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Abstract In order to understand the environmental varia-
bles which promote the proliferation of cyanobacteria and
variation in microcystin concentrations in the Nui Coc res-
ervoir, Vietnam, physicochemical parameters, the occur-
rence, and abundance of phytoplankton, cyanobacteria,
and microcystin concentration were monitored monthly
through the year 2009-2010. The relationships between
these parameters were explored using principal component
analysis (PCA) and Pearson correlation analysis. The phy-
toplankton community was mainly dominated by the cya-
nobacterium Microcystis with higher cyanobacteria
abundance during summer and autumn season. PCA and
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Pearson correlation results showed that water temperature
and phosphate concentration were the most important vari-
ables accounting for cyanobacteria, Microcystis, and micro-
cystin occurrence. Analysis of the toxins by high-
performance liquid chromatography demonstrated the pres-
ence of two microcystin variants: microcystin-LR (MC-RR)
and microcystin-ddRR (MC-ddRR) with total concentra-
tions of the toxins in filtered samples from surface water
ranging from 0.11 to 1.52 pg MC-LR equiv L™'. The high
concentrations of microcystin in the Nui Coc reservoir high-
lighted the potential risk for human health in the basin. Our
study underlined the need for regular monitoring of cyano-
bacteria and toxins in lakes and reservoirs, which are used
for drinking water supplies, not only in Vietnam but also in
tropical countries.

Keywords Cyanobacterial bloom - Microcystis -
Microcystins - Nui Coc reservoir - Eutrophic - Vietnam

Introduction

The cyanobacteria (commonly known as blue-green algae)
are an ancient group of prokaryotic organisms found in
many different aquatic environments all over the world
(Whitton and Potts 2000). In aquatic environments, most
cyanobacteria species occur in low concentrations; however,
when environmental and hydrological conditions are favor-
able, cyanobacteria proliferate and form blooms. Mass
occurrences of cyanobacteria are typically related to nutrient
inputs resulting from fertilizer runoff and industrial, live-
stock, and human wastewater (Moreno et al. 2004).
Cyanobacteria blooms cause a variety of water quality prob-
lems including unpleasant odors, dissolved oxygen deple-
tion, and increased pH. They also release large amounts of
dissolved organic carbon which fuels bacterial growth in
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drinking water supplies. Cyanobacteria blooms also reduce
water transparency, can lead to diminished biodiversity, and
can be responsible for fish kills as well as the death of other
animals such as dogs and deer. Indeed, cyanobacteria can
produce several potent toxins, and the presence of these
compounds in drinking and bathing water supplies poses a
serious hazard to human health (Falconer 1996). The World
Health Organization recognize toxic cyanobacteria as a
pathogenic agent that requires monitoring in water and have
established provisional guideline value for microcystin-LR
in drinking water (1 ug L™") (WHO 1998). Surveys con-
ducted in a wide range of countries have revealed that 25—
95 % of the bloom samples expressed some degree of toxicity
(Sivonen 1996). Cyanotoxins can toxicologically be divided
into five major groups: hepatotoxins, neurotoxins, cytotoxins,
dermatotoxins, and endotoxins. Among cyanobacterial
toxins, microcystins (MCs) are probably seen to occur most
frequently. Over 100 species of cyanobacteria belonging 40
genera such as Microcystis, Anabaena, Aphanizomenon,
Oscillatoria, Nostoc, Cylindrospermopsis, Anabaenanopsis,
Cylindrospermum, Haphalosiphon, Lyngbya, Nodularia,
Phormidium, Planktothrix, Merismopedia, Leptolyngbya,
Umezakia, and Pseudoanabaena are recognized as the most
common genera having toxigenic species (Gkelis et al. 2005;
Jayatissa et al. 2006; van Apeldoom et al. 2007).

During the last decades, toxic cyanobacterial blooms have
been reported with an increasing frequency worldwide and are
often associated with the production of microcystins (Chorus
2001; Gkelis et al. 2005; Jayatissa et al. 2006; Quiblier et al.
2008; Joung et al. 2011). However, little information on toxic
cyanobacteria and their toxins has been reported from fresh-
water bodies in Vietnam (Hummert et al. 2001; Nguyen et al.
2007; Dao et al. 2010; Nguyen et al. 2012). Preliminary
studies on phytoplankton showed that potentially toxic cya-
nobacteria species occurred widely in Vietnamese natural
waters (Hummert et al. 2001; Dang et al. 2003).
Additionally, phytoplankton studies in several water bodies
in northern Vietnam have shown that prolonged Microcystis
species-dominated cyanobacterial blooms can occur (Dang et
al. 2003). Moreover, different variants of microcystin in iso-
lated Microcystis strains from the Thanh Cong lake have been
identified (Hummert et al. 2001). More recently, several toxin-
producing cyanobacteria species and their toxins have been
reported in the central region of Vietnam, e.g., Thua Thien-
Hue province, and in the Southern Vietnam, e.g., Tri An
reservoir (Nguyen 2007; Nguyen et al. 2007; Dao et al. 2010).

The Nui Coc reservoir (surface area, 25.2 km?; effective
storage capacity, 168.10°m?) receives water from the Cong
River and is a well-known tourist site in North Vietnam as
well being important for the local economy. The reservoir
was constructed to provide drinking water supplies, agricul-
tural irrigation, for aquaculture, flood control, recreation,
hydroelectric power, and for flow management for the
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Thai Nguyen province and surrounding areas. In recent
years, parallel with the rapid development of the local econ-
omy and the intensive use of water resources, the water
quality of this reservoir has been considerably degraded
due to untreated agricultural, industrial, and domestic waste-
water inputs from the watershed. The reservoir requires an
effective biomonitoring program, but at present, little is
known about phytoplankton and cyanobacteria diversity in
this system. Although the presence of the toxic Microcystis
was first reported when massive bloom appeared, no data on
cyanotoxins are available (Dang et al. 2003). The objective
of this study was to document, through the monthly moni-
toring of the phytoplankton community, the concentration of
toxic cyanobacteria and their toxins of the Nui Coc reservoir
from May 2009 to May 2010. In addition, the relationship
between the presence of cyanobacteria, toxin production,
and environmental factors in the Nui Coc reservoir was also
examined. In these systems that are integral the to economic
development of these rural regions, a better understanding
of toxic cyanobacteria occurrence and their toxins is essen-
tial for the protection of the water quality of this reservoir.

Material and methods

The Nui Coc reservoir is located in Thai Nguyen province
(latitude 105°46" E, Longitude 21°34' N) and drains an area of
567 km? (Fig. 1). This basin is located in the mountainous
region, with the average elevation of 312 m and the mean slope
of41.3 % (Vu and Nguyen 2009). The climate in the Nui Coc
reservoir basin is subtropical East Asian monsoon character-
ized by two distinct seasons: rainy and hot and dry and cooler.
Yearly average rainfall in the basin is approximately 1,850
mm y ' with an annual average temperature of 22 °C. The
Nui Coc reservoir was constructed in 1970s; has a surface area
of 25.2 km® and an effective storage capacity of 168x10°m>
(Thai Nguyen center TDI 2002; Le et al. 2010). The mean
depth of this reservoir is 23 m (Vu and Nguyen 2009).

Sample collection and analysis

Water samples were monthly collected from surface layer (0—
35 cm) from May 2009 to May 2010 at six sites (NC1, NC2,
NC3, NC4, NC5, and NC6) in the reservoir as shown in the
Fig. 1. For the present study, average values of six sampling
stations are presented. Physical factors (temperature, pH, dis-
solved oxygen (DO), and conductivity) were measured in situ
using a multi-parameter probe (Model WQC-22 A, TOA).
Water samples for nutrient determinations (PO,>"-P, NH, -N,
NOj3 -N, and NO,-N) were collected near the surface, filtered
through Whatman GF/C filters (0.45 pm), and kept in poly-
propylene sampling at 4 °C in darkness analyzed as soon as
possible. All analyses were conducted according to American
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Public Health Association (APHA 1998). Water samples for
chlorophyll a (Chl a) determination were filtered through GF/C
membrane filters, extracted in acetone, and measured spectro-
photometrically (Lorenzen 1967). Phytoplankton samples
were collected using plankton net (40 pm mesh size) and
immediately fixed with formaldehyde solution at a 5 % (v/v)
final concentration for species identification. Phytoplankton
species were identified according to its morphology using light
microscopic observation (Olympus BX51). The following tax-
onomic literature was used for the identification of cyanobac-
teria: Duong (1996) and Komarek and Anagnostidis (1989,
1999, 2005). Krammer and Lange-Bertalot (1986—1991) was
used for diatom identification. The general phytoplankton
identification was carried out using the techniques of Huber-
Pestalozzi (1955, 1961, 1968, 1982 and 1983), van Den Hoek
et al (1995) and Duong and Vo (1997). For phytoplankton
enumeration, one-liter of water was preserved, fixed with
10 mL Lugol’s iodine solution, and then was sedimented for
48 h prior to counting. Number of cells was counted by using a
Sedgewick-Rafter cell method (Hotzel and Croome 1998;
Karlson et al. 2010).

Bloom samples were collected using plankton net.
Samples were kept cool and delivered to the Department
of Hydrobiology, Institute of Environmental Technology
within 5 h after sampling. Samples were then concentrated
by centrifugation and/or filtering through nylon mesh.
Subsamples of cyanobacterial bloom which comprised of
approximately 80-90 % Microcystis species were used for
the isolation of Microcystis aeruginosa. This species was
isolated using a sterilized Pasteur pipette to collect single
cells or small colonies. Single cell or small colonies of
Microcystis were rinsed in several drops of sterilized CB
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Nut ‘Coc reservoir

e
5251 ¥ gated conduit

o
O
%0

»

medium to remove the contaminating cells or suspended
particles. The isolation was performed in CB liquid medium
(Shirai et al. 1989). The cultures were maintained at 25 °C
under 12:12 h light/dark regime, 14 umol photons m s '
intensity. Biomass of isolated strains was harvested at the
end of exponential growth phase and concentrated by cen-
trifugation for 10 min. at 6,000 rpm at room temperature.

Sample preparation for microcystin determination

Surface water, colonies from the cyanobacterial bloom, and
cultures from the Nui Coc reservoir were used for MC
determination. Three litters of surface water from the reser-
voir was filtered onto GF/C filters (Whatman). Bloom,
cultured, and the filters containing cyanobacteria cell sam-
ples were lyophilized under vacuum at —55 °C for 24 h and
stored at —20 °C prior to toxin analysis.

Microcystin determination

Cyanobacterial crude extract was prepared according to
Fastner et al. (1998) with minor modification. Briefly, the
field samples on GF/C and lyophilized samples (50—-100 mg
DW) of cyanobacterial bloom and isolates were homoge-
nized and first extracted overnight in 70 % methanol con-
taining 5 % acetic acid and 0.1 % trifluoracetic acid
followed by 3x60 min in MeOH 90 % containing 5 %
acetic acid and 0.1 % TFA with 30-sec sonication during
the last extraction. Each extraction step was followed by
centrifugation (4,500 rpm, 10 min, 4 °C). The supernatants
of all extractions from each sample were pooled, dried at
35 °C, redissolved in 1.5 mL MeOH (100 %), and
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Table 1 Environmental parameters of the Nui Coc reservoir during one year study period (from May 2009 to May 2010)

Date Temperature pH DO (mg L") Conductivity NO,-N  NOs-N  NH,N PO,/ -P TP Si- Si0,
(°C) (uS em ™) (mgL™") (mgL) (mgL") (mgL") (mgL") (mgL)
May 2009 28.7 7.3 7.1 5.5 0.011 0.61 0.07 0.02 0.13 3.5
June 2009 31.6 6.9 7.4 7.0 0.010 0.34 0.23 0.04 0.11 44
July 2009 322 7.7 6.4 7.5 0.010 0.26 0.08 0.09 0.23 42
31.8 74 6.0 7.8 0.020 0.23 0.05 0.06 0.12 3.9
August 2009 30.9 7.3 49 7.4 0.020 0.29 0.03 0.01 0.11 42
September 2009 32.5 8.2 6.3 7.4 0.010 0.31 0.05 0.01 0.11 4.0
October 2009 29.8 8.8 7.9 0.003 0.27 0.12 0.02 0.15 4.0
27.4 8.4 73 8.4 0.004 0.41 0.12 0.02 0.20 4.0
November 2009 22.5 6.9 6.8 7.1 0.004 0.24 0.05 0.02 0.11 4.4
December 2009 22.0 7.6 6.3 73 0.004 0.26 0.05 0.03 0.12 42
January 2010 18.8 6.6 6.5 7.0 0.009 0.35 0.09 0.02 0.30 43
February 2010 20.8 7.8 72 7.5 0.010 0.38 0.16 0.02 0.53 3.9
March 2010 21.1 7.1 7.0 8.2 0.020 0.36 0.15 0.07 0.14 3.8
April 2010 24.4 6.6 3.5 11.7 0.020 0.55 0.08 0.05 0.09 3.4
May 2010 25.9 7.5 7.4 11.2 0.030 0.86 0.06 0.06 0.43 44

centrifuged at 14,000 rpm, 1 °C for 10 min. The supernatant
was kept at =20 °C prior to high-performance liquid chro-
matography (HPLC/MS).

Microcystin was analyzed by a HPLC/MS (Waters
Alliance, Germany) on a reverse phase column (RPI18;
5 uM LIChroSpher 100) by photodiode array detection
between 200 and 300 nm according to Pflugmacher et al.
(2001). Separation of 10-pL injection volume was achieved
at 40 °C by a gradient of Milli-Q water and acetonitrile, both
enriched with 0.1 % (v/v) TFA at a flow rate of 200 uL
min "', starting at 35 % acetonitrile (ACN), increasing to
55 % ACN within 15 min, cleaning at 100 % ACN and
10 min equilibration to start conditions. Measurements were
made in the positive MRM Mode. The calibration is for
MC-LR linear from 10 to 25 ngmL™'. The microcystin
standard, MC-LR, was purchased from Axxora (Germany).

Data treatment

A principal component analysis (PCA) and Pearson correla-
tion matrix using SPAD Software (version 5.6, Decisia, Paris,
France) (StatSoft, Inc 2004) were performed to elucidate the
relationships between the cyanobacteria, Microcystis and
microcystin concentrations, and environmental factors.

Results
Physical and chemical characteristics
The results of physical and chemical characteristics during the

study period from May 2009 to May 2010 in the Nui Coc
reservoir are summarized in Table 1. The water temperature

Fig. 2 Changes in 18
phytoplankton density and
chlorophyll a concentration in
the Nui Coc reservoir
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followed a seasonal pattern in this region. Temperature was
lowest in January (18.8 °C), began to increase in April and
May, and reached a maximum of 32.5 °C in September; after
that, it decreased to 22 °C in December. The pH varied
between a minimum of 6.6 and the maximum of 8.8 with little
pattern. DO did not differ significantly over the year. The
only exception was during April 2010 when DO was
significantly lower than all other months (3.5 mg L").
During the study period, conductivity ranged from 5.5 to
11.7 with the lowest value recorded in May 2009 and the
highest value was in April 2010. Higher nitrite concen-
trations (0.02 mgN-NO, L") were found during the rainy
season (May—September), and nitrite were generally low in
dry season (from 0.003 to 0.009 mgN-NO, L™'; October—
Jannuary). Nitrate concentration ranged from 0.24 to
0.41 mgN-NO; L™'. The only exceptions occurred during
early rainy season (May 2009, April 2010, and May 2010,
when concentrations 0.55, 0.61, and 0.86 mgN-NO; Lt
were observed; Table 1). Ammonium concentrations
ranged between 0.03 and 0.23 mgN-NH, L~'. Dissolved
orthophosphate-P concentration varied by a factor 9 over the
sampling period, with the lowest values generally observed
during the cooler, dryer months. Total phosphorus concentra-
tions varied between 0.09 and 0.53 mg P L™, The maximum
value was detected in February 2010 and the minimum value
was in April 2010. Silicate-Si concentration remained rela-
tively stable and varied between 3.5 and 4.4 mg Si-SiO, L.
No significant differences were found in silicate concentration
among months (p>0.05).

Phytoplankton abundance and composition

Changes in phytoplankton abundance and chlorophyll a con-
centration from May 2009 and May 2010 in the Nui Coc
reservoir are shown in Fig. 2. Phytoplankton abundance varied
with season with high values in summer and autumn (April to
October) and low values in winter season (November to

Samplmg date

February). The maximum phytoplankton cell was observed
in July 2009 (28x10° cells L"), the lowest density oc-
curred in December 2009 (2x10% cells L™"). Changes of
phytoplankton density throughout the investigation coincid-
ed with closely Cyanobacteria abundance. Chl a concentra-
tion followed the same pattern as for phytoplankton
abundance with highest Chl a concentration in July 2009
(16 ug L") when phytoplankton abundance was found to
be the highest. During winter, both phytoplankton and Chl a
concentrations were low (Fig. 2).

Phytoplankton from the Nui Coc reservoir was comprised of
six groups: Chlorophyceae, Bacillariophyceae, Cryptophyceae,
Euglenophyceae, Dinophyceae, and Cyanobacteria. The rela-
tive abundance of phytoplankton composition was dominated
by the Cyanobacteria, Chlorophyceae, and Bacillariophyceae
groups (Fig. 3, Table 2). During the study period, cyano-
bacteria dominated the phytoplankton community with a
relative numerical abundance that ranged from 27 to
84 %. The most abundant cyanobacteria in this reservoir

Table 2
reservoir

Phytoplankton groups and dominant species in the Nui Coc

Phytoplankton groups Dominant species

Cyanobacteria Microcystis aeruginosa, M. wesenbergii,

M. botrys, Aphanocapsa, Woronichinia
sp., Snowella sp., Pseudanabaena sp.

Chlorophyceae Scenedesmus acuminatus var. biceriatus,

S. quadricauda, Ankistrodesmus falcatus,
Pediastrum simplex, P. duplex, Staurastrum
sp., Cosmarium sp.

Bacillariophyceae Aulacoseira granulata, Melosira varians,
Navicula placentula, N. gracilis, Nitzschia
palea, N. filiformis

Cryptophyceae Cryptomonas sp.

Dinophyceae Ceratium sp., Peridinium sp.

Euglenophyceae Euglena acus, Phacus sp.
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were colony-forming genera (Microcystis, Aphanocapsa,
Snowella, and Woronichinia) as well as the solitary fila-
mentous genera (Pseudanabaena, Cylindrospermopsis,
Anabaena, and Oscillatoria). Among these cyanobacteria
genera, only the Microcystis genus was present in all
samples with M. aeruginosa, Microcystis wesenbergii, and
Microcystis botrys being predominant in all samples.
During the study period, three distinct blooms of Microcystis
occurred (July, August, and September 2009). Eight morpho-
species of Microcystis in bloom samples were observed,
including Microcystis aeruginosa, Microcystis wesenbergii,
Microcystis botrys, Microcystis flos-aquae, Microcystis pan-
niformis, Microcystis protocystis, Microcystis novacekii, and
Microcystis smithii.

Dominant species belonging to the Chlorophyceae group
were represented by Scenedesmus acuminatus var. biceria-
tus, Scenedesmus quadricauda, Ankistrodesmus falcatus,
Pediastrum simplex, Pediastrum duplex, Staurastrum sp.,
Cosmarium sp. Bacillariophyceae were represented by spe-
cies Aulacoseira granulata, Melosira varians, Navicula pla-
centula, Navicula gracilis, Nitzschia palea, and Nitzschia
filiformis which accounted for the high relative abundance
from late November 2009 to February 2010. Cryptophyceae,
Euglenophyceae, and Dinophyceae were also observed
in much lower numbers. These groups were represented
mostly by Cryptomonas sp., Euglena acus, and Ceratium sp.,
respectively.

Toxin concentration

The monthly changes in MC concentrations in the water
column of the Nui Coc reservoir are shown in Fig. 4.
Measurable microcystin levels were detected for all of the
investigated months with concentrations ranging from 0.12
to 1.52 pg MC-LR equiv L', Generally, the highest levels
of MC were observed during the warmer months and the
lowest levels during the cooler months. The only exception
was during November when a concentration of 1.1 pg MC-
LR equiv L 'was observed (Fig. 4).

Regarding the Microcystis bloom and cultured samples,
detectable concentrations of microcystins were found in five
samples (Table 3). The highest concentration of the total
microcystin was found in Microcystis bloom sample from
January 2010 (1,699 pg MC-LR equivalent/g DW), followed
by sample from October 2009 (1,613 ug MC-LR equivalent
g ' DW). The lowest amount of microcystin (45 pugMC-LR
equivalent g~' DW) was detected in the samples collected in
August 2009. The toxicity of M. aeruginosa strain isolated
from the Nui Coc reservoir was confirmed with toxin concen-
tration around 184 g MC-LR equivalent g~' DW.

Cyanobacteria, microcystis, and environmental factors

In order to identify the environmental factors associated
with cyanobacteria appearance in the Nui Coc reservoir,

Table 3 Microcystin concentra-

tions in bloom and isolated strain
samples collected from the Nui
Coc reservoir

@ Springer

Sample characteristics

Conc. of MC-LR
(ug MC-LR
equivalent g ' DW)

Conc. of ddMC-RR
(ng MC-LR
equivalent g ' DW)

Total MC conc.
(ug MC-LR equivalent
g ' DW)

Microcystis bloom 7/09
Microcystis bloom 8/09
Microcystis bloom 9/09
Microcystis bloom 1/10
Strain M. aeruginosa NC

117
0
194
267
24.2

561.4

454

1,419.5
1,432
160

678.4

45.4

1,613.5
1,699
184
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Fig. 5 Principal component analysis based on biotic and abiotic factors during the period of May 2009-May 2010 in the Nui Coc reservoir

we conducted a PCA analysis on the data. On the first plane,
as defined by axes 1 and 2, representing around 50 % of the
total variance, two seasonal conditions are clearly individu-
alized. The rainy period is localized in the left part of PCA
and characterized by high relative abundance of phytoplank-
ton, Cyanobacteria, Microcystis, and microcystin concentra-
tions, and dry season is positioned in the right part of PCA
(Fig. 5). The relationships between relative abundance of
Cyanobacteria, Microcystis, and environmental variables are
presented in Table 4. Phytoplankton biomass, relative abun-
dance of cyanobacteria, Microcystis, and microcystin con-
centration were positively correlated to the temperature and
phosphate concentrations.

Discussion

The results presented in this study showed that the Nui Coc
reservoir was eutrophic, and phytoplankton communities
exhibited a seasonal pattern and dominated by the
Cyanobacteria group. According to the Organization for
Economic Cooperation and Development criteria (OECD
1982), the water quality of the Nui Coc reservoir can be
classified as eutrophic as the annual average total phosphorous
(TP) concentration is 0.19 mg L™'; and as meso-eutrophic
based on the phytoplankton biomass and transparency values
with the annual average of Chl a concentration of 7.1 pg L™
and 2.5 m, respectively (Table 1). Two surveys conducted in
2001 and 2003 revealed some common features of the water

quality from the Nui Coc reservoir including the high concen-
tration of nutrients (TP and TN) and shifts of phytoplankton
composition from diatoms to cyanobacteria (Dang et al.
2008). Dang et al. (2008) reported that the average phosphate
and TP concentrations were 0.02 and 0.07, respectively. In the
current study, the phosphate and TP concentration were rela-
tively higher, suggesting that the trophic status in the Nui Coc
reservoir were likely to get worse. Indeed, Le et al. (2010)
have demonstrated that recently, human activities in the Nui
Coc catchment have significantly impacted the aquatic system
in this reservoir. The authors underline the fact that nutrient
leaching from agricultural soils and from point sources such as
domestic and industrial outlets are the main source. Due to the
large fraction of agricultural land and fertilizer use in the
watershed, the nitrogen and phosphorus fluxes leaching from
agricultural soils accounted for 32.7 and 36.7 % of total
nitrogen and phosphorus inputs to the reservoir hydrosystem,
respectively (Le et al. 2010).

The phytoplankton of the Nui Coc reservoir showed that
the community structure was dominated quantitatively by
the Cyanobacteria group during the warmer months.
However, during autumn and winter, Chlorophyceae and
Bacillariophyceae dominated although cyanobacteria were
always present with relative abundances of over 4 and 1 %,
respectively (Fig. 3). These results were consistent with
those of other studies which found that phytoplankton succes-
sion in tropical aquatic systems were characterized by a dis-
tinct shift between dry and rainy seasons: Chlorophytes—
Chroococcales/Cyanobacteria in Lake Tanganyika (Descy et
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1.00
0.40
—0.08
—0.13

T (°C)
pH
DO

1.00

0.28
—-0.10
—-0.39
—-0.16
—0.01
-0.21

1.00
—0.42
-0.41

1.00
0.67
0.55
—0.10

Conductivity
N-NO,
N-NO3
N-NH,
P-PO,

1.00
0.62
—0.26

0.11
-0.14
—0.08

1.00
—-0.04
0.10
0.39
-0.22
0.08
—-0.09
—-0.03
—0.19
—0.26

0.11

1.00
0.09
0.19
0.03
0.01
—-0.15
—-0.13
-0.12
-0.43

0.44
—-0.02

1.00
0.04
—-0.03
0.50
0.60
0.59
0.59
—-0.04

0.39
0.15
—-0.15

0.34

0.12
—0.38

1.00

0.18
-0.23

0.19
-0.17

0.42

0.42
—0.48
—-0.18
-0.27
—-0.18
—-0.15

0.11

P-Ptot

1.00
—-0.17
0.13
—-0.02
0.13
0.32

0.01
—0.12

0.05

Si - Si0,

Chla
Cya

1.00
0.72

0.79

0.41
0.24
0.26
0.16
0.15

0.31
0.10
0.21
0.03
—0.19

0.57
0.46
0.48
0.43
0.46

1.00
0.98
0.99
0.16

0.02
—-0.05

0.21
0.23
0.18

—0.04

1.00
0.96
0.08

Phyto

1.00
0.16

0.70
0.09

0.00
-0.33

Micro

MC

1.00

al. 2005), Diatoms/Cyanobacteria in Lake Victoria (Kenya),
the Lake Guiers (Senegal) and Lake Dongping (Lung’ayia et
al. 2000; Bouvy et al. 2006; Tian et al. 2012), and
Bacillariophyceae/Chlorophyceae in Lake Ogeube (West
African lake) (Nweze 2006). Moreover, there was a sharp
contrast between low cell density and biomass during the
winter—spring period and the marked increase during summer
and autumn (Fig. 2). In fact, the mean cell density and Chl a
concentrations were three- and eightfold higher in summer—
autumn than in winter—spring period, respectively. The high-
est phytoplankton densities and Chl a concentration observed
during the rainy season are probably due to the increasing
input of nutrients from terrestrial run-off, thus stimulating
phytoplankton growth (Nweze 2006). The two peaks of phy-
toplankton biomass during the summer period were dominat-
ed by Microcystis. Cyanobacteria are known to be an
abundant group in most tropical lakes (Lung’ayia et al.
2000; Descy et al. 2005; Jayatissa et al. 2006; Tian et al.
2012). In general, cyanobacteria have a high temperature
optimum for growth compared with other phytoplankton
groups (Dokulil and Teubner 2000; Paerl and Huisman
2008). This was also the case in the Nui Coc reservoir as both
the cyanobacteria and Microcystis in particularly were posi-
tively correlated with temperature during the study period
(Table 4). The combination of high temperature, increased
light availability, and the increased nutrient load from terres-
trial run-off entering the reservoirs during the rainy period
probably gives the cyanobacteria a competitive advantage
over the other phytoplankton in this system (Sekadende et
al. 2005).

It has been well documented that environmental factors
such as temperature, pH, dissolved oxygen, and nutrient
availability play an important role in regulating the structure
and distribution of phytoplankton communities in lakes or
rivers (Charpin et al. 1998; Paerl and Huisman 2008;
Lacerda et al. 2004). In the present study, the relationships
between the environmental factors and the presence of cya-
nobacteria, particularly Microcystis population, were inves-
tigated by using principal correlation analysis (Fig. 5,
Table 4). Our results indicated that the abundance and
variation of cyanobacteria and particularly Microcystis were
linked to water temperature and phosphate concentrations.
These results seemed to be consistent with other work that
found that the high water temperature, stratification, and
high phosphorous concentrations were the main factors in
affecting Microcystis abundance and persistence (Paerl and
Huisman 2008; Imai et al. 2009; Davis et al. 2009; Xu et al.
2010; Liu et al. 2011; Joung et al. 2011).

It has been also been found that both high temperature and P
concentration promoted the growth rates of both toxic and non-
toxic populations of Microcystis (Davis et al. 2009; Joung et al.
2011). The cyanobacterial community from the Nui Coc reser-
voir was composed predominantly of M. aeruginosa which is
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known as the most common MC producer and bloom-forming
species (Codd et al. 2005). M. botrys and M. wesenbergii were
also found as codominant species. These morphospecies are
common to different regions throughout the world (Chorus
2001) and are known to cause blooms in Vietnamese fresh-
waters (Dang et al. 2008; Nguyen et al. 2007; Dao et al. 2010).

In the present study, total MCs were found in phytoplank-
ton samples and showed variation ranging from 0.11 to
1.52 pug MC-LR equiv L' (Fig. 4). These values are high
and are above the guideline values of the World Health
Organization for drinking water supply. High microcystin
concentrations were recorded from samples collected in July
and August when phytoplankton density and biomass were
peaked. Surprisingly, MCs were correlated to water temper-
ature but were poorly correlated with other parameters such
as nutrients, cyanobacterial biomass, Chl a, Microcystis
abundance. Our results correspond to the observations of
Amé et al. (2003) and Dai et al. (2008) who suggested that
among physicochemical factors, water temperature was an
important factor related to MCs. Although clear correlations
between MCs, cyanobacteria, Microcystis and the environ-
ment factors were evident and noted in many studies, such
relationship was not always consistent (Graham et al. 2006;
Jacoby et al. 2000; Vezie et al. 1998; Wicks and Thiel 1990;
Wu et al. 2006). For examples, a survey of 30 subtropical
shallow lakes in China was conducted by Wu et al. (2006)
who underlined a significant correlation between MCs and
Chl a, cyanobacteria biomass, Microcystis, and temperature.
In contrast, Kotak et al. (2000), working on eutrophic lakes
in Canada found no relationship between temperature, M.
aeruginosa, and MC production. It has also been reported
that MC in phytoplankton samples was strongly correlated
with TN from water bodies in America (Graham et al.
2006), with TP in eutrophic lakes in Alberta, Canada
(Kotak et al. 2000). In contrast, according to Jungmann et
al. (1996), MC was not correlated with any measured vari-
ables in a hypereutrophic reservoir in Germany. This con-
tradictory data may be due to different responses of
microcystin producing species to various environmental
factors.

The microcystin production of isolated strain of M. aerugi-
nosa was confirmed and microcystin content in this strain was
high compared with previous records in Vietnam. In fact, the
toxin content in isolated strain was less toxic than most field
blooms. This could be explained by the presence of various
toxic cyanobacteria strains in the different blooms or the rela-
tive abundance of cyanobacteria species varying according to
the environmental conditions. The total MC concentrations in
the bloom samples dominated by Microcytis varied from 45.3
to 161 pug MC-LR in which MC-RR plus desmethyl (ddMC-
RR) was dominant and recently reported for Vietnam (Nguyen
et al. 2012). The variation of total microcystin concentration in
these samples suggested that the potential toxicity of

microcystin-producing species was variable. In general, both
toxic and nontoxic species coexisted during the bloom period,
and changes in the proportion of these species may partly
explain the variation in MCs observed in our work.

In conclusion, the current study contributed to under-
standing the seasonal variations in phytoplankton commu-
nity and microcystin production in the Nui Coc reservoir.
Our investigation indicated that cyanobacteria were a com-
mon component of phytoplankton communities in the Nui
Coc reservoir. Moreover, such abiotic factors as water tem-
perature and phosphate concentration played an important
role in the occurrence and variation of cyanobacteria abun-
dance and microcystin concentration in the Nui Coc reser-
voir. The high concentrations of microcystin in the Nui Coc
reservoir highlighted the potential risk for human health in
the basin. This underlines the need for regular monitoring of
cyanobacteria and toxins in lakes and reservoirs used for
drinking water supplies.
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