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ABSTRACT 

Taste and odor (T&O) due to several odorous com-
pounds are frequently recorded during cyanobacterial bloom 
in natural waters. However, the seasonal variations and the 
key water quality variables connected with these cyanobac-
terial metabolites are relatively unknown. In this study, 
eight odorous compounds and water quality variables in 
Lake Taihu were evaluated monthly from January to De-
cember 2009. Dissolved odorous compounds were found 
at very low levels throughout the year whereas higher 
values were detected in the particulate fractions, with the 
peak values 242.4 ng/L for dimethyl trisulfide (DMTS), 
395.6 ng/L for 2-methylisoborneol (MIB), 47.3 ng/L for 
2-isobutyl-3-methoxypyrazine (IBMP) and 11 ng/L for 2-
isopropyl-3-methoxypyrazine (IPMP), 2072 ng/L for β-
cyclocitral, 573 ng/L for β-ionone, respectively, far exceed-
ing their respective odor thresholds. Microcystis biomass, 
TP, chl-a, and PO4-P contributed significantly to the varia-
tions of T&O compounds. Microcysitis biomass explained 
most of the variations of T&O compounds, with a propor-
tion of 87.4 % and were positively correlated with DMS 
(r=0.26, p <0.01), MIB (r=0.24, p <0.01), geosmin (r=0.31, 
p <0.01), β-cyclocitral (r=0.76, p <0.01) and β-ionone 
(r=0.74, p <0.01). This study indicates that particulate 
compounds should be taken into account as a potential 
source of odorants and that the concentrations of taste and 
odor compounds could be predicted by Microcysitis bio-
mass in Lake Taihu. 
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1 INTRODUCTION 

Taste and odor (T&O) is a common water problem 
throughout the world. In the past few years, several inves-
tigations have evaluated compounds that could cause bad 
taste or odor [1] and the results indicated that most of the 
T&O compounds were originated from cyanobacteria in  
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the natural water [1, 2]. The earthy–musty algal metabolites 
geosmin and 2-methylisoborneol (MIB) accounted for most 
reports of source water odors and many cyanobacteria 
species have been recognized as the main sources [3-5]. β-
ionone and β-cyclocitral from cyanobacteria were recently 
reported [5]. Odorous sulfur compounds generated from 
decomposing cyanobacteria also have been detected in 
natural waters [6, 7]. Previous studies have mainly fo-
cused on the natural occurrence of one or two T&O com-
pounds [4, 5, 8]. However, these T&O compounds are 
often concurrent in natural waters, therefore, determina-
tion of the dynamics of these compounds simultaneously 
will provide more information on their interactions and 
seasonality. Several environmental factors such as nutri-
ent concentrations [9, 10], water clarity [11], water tem-
perature, and pH [12] have been reported to favor cyano-
bacterial blooms and thus, trigger T&O emissions. Most 
of these reports considered the dissolved fractions of the 
T&O compounds only, ignoring the particle-bound odors, 
which could be released during cell lysis.  

Lake Taihu, the third largest freshwater lake in China, 
is an important source of drinking water to several cities. 
Toxic Microcystis bloom is observed in the lake every sum-
mer, which severely impact its water quality [13]. Taste and 
odor in Lake Taihu had triggered great public concerns since 
a serious drinking water crisis occurred in Wuxi City in 
2007 [14]. The goal of this paper is to obtain an insight 
into the dynamics of the T&O compounds in Lake Taihu 
and to identify the key water quality variables influencing 
T&O concentrations. 

 
 
2 MATERIALS AND METHODS 

2.1 Chemicals 

The standards of eight T&O compounds including 
geosmin (GEO), 2-methylisoborneol (MIB), β-cyclocitral, 
β-ionone, 2-isopropyl-3-methoxypyrazine (IPMP), 2-
isobutyl-3-methoxypyrazine (IBMP), dimethyl trisulfide 
(DMTS) and dimethyl sulfide (DMS) were obtained from 
Sigma–Aldrich (Buchs, Switzerland) in the highest purity 
available. Sodium chloride, applied to enhance the extrac-
tion of the T&O compounds, was reagent grade and used 
without further purification. 
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2.2 Study sites and sample collection 

Lake Taihu is situated in the Yangtze delta, the most 
industrialized area in China with high population density, 
urbanization, and economic development. Gonghu Bay 
(31°24′-843′ N, 120°15′-242′ E) is located at the northeast 
of Lake Taihu, as the main drinking water sources for 
Wuxi City. It suffers a wind-driven dense surface accu-
mulation of cyanobacterial bloom every summerand Mi-
crocystis was the most  dominant species in Gonghu Bay. 
Density percentages of Microcystis to total algae were 
above 90% during the bloom period [14, 15].  

Fifteen sites along the northern shore of Gonghu Bay 
were sampled monthly from January to December 2009 
(Fig. 1). Water depth in the experimental area was around 
2.0 m. Each water sample was a mixture from the top (0-
0.5 m, surface water) and the bottom (0-0.5 m over sedi-
ment) of the water column. Water samples for off-flavor 
analysis were collected in 1 L narrow necked polyethyl-
ene (PE) bottles, leaving no headspace to avoid volatiliza-
tion, stored immediately in a portable refrigerator (4 °C) 
and then transported to the laboratory. After arrival at the 
laboratory, all samples were stored at -20 °C and analyzed 
within 24 hr. 

 
FIGURE 1 - The sketch of Lake Taihu and the location of sampling 
stations in Gonghu Bay. 

 
2.3 Determination of water chemical parameters and algal 
biomass 

At each sampling site, in situ measurements of water 
temperature, dissolved oxygen (DO), pH, conductivity and 
turbidity were obtained using a Yellow Springs Instruments 
(YSI) 6600 multisensor sonde. Nutrients including total 
nitrogen (TN), ammonium (NH4-N), nitrate (NO3-N), ni-
trite (NO2-N), total phosphorus (TP) and orthophosphate 
(PO4-P) of each water sample were analyzed in the labora-

tory, within 24 hr of sample collection. TN was determined 
by the Kjeldahl method. NO3-N was analyzed using the 
automated Korolev/Cadmium reduction method. NH4-N 
and NO2-N were determined by the Nessler method and 
the α-naphthylamine method, respectively [17]. TP was 
measured by colorimetry after digestion with H2SO4 and 
PO4-P was analyzed by the ammonium molybdate method 
[18]. For chl-a  determination, water samples were filtered 
through a glass microfiber filter (GF/C, Whatman), the filters 
were then extracted over night at 4°C by 95% ethanol, after 
centrifuging the extracted sample, absorption was deter-
mined by spectrophotometery (sensu Wintermans and Mots). 
For determination of Microcystis biomass, the supernatant 
was removed and approximately 50 mL residue was col-
lected. After complete mixing, 0.1 mL of concentrated 
sample was counted directly in a 0.1 mL counting cham-
ber using a Nikon microscope at a magnification at ×400 
magnification. The count, including the colonial forms, 
was carried out by enumerating single cells. Microcystis 
cells were separated using an ultrasonic crusher, JY88-II 
(Scientiz, Ningbo, China). 

 
2.4 Sample preparation for dissolved and particulate T&O 
compounds 

A 300 mL water sample was filtered through 0.45 µm 
filter paper (GF/C, Whatman, Brentford, UK) to separate the 
dissolved and particulate fractions of the lake water. Filtrate 
with the dissolved fraction was transferred into 40 mL amber 
vials with teflon-fitted caps leaving no headspace and stored 
at 4°C immediately until their analysis within 24 hr.  

The filter residue with the particulate fraction was 
subjected to repeated freezing and thawing and then the 
mash was rinsed into a 250 mL round-bottomed flask with 
100 mL of MilliQ-water.Sodium chloride was added to 
give a final concentration of 20% (w/v) and the mixture 
stirred with a micro stirrer. Extraction was performed with 
APEX Ordinary Pressure Microwave-assisted Extraction 
System (PreeKem Scientific Instruments Co., Ltd.). The 
temperature was set at 80°C and the nitrogen (carrier gas) 
flow was set at 80–100 mL/min. The microwave was 
activated for 15 min, during which time distillates formed 
from the re-suspended residue migrated to the condenser 
and cooled by liquid nitrogen to avoid thermal decompo-
sition and then dissolved with 50 mL MilliQ-water. The 
elution was also transferred into 40 mL amber vials with 
teflon-fitted caps, stored at 4°C immediately and analysed 
within 24 hr. All the samples prepared were subjected to 
Purge-and-Trap (P&T) coupled with GC/MS for quantita-
tive determination. 

 
2.5 Determination of T&O compounds 

Qualitative and quantitative analysis of T&O com-
pounds in water samples basically followed the method of 
our previous study [19]. Instruments used for the T&O com-
pounds analysis consisted of gas chromatograph (SHIMA-
DZU, 2010), mass spectrometer (SHIMADZU-QP2010 
plus), purge and trap concentrator (O.I. Analytical 4660), 
and autosampler (O.I. Analytical 4551). Optimized experi-
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mental parameters of P&T including trap (#10, Tenax/ silica 
gel/carbon molecular sieve), injection volume of 25 mL, 
purge tube temperature of 45°C, purge time of 11 min, purge 
flow rate of 45 mL/min, desorb preheat temperature of 
185°C and desorb temperature of 190°C (2 min) were 
chosen. 

A capillary column (30m×0.25mm×0.25µm, Rxi®-17) 
was used to separate the T&O compounds. GC injector 
temperature was set at 270°C with a split ratio of 10:1. The 
oven temperature program was as follows: initially held at 
40°C for 2 min, increased to 100°C at 30°C/min, increased 
to 135°C at 5°C/min, increased to 250°C at 30°C/min, and 
remained at 250°C for 5 min. The carrier gas helium flow 
rate was 3 mL/min. For the selected ion monitoring (SIM) 
mode, m/z 62 and 47 for DMS, m/z 126, 79 and 111 for 
DMTS, m/z 137, 152 and 124 for IPMP, 94 and 151 for 
IBMP, m/z 95, 108 and 135 for MIB, m/z 137, 152 and 
123 for β-cyclocitral, m/z 112, 125 and 149 for geosmin, 
plus m/z 177, 135, 91 for β- ionone were monitored. Stock 
solutions were prepared in methanol, with external standard 
calibration as the quantification option.  Calibration curve 
was built with standard mixture samples at concentration 
levels from 1.0 to 500.0 ng/L. 

 
2.6 Statistical Analysis 

To identify the key water quality variables affecting 
the T&O concentrations, a redundancy analysis (RDA) 
was performed using CANOCO 4.5 for Windows [20]. 
The significance of environmental variables to explain the 
variance of T&O compounds in RDA was tested using 
Monte Carlo simulations with 499 unrestricted permuta-
tions. Variables were considered to be significant when p 
< 0.05. Only parameters that showed statistically signifi-
cant correlations were shown in the triplot diagram. Based on 
RDA analysis result, Pearson correlation analysis (a=0.05) 
was conducted to determine the correlations between sig-
nificant parameters and T&O compounds.  

To characterize the relationships between T&O com-
pounds maxima and significant water quality variables, 
we used interval maxima regression (IMR). Based on the 
descriptions by Graham et al. [17], each variable was di-
vided into equal increments, resulting in 8-12 intervals. 
The maxima T&O compounds values and the associated 
water quality variable values were obtained from each 
interval and used in nonlinear regression analysis [18, 19]. 
Curve fitting employing a least-square method was used 
to fit equations and to estimate coefficients. IMR relation-
ships were considered to be significant at p < 0.05 [17]. 
Pearson correlation analysis and IMR were conducted with 
SPSS software for Windows version 16.0 (SPSS Inc., Chi-
cago, USA). 

 
 
3 RESULTS 

3.1 Water enviornmental variables 

Diverse ranges of water quality variables were en-
countered in Gonghu Bay. TN and TP concentrations var-

ied substantially, with concentrations ranging from 0.60 to 
3.75 mg/L and 0.03 to 0.13 mg/L, respectively. The annual 
average concentrations of DO was 9.3 mg/L. Microcystis 
showed higher biomass, ranging from 0.1 to 15.9 mg/L 
with an average of 5.4 mg/L. The concentration range of 
chl-a was 2.3- 90.0 µg/L during the study period (Table 1). 
According to the chl-a criterion by OECD (1982), Gonghu 
Bay was classified as mesotrophic. 

 
TABLE 1 - Means (±S.D.) and ranges of water quality variables in 
Gonghu Bay during the study period. 

  Mean±S.D. Range 
Water temperature（ ℃）  17.5±10.8 2.6-32.2 
DO（ ）mg/L  9.3±2.6 6.0-13.8 
Conductivity（ ）ms/cm  495.5±52.8 422.4-577.4 
pH 8.0±0.2 7.7-8.3 
Turbidity (NTU) 42.4±20.2 18.77-81.2 
Chl-a (µg/L) 35.7±27.5 2.3-90.0 
Microcystis biomass (mg/L) 5.38±6.53 0.10-15.94 
TN（ ）mg/L  2.14±0.89 0.60-3.75 
NH4-N（ ）mg/L  0.23±0.09 0.10-0.37 
NO3-N（ ）mg/L  0.60±0.51 0.05-1.59 
NO2-N（ ）mg/L  0.02±0.02 0.00-0.06 
TP（ ）mg/L  0.08±0.04 0.03-0.13 
PO4-P（ ）mg/L  0.01±0.01 0.00-0.05 

 
3.2 Annual dynamics of the dissolved and particulate odor-
ous compounds 

On average, T&O compounds were higher in the par-
ticulate than in the dissolved fractions except DMS. Dis-
solved DMS ranged from 1.0 to 148.6 ng/L with an aver-
age of 18.6 ng/L whereas particulate DMS varied between 
1.6 ng/L and 14.8 ng/L with an average of 8.0 ng/L. Dis-
solved DMTS showed extremely low concentrations, close 
to the detection limit (about 0.1 ng/L), during the study pe-
riod, whereas particulate DMTS varied greatly from 5 ng/L 
to 242.4 ng/L with the highest value recorded in Decem-
ber. Peak values of MIB were observed in September, which 
were 29.8 ng/L for the dissolved fraction and 395.6 ng/L for 
the particulate fraction, respectively. Geosmin (dissolved & 
particulate) showed extremely low concentrations through-
out the year, never exceeded 4 ng/L. Values of β-cyclocitral 
ranged from 0.4 to 17.7 ng/L in the dissolved fractions 
and from 4.6 to 2072 ng/L in the particulate fractions, peak 
values were recorded in October and September, respec-
tively. β-ionone, IBMP and IPMP were not found in the 
dissolved fractions. Particulate β-ionone ranged from 32 to 
573 ng/L and higher concentrations were observed during 
July to October. Particulate IBMP and IPMP followed a 
similar seasonal trend and the maxima were observed in 
December, at 47.3 and 11 ng/L, respectively (Fig. 2). 

 
3.3 Statistical analysis 

Results of RDA illustrated that the variations of T&O 
compounds were related to four most important environ-
mental variables (Microcystis biomass, TP, chl-a and 
PO4-P, p < 0.05). Microcystis biomass explained most of 
the variations of T&O compounds, with a proportion of 
87.4%, followed by TP, chl-a and PO4-P, which explained 
5.2%, 2.5% and 1.4% of the variations of T&O com- 
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FIGURE 2 - Monthly fluctuations of dissolved and particulate T&O compounds concentrations in Gonghu Bay during January-December 
2009. Values are averages at each sampling sites. d: dissolved T&O compounds; p: particulate T&O compounds. DMS: methyl sulfide; 
DMTS: dimethyl trisulfide; GEO: geosmin; MIB: 2-methylisoborneol; IPMP: 2-isopropyl-3-methoxypyrazine; IBMP: 2-isobutyl-3-
methoxypyrazine 
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FIGURE 3 - Redundancy analysis (RDA) biplot showed variable 
concentrations of dissolved and particulate T&O compounds in rela-
tion to environmental factors. d: dissolved T&O compounds; p: par-
ticulate T&O compounds. DMS: methyl sulfide; DMTS: dimethyl 
trisulfide; GEO: geosmin; MIB: 2-methylisoborneol; IPMP: 2-
isopropyl-3-methoxypyrazine; IBMP: 2-isobutyl-3-methoxy-pyrazine. 

 
pounds, respectively (Fig. 3). Microcystis biomass was 
positively correlated with chl-a (r=0.55, p <0.01) and TP 
(r=0.49, p <0.01). There were significant correlations be-
tween Microcystis biomass, chl-a and DMS, MIB, geos-
min, β-cyclocitral, β-ionone. Microcystis biomass, corre-
lated with DMS (r=0.26, p <0.01), MIB (r=0.24, p < 
0.01), geosmin (r=0.31, p <0.01), β-cyclocitral (r=0.76, p 
< 0.01), β-ionone (r=0.74, p <0.01); chl-a, correlated with 
MIB (r=0.37, p <0.01), geosmin (r=0.22, p <0.01), β-
cyclocitral (r=0.50, p <0.01), β-ionone (r=0.43, p <0.01). 
Positive correlations were found between TP and MIB 
(r=0.24, p <0.01), β-cyclocitral (r=0.54, p <0.01), β-ionone 
(r=0.43, p <0.01). Correlations among the eight target T&O 

compounds were also found in the present study. Signifi-
cant correlations were found between MIB and geosmin 
(r=0.31, p <0.01), IBMP and IPMP (r=0.88, p <0.01), 
DMS and DMTS (r=0.24, p <0.01), β-cyclocitral and β-
ionone (r=0.86, p <0.01) (Table 2). 

Particulate β-cyclocitral- Microcystis biomass maxima 
and particulate β-ionone- Microcystis biomass maxima 
were characterized by power curves. Peak values of par-
ticulate β-cyclocitral and β-ionone increased along Mi-
crocystis biomass (Fig. 4). Other bivariate plots between 
water quality variables and T&O compounds were also 
inspected, but the curves were not significant. 

 
 
4 DISCUSSION 

According to the previous studies on the odor thresh-
old concentrations (OTCs) of the odorous compounds, the 
OTCs for DMS, DMTS, MIB, geosmin, IBMP, IPMP, β-
cyclocitral and β-ionone in drinking water were 2000, 10, 
9, 4-10, 1, 2, 500-1000 and 7 ng/L [16, 20-22], respec-
tively. In the present study, IBMP, IPMP and β-ionone 
were not detected in the aqueous phase. Dissolved DMS, 
DMTS, geosmin and β-cyclocitral showed low concentra-
tions throughout the study period, far below their OTCs. 
Consequently, the dissolved concentrations of those odor-
ous compounds in Lake Taihu were too low to produce 
odor. Dissolved MIB varied from 0.4-30.0 ng/L, exceed-
ing its odor threshold (9 ng/L) in April and September, 
therefore, musty odor in the lake water caused by MIB 
should not be ignored in the two months. 

Contents of T&O compounds in the particulate frac-
tions were higher than those in the dissolved fractions. 
This might be due to most of the T&O compounds been 
retained in cells with minimal external release during algal 
growth. Furthermore, the dissolved fractions were short-
lived in the water and rapidly lost by volatilization and 
photochemical–oxidative breakdown [2, 23]. Mean values  

 
 
 

TABLE 2 - Correlations between water quality variables and T&O compounds (dissolved + particulate) 

MB Chl-a TP PO4-P DMS DMTS MIB GEO β-cyclocitral IPMP IBMP β-ionone
MB 1       
Chl-a .553** 1      
TP .488** .307** 1     
PO4-P -- .320** .317** 1    
DMS .264** -- -- -- 1   
DMTS -- -- -.264** -- .238** 1   
MIB .237** .370** .244** -- -- -- 1   
GEO .310** .223**  -.211** -- -- .312** 1   
β-cyclocitral .763** .503** .537** -- .240** --- .400** .331** 1   
IPMP -- -- --- -- -- .780** -- -- -- 1  
IBMP -- -- -- -- -- .572** -- -- -- .882** 1 
β-ionone .744** .433** .433** -- .267** -- .442** .356** .859** -- -- 1

Significant at the **p＜0.01 and *p＜0.05 levels. Values are total concentrations (dissolved+particulate) of the T&O compounds. DMS: methyl sul-
fide; DMTS: dimethyl trisulfide; MIB: 2-methylisoborneol; GEO: geosmin; IPMP: 2-isopropyl-3-methoxypyrazine; IBMP: 2-isobutyl-3-
methoxypyrazine; MB: Microcystis biomass.  
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FIGURE 4 - Relationships to Microcystis biomass for particulate β-cyclocitral and β-ionone. Curves were estimated using interval maxima 
regression (IMR). Empty circles indicate all the particulate β-cyclocitral and β-ionone values obtained during the entire sampling period. 
Black points indicate the data used for IMR analysis. 

 
 
 

for particulate DMTS, MIB, IPMP, IBMP, β-cyclocitral 
and β-ionone were 59.0, 47.6, 6.2, 1.8, 660.6, 239.8 ng/L, 
respectively, far exceeding their OTCs. Particle-bound 
fraction of the odorous compounds can be an important 
source of T&O problems when released from damaged 
algal cells, so drinking water should be treated properly 
carefully avoiding cell damage. Preliminary experiments 
showed that cyanobacteria was the absolutely dominant 
taxa, constituting more than 95% of the phytoplankton and 
Microcystis was the dominant cyanobacteria (> 99%) in 
lake Taihu (personal communication with Dr. Tao M, un-
published data), therefore, the other algae species with the 
exception of Microcystis were not taken into consideration 
in this study. The positive correlation between chl-a and 
Microcystis biomass indicated that to a certain extent, chl-a 
could be considered to be indicative of Microcystis bio-
mass. In the current study, β-cyclocitral and β-ionone cor-
related significantly with chl-a and Microcystis biomass, 
which were closely matched with the reports that Microcys-
tis could produce β-cyclocitral and β-ionone [5, 27]. Con-
sistent with Sugiura et al. [28] and Jüttner [29], significant 
positive correlations were found between Microcysitis bio-
mass, chl-a and MIB, geosmin. Also, RDA results showed 
that Microcysitis biomass contributed most significantly to 
the variance of T&O compounds. All the results suggested 
a possibility that concentrations of these T&O compounds 
might be predicted by Microcysitis biomass. 

Interval maxima regression showed some non-linear 
trends between maxima of T&O compounds and water 
quality variables, and enabled us to define the upper limits 
of T&O compounds along water quality variables [30]. In 
the present study, particulate β-cyclocitral and β-ionone 
maxima showed exponential rise along Microcystis bio-
mass, the maxima reached 7521.1 and 1826.8 ng/L when 
Microcystis biomass reached 53.5 mg/L. Response along 
these gradients showed that Microcystis biomass played an 
important role in determining occurrence and maxima of 
β-cyclocitral and β-ionone. It would be of great value to 

assess the potential maxima of β-cyclocitral and β-ionone 
in Lake Taihu.  

Besides Microcystis biomass and chl-a, TP and PO4-P 
contributed significantly to the variance of T&O compounds 
and significant correlations were found between MIB, β-
cyclocitral, β-ionone and TP. The plausible explanation is 
that cyanobacterial growth was P-limited during the grow-
ing season and TP is known to favor cyanobacterial blooms, 
especially the non-nitrogen-fixing cyanobacteria like Mi-
crocysitis aeruginosa, and thus regulated the T&O com-
pounds production indirectly [31-33]. In this study, negative 
relationship was observed between PO4-P and geosmin. 
Such relationships have also been found in water supply 
reservoirs of Korean and USA [34, 35]. It is possible that 
increased Microcystis biomass depleted available PO4-P, but 
also released more geosmin into the water [34, 35]. 

 
 
5 CONCLUSION 

A total of eight T&O compounds were detected in 
Gonghu Bay, Lake Taihu. Dissolved concentrations of these 
compounds were below their respective odor thresholds and 
were too low to generate T&O problems. Values of the par-
ticulate odorous compounds were much higher, far exceed-
ing their respective odor thresholds, and could potentially 
lead to T&O problems in lake waters. Microcysitis biomass 
contributed most significantly to the variation of T&O 
compounds and could be considered as an important indi-
cator. Besides, water quality variables including chl-a, TP 
and PO4-P also showed significant correlations to the 
T&O compounds.  
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