Environmental
Science

Processes & Impacts

Accepted Manuscript

This is an Accepted Manuscript, which has been through the

Environmental Royal Society of Chemistry peer review process and has been
SCience accepted for publication.
Processes& Impacts Accepted Manuscripts are published online shortly after

acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes
to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

g"mm apply. In no event shall the Royal Society of Chemistry be held

- responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

' RO‘YAL SOCIETY . .
OF CHEMISTRY rsc.li/process-impacts


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 13 Environmental Science: Processes & Impacts

It is necessary to establish periodic safety threshold values for cyanobacteria referring
to main MC congeners rather than MC-LR.
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Environmental Science: Processes & Impacts

Environmental Impact

Cyanobacterial blooms have caused serious problems to water ecosystem and human
health by producing cyanotoxins. To reduce cyanotoxins concentration in drinking
water, one of the most basic approaches is to control the cyanobacterial abundance in
source water, which is needed to establish the “safety threshold (ST)” for
cyanobacteria. The ST-value was established in Chaohu Lake, the fifth largest lake in
China, which is served as drinking water source but always suffering from
cyanobacterial blooms. This work has highlighted the importance of classifying the
ST series into different periods referring to different microcystin congeners, which

makes it effective and accurate to guide the cyanobacteria control.
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Establishment of preliminary safety threshold values
for cyanobacteria based on periodic variations in
different microcystin congeners in Lake Chaohu,
China

Lixia Shang,*® Muhua Feng,*? Feifei Liu,®° Xiangen Xu,® Fan Ke,? Xiangchao
Chen®? and Wenchao Li?

As harmful cyanobacterial proliferation threatens the safety of drinking water supplies
worldwide, it is essential to establish a safety threshold (ST) for cyanobacteria to control
cyanobacterial density effectively in water sources. For this purpose, cyanobacterial
abundance, microcystins (MCs) production, and environmental parameters were monitored
monthly from September 2011 to August 2012 in one drinking water source of Lake Chaohu.
The cyanobacterial density ranged from 1400 to 220 000 cells/mL with the succession of
two dominant species Microcystis and Dolichospermum, which was determined by water
temperature and nutrients loading. The MCs concentrations were correlated significantly
with the cyanobacterial density and they varied between 0.28 and 8.86 ng/L. Therefore, the
characteristics of MC cell quotas were classified according to four stages of the development
of cyanobacteria, namely: recruitment, multiplication, decline and dormancy. The ST for
cyanobacteria was established for different periods based on MC cell quota and its guideline
wherein three commonly monitored MC congeners (MC-LR, -RR and -YR) were considered
in the present study. Its reliability was verified in the water source using data collected
between June 2013 and May 2014. The results highlighted the necessity to classify the ST-
values in different periods referring to main MC congeners rather than MC-LR, which will
facilitate the management and control of toxic cyanobacterial proliferation in drinking water
sources.

Microcystins (MCs), a family of potent liver toxins, are

Cyanobacterial blooms in water sources threaten drinking water
safety, especially in water scarce areas, making them a serious
global ecological problem.'-® Apart from contributing to total
organic carbon and turbidity (e.g., algae cells), cyanobacteria
are well known for their ability to produce diverse hepatotoxins,
neurotoxins, gastrointestinal toxins and skin irritants, which are
the most hazardous for public health during cyanobacterial
blooms.*”
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considered to be the most resistant to degradation of
cyanotoxins because of their stable cyclic peptide structure.®
MCs have more than 90 known variants with the median lethal
dose (LDso) ranging from 25 ug/kg to greater than 1000 pg/kg.®
Among them, microcystin-LR (MC-LR) is the most toxic and
consistently identified MC congener.}® Due to the strongly
hepatotoxic and tumor-promoting activity, the World Health
Organization (WHO) has set a provisional guideline value of
1.0 pg/L for MC-LR in drinking water.'* Other MC congeners
such as microcystin-RR (MC-RR) and microcystin-YR (MC-
YR) deserve more attention as they are also commonly
monitored worldwide, while MC-RR is the most frequently
encountered congener in China.’2 As the acute and chronic
toxic effect on people linked to MCs have been established
worldwide, the toxins pose a risk to public water supplies due
to their ubiquitous presence in raw water feeding into water
treatment plants.313
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In drinking water treatment, cell-bound MCs could be
released under mechanical and chemical stress, but
conventional water treatment techniques are ineffective in
removing dissolved MCs.1314 In order to reduce cyanotoxin
concentration in treated water, controlling cyanobacterial
abundance in source water will be an efficient way, which can
be achieved by: 1) reducing the nutrient input (a long-term
strategy); 2) salvaging and/or killing algae in water source to
reduce cyanobacterial density (a practical risk mitigation
strategy).”415 The approaches require the establishment of a
“safety threshold (ST)” for cyanobacteria in raw water to
reduce potential health risk caused by cyanotoxins effectively.

Previously, to assess the potential hazard from a
cyanobacterial bloom, Alert Level Framework (ALF) proposed
a monitoring and management action sequence for water
treatment plant operators and managers.! The ALF is based on
data from cyanobacterial cell counts, equivalent cell biovolume
and the relevant drinking water guideline for toxins.* The ALF
concept was first developed for algal management in South
Australia in 1991, and has been applied internationally and
adapted for specific regions.'® Recently, Izydorczyk et al.'’
established an ALF based on cyanobacterial Chl a monitoring
by an algae online analyser. Schmidt et al.'® proposed the
“maximum tolerable values” as a supplement of the common
ALF by taking performance of drinking water treatment
processes into consideration. Although the researchers have
suggested that the associated monitoring program for
cyanobacteria is site and season specific,’17 the periodic
variations of toxin production were not incorporated into ALF
system. The concentration and cell quota of MCs show obvious
seasonal patterns in water sources, which are affected by the
category of dominant species in blooms and environmental
factors such as temperature, light, nutrients, salinity, pH and
micronutrient concentrations.'21%1920 The MC production also
changed during the periodic life cycle of blooming-forming
cyanobacteria, which could be classified into four periods with
an irregular seasonal cycle into the four-stage hypothesis
(recruitment, multiplication, decline and dormancy stage)
summarized by Tan.?* The classification of the safety threshold
in different periods should be established according to the
variation in cyanobacterial abundance and MCs production. On
the other hand, previous studies generally used the most toxin
MC-LR as reference surrogate or assumed that the other MC
congeners had similar toxicity to MC-LR. The exaggeration of
the toxicity of cyanobacterial bloom aimed to reduce the risk of
cyanobacterial bloom, but it would increase the difficulty and
cost of treatment to meet the controlling target in water sources.
Therefore, it is necessary to establish the ST series relating to
the periodic variations of different MC congeners production to
guarantee the safety of raw water.

In the present study, the seasonal variations of cyanobacterial
abundance and MC production were determined from
September 2011 to August 2012 in the eastern drinking water
source of Lake Chaohu, China. The influence of environmental
parameters on the variations of cyanobacterial species and MCs
were studied to gain insights into the processes of
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cyanobacterial growth and MC production. Finally, the ST-
values for cyanobacteria involving different MC congeners
were established for different periods of the vyear, the
practicability of which was then verified using the data from
June 2013 to May 2014.

2. Materials and Methods

2.1. Reagents and glassware

Microcystin standards including MC-LR, -RR and -YR
(purities = 95%) were purchased from Alexis Biochemicals
(Lausen, Switzerland). The CNWBOND LC-C18 extraction
cartridges (500 mg, 6 mL) were obtained from CNW
Technologies (Anpel Scientific Instrument Co., China). HPLC
grade methanol, trifluoracetic acid, acetic acid, acetonitrile and
acetone were purchased from TEDIA Company (Faireld, OH,
USA). A stock solution was prepared by dissolving each 50 pg
MC congener standard in 1 mL methanol solution and kept at -
18 <C for later use. Milli-Q water used for the study was
obtained from a Milli-Q water purification system (Millipore,
USA). All other solvents and chemicals used in the analysis
were of analytical reagent grade.

All glassware and plastic containers were previously soaked
into 1:2 (v/v) HCI overnight and rinsed thoroughly with
deionized distilled water before use.

2.2. Study sites and sample collection

Lake Chaohu, a shallow and turbid lake, is the fifth largest
freshwater lakes in China. Nitrogen, phosphorus and organic
matter loading from urban sewerage and agricultural non-point
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Fig.1 Location of the sampling sites in the eastern drinking
water source of Lake Chaohu

source pollution speeded up the process of eutrophication of
Lake Chaohu.?? Although suffering from cyanobacterial blooms,
the eastern end of Lake Chaohu still serves as a drinking water
source for around 4.23 million people in Chaohu City. There
are about seven drinking water intake points with different
water supply rates from 3000 m3/d to 100 000 m3/d in this area.
Three major water intakes (Intake-A: 117°50'15.13"E,
31°35'36.34"N; Intake-B: 117°50'54.32"E, 31°35'24.82"N;

This journal is © The Royal Society of Chemistry 2012
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Intake-C: 117°50'58.40"E, 31°35'32.30"N) were chosen as
sampling sites in this study (Fig. 1).

Water samples were collected monthly from September 2011 to
August 2012. Subsequently, samples were collected to check
the applicability of ST series from June 2013 to May 2014.
Integrated water samples were taken from the entire water
column at 0.5 m intervals using a 2.5 L sampler. Water samples
were stored in high-density polyethylene bottles, which were
rinsed with the sample three times before filling. The samples
were placed on ice in the dark and transported immediately to
the laboratory for analysis. All samples were analyzed for
physicochemical parameters, phytoplankton cell counting and
toxin concentrations. Each measurement was carried out in
triplicate.

2.3. Physicochemical water quality analysis

Physicochemical parameters, such as water temperature, pH,
dissolved oxygen (DO) and conductivity were measured in field
with a portable instrument (Horiba U-53, Japan). The
environmental parameters including total phosphorus (TP),
total nitrogen (TN), nitrate, nitrite, ammonium, orthophosphate
and potassium permanganate index (CODwmn) were determined
according to the standard methods.?® Dissolved organic carbon
(DOC) was analyzed with a TOC carbon analyzer (Torch,
USA). For Chl a measurement, pigments were extracted with
90% acetone at 4 <C in the dark for 24 h. After centrifugation,
the absorbance of the supernatant was measured
spectrophotometrically against 90% acetone at 630, 645, 663
and 750 nm, respectively. Concentrations of Chl a were
calculated using the equations from Jeffrey and Humphrey.2*

2.4. Phytoplankton analysis

Phytoplankton samples collected in 1000 mL plastic bottles
were preserved in Lugol’s iodine solution and deposited in 48 h,
then condensed to 30 mL and then 1 mL was ultrasonicated to
disperse the cells or filaments. Phytoplankton were determined
in concentrated samples by a phase contrast microscope (Nikon,
TS100F, Japan) according to taxonomic keys based on cell
structure and dimension.?® At least 400 individual cells or
filaments were enumerated in an algal counting chamber (20 =
20 mm?) to reduce the error to less than 10%.

2.5. MC analysis

Three MC congeners (MC-LR, -RR and -YR) including extra-
and intra-cellular fractions were detected in water samples
using the method modified according to Barco et al.?6 Water
samples (500 mL) were filtered through a glass microfiber filter
(GF/C, Whatman) to separate extra- and intra-cellular MCs. For
extracellular part, 1 L samples of filtered water were subjected
to C 18 solid phase extraction cartridges for concentration, and
the toxins were eluted using 10 mL methanol (0.1%
trifluoracetic acid, v/v). The eluent fraction was rotary-
evaporated to dryness and re-dissolved in 200 pL of 50%
agueous methanol before high-performance liquid
chromatography (HPLC) analysis. The filters with intra-cellular
MCs were first freeze-thawed then extracted in 5% acetic acid,
then in 75% methanol twice (with ultrasonication). The extracts
were centrifuged at 11,000 g for 10 min and the supernatants
were combined. Subsequent procedures were conducted as for
extracellular MCs above.

Identification and quantification of MCs were performed by
HPLC equipment (Agilent 1200, USA) with quaternary pump

This journal is © The Royal Society of Chemistry 2012
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(G1311A), autosampler (G1329A), thermostated column
compartment (G1316A), diode-array detector (G1315D), and
an Agilent Eclipse XDB-C 18 column (4.6 <150 mm i.d.; 5 m
particle size). Gradient elution of water/0.05% trifluoracetic
acid (A) and acetonitrile (B) was used by varying the volume
percentage of B from 30% to 40% over 15 min, and held
constant for an additional 5 min. Injection volume was 20 pL,
and chromatograms were analyzed and integrated at 238 nm.
Microcystins in the samples were compared with MC-LR, -RR
and - YR standards based on peak areas and retention times.

2.6. The method for ST-value establishment and verification

Although about ninety MC variants have been identified so far,
the WHO only set provisional guideline for MC-LR in surface
waters but lack data with respect to other congeners.?’
According to the concept of “toxicity equivalent factor” (TEF),
LDso values could be used to convert other MC congeners into
MC-LR equivalent by defining TEFmc.Lr as 1.0.42% Then the
guideline value of other MC congeners was calculated using the
guideline of MC-LR (1.0 pg/L) divided by TEFmc. The ST-
value for cyanobacteria was the minimum value of
cyanobacterial densities which were equivalent to the guideline
value of each MC congener in each period. The ST-values for
cyanobacteria were calculated by Egs. (1) ~ (5):

ST = Min (Geya,, Geya,r Geyags oo - ) (D)
cha = GMC/C,MC (2
Guc = GMCO/TEFMC 3)
TEFyc = TEFyc,/ (5% @
0)
c'mc = CMC/Ccya (5)

where ST , the ST-value for cyanobacteria; Gq , the
cyanobacterial density equivalent to the guideline of MC; Gy,
guideline of MC concentration in drinking water; ¢’, MC cell
quota, e.g. in fg/cell; MC,, reference MC, e.g. MC-LR; TEF,
toxicity equivalent factor; LDs,, the median lethal dose of MC;
cuc ,» the concentration of MC; the density of
cyanobacteria in water.

The application of ST-value in this study was then verified
by the data involving the concentrations of MC congeners and
cyanobacterial densities using the data collected in another
period, e.g. from June 2013 to May 2014 in this study.

Ceya »

2.7. Quality assurance and quality control

Quality control procedures were applied in the chemical
analysis. A solvent blank, a standard and a procedure blank
were included once every 20 samples to check for background
contamination, peak identification and quantification.

As for the MC analysis, the recovery of the complete
analytical procedure was measured by spiking standard solution
at level of 1.0 pg/L in triplicate. Recoveries of dissolved MC-
LR, -RR and -YR in filtered water were 102.4% =*+3.5%, 106.3%
+1.4% and 113.2% = 5.8%, respectively. Recoveries of filter
extracts with intracellular MCs were 97.8% *+2.7% for MC-LR,
89.3% =+ 4.3% for MC-RR, 103.1% =+ 4.9% for MC-YR,
respectively. The limits of detection (LODs) of the MCs were
calculated as the lowest concentrations resulting with a signal-
to-noise (S/N) ratio of 3, while the limits of quantification
(LOQs) were calculated with a S/N ratio of 10 from the same
chromatograms. After concentrating the samples, the LODs for
MC-LR, -RR and -YR were 0.004, 0.004 and 0.005 ng/L, while

Environ. Sci.: Processes Impacts, 2015, 00, 1-11 | 3
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the LOQs for MC-LR, -RR and -YR were 0.011, 0.012 and
0.015 pg/L, respectively.
2.8. Statistical analysis

Correlation analysis was conducted to determine the
relationship between MCs, cyanobacterial density and

Page

The value of CODwn ranged from 3.82 to 8.34 mg/L, which
decreased slowly during winter and spring then increased
dramatically in summer with the highest value detected in July,
then decreased in autumn. The average concentration of DOC
was 4.22 mg/L. The relatively high concentrations of DOC
were observed in summer and autumn with the highest value of
5.82 mg/L in August.
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physicochemical parameters using the SPSS 19.0 (Chicago, IL,
USA). All statistical analyses were considered significant at p < 40 10 20
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3. Results

3.1. Physicochemical parameters

In the eastern drinking water source of Lake Chaohu, the
subtropical monsoon climate of the region was characterized by
the lowest water temperatures (6<C) observed in January and
the highest water temperatures (31<C) in July (Fig. 2). The pH
values varied from 7.3 to 8.8 with relatively higher values in
summer corresponding to the rapid growth of phytoplankton.
The source water was well aerated, and the DO concentrations
were above 7.05 mg/L during the sampling period with
relatively higher values detected in winter. The electrical
conductivity ranged from 293 to 416 pus/cm with a mean value
of 329 pus/cm, which was demonstrated an opposite seasonal
variation trend to DO.

The concentrations of nutrients showed different seasonal
patterns. The concentrations of TN varied from 0.48 to 3.29
mg/L with three peaks recorded in March, August and
November. On average, the nitrate, nitrite and ammonia
nitrogen accounted for 35.9%, 1.0% and 13.1% of TN,
respectively. Nitrate concentrations fluctuated around 0.34
mg/L in autumn and winter, and then increased in spring, with a
peak at 1.22 mg/L in August. The concentrations of nitrite were
below 0.03 mg/L except in July (0.07 mg/L). The
concentrations of ammonia nitrogen averaged around 0.17
mg/L except that two peaks were observed in April and July
with the concentrations of 0.49 and 0.66 mg/L, respectively.
The concentrations of TP exhibited considerable variation
during the whole year with peaks in April, July and December.
The average TP concentration was 0.08 mg/L, while the
orthophosphate concentrations were relatively low (< 0.02
mg/L) in the water source.

4 | Environ. Sci.: Processes Impacts, 2015, 00, 1-11

Time (Month) Time (Month)

Fig.2 Seasonal variations of physicochemical parameters in the
eastern drinking water source of Lake Chaohu. Error bars
indicate the standard deviation of three sampling sites.

3.2. Phytoplankton population and Chl a

Phytoplankton divisions including Cyanophyta, Chlorophyta,
Bacillariophyta, Euglenophyta, Cryptophyta were recorded in
the studied area (Fig. 3a). Among them, cyanobacteria
contributed more than 94% to total phytoplankton density
except in March (52%) and April (60%), wherein the
percentage of Chlorophyta density was around 37%. Two
genera, namely Microcystis and Dolichospermum represented
more than 98% of the total cyanobacterial density except in
March (85%). In March and April, the cyanobacterial densities
varied from 1400 to 4300 cells/mL, which were the lowest of
the whole year. The abundance of cyanobacteria increased from
the beginning of May, while the dominant cyanobacterial
species Dolichospermum decreased until July and was
succeeded by Microcystis from July to October. In November,
the abundance of Microcystis decreased to 30 000 cells/mL and
the Dolichospermum remained within a certain range of cell
density around 21 000 cells/mL. In winter, the dominant
cyanobacterial species changed gradually from Microcystis to
Dolichospermum reaching the highest cyanobacterial cell
densities (220 000 cells/mL) in December.

This journal is © The Royal Society of Chemistry 2012
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phytoplankton species (a) and Chl a and cyanobacterial density
(b) in the eastern drinking water source of Lake Chaohu. Error
bars indicate the standard deviation of three sampling sites.

During the studied period, Chl a concentrations varied from
5.3 to 75.6 pg/L with a mean value of 25.7 pg/L (Fig. 3b).
There were two distinct peaks, the first in July and the second
in December, coinciding with the maximum density of
Microcystis and Dolichospermum, respectively. The abundant
phytoplankton  frequently  appeared under  specific
environmental conditions with proper lighting and calm winds
in winter, which were also observed in 2012 and 2013 in Lake
Chaohu (data not shown) requiring immediate attention as the
cyanobacteria could induce high toxic concentration in source
water.

3.3. MC production

In the eastern drinking water source of Lake Chaohu, the
concentrations of MCs (MC-LR, -RR and -YR) exhibited
significant seasonal dynamics, and total concentrations of the
three MC congeners ranged from 0.28 pg/L in March to 8.86
pg/L in September. (Fig. 4a-c). The dominant MC congeners
varied in different months. In August and December, the
proportion of MC-LR was 54% and 38% of the total MCs,
respectively. In January, October, and November, the dominant
congener changed to MC-YR, accounting for more than 50% of
the total MCs. In the rest months, MC-RR was the most
abundant MC congener (42% to 73% of the total MCs), which
was also found in other fresh waters in China.*?

The seasonal variations of three MC congener concentrations
were in agreement with those of cyanobacterial abundance.
When high Microcystis density appeared in summer and
autumn, the concentrations of MCs also reached the peak with
the dominant fraction as extracellular MCs. When the
abundance of Dolichospermum accumulated, the intracellular
fractions of MCs peaked in December. In detail, high
concentrations of MC-LR (from 0.75 to 1.90 ng/L) were
observed from August to October and December and relatively
low concentrations of MC-LR (0.07 to 0.31 pg/L) were found

This journal is © The Royal Society of Chemistry 2012
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in other months. The MC-LR contributed to high concentration
of extracellular MCs (MC-LR 0.81 pg/L to 1.77 pug/L) in water
from August to October and to high concentration of
intracellular MCs (MC-LR 1.31 pg/L) in December,
respectively. A similar monthly fluctuation was found for MC-
RR, with the exception that the highest concentration of MC-
RR occurred in September (3.57 pg/L). In addition, high
concentrations of MC-RR (2.24 pg/L and 1.08 npg/L) were
detected in October and December, respectively. Relatively
high concentrations of MC-YR were observed until late
summer with the maximum value (3.23 pg/L) in October and

values remained close to 1.0 pg/L in December and January.
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Fig.4 Seasonal variations of intra- and extra-cellular
microcystin concentrations (a, b and c) and toxin quotas (d) in
the eastern drinking water source of Lake Chaohu. Error bars
indicate the standard deviation of three sampling sites.

The toxin cell quotas (the amount of toxin per cell) of the
three MC congeners were calculated monthly, which showed
different patterns from those of the MC concentrations (Fig. 4d).
We classified the 12 months into four periods not only based on
the seasonal cycle, but also according to the variances of
dominant cyanobacterial species and the growth phase of
cyanobacteria in the present study: 1) in March and April, the
lowest cyanobacterial density was found at recruitment stage,?*
the cell quota of MC-LR, -RR and -YR reached the peak value
of 53, 196 and 62 fg/cell, respectively; 2) from May to July,
cyanobacteria was at multiplication stage with the dominant
species being Microcystis, the mean cell quota of MC-LR, -RR
and -YR was 2, 4 and 2 fg/cell, respectively; 3) from August to
October, while the dominant cyanobacterial species was
Microcystis at decline stage, the mean cell quota of MC-LR, -
RR and -YR was 9, 15 and 17 fg/cell, respectively; 4) from
November to February, when the dominant species changed to
Dolichospermum and was considered to be at dormancy stage,
the mean cell quota of MC-LR, -RR and -YR was 3, 4 and 6
fg/cell, respectively.

3.4. Relationships between MCs, cyanobacterial density and
water quality

To identify the factors influencing toxin production, the
correlations between MCs, cyanobacterial density and
physicochemical parameters were determined in the eastern

Environ. Sci.: Processes Impacts, 2015, 00, 1-11 | 5
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water source of Lake Chaohu (Table 1). The density of
Microcystis yielded significant positive correlations with
cyanobacterial abundance and Chl a. In addition, the
concentrations of MC congeners were positively correlated
with Microcystis and cyanobacterial density and Chl a. The cell
quotas of MC-LR correlated negatively with the density of
Dolichospermum, while those of MC-RR correlated negatively
with Microcystis, Dolichospermum and cyanobacterial density.

Physical parameters (water temperature, pH, DO and
conductivity) had effect on the abundance of Microcystis and
Dolichospermum, but had no relationship with MC production
except the negative relationship between pH and MC-YR cell
quota. The concentrations of nitrate and orthophosphate showed
negative correlations with cyanobacterial density and MC
production, while the CODwmn and DOC values always
correlated significantly with them.

Table 1 Correlation coefficients between concentrations of MCs, MC cell quotas, the biomass of dominant cyanobacteria and
selective physicochemical parameters from September 2011 to August 2012 in the eastern drinking water source of Lake Chaohu

MC concentrations

MC cell quotas

Mic Dol Cya MC-LR MC-RR  MC-YR MC-LR MC-RR MC-YR
Mic 1 0.004 0.877™ 0.812™  0.650™ 0.719™ -0.172  -0.418" 0.152
Dol 0.004 1 0.31 0.068 0.113 0.103 -0.540™  -0.365" -0.189
Cya 0.877™ 0.310 1 0.783™  0.745™ 0.619™ -0.214  -0.366" 0.006
Chla 0.779™ 0.138 0.749™ 0.811™  0.633™ 0.638™ 0.020 -0.233 0.099
T 0.389"  -0.422" 0.176 0.224 0.107 0.041 0.038 -0.087 -0.025
pH 0.344" -0.103 0.254 0.247 0.101 -0.016 -0.002 -0.234 -0.360"
DO -0.373"  0.438™ -0.119 -0.190 -0.142 -0.176 -0.030 -0.008 -0.126
Cond 0.336" -0.502"" 0.180 0.239 0.183 -0.020 0.190 0.017 -0.076

TN -0.035 -0.234 -0.149 -0.198  -0.341" -0.343" 0.003 -0.293 -0.431™
NO3 -0.313 -0.227 -0.332" -0.339"  -0.331"  -0.544™ 0.264 0.110 -0.326
NH4 0.201  -0.544™ 0.078 0.055 0.212 -0.084 0.190 0.192 0.032
TP 0.323 -0.261 0.301 0.277 0.091 0.297 0.223 -0.029 0.384"
SRP -0.154 -0.304 -0.333" -0.175  -0.401" -0.066 0.069 -0.042 0.296
CODmn  0.616™  -0.230 0.584™ 0.490™  0.484™ 0.377" 0.131 -0.12 0.033
DOC 0.631™ 0.030 0.621™ 0.702™  0.738™ 0.614™ 0.119 0.035 0.290

**_Correlation is significant at the 0.01 level (2-tailed); *. Correlation is significant at the 0.05 level (2-tailed). Mic: the density of
Microcystis; Dol: the density of Dolichospermum; Cya: the density of cyanobacteria; Cond: conductivity; NO3: Nitrate; NH4:

ammonia nitrogen; SRP: orthophosphate

Redundancy analysis was used to identify the key
environmental factors influencing the seasonal dynamics of the
abundance and structure of cyanobacteria and MC congeners.
Results of RDA for the composition of cyanobacteria
(including  Microcystis, Dolichospermum,  Chroococcus,
Phormidium, and Dactylococcopsis) illustrated that water
temperature and nitrate were the best predictors accounting for
19.9% (p = 0.004) and 15.1% (p = 0.002) of the variability,
respectively (Fig. 5a). The model explained 85.7 % of the total
variability. The densities of Microcystis, Chroococcus, and
Phormidium were positively correlated with water temperature
and negatively correlated with nitrate, while the reverse
relationships were obtained for Dolichospermum and
Dactylococcopsis.

Another RDA diagram (Fig. 5b) showed that the extra- and
intra-cellular MC congeners correlated significantly with each
other and their relationship with cyanobacteria and
physicochemical characteristics of water. The Microcystis
density was the best predictor of variability in MC
concentrations, accounting for 25% of the variability (p =
0.002). Total nitrogen, conductivity and Dolichospermum
density were also significant pedictors accounting for 22% (p =
0.002), 10% (p = 0.004) and 7% (p = 0.002), respectively. The

6 | Environ. Sci.: Processes Impacts, 2015, 00, 1-11

model explained 64% of the total variability, which showed
MC congeners were positively correlated with Microcystis
density, but negatively correlated with TN.

3.5. The ST-values for cyanobacteria and the verification

Since the LDso value (intraperitoneal application) for MC-RR is
about 10 times higher than that for MC-LR and the LDso for
MC-YR is similar to that for MC-LR, the TEFwmc-rr and
TEFwmc-vyr were 0.1 and 1.0, respectively, by defining TEFmc-Lr
as 1.0.* Then the guideline value for MC-RR and -YR of 10.0
png/L and 1.0 pg/L was calculated using the guideline of MC-
LR (1.0 pg/L) divided by TEFmc-rr and TEFmc-vr, respectively.
Then the cyanobacterial density equivalent to the guideline of
MC was calculated every month and the ST-values for
cyanobacteria in four periods were obtained according to Egs.
(1) ~ (5). In the present study, the ST-values for cyanobacteria
were (2.1 +£0.6) < 10* cells/mL at the recruitment stage (March
- April), (3.4 £1.0) > 105 cells/mL at the multiplication stage
(May - July), (3.6 £0.3) < 10* cells/mL at the decline stage
(August - October), and (8.6 = 0.2) > 10* cells/mL at the
dormancy stage (November - February), respectively (Fig. 6a).

This journal is © The Royal Society of Chemistry 2012
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Fig. 5 Redundancy analysis (RDA) biplots showed (a) the
compositions of cyanobacteria in relation to environmental
factors including water temperature, pH, DO, conductivity, TN,
nitrate, nitrite, ammonia nitrogen, TP and orthophosphate; and
(b) the concentrations of extra- and intra-cellular MCs in
relation to Microcystis and Dolichospermum density and
environmental factors mentioned above in the eastern drinking
water source of Lake Chaohu. E: extracellular MCs; I:
intracellular MCs.

To check the applicability of the ST-value, we took the
concentrations of three MC congeners and cyanobacterial
densities at the water intakes from June 2013 to May 2014 for
example (Fig. 6b). In August, November and December 2013,
the densities of cyanobacteria were 1.3 %105 1.1 x10°% and 1.5
> 105 cells/mL, respectively, which were higher than the
corresponding ST-values. Accordingly, the concentrations of
MC-LR were 1.60, 1.24 and 1.28 pg/L, respectively, which
exceeded the WHO guideline of 1.0 pg/L. When the
cyanobacteria densities were lower than the corresponding ST-
values in other months, the MC concentrations were below the
guideline value of each MC congener. These results indicated
the ST-values for cyanobacteria were a reliable indicator for a
potential toxin hazard in the water source of Lake Chaohu.

This journal is © The Royal Society of Chemistry 2012
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Fig.6 The establishment of ST values (the circle) for
cyanobacteria in four periods (vertical dashed lines) based on
the data collected from September 2011 to August 2012 (a),
and the verification of ST values based on data from June 2013
to May 2014 (b) in the eastern drinking water source of Lake
Chaohu. Gray shading refers to the ST-value in corresponding
period and the horizontal dotted line indicates the MC guideline
(1.0 pg/L). Error bars indicate the standard deviation of three
sampling sites.

4. Discussion

In the eastern drinking water source of Lake Chaohu the
abundance and composition of cyanobacteria showed
significant seasonal variations. The dominant cyanobacterial
species was Microcystis in summer and autumn, which changed
to Dolichospermum gradually with the decrease of water
temperature in winter and spring. The concentrations of MCs
exhibited strong seasonal dynamics and the maximum
concentrations were found in the late summer and the whole
autumn in the source water. The concentrations of MC-LR were
observed above 1.0 pg/L from August to October 2011 and in
December 2011, which should be of concern since the lake
serves as a direct source of drinking water for several million
people all year round.
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Environmental Science: Processes & Impacts

4.1. Environmental factors influencing the cyanobacterial
composition and MCs

Environmental factors affect MCs production in surface waters
by regulating the phytoplankton composition, the proportion of
toxic-producing cyanobacteria and/or the MC production by
toxigenic strains.1>30-33 During the study period, the abundance
of Microcystis was highly correlated with total cyanobacterial
density and Chl a. Moreover, the concentration of various MC
congeners correlated positively with Chl a, total cyanobacterial
abundance and especially with the density of Microcystis,
indicating that Microcystis spp. was the main MC producing
taxon in Lake Chaohu. However, a weak relationship was
found between cyanobacterial abundance and MC levels in
some lakes, in which the peak of cyanobacterial biomass might
not coincide with that of MC concentration.®* This could be
explained by coexistence of several cyanobacterial generas or
Microcystis strains with different toxicity in water column and
different factors responsible for the cyanobacterial biomass and
MC production.®>3¢ Nevertheless, in the lakes dominated by
potentially MC-producing genera cyanobacteria including Lake
Taihu in China,” Daechung Reservoir in Korea,3” 18 Eutrophic
Czech Reservoirs® and Lake Erie in North America?®, highly
significant relationships between cyanobacterial abundance and
MC concentrations were found to be consistent with the result
in this study. In such circumstances, the establishment of ST
values according to cyanobacterial abundance would be
applicable in waters relating to MCs.

In the present study, the negative correlations were obtained
between MC-RR cell quota and cyanobacterial density and
between MC-LR and MC-RR cell quotas and Dolichospermum
density. This could be explained by the fact that there is a shift
in the dominance of MC-producing and non-producing cells to
make a better adaptation to environmental conditions for
cyanobacteria.3%%° Toxic cells have an advantage under
suboptimal conditions for growth, which could enhance growth
efficiency or act as a grazing deterrent.*® Although there was no
correlation between MCs and Dolichospermum density, the
contribution of Dolichospermum to MCs concentrations was
obvious in December. This phenomenon was also proved by the
RDA result that Dolichospermum abundance correlated with
intracellular MC-LR (Fig. 5b).

The results of RDA showed that water temperature was the
most important environmental variable to determine the
abundance and structure of dominated cyanobacterial genera
(Fig. 5a). Water temperature accelerated the growth of
Microcystis, but had a negative effect on Dolichospermum,
which was in the line with the succession of two cyanobacterial
species observed in Lake Chaohu. The Dolichospermum was at
growth advantage in winter, because Dolichospermum was still
photosynthesizing at 76% of the maximum rate, while the
photosynthetic rate of Microcystis declined to 4% at 15 <C.%
However, Microcystis could obtain competitive advantage at
high temperatures synergistically with other environmental
factors. Although temperature has a pronounced effect on both
growth and toxicity of cyanobacteria,3?4* there was no
significant correlation between water temperature and MC
production in Lake Chaohu. It was suggested that optimal
conditions for growth should not always coincide with those for
toxin production. Westhuizen and Eloff4! found that toxicity
was markedly reduced at growth temperatures above 28 <C,
which were consistent with our findings that MCs
concentrations were low in July when cyanobacterial
abundance peaked. The succession of dominant cyanobacterial
genera was affected by water temperature and resulted in the
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significant seasonal variations of MCs concentrations and cell
quotas. Therefore, the establishment of ST in different periods
would make the management of controlling cyanobacteria more
practical and effective in water source.

Nutrients, such as nitrogen and phosphorus were also key
environmental factors to predict the phytoplankton species
composition and MC production. As shown in RDA diagrams,
nitrate and TN were correlated negatively with the composition
of cyanobacteria and the concentrations of extra- and intra-
cellular MCs, respectively, which agrees with the results
obtained in other lakes.”*?> However, the finding was contrary
to that of monoculture experiments in labs which indicated that
high nitrogen concentrations favored toxin production of
studied cyanobacterial strains.®32 But the opposite result was
obtained for co-culture experiments containing MC-producing
and non-MC-producing strains, closer to natural circumstance
as the present study, suggesting that the benefits of producing
MC outweigh the costs under growth-limiting conditions.*344
As a non-nitrogen-fixing cyanobacterial genus, Microcystis
depleted nitrate in the surface water during blooms in early
summer, which resulted in the decrease of nitrate in the eastern
Lake Chaohu. Orthophosphate also showed negative correlation
with the cyanobacterial density and the concentration of MC-
RR. In addition, the concentrations of nutrients in the lake were
affected both by internal loading released by sediment and the
external loading from surface runoff and other non-point
sources, which increased the uncertainty of the relationships
between cyanobacterial density, MC productions and
nutrients.*® The peak of nutrient loadings in raw water was
coincident with rainfall peak and agricultural fertilization
according to local historical pollution sources data.?? As
nutrients have definite impacts on cyanobacterial structure and
abundance and MC production, great effort should be made to
control nutrient inputs to reduce cyanobacterial biomass and
MCs concentrations in the lake.

Environmental factors, like pH, DO and conductivity,
showed no correlation with cyanobacterial density but could
regulate the predominant cyanobacterial species and MC
production. Positive correlation between pH and Microcystis
abundance in natural samples has been reported previously.*®
With the help of efficient carbon concentration mechanisms,
cyanobacteria have a competitive advantage over other
phytoplankton species under high pH conditions.*¢47 In
addition, the negative correlation between MC-YR cell quota
and pH agrees with other studies, wherein decreasing MC
cellular quotas were observed at increasing pH due to the
succession of nontoxic cells over toxic cyanobacteria under
suitable conditions.®® The relatively low values of DO in
summer reflected the comprehensive effect of water
temperature and cyanobacterial proliferation on water quality.
Conductivity, indicating ion concentration in water, showed
contrasting seasonal patterns with DO, which was influenced
by exogenous sources through storm erosion and overwash, and
internal  loading from sediment and cyanobacterial
metabolization.??8 In this study, conductivity was chosen as a
high weighted parameter in RDA to explain the variability of
extra- and intra-cellular MC concentrations, which revealed
integrated effects of individual environmental factors on MC
productions.

The MCs concentrations and cyanobacterial density had
significant positive correlation with CODmn and DOC. High
values of CODwmn and DOC were observed in summer and
autumn along with the proliferation of cyanobacteria. A large
number of diverse cyanobacterial secondary metabolites

This journal is © The Royal Society of Chemistry 2012
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including MCs constitute a significant component of organic
matter in natural water bodies, and are significant sources of
disinfection by-products precursors for drinking water
treatment facilities.*® Therefore, the control of cyanobacterial
density below the ST-value can further reduce algal derived
organic matters and lower public health risk.

4.2. The establishment and verification of ST series for
cyanobacteria in different periods

The ST-value for cyanobacteria was established based on the
periodic variations of MC cell quotas according to the
significantly positive correlations between the concentrations of
MCs and cyanobacterial densities. In this study, it is important
to emphasize that the ST-values were obtained according to
MC-LR during the multiplication stage, but referring to MC-
YR in the other periods. When the density of cyanobacteria in
source water exceeds the corresponding ST-value in each
period, the concentration of certain MC would exceed its
guideline.

The ST-values for cyanobacteria oscillated over a wide range
in different periods because of the impact of various biotic and
abiotic environmental factors on MC production. At the
recruitment stage, the lowest ST-value among the whole year
was obtained due to the highest MC cell quota. That might be
explained by the inhibitory effect of MC against either
competitor or predator being enhanced under suboptimal
environmental condition.? From May to July, increasing water
temperature and adequate nutrients led to fast growth of
cyanobacteria. The highest ST-value accompanied with the
lowest MC cell quota might be due to the increase in the
relative proportions of non-MC-producing cells and the
decreasing of MC productions by toxic cells.*® During this
period, cyanobacterial density was lower than the ST-value
with MC concentrations not exceeding the guideline. From
August to October, when the bloom was at the decay phase
with cell lysis, the MC cell quota increased slightly and the ST-
value decreased compared with that in the previous stage. As
the MC concentrations were always at high level over this
period, the significant chance of MC concentrations exceeding
guideline requires attention. At the dormancy stage, when
cyanobacteria cells usually maintain a low level of metabolic
activities to acclimatize to adverse environments,? the ST-
value was moderate compared to the values in other periods.
However, frequent monitoring should be conducted in the
winter of Lake Chaohu, since the likely appearance of abundant
Dolichospermum might induce high toxic concentration. The
different characteristics of cyanobacteria and MCs production
in four periods highlighted the importance of establishing the
ST-value for each period, which could improve the operability
and efficiency in controlling toxic cyanobacterial density in
water supply.

The ST-value obtained in this study was generally higher
than that obtained in previous studies, wherein the threshold
value was proposed as the worst case with relatively high toxin
cell quota (200 fg toxins per cell) and/or assuming other
cyanotoxins with the same toxicity as MC-LR.11718 The value
might not reflect actual situation with the coexistence of a great
variety of cyanobacterial species in source water, wherein the
MC cell quotas generally vary by an order of magnitude (0-700
fg/cell) in cyanobacterial blooms.®5051 Moreover, as the
mixture of cyanotoxins was always detected in lakes or
reservoirs worldwide,* different MC congeners and their degree
of toxicity should be considered in the establishment of ST to

This journal is © The Royal Society of Chemistry 2012
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obtain comprehensive and accurate assessment of the harmful
cyanobacterial blooms.

Although the cyanobacterial abundance and MCs production
fluctuated annually, the successful application of ST values in
the water source of Lake Chaohu suggested that the proposed
ST values are reliable indicators of the hazard of cyanobacterial
toxin and for evaluating water quality under the influence of
cyanobacterial proliferation. Thus, the proposed ST values can
be used to optimize management scenarios to guarantee the
safety of drinking water sources with harmful cyanobacteria
through appropriate measures. For example, when the
cyanobacteria densities are lower than the ST-values and the
MC concentrations are below the WHO guideline value of each
MC congener, the raw water meets the required quality of
source water used for drinking water treatment plants and no
remedial action is required. In contrast, when the densities of
cyanobacteria are at or above the ST-values, it is an alert of
toxin hazard that the MC concentrations exceed the guideline in
water source. In this case, algal control measures, such as
salvaging algae in raw water and improving water treatment
efficiency, should be used for emergency control. The water
supply should not be directly employed until that cyanobacteria
density declines under the ST value. Lastly, in the case that the
density of cyanobacteria is close to the ST-value but MC
concentrations are lower than the WHO guideline of 1.0 pg/L
such as in September 2013, samples representative for raw
water intake should be collected and analyzed to confirm the
safety of source water. Although the preliminary ST value for
cyanobacteria has been confirmed to be effectiveness in
assessing toxin hazard and in planning treatment strategies of
water source, it has to be noted that the more investigate data
including more toxins are involved to refine the ST values, the
greater the reliability of the ST values for MC alert. Further
management strategy such as reducing diffusive nutrient inputs
is necessary to control the proliferation of cyanobacteria below
ST-value.

5. Conclusions

In the eastern drinking water source of Lake Chaohu, the MC
productions and cyanobacterial abundance exhibited strong
seasonal dynamics due to the combined influence of
environmental factors. The dominant cyanobacterial species
was Microcystis in summer and autumn, which was succeeded
by Dolichospermum gradually with the decrease of water
temperature in winter and spring. The maximum concentrations
of MC-LR, -RR and -YR were found in last part of summer and
the whole autumn in the water source and the concentrations of
MC-LR were even above the guideline value (1.0 pg/L).
According to the positive correlation between the
concentrations of MCs and the density of cyanobacteria, the
ST-value was established and its applicability was checked by
subsequent inspection. This work has highlighted the
importance of establishment of the ST series relating to the
periodic variations of different MC congeners production,
which could improve the operability and efficiency in
controlling toxic cyanobacterial density in water supply. This is
very important for protecting the source water quality from
toxic cyanobacterial pollution, especially for the emergency
management. Although the presented ST-values are specific for
these drinking water intakes, the principles and procedures can
be applied to other water bodies under the negative effect of
harmful cyanobacteria.
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