations were 
recorded in August 2022 and February 
2023. On a spatial basis, the concentrations 
of BGA-PC at sites A, B, and C showed 
trend fluctuations along the sampling period.

In general, site A recorded higher 
chlorophyll-a and BGA-PC concentrations 
compared to site B and C. Based on Figure 5
(a-b) ,  the  highest  concentra t ion of 
chlorophyll-a and BGA-PC were recorded 
at site A, with the maximum value being 
857.7 μg/L and 82,375 cells/mL, respectively. 
Certain environmental factors impacting the 
cyanobacterial abundance may explain the 
observed temporal and spatial variabilities. 

Many recent studies have highlighted 
the significance of meteorological and 
hydrological conditions, such as wind speeds, 
residence time, outflows, and water level 
fluctuations, on cyanobacterial abundance 
(Rao et al., 2021; Yang et al., 2018). Site A
showed the highest concentrations of 
cyanobacterial biomass compared to other 
sites, potentially due to a slight difference 
in the hydrological characteristic of the 
sampling site. Through observation, Site A 
has lower circulation or stagnant water than 
Site B and Site C. Furthermore, the tendency 
of cyanobacterial biomass to accumulate in 
site A is high due to wind direction. Besides, 
higher cyanobacterial biomass in site A may 
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be explained by potentially nutrient-rich water 
as this site is located near agricultural land. 
An excessive nutrient runoff from the 
agricultural land as well as the internal total 
phosphorus and total nitrogen loading in the 
reservoir lead to cyanobacterial proliferation 
since this species is capable to thrive in 
nutrient-rich environments and sustain 
nitrogen fixation (Aeriyanie et al., 2021; 
Richardson et al., 2019; Zou et al., 2020). 
Hence, different environmental factors may 
explain the dynamics of cyanobacterial 
abundance at these sampling sites.

3.3 mcyE gene quantification 

The results of PCR assays used for mcyE 
gene quantification are shown in Table 2. In 

Figure 5. (a,b) Boxplot for estimated chlorophyll-a concentrations (μg/L) and BGA-PC 
concentrations (cells/mL) at sampling sites A, B, and C. The box length shows the 

interquartile range and 50% of cases of the variable. The line in the box indicates the median 
value, while extended lines from the box are the smallest and largest values. The mean 
values are represented by x. Cases extended more than the box lengths are represented 

by a circle      

Table 2. The number of PCR-positive samples for cyanobacterial 16S rRNA, Microcystis 
mcyE, Anabaena mcyE, and Planktothrix mcyE detection 

general, cyanobacterial cells were detected 
consistently throughout the sampling period 
using primers targeting the cyanobacteria 16S 
rRNA gene. Meanwhile, Microcystis mcyE 
gene was detected in all (100%) water samples 
throughout the sampling period, suggesting 
the dominance of Microcystis spp. in this 
studied reservoir. However, Anabaena mcyE 
and Planktothrix mcyE were detected only at 
certain sampling periods. Anabaena mcyE and 
Planktothrix mcyE were detected in 50% and 
33.3% of water samples, respectively. Anabaena 
mcyE was detected between November 2022 
and June 2023, while Planktothrix mcyE was 
detected between late October 2022 and May 
2023. This data shows the variability of the 
toxic potential of cyanobacterial species in the 
studied reservoir at different sampling periods.
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All  qPCR assays showed l inear 
amplifications for sample concentration 
between 20 and 2 x 106 gene copies per mL. 
Microcystis mcyE was reported from 29.5 to 
1,180,144.06 copy numbers per mL (Figure 6). 
The highest Microcystis mcyE copy number 
was detected in August 2022. Meanwhile, 
Anabaena mcyE and Planktothrix mcyE 
concentrations ranged from 28.25 to 3,877.05 
copies/mL and 18.45 to 3,017.4 copies/mL, 
respectively. The highest Anabaena mcyE 
and Planktothrix mcyE copy numbers were 
detected in December 2022. The linear 
regression equations for Microcystis mcyE, 
Anabaena mcyE, and Planktothrix mcyE 
qPCR assays were: y = -3.394x + 32.49 
(R2 = 0.999, efficiency = 97%, P < 0.0005), 
y = -3.406x + 34.01 (R2 = 0.999, efficiency 
= 97%, P < 0.0005), and y = -3.246x + 33.23 
(R2 = 0.99, efficiency = 103%, P < 0.0005) 
respectively, where y is the log10 of the gene 
copy number and x  is the corresponding CT 
value. All the DNA template concentrations 
were measured between 1.8 and 2.0 based on 
A260/A280 ratios. 

This study successfully optimized harmful 
cyanobacterial species for monitoring via qPCR 
assays. A highly sensitive qPCR assay is much 
more reliable for cyanobacterial detection and 
quantification than the conventional PCR assay 
since it can quantify the mcyE genes even 
at the lowest detection limit of 18.45 gene 
copies/mL. This result was supported by the 
previous studies on detecting mcyE genes in 
the freshwater ecosystems where mcyE gene 
was used to rapidly quantify species-specific 
harmful cyanobacterial cells as well as an 
early detection on the cyanobacterial cells 
proliferation (Padovan et al., 2023; Stoyneva-
Gärtner et al., 2020). In this studied reservoir, 
Microcystis mcyE copy numbers were most 
abundant compared to Anabaena mcyE and 
Planktothrix mcyE copy numbers, hence, 
Microcystis spp. is potentially the primary 
microcystin producer in the reservoir. 

The distribution of cyanobacterial 
species has been reported to be influenced by 
precipitation, which impacts the water column 
(Ho & Michalak, 2020). The mixing of the 
water column due to precipitation will cause 
the benthic cyanobacteria, Planktothrix spp., to 
integrate with surface cyanobacterial species, 

including Microcystis spp. and Anabaena spp. 
(Visser et al., 2016; Ho & Michalak, 2020). 
Several studies have investigated the impacts 
of water mixing on water quality, including 
phytoplankton distribution and nutrients 
dispersions (Wang et al., 2022), contaminants 
(Noori et al., 2021), and dissolved oxygen 
(Perello et al., 2017). 

Extreme precipitation also increases 
nutrient runoff, which is favorable for 
cyanobacterial growth (Michalak et al., 
2013; Reichwaldt & Ghadouani, 2012). In 
Malaysia, the Southwest Monsoon and the 
Northeast Monsoon occur from late May to 
September and from November to March, 
respectively. These monsoons eventually affect 
the water volume of the studied reservoir and 
contribute to the mixing of cyanobacterial 
communities in the water column. Based 
on Figure 6, the highest mcyE gene copies 
for Microcystis spp., Planktothrix spp., and 
Anabaena spp. were recorded within the 
monsoon seasons. The results imply that during 
monsoon season, the mixing of cyanobacterial 
communities occurred within the water column 
and potentially increased nutrient load due to 
precipitation, which could explain the increased 
abundance of cyanobacterial biomass and 
mcyE gene copy number.

3.4 Association between cyanobacterial 
abundance and mcyE gene copies

Pearson correlation analysis was 
conducted to determine the strength of the 
association between mcyE gene copies and 
cyanobacterial abundance. This analysis was 
done using log-transformed data. Microcystis 
spp. was dominant with the highest mcyE gene 
copies and detected throughout the sampling 
period. Therefore, the correlation analysis was 
performed only on Microcystis mcyE gene. The 
mcyE gene copy number for Planktothrix spp. 
and Anabaena spp. is either detected in very 
low concentration or undetected compared 
to Microcystis spp. As such, the presence 
of both Planktothrix and Anabaena are not 
frequent during the sampling period. Hence, 
the correlation of mcyE gene copy number for 
Planktothrix spp. and Anabaena spp. against 
cyanobacterial abundance is not conducted. 
The analysis results are presented in Table 3. 
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Figure 6. Microcystis, Anabaena, and Planktothrix microcystin synthetase gene E (mcyE) 
copy numbers from samples collected throughout the sampling period

Table 3. Correlations between Microcystis mcyE copies, chlorophyll-a, and blue-green algae 
(phycocyanin) data from the SPSS analysis

Microcystis mcyE copies only correlated 
significantly with BGA-PC (R = 0.553, 
P < 0.05) but not with chlorophyll-a. Hence, 
it can be suggested that cyanobacterial 
biomass measured as BGA-PC is a better 
biomass indicator to predict the toxicity of 
cyanobacterial communities in the studied 
reservoir. Though many studies have reported 
that chlorophyll-a as the general biomass 
indicator, phycocyanin should be included 
in the regular monitoring of cyanobacterial 
blooms since this photosynthetic pigment 
is specifically found in cyanobacteria, 
rhodophytes, cryptophytes, and glaucophytes 
(Binding et al., 2021; Eriksen, 2008; Glazer, 
1994; Zou et al., 2020). Phycocyanin is a 
water-soluble pigment that can absorb light, 
which makes this pigment easily measurable 
in freshwater using any devices or sensors that 
emit light, such as algae sensors. In contrast, 
chlorophyll-a is a water-insoluble pigment 
that requires organic solvents such as acetone 
or alcohol during extraction. This pigment 
embedded in a membrane does not absorb 
and emit light in the water as phycocyanin 

does. Hence, this factor might influence the 
uncorrelation of the chlorophyll-a and mcyE 
gene copies. All in all, the positive correlation 
of mcyE gene copies and BGA-PC in this 
study showed the reliability of this biomass 
indicator for measuring the potential toxicity 
of mixed cyanobacterial communities in 
freshwater bodies. This present study provides 
a new insight of harmful cyanobacterial 
abundance specifically in Malaysia’s reservoir 
and it is important for further examination 
on the notable cyanotoxins production by the 
harmful cyanobacteria. 

4. Conclusion

Water physicochemical parameters in 
the studied reservoir fluctuated throughout 
the sampling period. In these conditions, 
the reservoir was consistently dominated 
by toxigenic Microcystis spp. The biomass 
of Microcystis spp. was highly variable on 
temporal and spatial scales, and significantly 
correlated with the mcyE gene copy numbers. 
Therefore, our results suggest and justify 
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the possible threats of toxic cyanobacterial 
blooms and the need for regular monitoring 
in any reservoir systems being used for public 
drinking water supply. Additionally, our data 
also suggests that the toxigenic potential of the 
cyanobacterial community can be significantly 
explained by BGA-PC concentrations instead 
of the most commonly used chlorophyll-a. 
Hence, BGA-PC can be utilized as reliable 
indicators for water operators to diagnose 
the potential risk associated with toxigenic 
cyanobacteria and cyanotoxins in drinking 
water sources. A more comprehensive study 
is needed to further validate the relationship 
between BGA-PC and microcystins during 
cyanobacterial blooms in drinking water sources. 
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