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Abstract: Excessive anthropogenically-caused nutrient loading from both external and
internal sources has promoted the growth of cyanobacteria in Lake Taihu from 2005 to
2014, suggesting increased production and release of cyanotoxins. In order to explain the
spatial distribution and temporal variation of microcystins (MCs), the intracellular
concentrations of MCs (MC-LR, -RR and -YR, L, R and Y are abbreviations of leucine,
arginine and tyrosine) were monitored monthly from July 2013 to June 2014. Three MC
variants are present simultaneously in Lake Taihu; the MC-LR and -RR variants were
dominant (accounting for 40% and 39% of the total), followed by MC-YR (21%).
However, MC-YR accounted for a higher proportion in colder months, especially in
March. The highest concentrations of intracellular MCs were found in July and October
when cyanobacteria cell density also reached the maximum. The average concentrations of
MC-LR, -RR and -YR in July were 4.69, 4.23 and 2.01 pg/L, respectively. In terms of the
entire lake, toxin concentrations in northern parts were significantly higher than the eastern
part in summer, when MC concentrations were several times higher than the guideline
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value by WHO throughout much of Lake Taihu. Results from correlation and redundancy
analysis (RDA) showed that total MCs, including all variants, were strongly and positively
correlated with cyanobacteria cell density, water temperature, total phosphorus (TP) and pH,
whereas each variant had different correlation coefficients with each of the considered
environmental variables. MC-RR showed a stronger relationship with temperature,
in contrast to MC-YR and -LR. Dissolved inorganic carbon (DIC) showed a negative
relationship with each variant, suggesting that rising DIC concentrations may inhibit
cyanobacterial growth and thereby reduce MC production in the future.

Keywords: microcystins; cyanobacteria; distribution; environmental parameters; Lake Taihu

1. Introduction

The frequent occurrence of cyanobacterial harmful algal blooms (CHABs) poses a serious threat to
animal and human health because of their ability to produce a wide variety of toxins throughout the
world [1,2]. Climate change and global warming may increase the frequency and density of
cyanobacterial blooms in freshwater systems [3,4]. Cyanotoxins, secondary metabolites produced by
intensive CHABSs, can threaten the supply of drinking water and fisheries-related food supplies [5,6].
In addition, the toxins can accumulate in organisms and be transferred via aquatic food webs,
presenting potential risks to human health [7].

Microcystins (MCs) are considered to be the most widely-distributed and dangerous hepatotoxic
compounds compared to other cyanotoxins, such as nodularins and cylindrospermopsin [8]. MCs are
potent inhibitors of protein phosphatases 1 and 2A for both plants and animals and are produced
predominantly by freshwater genera, including Microcystis, Planktothrix and Anabaena [9]. The incident
that happened at a hemodialysis center in Caruaru, Brazil, in 1996 proved that MC-contaminated water
can lead to hepatic disease or death [10]. The development of rapid, inexpensive and sensitive
monitoring methods [11] has resulted in the discovery and detection of an increasing diversity of MCs
in lakes [12—17], rivers [18], reservoirs [19—21] and ponds [22] all over the word, suggesting that MC
pollution has become a global scientific problem in recent years. To date, more than 90 variants of
MCs with variable toxicity have been identified from cyanobacterial blooms and cultures [8].
Among them, MC-LR, -RR and -YR (L, R and Y are abbreviations of leucine, arginine and tyrosine)
are the most commonly reported in natural waters. Because of varying levels of toxicity for each
MC variant [23], the proportion of dominant MC variants will have an important influence on overall
toxicity. In terms of the three common MC variants, toxicological studies on mice have shown that
MC-LR is the most toxic, followed by MC-YR and -RR, according to LDso values. However, MCs
were typically reported as a total concentration, with relatively few studies evaluating the effect of
environmental factors on the MC variants and their relative abundances in the freshwater systems [24].

The production of MCs is affected not only by cyanobacteria biomass directly, but also by
environmental factors indirectly [25]. A series of studies on the relationship between total MC
production and environmental factors has been conducted in many freshwater lakes [22,26-29],
but these results were not consistent with each other, and few of them have examined the distribution
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of different MC variants and their percentages among lakes. In Lake Vancouver, POs+—P was found to be
the main factor influencing intracellular concentrations of MCs [12]. Water temperature was confirmed
to be positively correlated with concentrations of MCs in the Daechung reservoir of Korea [28].
Higher concentrations of MCs were attributed to the high biomass of cyanobacteria coupled with the
lake’s eutrophication status, as indicated by high Chl-a content, high nutrient load and low dissolved
oxygen (DO) in two fresh water ponds in India [22]. Higher temperatures (>25 °C) have been shown to
enhance MC-RR production, whereas lower temperatures favored MC-LR synthesis [30]; different
nitrogen forms influenced concentrations of MCs and the composition via changes in cyanobacterial
community structure based on a survey of three lakes in Canada [24], and the ratio of MC variants
changed in response to differing light intensities [31]. However, which environmental parameter is
crucial to affect the cyanobacterial community and its ability to produce different variants is still
unresolved. This issue has both ecological and societal relevance, as understanding the transformation
of MC-LR to the less toxic MC-YR or -RR variants may result in management strategies to reduce
toxin production. Therefore, it is important to identify not only the key factors influencing total
concentration of MCs, but also to understand which factors are responsible for regulating the
composition of MC variants.

Lake Taihu is the third largest freshwater lake in China with an area of more than 2000 km?.
As a shallow lake with a mean depth of less than 2 m, excessive anthropogenic nutrient loading from
both external and internal sources has contributed to its serious eutrophication. Previous studies on the
distribution of MCs were concentrated in Meiliang Bay [32—35], Zhushan Bay [36] or other bays [37]
and some sites located in the lake’s eastern part [38]. However, these results do not reflect MC
production and distribution in the entire lake over temporal and spatial scales, and no studies have
examined the relationship of the distribution of MC variants with the environmental parameters among
the entire lake. Furthermore, it is important to study MCs beyond just the summer, as cyanobacteria are
still abundant in autumn, and they will release a large amount of MCs during post-bloom periods [37].

The main objectives of this research are to describe the long-term dynamics of changes in cyanobacteria
cell density in Lake Taihu from 2005 to 2014, in addition to spatial and temporal variations of intracellular
MCs, including MC-LR, -RR and -YR of the entire lake from 2013 to 2014. Furthermore, this study
examined the relationship between environmental variables, alone or in combination with each other,
and cyanobacteria abundance, total concentrations of MCs and the composition of MC variants.

2. Results
2.1. Dynamic Changes of Cyanobacteria Cell Density from 2005 to 2014

A total of 32 sampling sites were covered in this study. Among them, 14 sites (0, 1, 3, 4, 5, 6, 7, 8,
10, 13, 14, 16, 17, 32) were located in the northern part of Lake Taihu (Figure 1).

Monthly sampling was conducted in the heavily-polluted areas, while quarterly sampling was
conducted in the entire lake with 32 sampling sites (Figure 2). Cyanobacteria cell density during the
past ten years exhibited distinct temporal and spatial trends. The greatest abundance under monthly
sampling was in October 2012, with values of approximately 1 x 10° cells/L, while the maximal
abundance under quarterly sampling was in August 2011, with a value of 4 x 10® cells/L (Figure 2).
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Figure 1. Location of Lake Taihu in China (inset) and sampling sites (0-32) in this study.
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Figure 2. The variability of cyanobacteria cell density under two sampling frequencies
dating from 2005 to 2014 in Lake Taihu. Monthly sampling focused on the most polluted
areas; quarterly sampling included sites throughout the entire lake. Error bars represent the
standard deviation.

The monthly abundance of cyanobacteria remained at low levels with less than 3 x 10% cells/L,
until 2011, when densities began to increase rapidly and then stayed at high levels through 2014.
The highest values of cyanobacteria cell density based on quarterly sampling also exhibited a slight
increase over the past five years. Cyanobacteria cell density estimates using these two sampling
regimes were close to each other prior to 2011, after which they began to diverge and remained that
way through 2014. Cyanobacteria were much more abundant in the northern parts of Lake Taihu than
the other lake areas, and this was more pronounced during cyanobacterial bloom periods (data not shown).
In addition to the overall increase in cell density, the annual dynamics of cyanobacteria abundance
were characterized by an upward trend during spring, a peak period in summer and autumn and a
decline in winter. Moreover, from 2012 to 2014, there were two peaks of cyanobacteria abundance,
concentrated in July and October (Figure 2).
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2.2. Temporal Variation and Spatial Distribution of MCs in Lake Taihu
2.2.1. Monthly Variations of Concentrations of MCs

Three MC variants and cyanobacteria cell density showed similar temporal patterns, with the highest
values occurring in July and October, a decline in August and September and relatively low values
from January through May (Figure 3).
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Figure 3. Monthly variability of the concentrations of MCs and cyanobacteria cell density
in Lake Taihu.

Three MC variants were detected in all samples during the study period; the mean concentrations of
MC-LR, -RR and -YR were 1.28 pg/L, 1.25 ng/L and 0.68 pg/L, respectively, over the course of the
entire year. MC-LR and MC-RR accounted for 40% and 39% of total concentrations of MCs, and they
varied in a relatively constant fashion from July 2013 to June 2014. MC-YR was usually detected in
lower concentrations than MC-LR and MC-RR, comprising 21% of total MCs. The concentration of
MC-YR was highest among the three MC variants in March, although absolute concentrations were
relatively low during the month (Figure 3).

Total concentrations of MCs, as well as the concentrations of three variants, were significantly
higher in July and October than other months. The total concentration of MCs reached a maximum
value of 10.93 pg/L in July and the second highest value of 10.21 pg/L in October. Similarly,
the highest concentrations of MC-LR were observed in July (4.69 ng/L) and October (4.86 pg/L),
which are more than four-times the recommended safety limit of 1 pg/L MC-LR for drinking water
(World Health Organization and environmental quality standard for surface water GB3838-2002 by the
Ministry of Environmental Protection, the People’s Republic of China). The concentration of MC-LR in
the northern parts of Lake Taihu remained above 1 ug/L from July to November.

2.2.2. Seasonal Variations of Concentrations of MCs

The concentration of MC-LR in August 2013 exceeded 1.0 pg/L in over half of the lake (Figure 4).
The maximum MC-LR concentration at this time was 1.91 pg/L, which was detected at Site 17 located
in Zhushan Bay. MC-RR was the next most abundant variant and covered about one-third of the lake,
with the highest levels at Sites 3 (4.58 pg/L) and 13 (5.17 pg/L). Site 3 is situated in Meiliang Bay, and
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Site 13 is situated in Gonghu Bay. These three bays have longer hydraulic residence times than other
parts of the lake, likely accounting for cyanobacteria bloom formations and high concentrations of MCs.
MC-YR concentrations exceeding 1 pg/L accounted for less than one-fourth of the sites, with the
highest concentrations concentrated in the west part of Lake Taihu (Figure 4). The highest concentration
occurred at Site 10, located in the river estuary named Dapukou, with a value of 1.68 pg/L. Site 10 is
close to the port and is susceptible to anthropogenic activities. When the water temperature decreased
in November, the MC concentration also significantly declined throughout the entire lake (Figure 4).
The concentrations of the three MC variants dropped below the 1.0 pg/L guideline, with the exception
of MC-LR and -RR levels in Meiliang Bay, which were 8.18 pg/L and 4.08 pg/L, respectively. The
intracellular concentrations of MC-YR ranged from 0 to 0.84 pg/L, with the highest level occurring at
Site 3, similar to MC-LR and -RR. In February and May 2014, all three MC variant concentrations
were below the safety guideline throughout the entire lake.
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Figure 4. The spatial distribution of microcystins (MCs) in Lake Taihu in August and
November 2013 and February and May 2014. The colored areas indicated the
concentrations of MC variants in the sampling sites. The color spectrum ranges from
green (lowest) to red (highest). The interpolation map was constructed by ArcGIS
(Environmental Systems Research Institute Inc., Redlands, CA, USA).

2.3. Phytoplankton Composition

Maximum total phytoplankton density was reached in July 2013 with a value of 6.34 x 10® cells/L,

dropped sharply in August and then peaked again in October (Figure 5), similar to the patterns

exhibited by concentrations of MCs and cyanobacteria cell density (Figure 3). The phytoplankton

community was dominated by Cyanophyta during summer and autumn seasons, accounting for more

than 96% of the total phytoplankton abundance during the study period. In winter, the relative

abundance of phytoplankton composition was dominated by Cyanophyta, Bacillariophyta and

Chlorophyta. Bacillariophyta were relatively more abundant in January, February and March than

other months, accounting for 23%, 15% and 19%, respectively, of the total phytoplankton.

From February to April, Chlorophyta increased its relative abundance from 12% to 15% of the total

community. Cryptophyta species accounted for 12% and 20% of community relative abundance in

January and April, respectively. All other algal divisions accounted for less than 2% of total relative

abundance during the study period (Figure 5).
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Figure 5. Seasonal variation of the relative abundance of phytoplankton and total

phytoplankton density during the study period in Lake Taihu. The solid line represents

total phytoplankton density.

2.4. Physicochemical and Biological Parameters

Water temperature (WT) varied from 3.6 °C to 32.03 °C, with the lowest temperature recorded in
February; in contrast, the highest temperature was recorded in July (Figure 6). pH ranged from 7.42 to

9.15, with an average of 8.18; the highest

values were recorded in July and October, when cell

densities were highest. From November to March, pH remained less than 8.20, and from April to June,

there was a slight increase ranging from 8.23 to 8.29. Chlorophyll a (Chl-a) concentration ranged from
1.70 to 165.10 pg/L, with the highest values from July to October and a mean annual value of
27.68 ng/L (Figure 6). The averages of total phosphorus (TP) from July to October remained higher than

0.15 mg/L.
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Figure 6. Variation in water temperature (WT), pH, Chl-a and total phosphorus (TP) from
July 2013 to June 2014 in Lake Taihu. Error bars (WT) represent the standard deviation.
Boxes represent the 25th to 75th percentiles; straight lines within the boxes mark the

median; and the small dots indicate the mean. Whiskers below and above the boxes

indicate the 10th and 90th percentiles, respectively.
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All of the water quality parameters measured in this study showed considerable variation on
an annual basis (Table 1). Annual mean values revealed generally similar amounts of nitrate and
ammonium, with phosphate (PO4*—P) accounting for approximately 15% of the TP on an annual basis
(Table 1). Chl-a values were particularly variable, with a two-order of magnitude change from
minimum to maximum values (Table 1). The mean of the total phytoplankton biomass
was 3.28 x 10° mg/L, and the highest value was measured in July and the lowest value in March.

Table 1. Mean and range values of physicochemical and biological parameters during the
period from July 2013 to June 2014 in Lake Taihu. WT: water temperature; DO: dissolved
oxygen; TN: total nitrogen; DTN: total dissolved nitrogen; NH4'—N: ammonia nitrogen;
NO3 —N: nitrate, NO2—N: nitrite; DTP: total dissolved phosphorus; DIC: dissolved
inorganic carbon; DOC: dissolved organic carbon.

Variables Min Max Mean + SD
WT (°C) 3.60 32.00 18.33 £9.06
pH 7.42 9.15 8.18 £0.28
DO (mg/L) 4.05 14.28 8.99 + 1.89
Conductivity 220.00 800.00 499.56 + 115.31
TN (mg/L) 0.48 8.83 2.57+1.49
DTN (mg/L) 0.35 8.46 1.85+1.49
NO;—N (mg/L) 0.05 2.96 0.62 + 0.60
NO> —N (mg/L) 0.00 0.49 0.03 +0.06
NH4"—N (mg/L) 0.07 4.48 0.57 £ 0.61
TP (mg/L) 0.02 0.60 0.13£0.09
DTP (mg/L) 0.01 0.31 0.04 £ 0.04
PO, P (mg/L) 0.00 0.22 0.02 £ 0.03
DIC (mg/L) 13.38 32.01 21.24+4.18
DOC (mg/L) 0.62 8.06 427 +1.46
Chl-a (ng/L) 1.70 165.10 27.68 £27.61
Phytoplankton biomass (mg/L) 0.56 36,681.48 3277.71 £5914.13

2.5. The Relationship between MC Production and Environmental Parameters

The three MC variants were highly correlated with each other (» = 0.649-0.823, p < 0.01; Table 2)
Cyanobacteria cell density showed a strong positive correlation (» > 0.5) with Chl-a, temperature and
DOC, but a strong negative correlation with DIC. Total MCs were positively correlated with
cyanobacteria, Chl-a, DOC and temperature, but negatively correlated with DIC and all forms of
nitrogen, except ammonium (Table 2). MC-LR and MC-YR also showed a positive correlation with
cyanobacteria, Chl-a and DOC and a negative relationship with DIC. All of the MC variants were
positively related to water temperature and negatively related to DO and nitrate/nitrite (Table 2).
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Table 2. Spearman correlation coefficients () for correlations between environmental
factors, cyanobacteria and MC concentrations (n = 240).

. . MC Variants
Variable Cyanobacteria MCs
MC-LR MC-RR MC-YR
Cyanobacteria 1 0.678 ** 0.659 ** 0.705 ** 0.586 **
MCs - 1 0.925 ** 0.856 ** 0.912 **
MC-LR - - 1 0.806 ** 0.823 **
MC-RR - - - 1 0.649 **
MC-YR - - - - 1
WT 0.521 ** 0.503 ** 0.414 ** 0.637 ** 0.427 **
pH 0.335 ** 0.280 ** 0.240 ** 0.471 ** 0.236 **
DO —0.390 ** —0.426 ** —0.398 ** —0.585 ** —0.276 **
Conductivity 0.237 ** 0.083 —-0.017 0.234 ** 0.015
TN —0.101 —0.171 ** —0.224 ** —0.169 ** —-0.114
DTN —0.395 ** —0.429 ** —0.473 ** —0.426 ** —0.360 **
NOs; —N —0.451 ** —0.473 ** —0.530 ** —0.475 ** —0.400 **
NO; —N —0.166 * —0.230 ** —0.236 ** —0.241 ** —0.160 *
NH;—N —0.027 —0.042 0.011 —0.101 —0.033
TP 0.445 ** 0.441 ** 0.437 ** 0.457 ** 0.436 **
DTP 0.236 ** 0.329 ** 0.300 ** 0.284 ** 0.374 **
PO —P 0.406 ** 0.486 ** 0.499 ** 0.481 ** 0.434 **
DIC —0.591 ** —0.607 ** —0.657 ** —0.581 ** —0.545 **
DOC 0.537 ** 0.568 ** 0.606 ** 0.548 ** 0.543 **
Chl-a 0.743 ** 0.617 ** 0.547 ** 0.618 ** 0.611 **

** Correlation is significant at the 0.01 level (2-tailed); * Correlation is significant at the 0.05 level (2-tailed).

The RDA illustrated that cyanobacteria accounted for the greatest amount of variation in total MC
concentrations (45.8%, p = 0.002; Figure 7). Water temperature, TP, pH and DIC also were significant
predictors, accounting for 6.9% (p = 0.002), 4.0% (p = 0.002), 1.7% (p = 0.002) and 3.5%
(» = 0.002), respectively.
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Figure 7. Redundancy analysis biplot displaying the concentrations of intracellular MCs in
relation to the key environmental variables in Lake Taihu. Axis 1 explained 61.6% of the
variation, and Axis 2 explained 0.2% of the variation.
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3. Discussion

Our study suggested that cyanobacteria cell density in Lake Taihu has exhibited a marked increase
both in the northern areas and throughout the entire lake over the past ten years. July and October
appear to be the two months when cyanobacteria proliferate in Lake Taihu. Comparing our data
between the periods of 2005 to 2011 and 2011 to 2014 revealed that the occurrence and dominance of
cyanobacterial blooms were more frequent and extensive in the more recent period.

Cyanobacteria accounted for >96% of the total phytoplankton density from May to December,
providing a favorable foundation for the production of MC. Summer months, with increasing
temperatures, are historically observed when MC production is most abundant [15,32,39—41], but in
the present study, we measured high concentrations of MCs also in October. This pattern suggests that
remediation actions geared to MCs must focus beyond summer and into autumn months, as well.

Lake Taihu is dominated by various macrophytes in its eastern part, whereas the northern part is
mainly covered with intense cyanobacteria much of the year. We attempted to evaluate this variation
by clustering 14 sites in the northern region and monitoring changes in MC variants on a monthly
basis. This was complemented by the placement of 32 sites throughout the entire lake, which were
monitored seasonally. The highest concentration of MC variants occurred in the northern lake areas,
including Meiliang Bay, Gonghu Bay and Zhushan Bay, the lake center and Dapukou in the west.
Fortunately, MC concentrations in the drinking water intake for Wuxi city were below the WHO
guideline in our samples, avoiding the problems that faced Lake Erie (USA) [42]. Hydraulic retention
time is shorter in this area because of inflows from the Wangyu River, but high concentrations of MCs
at adjacent sites present a potential threat for drinking water safety. Water retention time is longer in
bays [43], and it is difficult for pollutants to advect or degrade, so water quality is generally worse
according to previous reports [32]. The Dapukou area also has high MC values, suggesting that the
river flowing into Lake Taihu contains toxins; hence, it is important to monitor the water quality and
toxin concentrations in the rivers entering the lake, as well as in-lake sites. With the wind blowing
from the southeast in August, the northern part of Lake Taihu may be influenced by cyanobacteria
from the lake’s southeast. This, in turn, may result in the eastern portion of the lake becoming
relatively clean and safe. Under current conditions, Lake Taihu is losing its ecosystem services and its
original function as an important natural resource. For example, it is most likely unsafe to consume
aquatic animals harvested in its heavily-polluted regions due to the accumulation of MCs [44,45].
Given the serious contamination with MCs, there is an urgency to limit pollutants from entering
Lake Taihu, as well as to explore new techniques to remove MCs that are already present in the lake,
such as sediment absorption [46] and biodegradation [47].

Intracellular MC production is influenced directly by MC-containing cyanobacteria and indirectly
by environmental factors [25]. Various studies [12,48—50] have investigated the role of environmental
factors, including temperature, pH, light [51], nitrogen [24] and phosphorus [8] in the regulation of
MC production. However, due to geographic distance, differing lake conditions and variation in analytical
methods, no consistent conclusions have been reached. In the present study, cyanobacteria density, pH,
TP and water temperature were found to be the key variables influencing the variation of MC variants.

Higher temperatures not only promote the dominance of cyanobacteria, but also favor the
production of MCs and result in an increase in their concentration [52]. The average temperature in
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October was 22.9 °C, which is within the optimal range for the growth of cyanobacteria [53]. This
positive relationship between temperature and MC production has been observed in Lake Chaohu in
China [54], a reservoir in Vietnam [21] and Gonghu Bay [37], suggesting the higher water
temperatures in summer and autumn accounted, at least in part, for the higher concentrations of MCs
in Lake Taihu. These results have global implications, as they suggest climate warming will lead to
more toxic blooms [4]. Among the three MC variants, MC-RR was most related to water temperature
(r = 0.637). In warm seasons, MC-LR and MC-RR were found to be the dominant variants, but during
cold months, MC-YR became dominant; hence, lower temperature may restrict the production of MC-LR
and -RR, either directly or indirectly via changes in cyanobacterial taxonomic structure [24]. The
mechanisms driving the relationship between water temperature and the production of these three variants
need further examination.

In the present study, pH also showed a positive correlation with the production of the three MC
variants, which is consistent with the findings in a subtropical reservoir in Singapore [55]. High pH
values were observed in July and October when concentrations of MCs were highest, with the average
pH above 8.5. A laboratory experiment with Microcystis aeruginosa showed that MC production
started when pH exceeded 8.4, indicating a lack of free COz [56]. pH values are usually higher during
blooms [57,58] due to the photosynthetic uptake of COz. In turn, a higher pH provides a competitive
advantage for many cyanobacteria, because of their strong carbon-concentrating abilities compared to
eukaryotic phytoplankton species [57]. It is possible that pH levels favored certain Microcystis spp.,
resulting in greater production of MC-RR compared to MC-LR and -YR. The three MC variants are
identical except at the first variable amino acid position, which is occupied by leucine (L), arginine (R)
or tyrosine (Y); differences in pH, as well as temperature, may affect their respective biosynthesis,
accounting for their spatial and temporal variation. DIC was found to be negatively correlated with
each of MC variants, suggesting that increasing DIC concentration may be helpful in controlling the
production of MCs. The carbon-nutrient balance hypothesis suggests that a combination of rising CO2
and nitrogen enrichment will affect the microcystin composition of harmful cyanobacteria.
In nitrogen-rich waters, elevated CO2 will induce light-limited conditions, shifting MC composition in
cells to higher concentrations of MC-RR, a nitrogen-rich variant [59]. However, as noted above,
intensive cyanobacteria growth can remove CO: from the surface water by strong photosynthetic
activity, resulting in higher pH and carbon-limited conditions. Thus, concentrations of MCs and the
ratios of the three MC variants may be regulated by DIC or CO: availability [60]. In addition,
we observed a strong negative correlation between dissolved nitrogen and the production of both total
MCs and the variants, suggesting that the role of N warrants more attention. The correlation between
TP and intracellular concentration of MCs has been shown to differ among lakes, with positive [14,61],
negative or no clear correlation being observed [62]. In the present study, the strongly positive
relationship between TP and concentrations of MCs can be attributed to the P concentration’s
promotion of both high growth rates of toxic Microcystis cells and MC synthesis; this also was
observed in a two-year field study in four diverse lake systems across the northeastern U.S. [27]. In our
study, Spearman’s correlation coefficients between the three MC variants and TP were similar,
suggesting that the composition profile of MC-LR, -RR and -YR was relatively constant regardless of
TP concentration. The results were similar to a laboratory experiment with Microcystis viridis [63] and
a field survey in Bear Lake, Michigan [64]. Cyanobacteria cell density and intracellular MCs were
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significantly correlated with TP in our study, suggesting the importance of TP in the proliferation of
cyanobacterial blooms and MC production. Previously, MC-RR was reported as the dominant toxin
form in Lake Taihu [35]. However, our results indicated that both MC-LR and -RR were more
abundant than MC-YR. MC-YR was the least abundant variant (<1%) both in Los Padres Lake [16]
and in Poyang Lake [41]. However, in this study, MC-YR was a substantial component of total MCs in
Lake Taihu. Our results indicated that cyanobacteria biovolume, Chl-a and DOC had a positive effect,
and nitrate, nitrite and DIC had a negative effect on MC-YR production. While some studies have
focused on MC-LR and MC-RR [48-50,61,65], there has been much less focus on MC-YR. Given that
MC-YR is almost as toxic as MC-LR according to toxicity equivalent factors (TEF) [66,67],
more attention is warranted to better understand how environmental factors influence its production.

An annual study [68] (November 2004 to October 2005) in Lake Taihu found that intracellular MC
concentrations reached a peak in July (about 3 pg/L); Wang et al. [37] indicated that the peak
concentrations of MC were three- to four-times higher in 2008 than in 2005, while Sakai et al. [38]
detected a maximum MC concentration of 44 pg/L in Meiliang Bay in the summer of 2010. However,
these studies investigated only the total MC concentrations in the lake, not those of the variants.
Variant type is a very important consideration in a bloom, because each congener has different degrees
of toxicity [69]. Results from our study indicate that concentrations of MCs in July were very high,
MC-LR was widely distributed through the lake in August and the highest MC-LR concentration
(119.77 pg/L) was measured in October. This is the highest concentration of MC-LR ever reported in
Lake Taihu, suggesting that the problems of severe cyanobacterial blooms and cyanotoxin contamination
in Lake Taihu are getting worse.

In our study, intra-MCs were positively correlated with TP, which was consistent with studies in the
USA. [15] and in Lake Taihu [37]. Kotak et al. [61] also indicated an effect of TP on MC
concentration mediated by the stimulatory effect of TP on Microcystis biomass. However, the exact
mechanism(s) by which phosphorus influences toxicity is unclear; it may be through changes in
cyanobacterial community structure, the type of MC variants that is produced or a combination of the
two. While our study clearly points to the role of phosphorus in cyanotoxin production, we do believe
it is prudent to control nitrogen, as well, which can play an important role in cyanobacterial
blooms [70,71]. Our study suggests that there is a need to better understand phosphorus cycling within
Lake Taihu and supports the recommendation to reduce phosphorus inputs to lakes, especially when
the goal is to prevent the dominance of toxic cyanobacterial communities.

4. Experimental Section
4.1. Study Area and Sampling Methods

Lake Taihu (30°56'-31°34' N, 119°54’-120°36" E), the third largest freshwater lake in China, is
located in the lower Yangtze River Delta in the east of China, with a water surface area of 2338 km?,
an average depth of 1.9 m, a maximum depth of about 2.6 m and a maximum width of 56 km. It is
dominated by a subtropical monsoon climate and has a catchment area of 36,500 km?. There are six
large cities surrounding the lake with approximately 35 million people using it as a drinking water
source [43]. Due to rapid economic development and the intensive use of water resources, water
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pollution is increasing and water quality is deteriorating rapidly. Coupled with considerable
eutrophication and global warming, large-scale cyanobacteria blooms often have occurred during
warm seasons in recent years [72]. In order to help understand the variations in cyanobacterial
abundance in Lake Taihu, we analyzed long-term datasets of cyanobacteria cell density sampled using
two different approaches over the past ten years. The first approach involved quarterly sampling
(i.e., February, May, August and November) at 32 sites; the second approach involved monthly
sampling at 14 sites that were concentrated mostly in the lake’s northern parts (Figure 1).

Monthly water samples were collected from 14 stations between July 2013 and June 2014, and
32 stations were sampled seasonally in August and November 2013, as well as in February and May
2014. All water samples were collected from the surface layer (0—-0.5 m depth) with a Plexiglas water
sampler. Five liters of water from each site were preserved in acid-washed, dark plastic bottles
pre-conditioned with lake water and were stored immediately in a portable refrigerator (around 4 °C),
then transported to the laboratory. The intracellular toxins were extracted from cyanobacterial cells
filtered from 1 L lake water on glass-microfiber filters (GF/C, 47 mm x 0.7 um, Whatman, Brentford,
UK). The filters were kept frozen at —40 °C until MC analysis.

4.2. Environmental Variables

Water temperature, DO, pH and conductivity were measured in situ using a multi-parameter water
quality sonde (YSI 6600 V2, Yellow Spring Instruments, Yellow Springs, OH, USA). Chemical
analysis of inorganic nutrients in water samples, including TN, TDN, NH4—N, NO3 -N, NO2 -N, TP,
TDP and PO4+* P, were determined according to the Chinese national standards for water quality and
the methods by APHA (1989). Chl-a concentrations were analyzed with spectrophotometric
measurements after extraction in 90% ethanol, set in a hot water bath (85 °C) [73]. DIC and DOC were
measured on filtrates filtered through pre-ashed GF/F glass fiber filter (0.8 um, Whatman, Brentford,
UK) and measured with a TOC analyzer.

4.3. Phytoplankton

For phytoplankton composition and biomass analyses, a 1-L water sample was fixed with Lugol’s
iodine solution at a final concentration of 1% and settled for 48 h prior to microscopic counting. Then,
an aliquot of 50 mL was transferred to a plastic bottle for analysis. For each concentrated sample, three
slides (each equal to 0.1 mL) were counted as replicates. Phytoplankton species were identified and
counted according to Hu et al. [74]. More than 100 individuals for each slide were counted under
an Olympus microscope at 400x magnification. Total phytoplankton biomass was estimated from cell
numbers and cell size measurements, assuming a specific density of 1 g/cm®.

4.4. MCs Extraction and Analysis

Concentrations of MCs were analyzed according to the solid phase extraction (SPE) method
previously reported [75] with minor modification. MCs were extracted by using HLB cartridges and
measured by high performance liquid chromatography (HPLC). To determine the concentrations of
MCs in the cells, the freeze-dried GF/C filter was extracted with 5% (v/v) acetic acid using
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ultra-sonication for 5 min, and the suspension was centrifuged at 10,000 r/min (15 min at 4 °C).
This operation was repeated three times, and the supernatants were collected for the next step. The HLB
cartridges (200 mg, Oasis®, Waters, Milford, MA, USA) were previously activated with methanol (5 mL)
and washed with distilled water (5 mL). Afterward, the supernatant was applied at a flow rate of 1 mL/min,
with a further washing step with 5% (v/v) methanol, and a final elution with methanol was performed.
A volume of 15 mL was used for the washing step and 10 mL for the elution step described above.
Finally, the eluent was dried under N2 gas at 40 °C prior to reconstitution in 1.0 mL of methanol.
A 500-pL sample was prepared for HPLC analysis.

Quantification of MCs was performed on an Agilent 1200 series HPLC system with a DAD detector
(Agilent, Palo Alto, CA, USA) equipped with an ODS column (Agilent Eclipse XDB-C18, 5 pm,
4.6 mm x 150 mm) according to the method described in the literature [75]. The thermostat column is set at
25 °C and a diode-array detector at 238 nm. The mobile phase proportion was at a flow rate of 1 mL/min
with the following elution program: linear gradient elution step with 30%—40% B, 70%—60% D for 15 min
and then B:D = 30:70 for 5 min. Solvent B is acetonitrile, and Solvent D is distilled water containing
0.05% (v/v) trifluoroacetic acid. The injection volume is 20 puL. The presence of three main MCs was
verified by their UV spectrum and their retention time and quantified using a seven-point calibration
curve. Standards for MCs were obtained from Sigma-Aldrich (Miinchen, Germany).

4.5. Statistical Analysis

All statistical analyses were conducted using SPSS Version 20.0 statistical software (SPSS Inc.,
Chicago, IL, USA). All of the environmental factors (WT, pH, DO, conductivity, TN, NO3 —N, NO2 —N,
NH4"-N, TP, PO4+* —P, DOC, DIC and Chl-a) were included in the Spearman correlation analysis with
cyanobacteria cell density and MC variant concentrations. Redundancy analysis (RDA) was performed
to identify the key environmental variables affecting the seasonal change of intracellular MC variants
using the multivariate statistical analysis software CANOCO 5.0 (Microcomputer Power, Ithaca, NY,
USA). Before the RDA, all environmental variables were logio(x + 1) transformed to meet the
normality and homogeneity of variance. Forward selection of explanatory variables used the partial Monte
Carlo permutation test to assess the usefulness of each potential predictor. All considered variables
(N = 15) explained collectively 68.4% of the total variation, and the five selected variables accounted
for approximately 90.6% of the total variability explained by all of the explanatory variables.

5. Conclusions

(1) A long-term analysis of cyanobacteria cell density over the past ten years in Lake Taihu revealed
that cyanobacteria abundance has shown a distinct increase in its heavily-polluted northern parts
and a slight increase throughout the entire lake.

(2) Based on current investigations of 32 sampling sites in Lake Taihu, MC-LR and -RR were the
most abundant variants, followed by MC-YR. These three MC variants reached their highest
concentrations in July and October.

(3) Redundancy analysis revealed that total phosphorus is a key driving force in the production of
MC variants in Lake Taihu. Regulation of phosphorus loads to Lake Taihu is recommended to
decrease the threat of cyanobacterial blooms and MCs to human and animal health.



Toxins 2015, 7 3239

Acknowledgments

This work was supported by the Chinese Academy of Sciences Key Deployment Project
(Grant No. KZZD-EW-10-01), “One Hundred Talented People” of the Chinese Academy of Sciences
(Y3BRO11050) and the major project of the Nanjing Institute of Geography and Limnology,
Chinese Academy of Sciences (NIGLAS2012135015). Long-term ecological datasets and environmental
parameters data were provided by the Taihu Laboratory for Lake Ecosystem Research (TLLER),
Chinese Academy of Sciences located in Wuxi city.

Author Contributions

Xiaomei Su and Ligiang Xie conceived and designed the experiments; Xiaomei Su and Qingju Xue
performed the experiments; Xiaomei Su wrote the paper; Ligiang Xie, Alan D. Steinman and Yanyan Zhao
modified the paper; Alan D. Steinman checked English grammar and improved English writing.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Van Apeldoorn, M.E.; van Egmond, H.P.; Speijers, G.J.A.; Bakker, G.J.I. Toxins of cyanobacteria.
Mol. Nutr. Food Res. 2007, 51, 7-60.

2. Chorus, L.; Falconer, I.R.; Salas, H.J.; Bartram, J. Health risks caused by freshwater cyanobacteria
in recreational waters. J. Toxicol. Environ. Health B Crit. Rev. 2000, 3, 323-347.

3. El-Shehawy, R.; Gorokhova, E.; Fernandez-Pifas, F.; del Campo, F.F. Global warming and
hepatotoxin production by cyanobacteria: What can we learn from experiments? Water Res. 2012,
46, 1420-1429.

4. Paerl, H.W.; Huisman, J. Climate change: A catalyst for global expansion of harmful
cyanobacterial blooms. Environ. Microbial. Rep. 2009, 1, 27-37.

5. Chen, J.; Xie, P.; Zhang, D.; Ke, Z.; Yang, H. In situ studies on the bioaccumulation of
microcystins in the phytoplanktivorous silver carp (Hypophthalmichthys molitrix) stocked in
Lake Taihu with dense toxic microcystis blooms. Aquaculture 2006, 261, 1026—1038.

6. Xie, L.; Yokoyama, A.; Nakamura, K.; Park, H. Accumulation of microcystins in various organs
of the freshwater snail sinotaia histrica and three fishes in a temperate lake, the eutrophic
Lake Suwa, Japan. Toxicon 2007, 49, 646—652.

7. Zhang, D.; Xie, P.; Liu, Y.; Qiu, T. Transfer, distribution and bioaccumulation of microcystins in
the aquatic food web in Lake Taihu, China, with potential risks to human health. Sci. Total Environ.
2009, 407, 2191-2199.

8. Pearson, L.; Mihali, T.; Moffitt, M.; Kellmann, R.; Neilan, B. On the chemistry, toxicology and
genetics of the cyanobacterial toxins, microcystin, nodularin, saxitoxin and cylindrospermopsin.
Mar. Drugs 2010, 8, 1650—1680.

9. Welker, M.; von Dohren, H. Cyanobacterial peptides—Nature’s own combinatorial biosynthesis.
FEMS Microbiol. Rev. 2006, 30, 530-563.



Toxins 2015, 7 3240

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Pouria, S.; de Andrade, A.; Barbosa, J.; Cavalcanti, R.L.; Barreto, V.T.S.; Ward, C.J.; Preiser, W_;
Poon, G.K.; Neild, G.H.; Codd, G.A. Fatal microcystin intoxication in haemodialysis unit in
caruaru, Brazil. Lancet 1998, 352, 21-26.

De Figueiredo, D.R.; Aczeiteiro, U.M.; Esteves, S.M.; Goncalves, F.J.M.; Pereira, M.J.
Microcystin-producing blooms—A serious global public health issue. Ecotoxicol. Environ. Saf.
2004, 59, 151-163.

Lee, T.A.; Rollwagen-Bollens, G.; Bollens, S.M.; Faber-Hammond, J.J. Environmental influence
on cyanobacteria abundance and microcystin toxin production in a shallow temperate lake.
Ecotoxicol. Environ. Saf. 2015, 114, 318-325.

Farkas, O.; Gyemant, G.; Hajdu, G.; Gonda, S.; Parizsa, P.; Horgos, T.; Mosolygo, A.; Vasas, G.
Variability of microcystins and its synthetase gene cluster in microcystis and planktothrix
waterblooms in shallow lakes of hungary. Acta Boil. Hung. 2014, 65, 227-239.

Rinta-Kanto, J.M.; Konopko, E.A.; DeBruyn, J.M.; Bourbonniere, R.A.; Boyer, G.L.; Wilhelm, S.W.
Lake erie microcystis: Relationship between microcystin production, dynamics of genotypes and
environmental parameters in a large lake. Harmful Algae 2009, 8, 665-673.

Xie, L.; Rediske, R.R.; Hong, Y.; O’Keefe, J.; Gillett, N.D.; Dyble, J.; Steinman, A.D. The role of
environmental parameters in the structure of phytoplankton assemblages and cyanobacteria toxins
in two hypereutrophic lakes. Hydrobiologia 2012, 691, 255-268.

Ame, M.V.; Galanti, L.N.; Menone, M.L.; Gerpe, M.S.; Moreno, V.J.; Wunderlin, D.A.
Microcystin-LR, -RR, -YR and -LA in water samples and fishes from a shallow lake in Argentina.
Harmful Algae 2010, 9, 66-73.

Hotto, A.M.; Satchwell, M.F.; Berry, D.L.; Gobler, C.J.; Boyer, G.L. Spatial and temporal diversity
of microcystins and microcystin-producing genotypes in Oneida Lake, NY. Harmful Algae 2008, 7,
671-681.

Tian, D.; Zheng, W.; Wei, X.; Sun, X.; Liu, L.; Chen, X.; Zhang, H.; Zhou, Y.; Chen, H.;
Zhang, H.; et al. Dissolved microcystins in surface and ground waters in regions with high cancer
incidence in the Huai River Basin of China. Chemosphere 2013, 91, 1064—-1071.

Ait Hammou, H.; Latour, D.; Sabart, M.; Samoudi, S.; Mouhri, K.; Robin, J.; Loudiki, M.
Temporal evolution and vertical stratification of microcystis toxic potential during a first bloom
event. Aquat. Ecol. 2014, 48, 219-228.

Kaloudis, T.; Zervou, S.K.; Tsimeli, K.; Triantis, T.M.; Fotiou, T.; Hiskia, A. Determination of
microcystins and nodularin (cyanobacterial toxins) in water by Lc-Ms/Ms. Monitoring of Lake
Marathonas, a water reservoir of Athens, Greece. J. Hazard. Mater. 2013, 263, 105-115.

Duong, T.T.; Le, T.P.Q.; Dao, T.-S.; Pflugmacher, S.; Rochelle-Newall, E.; Hoang, T.K.; Vu, T.N,;
Ho, C.T.; Dang, D.K. Seasonal variation of cyanobacteria and microcystins in the Nui Coc
Reservoir, Northern Vietnam. J. Appl. Phycol. 2012, 25, 1065—-1075.

Singh, S.; Rai, P.K.; Chau, R.; Ravi, A.K.; Neilan, B.A.; Asthana, R.K. Temporal variations in
microcystin-producing cells and microcystin concentrations in two fresh water ponds. Water Res.
2015, 69, 131-142.

Gupta, N.; Pant, S.C.; Vijayaraghavan, R.; Rao, P.V.L. Comparative toxicity evaluation of
cyanobacterial cyclic peptide toxin microcystin variants (LR, RR, YR) in mice. Toxicology 2003,
188, 285-296.



Toxins 2015, 7 3241

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Monchamp, M.-E.; Pick, F.R.; Beisner, B.E.; Maranger, R. Nitrogen forms influence microcystin
concentration and composition via changes in cyanobacterial community structure. PLoS ONE
2014, 9, e85573.

Boopathi, T.; Ki, J.S. Impact of environmental factors on the regulation of cyanotoxin production.
Toxins 2014, 6, 1951-1978.

Graham, J.L.; Jones, J.R.; Jones, S.B.; Downing, J.A.; Clevenger, T.E. Environmental factors
influencing microcystin distribution and concentration in the midwestern United States.
Water Res. 2004, 38, 4395—-4404.

Davis, T.W.; Berry, D.L.; Boyer, G.L.; Gobler, C.J. The effects of temperature and nutrients on
the growth and dynamics of toxic and non-toxic strains of microcystis during cyanobacteria
blooms. Harmful Algae 2009, 8, 715-725.

Joung, S.-H.; Oh, H.-M.; Ko, S.-R.; Ahn, C.-Y. Correlations between environmental factors and
toxic and non-toxic microcystis dynamics during bloom in Daechung Reservoir, Korea.
Harmful Algae 2011, 10, 188—-193.

Ni, W.-M.; Zhang, J.-Y.; Ding, T.-D.; Stevenson, R.J.; Zhu, Y.-M. Environmental factors
regulating cyanobacteria dominance and microcystin production in a subtropical lake within the
Taihu Watershed, China. J. Zhejiang Univ. Sci. A 2012, 13, 311-322.

Rapala, J.; Sivonen, K.; Lyra, C.; Niemeld, S.I. Variation of microcystins, cyanobacterial
hepatotoxins, in Anabaena spp. as a function of growth stimuli. Appl. Environ. Microbiol. 1997,
63,2206-2212.

Tonk, L.; Visser, P.M.; Christiansen, G.; Dittmann, E.; Snelder, E.O.F.M.; Wiedner, C.; Mur, L.R.;
Huisman, J. The microcystin composition of the cyanobacterium Planktothrix agardhii changes
towards a more toxic variant with increasing light intensity. Appl. Environ. Microbiol. 2005, 71,
5177-5181.

Shen, P.P.; Shi, Q.; Hua, Z.C.; Kong, F.X.; Wang, Z.G.; Zhuang, S.X.; Chen, D.C. Analysis of
microcystins in cyanobacteria blooms and surface water samples from Meiliang Bay, Taihu Lake,
China. Environ. Int. 2003, 29, 641-647.

Song, L.; Chen, W.; Peng, L.; Wan, N.; Gan, N.; Zhang, X. Distribution and bioaccumulation of
microcystins in water columns: A systematic investigation into the environmental fate and the
risks associated with microcystins in Meiliang Bay, Lake Taihu. Water Res. 2007, 41, 2853-2864.
Xu, Q.; Chen, W.; Gao, G. Seasonal variations in microcystin concentrations in Lake Taihu, China.
Environ. Monit. Assess. 2008, 145, 75-79.

Chen, W.; Peng, L.; Wan, N.; Song, L. Mechanism study on the frequent variations of cell-bound
microcystins in cyanobacterial blooms in Lake Taihu: Implications for water quality monitoring
and assessments. Chemosphere 2009, 77, 1585-1593.

Wang, X.; Sun, M.; Xie, M.; Liu, M.; Luo, L.; Li, P.; Kong, F. Differences in microcystin
production and genotype composition among microcystis colonies of different sizes in Lake Taihu.
Water Res. 2013, 47, 5659-5669.

Wang, Q.; Niu, Y.; Xie, P.; Chen, J.; Ma, Z.; Tao, M.; Qi, M.; Wu, L.; Guo, L. Factors affecting
temporal and spatial variations of microcystins in Gonghu Bay of Lake Taihu, with potential risk
of microcystin contamination to human health. Sci. World J. 2010, 10, 1795-1809.



Toxins 2015, 7 3242

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Sakai, H.; Hao, A.; Iseri, Y.; Wang, S.; Kuba, T.; Zhang, Z.; Katayama, H. Occurrence and
distribution of microcystins in Lake Taihu, China. Sci. World J. 2013, 2013, 838176.

Mbukwa, E.A.; Msagati, T.A.; Mamba, B.B. Quantitative variations of intracellular
microcystin-LR, -RR and -YR in samples collected from four locations in hartbeespoort dam in
north west province (South Africa) during the 2010/2011 summer season. Int. J. Environ. Res.
Public Health 2012, 9, 3484-3505.

Dai, R.; Liu, H.; Qu, J.; Ru, J.; Hou, Y. Cyanobacteria and their toxins in Guanting Reservoir of
Beijing, China. J. Hazard. Mater. 2008, 153, 470-477.

Zhang, D.; Liao, Q.; Zhang, L.; Wang, D.; Luo, L.; Chen, Y.; Zhong, J.; Liu, J. Occurrence and
spatial distributions of microcystins in Poyang Lake, the largest freshwater lake in China.
Ecotoxicology 2015, 24, 19-28.

Smith, D.R.; King, K.W.; Johnson, L.; Francesconi, W.; Richards, P.; Baker, D.; Sharpley, A.N.
Surface runoff and tile drainage transport of phosphorus in the midwestern United States.
J. Environ. Qual. 2015, 44, 495-502.

Qin, B.; Xu, P.; Wu, Q.; Luo, L.; Zhang, Y. Environmental issues of Lake Taihu, China.
Hydrobiologia 2007, 581, 3—14.

Jia, J.; Luo, W.; Lu, Y.; Giesy, J.P. Bioaccumulation of microcystins (MCs) in four fish species
from Lake Taihu, China: Assessment of risks to humans. Sci. Total Environ. 2014, 487, 224-232.
Chen, J.; Zhang, D.; Xie, P.; Wang, Q.; Ma, Z. Simultaneous determination of microcystin
contaminations in various vertebrates (fish, turtle, duck and water bird) from a large eutrophic Chinese
lake, Lake Taihu, with toxic Microcystis blooms. Sci. Total Environ. 2009, 407, 3317-3322.

Song, H.; Reichwaldt, E.S.; Ghadouani, A. Contribution of sediments in the removal of
microcystin-LR from water. Toxicon 2014, 83, 84-90.

Dziga, D.; Wasylewski, M.; Wladyka, B.; Nybom, S.; Meriluoto, J. Microbial degradation of
microcystins. Chem. Res. Toxicol. 2013, 26, 841-852.

Yan, Y.; Dai, R; Liu, Y.; Gao, J.; Wu, X. Comparative effects of inorganic and organic nitrogen on
the growth and microcystin production of Microcystis aeruginosa. World J. Microbial. Biotechnol.
2015, 31, 763-772.

Tonk, L.; van de Waal, D.B.; Slot, P.; Huisman, J.; Matthijs, H.C.P.; Visser, P.M.
Amino acid availability determines the ratio of microcystin variants in the cyanobacterium
Planktothrix agardhii. FEMS Microbiol. Ecol. 2008, 65, 383—-390.

Van de Waal, D.B.; Ferreruela, G.; Tonk, L.; van Donk, E.; Huisman, J.; Visser, P.M.;
Matthijs, H.C.P. Pulsed nitrogen supply induces dynamic changes in the amino acid
composition and microcystin production of the harmful cyanobacterium Planktothrix agardhii.
FEMS Microbial. Ecol. 2010, 74, 430-438.

Wiedner, C.; Visser, P.M.; Fastner, J.; Metcalf, J.S.; Codd, G.A.; Mur, L.R. Effects of light on the
microcystin content of microcystis strain PCC 7806. Appl. Environ. Microbiol. 2003, 69,
1475-148]1.

O’Neil, J.M.; Davis, T.W.; Burford, M.A.; Gobler, C.J. The rise of harmful cyanobacteria blooms:
The potential roles of eutrophication and climate change. Harmful Algae 2012, 14, 313-334.

Liu, X.; Lu, X.; Chen, Y. The effects of temperature and nutrient ratios on microcystis blooms in
Lake Taihu, China: An 11-year investigation. Harmful Algae 2011, 10, 337-343.



Toxins 2015, 7 3243

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Yu, L.; Kong, F.; Zhang, M.; Yang, Z.; Shi, X.; Du, M. The dynamics of microcystis genotypes
and microcystin production and associations with environmental factors during blooms in Lake
Chaohu, China. Toxins 2014, 6, 3238-3257.

Te, S.H.; Gin, K.Y.-H. The dynamics of cyanobacteria and microcystin production in a tropical
reservoir of Singapore. Harmful Algae 2011, 10, 319-329.

Jahnichen, S.; Petzoldt, T.; Benndorf, J. Evidence for control of microcystin dynamics in Bautzen
Reservoir (Germany) by cyanobacterial population growth rates and dissolved inorganic carbon.
Archi. Fur Hydrobiol. 2001, 150, 177-196.

Rantala, A.; Rajaniemi-Wacklin, P.; Lyra, C.; Lepisto, L.; Rintala, J.; Mankiewiez-Boczek, J.;
Sivonen, K. Detection of microcystin-producing cyanobacteria in Finnish Lakes with genus-specific
microcystin synthetase Gene E (mcyE) PCR and associations with environmental factors.
Appl. Environ. Microbiol. 2006, 72, 6101-6110.

Ye, W.; Liu, X.; Tan, J.; Li, D.; Yang, H. Diversity and dynamics of microcystin—Producing
cyanobacteria in China’s third largest lake, Lake Taihu. Harmful Algae 2009, 8, 637-644.

Van de Waal, D.B.; Verspagen, J.JM.H.; Lurling, M.; van Donk, E.; Visser, P.M.; Huisman, J.
The ecological stoichiometry of toxins produced by harmful cyanobacteria: An experimental test
of the carbon-nutrient balance hypothesis. Ecol. Lett. 2009, 12, 1326—1335.

Yu, L.; Kong, F.; Shi, X.; Yang, Z.; Zhang, M.; Yu, Y. Effects of elevated CO2 on dynamics of
microcystin-producing and non-microcystin-producing strains during Microcystis blooms.
J. Environ. Sci. 2015, 27, 251-258.

Kotak, B.G.; Lam, A.K.Y.; Prepas, E.E.; Hrudey, S.E. Role of chemical and physical variables in
regulating microcystin-LR concentration in phytoplankton of eutrophic lakes. Can. J. Fish. Aquat. Sci.
2000, 57, 1584—-1593.

Sinang, S.C.; Reichwaldt, E.S.; Ghadouani, A. Spatial and temporal variability in the relationship
between cyanobacterial biomass and microcystins. Environ. Monit. Assess. 2013, 185, 6379—6395.
Kameyama, K.; Sugiura, N.; Isoda, H.; Inamori, Y.; Maekawa, T. Effect of nitrate and phosphate
concentration on production of microcystins by Microcystis viridis NIES 102. Aquat. Ecosyst.
Health Manag. 2002, 5, 443—-449.

Xie, L.; Hagar, J.; Rediske, R.R.; O’Keefe, J.; Dyble, J.; Hong, Y.; Steinman, A.D. The influence
of environmental conditions and hydrologic connectivity on cyanobacteria assemblages in two
drowned river mouth lakes. J. Gt. Lakes Res.2011, 37, 470-479.

Ye, R.; Shan, K.; Gao, H.L.; Zhang, R.B.; Xiong, W.; Wang, Y.L.; Qian, X. Spatio-temporal
distribution patterns in environmental factors, chlorophyll-a and microcystins in a large shallow
lake, Lake Taihu, China. Int. J. Environ. Res. Public Health 2014, 11, 5155-5169.

Wolf, H.U.; Frank, C. Toxicity assessment of cyanobacterial toxin mixtures. Environ. Toxicol.
2002, /7, 395-399.

Shang, L.; Feng, M.; Liu, F.; Xu, X.; Ke, F.; Chen, X.; Li, W. The establishment of preliminary
safety threshold values for cyanobacteria based on periodic variations in different microcystin
congeners in Lake Chaohu, China. Environ. Sci. Process. Impacts 2015, 17, 728-739.

Liu, Y.Q.; Xie, P.; Zhang, D.W.; Wen, Z.R. Seasonal dynamics of microcystins with associated
biotic and abiotic parameters in two bays of Lake Taihu, the third largest freshwater lake in china.
Bull. Environ. Contam. Toxicol. 2008, 80, 24-29.



Toxins 2015, 7 3244

69.

70.

71.

72.

73.

74.

75.

Cerasino, L.; Salmaso, N. Diversity and distribution of cyanobacterial toxins in the Italian
subalpine lacustrine district. Oceanol. Hydrobiol. Stud. 2012, 41, 54-63.

Paerl, HW.; Xu, H.; Hall, N.S.; Zhu, G.; Qin, B.; Wu, Y.; Rossignol, K.L.; Dong, L.; Mccarthy, M.J.;
Joyner, A.R. Controlling cyanobacterial blooms in hypertrophic Lake Taihu, China: Will nitrogen
reductions cause replacement of non-N2 fixing by N2 fixing taxa? PLoS ONE 2014, 9, e113123.
Conley, D.J.; Paerl, H.W.; Howarth, R.W.; Boesch, D.F.; Seitzinger, S.P.; Havens, K.E.; Lancelot, C.;
Likens, G.E. Ecology. Controlling eutrophication: Nitrogen and phosphorus. Science 2009, 323,
1014-1015.

Qin, B.; Li, W.; Zhu, G.; Zhang, Y.; Wu, T.; Gao, G. Cyanobacterial bloom management
through integrated monitoring and forecasting in large shallow eutrophic Lake Taihu (China).
J. Hazard. Mater. 2015, 287, 356-363.

Papista, E.; Acs, E.; Boddi, B. Chlorophyll-a determination with ethanol—A critical test.
Hydrobiologia 2002, 485, 191-198.

Hu, H.; Wei, Y. The Freshwater Algae of China: Systematics, Taxonomy and Ecology;
Science Press: Beijing, China, 2006.

Xie, L.; Park, H.-D. Determination of microcystins in fish tissues using HPLC with a rapid and
efficient solid phase extraction. Aquaculture 2007, 271, 530-536.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



