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Abstract—Seasonal variations in the concentration of microcystin-LR (MCLR) in Buffalo Springs Lake (BSL) and Lake Ransom
Canyon (LRC; both locations in Lubbock, TX, USA) were monitored from 2003 to 2004. In BSL, the average concentrations of
MCLR were 1.78 6 1.43 mg/L (mean 6 SD; range, 0.177–4.914 mg/L) in spring, 0.41 6 0.096 mg/L (range, 0.191–0.502 mg/L)
in summer, 0.46 6 0.41 mg/L (range, 0.205–1.598 mg/L) in fall, and 1.04 6 0.71 mg/L (range, 0.096–2.428 mg/L) in winter. In
LRC, the corresponding concentrations were 1.08 6 1.29 mg/L (range, 0.2–5.83 mg/L) in spring, 0.83 6 0.46 mg/L (range, 0.315–
1.671 mg/L) in summer, 0.44 6 0.03 mg/L (range, 0.368–0.555 mg/L) in fall, and 0.78 6 0.52 mg/L (range, 0.225–2.130 mg/L) in
winter. In both lakes, the seasonal fluctuation of MCLR concentrations correlated positively with dissolved oxygen and negatively
with temperature and pH.
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nization (WHO) has set a provisional guideline of 1 mg/L for
MCLR in freshwater [13].
Because widespread bloom formations and fish kills have
been reported in water bodies of Texas, USA, during the past
few years [17], the present study was performed to monitor
MCLR concentrations during the period from 2003 to 2004
in two recreational lakes in western Texas, Buffalo Springs
Lake (BSL) and Lake Ransom Canyon (LRC), which are quite
similar in their geographic location but different in their dimensions, flow properties, and inhabitation. The purpose of
the present study was to determine the levels and temporal
fluctuations of MCLR and the relationship between MCLR
concentration and a range of physical and chemical parameters.

INTRODUCTION

Contamination of cyanobacterial toxins in freshwater sources is a worldwide phenomenon. With increasing amounts of
agricultural activities, growing population, and increasing industrialization, eutrophication is an unavoidable outcome in
most freshwater lakes [1]. Eutrophication favors algal bloom
formation and production of cyanobacterial toxins, such as
microcystins (MCs). Microcystins are cyanotoxins that are detectable in freshwater bodies from most European and Asian
nations as well as North America [2].
Microcystins are hepatotoxins produced primarily by the
freshwater cyanobacterium Microcystis aeruginosa. They are
monocyclic heptapeptides with approximately 60 structural
variants formed by the variation in seven amino acids, primarily the L-amino acids at position 2, 3, 4, or 7 [3], which
are responsible for their toxicity [4]. Microcystin-LR (MCLR),
the most common and representative MC, contains the amino
acids leucine and arginine. Its toxicity has been investigated
in fish [5], birds, and mammals [6]. Exposure to MCLR resulted in progressive degeneration of the liver in salmon smolts
(Net Pen Liver Disease) in coastal waters of British Columbia,
Canada, and Washington, USA [7], as well as livestock poisoning and death [8–11]. In humans, exposure resulted in gastroenteritis and dermal contact irritations [12]. Human exposure to MCLR is primarily through ingestion of contaminated
drinking water and by recreational contact with contaminated
water [2], consumption of fish or blue-green algae products
from contaminated water [13], or through accidental use of
MCLR-contaminated water, as reported in Caruaru, Brazil,
where renal dialysis patients exposed to MCLR had liver failure initially and then death (Caruaru syndrome) [14–16]. Recognizing its potential health effects, the World Health Orga-

MATERIALS AND METHODS

Materials
Purified protein phosphatase 2A (PP2A) enzyme was obtained from Upstate Cell Signaling Solutions (Lake Placid,
NY, USA). The MCLR (purity, 98%) was obtained from Axorra LLC (San Diego, CA, USA). The 6,8-difluo-4-methylumbelliferyl phosphate (DiFMUP) was purchased from Molecular
Probes (Eugene, OR, USA). The Quantiplate Microcystin Plate
Kit was obtained from Envirologix (Portland, ME, USA). All
other chemicals and reagents were obtained from Sigma (St.
Louis, MO, USA) unless specified.

Study site
The chosen study sites, as shown in Figure 1, were the LRC
and the BSL. The BSL is a major recreational lake near Lubbock, Texas, USA. It has a water area of 91.06 ha and is located
8.05 km east of Lubbock (at 338329N, 1018429W) on the North
Fork of Double Mountain Fork of Brazos River (Texas Parks
and Wildlife Department, Austin, TX, USA). It has a maximum
depth of 15.85 m and a mean depth of 4.57 m, with poor water
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Sample preparation
Water samples were aliquoted immediately for NH3-N and
reactive phosphorus analysis and for sample preparation for
enzyme-linked immunosorbent assay (ELISA) and protein
phosphatase (PP) inhibition assays. Sample preparation for
ELISA and PP inhibition assay involved repeated freeze–thaw
cycles (twice) of a 10 ml sample, followed by sonication in a
Branson 1510 Sonicator (Danbury, CT, USA) and centrifugation at 3,000 rpm for 10 min. The supernatant was collected,
and the centrifugate was homogenized, sonicated for 10 min,
and then centrifuged. This supernatant was pooled to produce
a crude and clear extract that was immediately used in the
assays.

Enzyme-linked immunosorbent assay

Fig. 1. Sampling points (●) in west Texas, USA, freshwater bodies.
Buffalo Springs Lake (Lubbock, TX, USA) (a). Lake Ransom Canyon
(Lubbock, TX, USA) (b).

quality and a visibility of 0.3 to 0.6 m. Ten sampling points
were identified at equal distances based on a geographic map
to represent the water area of the lake. Samples were collected
in duplicate from each point to monitor changes in MCLR
concentrations. The LRC is located downstream of the BSL
(Fig. 1) [18] and has an elevation of 944.9 m and a water area
of 28.25 ha. Six sampling points were identified to represent
the lake, and duplicate samples were collected at each sampling
site to monitor MCLR concentrations.

Sampling
Sampling was conducted in these two lakes from 2003 to
2004 at four different times of the year representing different
seasons. Sampling was always conducted during the morning
hours, generally between 9 AM and noon. The sampling points
were fixed throughout the study year. One liter of water was
collected at each point from the surface at a depth of 1 to 2
m using Nalgenet sampling bottles (Nalge Nunc, Rochester,
NY, USA). Physical and chemical parameters were measured
at each sampling.

Water parameters
Physical and chemical parameters, including temperature
(8C), dissolved oxygen (DO; mg/L), salinity (ppt), and conductivity (mS/cm), were determined by YSI meter (Yellow
Springs, OH, USA), and pH was determined by pH meter
(Oakton Instruments, Vernon Hills, IL, USA). Determination
of ammonia nitrogen (NH3-N) was done by Nesslers method
using a Hacht spectrophotometer (model DR/2010; Loveland,
CO, USA). Analysis of reactive phosphorus in the water samples was conducted using the PhosVer3 method with a Hach
spectrophotometer (model DR/2010; accepted by the U.S. Environmental Protection Agency [U.S. EPA] for reporting
wastewater analysis–equivalent to U.S. EPA method 365.2 and
standard method 4500-PE [19]) according to the manufacturer’s protocol (Hach method 8048).

Following the manufacturer’s protocol (EnviroLogix, Portland, ME, USA), 125 ml of blocking buffer were added into
each antibody-coated well, and then 20 ml of water sample,
standard solution, or distilled water blank were added, mixed,
and incubated for 30 min at 378C. One-hundred microliters of
MCLR–enzyme conjugate were added and incubated for another 30 min to compete with MCLR-binding sites of antibody.
The plate was emptied and washed four times with washing
buffer containing phosphate-buffered saline–Tween 20 (pH
7.4; EnviroLogix) to remove all nonspecific binding. Onehundred microliters of substrate was added into each well and
incubated for 30 min. The reaction was terminated by adding
100 ml of a stop solution (1 M HCl). The plate was then read
at 450 nm with a reference wavelength of 630 nm in a microplate reader (Bio-Tek, Winooski, VT, USA). A semilog
standard calibration curve was used to calculate the concentration of MCLR in water samples, with a detection limit of
0.15 mg/L.

Protein phosphatase inhibition assay
The PP inhibition assay was modified from procedures described by Bouaicha et al. [20]. The principle of the assay is
that PP2A specifically removes phosphate groups from a fluorescent substrate, DiFMUP, to produce the 6,8-difluo-4-methylumbelliferyl (DiFMU) that was measured by the fluorometer.
The MCLR specifically inhibits PP2A; therefore, the production of DiFMU was reduced, which was correlated with the
concentrations of MCLR presented. Two-hundred microliters
of sample solution or MCLR standards were buffered with 50
ml of 53 Tris-HCl buffer (200 mM Tris-HCl [Sigma], 170 mM
MgCl2, 20 mM ethylenediaminetetra-acetic acid [Sigma], and
20 mM dithiothreitol [Sigma]) in a 1.5-ml microcentrifuge
tube, then mixed with 25 ml of 120 mU/ml of PP2A enzyme
solutions made in 13 Tris-HCl buffer supplemented with 0.5
mg/ml of bovine serum albumin (Sigma). After incubation at
378C for 5 min, 25 ml of DiFMUP substrate in 13 Tris-HCl
was added and incubated at 378C for 1 h. The production of
DiFMU was measured in an F max fluorescence microplate
reader (Molecular Devices, Sunnyvale, CA, USA) with excitation/emission wavelengths of 355/460 nm. All analysis was
done in quadruplicate. The standard inhibition curve generated
with different concentrations of MCLR was used to determine
the level of MCLR in water samples, with a detection limit
of 5.0 ng/L.

Statistical analysis
Results are expressed as the mean 6 standard deviation of
the data taken during each sampling occasion from the sam-
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Fig. 2. Validation of microcystin-LR (MCLR) detection methods. (A)
Semilog plot of enzyme-linked immunosorbent assay standard curve.
(B) Standard curve of protein phosphatase inhibition assay. The %
blank optical density (%Bo) 5 (OD of sample or calibrator/OD of
negative control) 3 100, where Bo is bound, %Bo is % antibody
bound, and OD is the optical density.

pling stations in each lake. Probit analysis was used for determination of the median inhibitory concentration of MCLR
to inhibit PP2A activity and to calculate the concentration of
MCLR in water samples for the PP inhibition assay according
to the standard curve generated. For ELISA, concentrations of
MCLR in water samples were calculated from a regression
equation of the standard curve. Comparisons of MCLR concentrations over different seasons were conducted by analysis
of variance; when significant, post hoc tests (Tukey’s honestly
significantly difference) were conducted. Correlation and linear-regression analyses were conducted to determine the relationship of MCLR concentrations between PP inhibition assay and ELISA. All significance was set at a 5 0.05. All
analysis was performed using SPSS software (Ver 12.0; SPSS,
Chicago, IL, USA).
RESULTS

Development and validation of methods
Both the ELISA and PP inhibition assay were established,
optimized, and validated with spiked and original water samples. The standard curve with antibody-based ELISA showed
a linear correlation with various concentrations of MCLR (Fig.
2A). The inhibitory effect of MCLR on phosphatase activity
was dose-dependent, with curves fitting the enzymatic sigmoid
model (Fig. 2B). Spiking of water samples with MCLR before
assay yielded 90% recovery.
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Fig. 3. Seasonal fluctuations of microcystin-LR during the period from
2003 to 2004 in Buffalo Springs Lake and Lake Ransom Canyon
(both in Lubbock, TX, USA) as determined by (A) enzyme-linked
immunosorbent assay and (B) protein phosphatase inhibition assay.
Significant differences (p , 0.05) between the seasons in a lake were
determined by Tukey’s honestly significantly difference test. Adjacent
letters indicate significant differences in pairwise comparison (c 5
significantly different from a and b; b 5 significantly different from
a; ab 5 not significant).

Seasonal variations of MCLR concentrations in BSL
As shown in Figure 3, results from two assays indicated
that 100% of the water samples collected from BSL in a wholeyear period had detectable concentrations of MCLR. Great
seasonal variations in MCLR concentrations were found. The
maximum concentration of MCLR detected was in spring samples, and concentrations of MCLR as determined by ELISA
were 1.78 6 1.426 mg/L (range, 0.177–4.914 mg/L) (Fig. 3A),
and 7 of 10 sites sampled (70%) had MCLR concentrations
greater than 1.0 mg/L. The average MCLR concentration in
water samples collected during the summer season was 0.407
6 0.096 mg/L (range, 0.191–0.502 mg/L); none of the sites
had concentrations greater than 1.0 mg/L. The average MCLR
concentration in water samples collected during fall season
was 0.463 6 0.409 mg/L (range, 0.205–1.598 mg/L), and 1 of
10 sites had a MCLR concentration greater than 1.0 mg/L. The
average MCLR concentration in water samples collected during the winter season was 1.036 6 0.708 mg/L (range, 0.096–
2.428 mg/L), and 4 of 10 sites (40%) sampled during this
season had MCLR concentrations greater than 1.0 mg/L. In
comparison, the MCLR concentrations in spring water samples
were significantly higher than MCLR concentrations in summer and fall samples ( p , 0.05). No statistical significance
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was found for MCLR concentrations between spring and winter seasons.

Seasonal variations of MCLR concentrations in LRC
The MCLR concentrations, as detected by ELISA, in water
samples collected during the spring season from LRC were
1.08 6 1.55 mg/L (range, 0.2–5.83 mg/L) (Fig. 3A); two of
six sampling points had MCLR concentrations greater than 1.0
mg/L. Average MCLR concentration in water samples collected during the summer season was 0.83 6 0.45 mg/L (range,
0.315–1.671 mg/L), and one of six sampling sites had MCLR
concentration greater than 1.0 mg/L. Concentration of MCLR
in water samples collected during the fall season was 0.44 6
0.06 mg/L (range, 0.368–0.555 mg/L); none of the sampling
sites had MCLR concentrations greater than 1.0 mg/L. Concentration of MCLR in water samples collected during winter
season was 0.782 6 0.53 mg/L with a range of 0.225–2.130
mg/L, and one of six sampling sites had MCLR concentrations
greater than 1.0 mg/L. Although the MCLR concentrations in
spring water samples were higher than those in samples collected from other seasons, no statistical differences were found
in the MCLR concentrations of LRC among seasons.

Comparisons of MCLR concentrations between lakes
The averaged annual MCLR concentrations, detected by
both assays, in water samples collected from BSL were significantly higher than those from LRC ( p 5 0.036). No statistically significant difference were found in MCLR concentrations of water samples collected from both lakes in the
spring season, although the average MCLR concentration was
1.65-fold higher in BSL than in LRC. However, the MCLR
concentrations were significantly higher in BSL than in LRC
in the winter ( p , 0.018) season. No statistical significance
was found between two lakes for the summer and fall seasons.

Correlations between ELISA and PP inhibition assay in
detection of MCLR
Results detected by the PP inhibition assay from water samples of both lakes are shown in Figure 3B. Although the seasonal variation of MCLR concentrations was similar to that
detected by ELISA, the absolute MCLR concentrations detected by the PP inhibition assay were far less than the concentrations detected by ELISA (Fig. 3A). Twofold differences
were found across most of the samples. Correlation analysis
of the combined samples from both lakes, as shown in Figure
4A, demonstrated high correlation between these two assays
(r 5 0.82, p , 0.01). Correlation analysis of samples collected
from the individual lake—either BSL (r 5 0.847, p , 0.01),
as shown in Figure 4B, or LRC (r 5 0.923, p , 0.01), as
shown in Figure 4C—also revealed high correlation between
both assays.

Correlation between selected physical and chemical
parameters and MCLR concentrations
Means and standard deviations for selected parameters of
both lakes are shown in Table 1. The levels of ammonia nitrogen ( p , 0.05), DO ( p , 0.01), and total reactive phosphorus ( p , 0.01) and the conductivity ( p , 0.01) were significantly different between the two study lakes. Correlation
analysis between these physical and chemical parameters and
detected MCLR concentrations was conducted. Pearson correlation coefficients (r) are shown in Table 2. For combined
data from both lakes, the pH ( p , 0.01) and temperature ( p

Fig. 4. Relationship between microcystin-LR (MCLR) concentration
in lakes during the study period as determined by enzyme-linked
immunosorbent assay (ELISA) and protein phosphatase (PP) inhibition assay. (A) MCLR concentration in both lakes taken together. (B)
MCLR concentration in the Buffalo Springs Lake (Lubbock, TX,
USA). (C) MCLR concentration in the Lake Ransom Canyon (Lubbock, TX, USA). Linear-regression plots are shown. The Pearson
correlation coefficient is indicated by r. All correlations were significant at the 0.01 level (two-tailed).
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Table 1. Physical and chemical parameters of water samples from west Texas, USA, lakesa
Levels (mean 6 standard deviation)b
Parameters

BSL
0.22
7.52
17.71
7.82
0.92
0.30
1,573

Ammonia nitrogen (mg/L)
pH
Temperature (8C)
Dissolved oxygen (mg/L)
Salinity (ppt)
Total reactive phosphorus (mg/L)
Conductivity (mS/cm)
a
b

6
6
6
6
6
6
6

0.15 (0.02–0.59)*
1.20 (5.38–8.6)
7.91 (3.70–27.4)
1.94 (3.34–11.82)**
0.25 (0.60–1.7)
0.16 (0.02–0.7)**
216 (1,218–2,369)**

0.19
7.33
18.04
8.84
1.00
0.48
1,721

6
6
6
6
6
6
6

0.14 (0.04–0.5)
1.59 (5.03–8.6)
8.41 (4.9–28.1)
1.77 (5.4–11.34)
0.18 (0.8–1.3)
0.18 (0.2–1.06)
192 (1,422–1,956)

BSL 5 Buffalo Springs Lake (Lubbock, TX, USA); LRC 5 Lake Ransom Canyon (Lubbock, TX, USA).
Values in parentheses represent the range, * p , 0.05; ** p , 0.01 compared to the levels of LRC.

, 0.05) of the water samples had a significant negative correlation with MCLR concentrations, whereas DO showed a
significant positive influence ( p , 0.01). Although other parameters did fluctuate over the seasons, no significant correlations with MCLR concentrations were found. As shown in
Table 2, similar correlations also were found with MCLR concentrations in water samples collected from BSL, but not in
those from LRC.
DISCUSSION

All the samples from both study lakes contained detectable
concentrations of MCLR. The highest MCLR concentrations
in both lakes were found in water samples collected in the
spring, with 70% of BSL samples and 33% of LRC samples
showing concentrations greater than 1 mg/L, the proposed
WHO guideline for drinking-water sources [13]. Contamination with MCLR was higher in these water bodies than those
published previously for other U.S. freshwater resources. Fiftythree of 92 surface-water samples collected in Minnesota, USA
[21], and 25 of 102 samples in Wisconsin, USA [22], contained
hepatotoxic cyanotoxins. Concentrations as high as 2.7 mg/L
of MCLR in water samples collected from the Sassafras River
was observed in Maryland, USA. Approximately 87% of water
samples collected from Wisconsin in 1993 was contaminated
with MCLR, with the highest concentration up to 200 mg/L
[23]. In a study conducted from June 1996 to January 1998
in 24 public water systems of the United States and Canada,
80% of the water samples tested positive for MCLR. Of these,
4.3% had concentrations beyond the WHO guideline of 1.0
mg/L. Johnston and Jacoby [24] have reported MCLR concentrations from 0.19 to 3.8 mg/L in Lake Sammamish, western
Washington, USA. Microcystin-LR also was reported in water
samples collected from Lakes Onondaga, Oneida, and ChamTable 2. Correlation of different physical and chemical parameters
on microcystin-LR productiona
Pearson correlation coefficient (r)
Parameters
Dissolved oxygen
Temperature
pH
Conductivity
Salinity
Ammonia nitrogen
Total reactive phosphorus
a

LRC

BSL

LRC

BSL 1 LRC

0.399**
20.298**
20.511**
20.13
20.03
20.019
20.128

0.056
20.073
20.239
0.166
0.029
20.075
20.092

0.270**
20.223*
20.390**
20.064
20.26
20.029
20.131

BSL 5 Buffalo Springs Lake (Lubbock, TX, USA); LRC 5 Lake
Ransom Canyon (Lubbock, TX, USA). * p , 0.05; ** p , 0.01
(two-tailed).

plain in New York, USA (G.L. Boyer et al., Second Annual
Onondaga Lake Conference, Syracuse, NY, USA, November
20, 2000), and from lakes in Wisconsin and Florida, USA [25].
A variety of climactic and ecological factors may contribute
to the higher concentrations of MCLR in BSL and LRC compared to those reported in previous studies, with the most
obvious difference being that these two western Texas lakes
are in areas that are more arid than those in the previous
studies. Because this is, to our knowledge, the first report of
MC concentrations in water bodies from arid or semiarid ecosystems in North America, more studies are needed to determine if climate and landscape play a part in determining the
concentration of MCs in natural surface waters.
Great seasonal variations in MCLR concentrations were
found in both lakes with the highest MCLR concentrations in
the spring season. The seasonal fluctuation of MCLR concentrations could be attributed to many factors. The occurrence
of cyanobacteria was suggested to be dependent on different
abiotic factors, such as temperature, light intensity, pH, turbulence, nutrients, and DO; however, production of MCLR
was believed to be regulated by both abiotic and biotic factors
[2]. The major MCLR-producing cyanobacteria, Microcystis
spp., are less tolerant to cool temperature and shorter day
length compared with other species [26]. In the present study,
we found that the MCLR concentrations were negatively correlated with temperature (Table 2). Several previous studies
reported that production of MCLR was maximal at a temperature range of 15 to 208C and was minimal when temperature
increased to 308C or decreased to less than 108C [27]. The
present results were consistent with these reports. The highest
MCLR concentrations were detected in the spring, when the
average local temperature was 15.68C. The lower MCLR concentration was found in the fall, when average local temperature reached 26.58C. The lowest MCLR concentrations were
found in winter, when average local temperature fell to less
than 68C. However, two other studies reported that the maximal
production of MCLR was at 22 to 258C [24,27]. The difference
between studies may be caused by the variants of cyanobacterial strain in studied geographic areas, because certain differential strains could develop tolerance to different temperatures [26].
In addition to temperature, the present study found that
other physical and chemical parameters, such as pH and DO
in water samples, also were correlated with MCLR concentrations in both lakes (Table 2), which is in agreement with
previously published reports [28,29]. Significant differences
in levels of ammonia nitrogen, DO, total reactive phosphorus,
and conductivity also were found in the two lakes (Table 1),
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which may explain the difference in MCLR concentrations in
these two lakes (Fig. 3). A previous study found that M. aeruginosa growth was influenced by levels of ammonia nitrogen,
DO, and total reactive phosphorus and that high levels of nitrogen and phosphorus favor cyanobacterial bloom formation
[30]. How these factors influence the production of MCLR,
however, remains unclear. Some studies show that high levels
of nitrogen and phosphorus increase the amount of toxin production [2,24,30,31]. Other studies show that a high nitrogen
to phosphorus ratio increases MC concentration [28], whereas
Utkilen and Gjolme [32] observed that limited conditions of
nitrogen and phosphorus did not have any effect on toxin
content in M. aeruginosa.
Many methods, including chemical, biological, and immunochemical assays, are available to measure cyanotoxins
in water samples [6]. High-performance liquid chromatography (HPLC)–ultraviolet or liquid chromatography/mass spectrometry are the most common chemical analytical methods
that can identify different types of cyanotoxins, including
MCs. However, higher costs for sample extraction and cleanup
limit this practice in field studies. The higher detection limit
and the time involved also are disadvantages. Immunological
methods, such as ELISA, can provide fast detection of many
samples in field studies. Biochemical methods, such as the PP
inhibition assay, are more sensitive than HPLC or ELISA, as
demonstrated by the limit of detection for the PP inhibition
assay (;5.0 ng/L) and the limit of detection for ELISA (0.15
mg/L). In the present study, we used both ELISA and PP inhibition assay to measure water samples collected from both
lakes. Although differences were found in absolute values of
MCLR (Fig. 3), Pearson correlation analysis (Fig. 4) confirmed
that MCLR concentrations measured by the two assays were
highly correlated.
In conclusion, the potent cyanotoxin MCLR was present in
detectable amounts in water bodies of western Texas. The
MCLR concentrations are greater in water samples collected
in the spring, when it is a peak time for recreational activities.
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