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1. Abstract

Climate change and intensified human activities lead to the frequent 
occurrence of cyanobacterial blooms worldwide. Cyanobacteria could 
produce diverse toxins and taste-and-odor compounds that threaten the 
health of human beings. Besides, algogenic organic matter introduced to 
the drinking water treatment plant could elevate the formation potentials 
of disinfection by-products (DBPs). The co-occurrence of various types 
of cyanobacterial metabolites with different characteristics in water 
resources is a growing concern, as that not only poses a threat to the 
water quality of drinking water source but also poses a huge challenge 
to the tap water production process. Here, we focused on toxins, taste-
and-odor compounds, and algae-derived DBPs precursors produced by 
cyanobacteria, reviewed and summarized the research progresses in terms 
of the source of the related metabolites, analysis and detection methods, 
temporal and spatial changes, environmental impact factors, as well as the 
corresponding removal methods and technologies. This review is aimed 
to provide a scientific basis for the management of water sources such as 
lakes and reservoirs suffering cyanobacterial blooms, as well as to provide 
theoretical support for the safe production of drinking water treatment 
plants using eutrophic water bodies as sources.
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Key Contribution:
We focused on the typical cyanobacterial metabolites including toxins, 
taste-and-odor compounds, and algae-derived disinfection by-products 
precursors, reviewed and summarized the research progresses in terms 
of the source of the related metabolites, analysis and detection methods, 
temporal and spatial changes, environmental influencing factors, as 
well as the corresponding removal methods and technologies, aiming to 
provide guidance to the management of water sources and drinking water 
treatment plants suffering from cyanobacterial blooms.

In recent decades, eutrophication in freshwater has become increasingly 
serious mainly due to climate change and intensified human activities, 
resulting in the frequent occurrence of cyanobacterial blooms globally 
[1-5]. When bloom occurs in drinking water sources, high-density 
cyanobacteria enter water plants and seriously affect the safety of drinking 
water. For instance, in the Anglian Region of the United Kingdom, the 
density of Microcystis reached 400,000 cells/mL, resulting in the water 
supply being shut down for 8 weeks [6,7]. In May 2007, the outbreak 
of cyanobacteria in Taihu Lake caused the sudden deterioration of water 
quality in the Gonghu Water Works in Wuxi city, and the serious odor of 
tap water aroused social concern [8]. In Mid-June 2010, cyanobacteria 
accumulated in the eastern Chaohu Lake, leading to the peculiar smell 
of the water from some drinking water plants (DWPs), and the drinking 
water was cut off for 4 hours [9]. Besides, DWPs in the North American 
(Laurentian) Great Lakes basin have repeatedly faced problems in recent 
years with cyanobacterial toxins that cannot be effectively removed [10].
Since the harm of cyanobacteria bloom to the water environment is 
getting worse, it has become a hot research direction on how to control 
cyanobacteria in the water sources to ensure water quality safety. Currently, 
cyanobacteria control technologies widely used including biodegradation, 
chemical adsorption, and mechanical salvage, etc. The influences of 
cyanobacteria bloom on drinking water safety are as follows: firstly, the 
presence of cyanobacteria pellets. In the process of water treatment, algae 
and their dead residues would interfere with the coagulation process, affect 
the conventional operation of water plant technology, and finally reduce 
the water quality [11,12]. Secondly, cyanobacteria metabolites influence 
the water quality in water source and DWPs. Therefore, the control of 
cyanobacteria in drinking water sources should not only focus on the 
quantity of cyanobacteria but also understand the effects of cyanobacteria 
metabolites on water quality.

The reasons for the pollution of drinking water sources caused by 
cyanobacteria metabolites are mainly as follows: (1) Cyanobacteria 
metabolize toxins directly harm aquatic organisms and seriously affect 
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human health. Studies have shown that many cyanobacteria can produce 
toxins, such as Microcystis, Anabaena, Oscillatoria, and Amphora, etc. 
[13]. Cyanobacterial toxins mainly include hepatotoxins, neurotoxins, 
tumotoxins, and other toxins affecting the skin and gastrointestinal tract, 
among which microcystins (MCs) is the most common [14,15]. (2) Taste-
and-odor compounds produced by cyanobacteria cause the peculiar 
smell in the water source and drinking water, which is the most direct 
manifestation of the water quality[16]. After the odor incident occurred 
in the Taihu Lake water source area in 2007, the odor problem in water 
has aroused widespread attention [17]. It has been found that dozens of 
substances may produce odor in eutrophic water, among which geosmin 
(GSM) and 2-methylisoborneol (MIB) are the substances with the 
highest frequency of occurrence and detection [18]. (3) Cyanobacteria 
and the algae source organic matter produced by their metabolism and 
death degradation are the precursor of disinfection by-products (DBPs). 
In the production of tap water with eutrophication water as raw water, 
chlorination disinfection greatly increases the DBPs [19-22].
In this paper, we focused on the algal toxins, taste-and-odor (T/O) 
compounds, and algae-derived DBPs precursors produced by 
cyanobacteria. The research progresses were reviewed and summarized 
in terms of the source of the related metabolites, analysis, and detection 
methods, temporal and spatial changes, environmental influencing 
factors, as well as the corresponding removal methods and technologies. 
This review aims to provide a scientific basis for the management of water 
sources such as lakes and reservoirs suffering from cyanobacteria, as well 
as to provide theoretical support for the safe production of drinking water 
treatment plants using eutrophic water bodies as raw water.

2. Research progress on algal toxins

2.1. Classification and properties of algal toxins
Cyanobacteria overbreed to form algal bloom and release algal toxins to 
water, which not only affect the sensory properties of the lake environment 
but also affect aquatic life, human health, and drinking water production. 
Studies have found that more than 40 out of 2,000 cyanobacterial species 
can produce toxins, and more than 50% of cyanobacteria blooms are 
toxic, causing harm to the animal and human health and even causing 
death [23-25]. In recent years, the frequency and scale of cyanobacteria 
producing toxins increased worldwide, and multiple toxins have been 
detected in one water body [26-30]. According to the mode of action, 
cyanobacterial toxins are divided into hepatotoxins (e.g. MCs, nodularins, 
and cylindrospermopsin), neurotoxins (e.g. anatoxin-a, saxitoxin and 
neosaxitoxin), tumourogenictoxins (e.g. MCs), and other toxins affecting 
the skin and gastrointestinal canal (e.g. lipopolysaccharides), etc. [14,15].
Among the toxins, MCs are the most common and widely studied 
cyanobacterial toxins. It is a class of cyclic polycyclic substances produced 
by Microcystis, Anabaena, Oscillatoria, Nostoc and Anabaenopsis, and 
Hapalosiphon, with large relative molecular weights of about 1000 [31]. 
In 1982, its molecular structure were determined firstly with MeAsp, 
Adda, Mdha, and Dha [32]. So far, more than 240 MC variants have been 
found in bloom water and isolated algal strains [33], among which MC-

LR, MC-RR, and MC-YR are the most common, with the letters L, R, 
and Y represent leucine, arginine, and tyrosine, respectively. Meanwhile, 
MC-LA, MC-YM, MC-FR, MC-WR, MC-LV, MC-AA, and MC-LF were 
also detected in water [34-36].

In the environment, MCs are neutral or anionic and easily soluble in water, 
with a solubility of more than 1 g/L [37]. Due to their hydrophobicity 
and polar functional group, MCs are not easy to settle or be adsorbed in 
sediments and suspended particles. In river water containing 5 g/L MCs, 
only 10% and 7% of MCs were adsorbed on suspended particles and 
sandy sediments after three days [37]. As the stable molecular structure 
of the MCs with the circular structure and the interval of the double bond, 
they can tolerate very broad pH and temperature conditions. Under natural 
conditions, MCs can exist for a long time without being photolysis or 
biodegradation, even under an extreme temperature of 300°C. MCs have 
various degradation time in different water. It can be  stable for up to 27 
d in deionized water, for 12 d in sterilized river water, and less than 7 d in 
original river water [38]. When the extracted MC-LR was placed outside 
to receive direct sunlight and shaken regularly to allow it to enter the air 
for 20 days, over 50% of the MC-LR still failed to degrade [39]. When the 
pH values were 1 and 9 respectively, the half-period of MC-LR was 5 and 
14 weeks [40]. Nevertheless, MCs still contain three regions that are easy 
to be oxidized, photodegraded, and biodegraded: conjugated double bonds 
of Adda functional group, the single and double bonds of Mdha functional 
groups, and the side chains of different amino acids, which can result in 
partial photolysis and decreased activity of MCs in the presence of long 
time light, strong ultraviolet light and pigment [41]. MCs are recognized 
as hepatotoxins and cancer-promoting agents. MCs in water mainly 
release after the rupture of algal cells. Long-term exposure could cause 
damage to human liver and endanger the human life in extreme cases 
[13,27,42]. Besides, MCs increase the incidence of colorectal cancer, 
which is prominent in developed countries. Epidemiological studies had 
shown that drinking water with MCs content above 50 pg/mL increased 
the risk of colorectal cancer by 7.9 times [24]. The toxicities of MCs 
isomers are different, but the most widely distributed and most virulent 
is MC-LR, with an LD50 value of 47 μg/kg (subcutaneous injection in 
mice) [35,43]. Therefore, the limit of MC-LR in drinking water was set as 
1.0 g/L by the World Health Organization (WHO) [44] and China’s latest 
sanitary standard for drinking water (GB5749-2006) [45]. Moreover, MC-
RR and MC-YR were also widely detected in water bodies around the 
world, among which MC-RR was the type with the highest proportion in 
most water bodies in China [46,47], but there is no corresponding control 
standard for it.

2.2. Analysis methods for MCs
The determination methods of MCs mainly include cytotoxicity detection, 
immunoassay, and chemical analysis, etc. Cytotoxicity detection is a 
method by using the effect of toxins on cells to detect toxins and quantifies 
them by establishing the relationship between MC concentration and 
toxicity. This method has a large workload and high cost. Immunoassay 
is a technology that has been gradually developed and improved in recent 
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years. Chu et al. prepared anti-MC-LR polyclonal antibodies in 1989 [48]. 
Since then, many scholars have used the enzyme linked immunosorbent 
assay (ELISA) method to measure the overall content of MCs to obtain 
the overall status of MC pollution. MCs of 0.05–1.00 ng/rat could be 
detected by ELISA, and the sensitivity was 1000 times higher than that 
of high-performance liquid chromatography (HPLC) [6]. In recent years, 
ELISA has greatly developed, and the problem of false-positives has 
been solved to a certain extent. It has been widely used in the detection 
of MCs in organisms and sediments. However, recognition of multiple 
homologs requires spectral antibodies. Chemical analysis methods 
include HPLC, HPLC combined with mass spectrometry (HPLC/
MS), gas chromatography/mass spectrometry (GC/MS) and capillary 
electrophoresis, etc. HPLC is used more frequently, followed by GC/
MS and GC. HPLC is a standard MC detection method recommended 
by World Health Organization (WHO) and many countries such as the 
United States, the United Kingdom, and China. It is accurate, sensitive 
and reproducible, and can simultaneously analyze different MC isomers. 
However, HPLC monitoring techniques often require standard toxins, and 
so far more than 240 MCs have been found, most of which lack standard 
toxins and limits the further application of HPLC. HPLC/MS can solve 
this problem well. As long as the molecular weight of the toxin is detected, 
it can be qualitatively determined, even if there is no standard toxin. LC-
MS can be used to quantify the toxin accurately. A high-throughput on-
line concentrated liquid chromatography-tandem mass spectrometry (LC/
MS/MS) workflow developed by Birbeck et al. (2019) can be used for 
quantitative analysis of 12 MCs and nochlotoxin in surface water and 
drinking water with a running time of only 8.5 min and a quantitative 
limit of 5–10 ng/L [49]. Wu et al. established a solid phase extraction 
method combined with quadrupole-high resolution time-of-flight mass 
spectrometry to simultaneously detect multiple MCs in water, further 
improving the sensitivity and accuracy of the method [50]. Besides, Zhang 
et al. (2018) developed an electrochemical biosensor for the detection of 
MC-LR with a quantitative linear range of 4–512 ng/L and a detection 
limit of 1.4 ng/L, 700 times lower than the guidance level recommended 
by the WHO [51].

Due to the algal toxins from cyanobacteria, the effective extraction and 
determination of algal toxin in cyanobacteria cells are also the attention 
focus  of scientists. The intracellular algal toxin was determined in 
the water sample, and the GF/C filter was used for filtration. The filter 
membrane that retained algal cells was folded and placed in refrigerator 
for freezing or freeze-drying. After repeated freezing and thawing, 
the cells were extracted for several times with appropriate solvent and 
combined with vortex, microwave, ultrasonic, and other means to better 
break the cells and release toxins. The most common solvents were 
methanol, water, acetic acid, and its mixtures. Lawton (1994) obtained 
a good recovery rate by extracting pure methanol at room temperature 
for 1 h [52]. The 75% methanol can better extract multiple polar algal 
toxins [53]. Hydrophobic toxins can be better extracted with 5% acetic 
acid [54]. For different types of cyanobacteria and cyanobacterial toxins 
in surface waters, multiple extractions with different solvent combinations 

can achieve better results [55,56].

2.3. Spatiotemporal changes and influencing factors of MCs
In recent years, the occurrence of toxic cyanobacteria blooms has become 
more and more frequent and serious worldwide. Many studies have shown 
that algal toxins are prevalent in surface water and can be detected at the 
intake of water plants. A two-year comprehensive survey of 26 sampling 
sites in France showed that the maximum concentration of MC-LR was 
up to 1000 μg/L[57]. MCs were found in 33 drinking water sources in 
the United States, with 7% of the sites exceeded 1 μg/L [58]. A survey of 
water intake in southeastern Québec City (Canada) showed that MC-LR 
was the main cyanobacterial toxin with a maximum concentration of 3.5 
μg/L in raw water [59]. In the water pollution incident in Wuxi, China 
in 2004, the maximum concentration of dissolved MCs of 35 μg/L was 
detected in Meiliang Bay, Taihu Lake [60]. Bui et al. (2018) detected 
the content of MCs in the waters of southern Vietnam as high as 11,039 
μg/L [61]. In the summer of 2018, Wan et al. (2020) investigated 30 
subtropical lakes in eastern China and detected MCs in 28 lakes, with 
the highest average concentration occurring in Chaohu Lake (26.7 μg/L) 
[62]. In order to reduce the potential risk of MCs to human health, the 
monitoring and early warning of dissolved and particle MCs, especially 
the concentration and generation rule of MCs in the process of natural 
water bloom, have aroused the researchers’ interest. In the past decades, 
a large number of references have reported the spatial and temporal 
variation of MCs concentration in different water bodies. These results 
show that the types and concentrations of MCs in natural water bodies 
vary significantly in time and space, not only in different lakes but also in 
different sampling areas of the same lake [63-67]. The toxicity of blooms is 
difficult to predict under natural conditions because the toxicity produced 
by the same species is not necessarily the same but always changes over 
time [66-69]. Therefore, it is necessary to study the change rule of MCs 
in lake water, especially in the specific water source area, to provide the 
scientific basis for the management of water sources and the production 
of waterworks.

Microcystin levels are affected by many factors in freshwater ecosystems. 
It is still not fully understood. In order to understand the rule of MCs 
under different water quality conditions, scientists isolated cyanobacteria 
and studied their toxigenic ability by culture in laboratory. The influence 
factors including temperature [55,70], illumination [71,72], phosphorus 
[73,74], nitrogen [70], trace elements [75,76], pH [77], culture time 
[78,79] and interaction with other creatures, such as bacteria, viruses, and 
predators [29,70], etc. However, the conclusions by different researchers 
are not completely consistent. It is generally believed under the condition 
of different culture produced by cyanobacteria toxin type and quantity 
is different, and toxin production was positively correlated with nitrogen 
concentration and low light density [70]. The highest toxicity and 
intracellular toxin levels were observed at the later stage of logarithmic 
growth [78,80]. Perez and Chu (2020) found that a strain of Microcystis 
aeruginosa was able to survive at 0.25 mg/L of ZnCl2 and that extracellular 
MC-LR concentration increased periodically. Therefore, the toxigenic 
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capacity of cyanobacteria is considered to be affected by multiple factors.
Only by studies in laboratory, however, it is difficult to identify the 
dominant factors affecting the changes of toxins in natural waters. Under 
natural conditions, the dynamics of toxins are often more complicated and 
usually affected by several environmental factors. Therefore, only in-situ 
investigations can better reveal the changes, and the conclusions obtained 
may not be consistent with the conclusions in the laboratory. In Chaohu 
Lake, the key factors affecting the concentration and composition of 
MC isomers included Microcystis biomass, water temperature, and total 
phosphorus concentration [81]. From May to November 2005, research 
on the cyanobacteria population and the content of phycotoxins in Taihu 
Lake showed that an important reason for the changes of cyanobacteria 
toxins in different months was the changes in the cyanobacteria 
population structure. The concentration of several MC isomers was 
positively correlated with water temperature and chlorophyll-a (Chl-a), 
but negatively correlated with dissolved oxygen (DO), conductivity, 
total nitrogen (TN), and nitrogen/phosphorous (N/P) ratio. There was 
no correlation with water depth, pH, transparency and total phosphorous 
(TP) [82]. Although laboratory studies showed that phosphorus was 
beneficial to the growth of virulent strains but not to the growth of non-
virulent strains, high phosphorus did not promote the increase in the 
concentration of virulent strains or toxins in Taihu Lake [83]. Sampling 
analysis of 14 sites in Taihu Lake in May 2009 found that MCs were 
not correlated with TN, TP and other environmental factors, although the 
number of cyanobacteria was significantly positively correlated with TN 
and TP. However, it was positively correlated with the content of bacteria, 
indicating that the contents of cyanobacteria and toxins were not consistent 
with the influence of environmental factors [84]. Meanwhile, a survey of 
30 subtropical lakes in eastern China found that sufficient nitrogen and 
phosphorus concentration, light and stable water column conditions were 
crucial to the formation dominance of MCs-producing cyanobacteria and 
high MCs yield [62].

The proportion of toxigenic cyanobacteria also affects the concentration of 
algal toxins, and the proportion of toxigenic cyanobacteria varies from lake 
to lake. In Lake Wannsee [85] in Germany, Oneida Lake [86] in the United 
States, and Mikata Lake [87] in Japan, the proportion of toxin-producing 
cyanobacteria was between 0% and 40%. In the Grangent reservoir in 
France, the proportion of toxin-producing cyanobacteria was between 6% 
and 93% [65], while in another lake in France, the proportion was between 
30%–80% [88]. The proportion of toxigenic cyanobacteria is affected by 
environmental factors such as nutrients, light, and temperature [55,87,89], 
and studies have also shown that the proportion of toxigenic cells is 
inversely proportional to the density of cyanobacteria [88,89].However, 
only 54% of the change in algal toxin concentration can be explained by 
the proportion of toxin-producing cyanobacteria, which is also affected 
by the toxin quality per unit cell, cyanobacteria number, and other factors 
[90]. Carmichael studied the changes of M. aeruginosa and the toxins in 
the lake and found that the change of the high concentration of aqua toxin 
was due to the relative number of toxin-producing M. aeruginosa in the 
lake, rather than the toxin-producing capacity [13]. The content of toxins in 

Microcystis was inversely proportional to the cell density, indicating that 
the toxicity was reduced at the peak of bloom [91]. In addition, the rapid 
change of toxins in blooms of natural water may also be due to the change 
of algae species or the change of the same cyanobacteria toxigenic strain 
and non-toxigenic strain [85,92]. The influence of environmental factors 
on algal toxin concentration may be caused by changing the number of 
toxigenic genes. In natural environment, adverse growth conditions (e.g., 
pre - and post-bloom) lead to an increase in MCs synthesis genes [65]. 
Rising temperatures contribute to the proliferation of cyanobacteria and 
increase the secretion and release of toxins, which have been demonstrated 
in laboratory and field studies. Laboratory culture experiments suggested 
that Microcystis at 26°C–28°C showed maximum growth rate, and the 
investigation of many lakes around the world also proved toxic algae 
cells and toxins in the warm season increased [55,93,94]. There could be 
caused by the synergy of the temperature and other environmental factors, 
or due to higher temperatures increasing the algal toxin genes numbers 
[55,93,94], which implies that global climate change might affect the algae 
proliferation and release characteristics of algal toxins. Studies on the gene 
expression of toxins in M. aeruginensis under low nitrogen concentration 
(1.4 mg/L) found that nitrogen restriction would lead to the decrease of 
MCs synthesis gene, which would further lead to the decrease of MCs 
production per unit cell [95]. The environmental factors influencing MCs 
in different cyanobacteria bloom areas are very changeable. Studies on 
the influencing factors of algal toxins are conducive to the extraction of 
key factors in the studied areas, to take corresponding control measures to 
reduce the content of algal toxins in water and reduce the ecological and 
health risks.

2.4. Removal technologies for MCs
The removal of MCs should be focus on both intracellular and 
extracellular toxins. The removal of intracellular MCs is mainly through 
a series of means to remove cyanobacteria cells. Due to the small volume 
of cyanobacteria, it is difficult to remove them by physical isolation 
in general waterworks, and there may be potential accumulation in 
the process of waterworks. Such accumulation is affected by the cell 
volume, electric charge, motility, morphology, resistance to shear force 
and pressure, and other factors caused by population differences. Micro-
screening is a technology used to screen cyanobacteria cells, with the 
efficiency of screening depending on the size of the screening hole. For 
instance, the screening hole at 35 μm can trap 40%–70% of phytoplankton 
but less than 10% of cyanobacteria (including M. aeruginosa) [96]. 
Additionally, many studies focused on the effects of different flocculants 
on cyanobacteria cells, and the results showed that the removal efficiency 
of flocculation and precipitation on cyanobacteria was from 62% to 
98.9% [7,97,98]. However, these experimental results were observed 
under low concentration of cyanobacteria cells, which could not represent 
the removal efficiency in cyanobacterial blooms [7,97,98]. The removal 
efficiencies of oxidants such as ozone, chlorine, potassium permanganate 
and chlorine dioxide were also studied. Results showed that oxidants 
could lead to cell rupture and further oxidation of substances released from 
the cells. The release rate of toxins was decided by the extent to which 
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the oxidants destroyed the integrity of cell membranes [99-103]. The 
removal of cyanobacteria cells by oxidants is influenced by the species of 
cyanobacteria, the physiological state of the cells (such as growth stage), 
and the amount of oxidants added, while the oxidation of the released 
toxins depends on the type, concentration, water quality and oxidative 
exposure time of the toxins [99-103]. Since part of the algal toxin exists 
in cyanobacteria cells and can break down under certain physical pressure 
to release algal toxins, we should pay attention to the complete removal of 
cyanobacteria cells in the study of treatment technologies.

Many literatures have studied the removal of dissolved MCs by various 
treatment processes and established relevant experimental operating 
conditions. It mainly include: (1) Physical methods such as adsorption 
[104,105], filtration [106], air flotation [107] and ultrasonic [108], etc.; (2) 
Chemical methods such as enhanced coagulation [109], chemical reagent 
oxidation (chlorination [110], potassium permanganate [111], ozone [112] 
and hydrogen peroxide [177], etc.), deep oxidation (Fenton oxidation 
[113], photocatalytic oxidation [114], electrochemical method [115], etc.; 
(3) Biological method [116,117], etc. Besides, some studies considered 
using multiple process combinations to remove MCs. For example, Lopes 
et al. [118] and Zhang et al. [119] found that Fenton oxidation/activated 
carbon adsorption and ultraviolet (UV)/ chlorination combined could 
effectively remove MC-LR. However, in the actual production, the unit 
water purification process is difficult to reduce the algal toxin in the water 
to a safe level. Therefore, it is necessary to control the toxins in raw water 
step by step by optimizing different processes. Meanwhile, according to 
the actual situation, the traditional water treatment process was modified, 
such as using combined technologies including potassium permanganate 
pre-oxidation enhanced coagulation (in severe cases, powder activated 
carbon can be added at the same time) + air flotation + sand filtration 
(or granular activated carbon filtration) + chlorine disinfection [120]. The 
newly-built waterworks with high requirements on effluent quality can 
adopt ozone activated carbon deep treatment process or add microfiltration 
membrane treatment unit before the conventional process, which can 
effectively improve the removal efficiency of algal toxin in waterworks 
[120]. It is notable that most of the studies on removal of cyanobacterial 
cells and cyanobacterial toxins are confined to the laboratory and small- or 
medium-scale experiments,in which the effects of water quality parameters 
and cyanobacterial population can be quantified. But it is difficult to 
represent the actual operation of water plants. Most literature suggests that 
traditional water plant processes were inefficient in the removal of algal 
toxins, for example, in the monitoring of effluent samples from a DWP 
associated with Chaohu Lake, concentrations of MC-LR in summer, and 
MC-RR and MC-YR in autumn exceeded 1.0 μg/L [121]. Jurczak et al. 
[122] studied the actual processes of two water plants in Poland and found 
that although the maximum total concentration of MCs (MC-RR, MC-LR, 
and MC-YR) in raw water was detected at 6.7 μg/L on 13 August 2002, 
MCs in discharged water could be reduced below the drinking water limit 
(1.0 μg/L) after treatment. However, the results that studied the removal 
rules of cyanobacteria cells and toxins in actual water plants showed that 
some experimental results are inconsistent or even contradictory with the 

conclusions drawn in the laboratory [59]. The optimal dosage obtained by 
the laboratory can only be used after verification in the actual water plants 
[59]. Therefore, it is of great practical significance to study the removal 
of cyanobacteria and associated toxins in each process stage of the water 
plant, which can provide a scientific basis and technical advice for the 
water plant management.

3. Research progress on T/O compounds

In recent years, the problem of T/O in natural water bodies and drinking 
water has occurred frequently and attracted wide attention [123-130]. 
There are few reports about the harm caused by tastes and odors to human 
health, which is the direct and main factor used by consumers to identify 
the water quality [16,131-133]. Reports on tastes and odors in water 
can be traced back to the 1950s [134]. Monitoring and control of T/O 
compounds have become one of the focuses of water quality research. 
With the development of urban construction, industrial and agricultural 
production, a large number of untreated sewage and wastewater are 
discharged into natural water bodies, resulting in more and more reports 
on the peculiar smell of drinking water [134,135]. The eutrophication 
of water bodies has gradually become another important cause of odor 
problems, in which the high concentration of nutrients resulting in the 
excessive growth of some algae, bacteria, and microbial communities 
can continuously secrete and produce various secondary metabolites with 
the peculiar smell. This brings a series of problems, including affecting 
water quality, increase the cost of water treatment, cause peculiar smell in 
aquatic products and reduce the aesthetic value of tourist areas [130,135-
137]. Therefore, the generation of T/O compounds from algal sources in 
eutrophic water bodies has attracted extensive attention.

3.1. Classification and source of flavor in water
Flavor in water includes odors, tastes and mouthfeel, which is a 
comprehensive sensation of nerve stimulation on the tongue, nose, and 
mouth caused by some chemicals in water [134]. Based on long-term 
accumulated data, scientists have drawn a Taste and Odor Wheel for 
odor analysis, which includes eight classes of odors, four tastes, and a 
mouth feel/nose feel category [138]. From the perspective of drinking 
water production process, T/O compounds may mainly come from three 
processes: (1) the olfactory substances contained in the raw water itself; 
(2) when the raw water is treated by the water plant, the added chemicals 
(e.g. chlorine and ozone) and the substances produced by the reaction 
with the raw water substances bring about tastes and odors; (3) when the 
treated water is transported to users through the water distribution system, 
impurities introduced in the pipe network system produce smell and taste 
[134,136]. Besides the first part was focused on, there have been more 
studies on the odor produced by disinfection and the odor problem in the 
pipe network. The sources of odorous substances in natural water bodies 
mainly include natural sources such as minerals precipitated from soil and 
rocks and substances produced by human activities. The latter is the main 
source of odorous substances in water, including the direct discharge of 
olfactory compounds (phenolic compounds, etc.) and decomposition of 
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organic matter and some microbial metabolites of Actinomycetes, fungi, 
and algae (such as GSM and MIB) [134]. Along with the development 
of industrial and agricultural production, nitrogen and phosphorus input 
lakes and reservoirs causing serious water eutrophication and frequently 
cyanobacteria blooms outbreak. As the algae metabolites are important 
sources of tastes and odors, attention should be paid to the changes and 
removal of algae-derived odorants in the production process of tap water 
[9,121,139].

3.2. Analysis methods for T/O compounds in water
The composition of odorants in water is very complex, and the odor 
threshold concentration (OTC) of odorants is extremely low, generally at 
the ppb level. Therefore, it is difficult to odorize substances qualitatively 
and quantitatively, which restricts the development of related research on 
the key issue. Methods for the analysis of T/O compounds in water can 
be divided into three categories: sensory analysis, instrumental analysis, 
and comprehensive analysis [140-142]. Sensory analysis means that T/O 
compounds enter the nasal cavity through smelling, thereby stimulating 
the nervous system, causing the system to generate olfactory signals, 
transmitting the signals to the brain, and determining the type and intensity 
of odors by people, which includes threshold odor number, flavor rating 
assessment and flavor profile analysis (FPA) [140,143]. Although the 
FPA method has high requirements for olfactory sensitivity and training 
methods for sniffers and requires a long time of training before it can be 
truly analyzed, it becomes one of the routine water monitoring projects in 
most countries and regions abroad due to the good qualitative, sensitive 
and classification characteristics [144]. Instrumental analysis is based on 
the color, luminescence, and ionization principles of the reaction products 
of T/O compounds, and it is analyzed by gas chromatography (GC), 
GC-MS, colorimetry, chemiluminescence, and other methods [141]. 
Among them, GC using flame ionization detector and mass spectrometry 
detector is commonly used. With the development of analytical 
techniques, especially use some new methods of pretreatment, such as 
steam distillation extraction method, liquid-liquid extraction method, 
purge and trap technique, closed-loop stripping analysis, opened-loop 
stripping analysis, solid-phase microextraction (SPME), a breakthrough 
has been made in the technique of measuring T/O compounds in water 
with instruments [145-148]. Among them, SPME is widely used in food, 
environmental safety, and other research fields because it does not need 
organic solvent and concentration, and is simple and easy to operate. 
The SPME is used to enrich trace odor compounds in water with the top 
space, followed by the combination with GC/MS for analysis. It greatly 
improves the sensitivity and becomes a common method for detection of 
T/O compounds [149-151].

The most commonly used method for comprehensive analysis is to analyze 
and test the sample water with the FPA method further to preliminarily 
determine the substances that cause the T/O in the water. If necessary, 
chemical or instrumental analysis can be used for further identification 
and quantitative analysis to improve work efficiency [134]. Another 
method is to conduct a model analysis of the main water quality indexes 

of a specific water body and try to establish the relationship between water 
quality indexes and the concentration of T/O compounds to achieve the 
purpose of rapid and accurate evaluation of water smell [125]. Scientists 
have also tried to detect T/O compounds by ELISA, which is widely 
used in the field of life science. It is a new detection method developed 
based on the principle of antigen-antibody reaction [142]. However, 
since the relative molecular weight of odor compounds is generally less 
than 300, it is not easy to obtain high-efficiency antibodies. Devi et al. 
(2020) proposed the application of molecular biological methods for the 
early detection of GSM and MIB events, providing a new idea for the 
monitoring and early warning of T/O compounds [152]. In addition to the 
determination of dissolved T/O compounds in water, the determination 
of these compounds in algal cells is also of great significance. Firstly, 
dissolved and intracellular T/O compounds were separated by filtration, 
and algal cells were trapped on the GF/C (Whatman) glass fiber filter 
membrane or 0.45 μm acetate fiber filter membrane. Then the cells were 
broken by freeze-thawing, grinding, or ultrasonic cell crushing apparatus, 
after which the T/O compounds were released into ultra-pure water for 
determination [126,127]. In addition, the difference subtraction method 
has been used to calculate the intracellular T/O compounds: the alga 
solution was directly determined as the total odor in content, while the 
dissolved (extracellular) odor in content was determined after filtration 
by 0.45 μm acetate fiber membrane, and the difference between the two 
was the intracellular T/O compounds content [153]. However, this method 
needs to pay attention to whether the alga cells are completely broken or 
not. In practical operation, the intracellular T/O compounds can freeze 
and thaw the cells trapped on the GF/C membrane, and then release them 
into ultra-pure water for instrument detection under the condition of an ice 
bath with ultrasonic cell crushing apparatus [121].

3.3. Sources and properties of algal-derived T/O compounds
The study on odor metabolites produced by microbial metabolism 
originated from GSM isolated from Actinomycetes for the first time in 
1964 [154]. Subsequently, in 1969, Medsker et al. reported firstly that 
several Actinomyces in natural water could release MIB [155], while 
Rosen et al. successfully isolated MIB in 1970 [156]. Later, it was found 
that algae could also produce these two odorants, mainly including 
Phormidium, Oscillatoria, Aphanizomenon, Lyngbya, and some species 
of Anabaena [137]. With the deepening of the investigation, it was found 
that as many as 200 kinds of algae could produce T/O compounds, among 
which cyanobacteria could produce 25% of the known compounds [16].
As the T/O compounds produced by algae, GSM and MIB, which give 
off a musty smell, are the most frequent and most widely studied in the 
world. Both of them are terpenoids, which are difficult to be removed by 
oxidation process in waterworks. They are also the main substances of 
odor events due to their low olfactory threshold. It has been found that 
132 cyanobacteria strains from 21 genera and 72 cyanobacteria strains 
from 13 genera could produce GSM and MIB, respectively[152]. In 
addition, two kinds of T/O compounds produced by cyanobacteria are 
also being concerned: fermentative production of hydroxyketones, and 
norcarotenoids such as β-cyclocitral (CYC) and β-Ionone (ION), which 
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are produced by the degradation of carotenoids. CYC is produced by 
globule cyanobacteria, especially Microcystis, which is the main odor 
substance produced by M. aeruginosa. In China, CYC has been paid 
more and more attention. In the cyanobacteria bloom outbreak in Wuxi in 
2007, CYC was one of the main causes of olfactory smell [17]. Zhang et 
al. first detected ION in Songhua Lake, a lake in northern China, and its 
highest concentration exceeded the olfactory threshold [157]. In Chaohu 
Lake (China), CYC and ION exceeded their corresponding OTCs in 72% 
and 86% of the samples, respectively [121]. Therefore, we summarize the 
sources, spatial and temporal changes, impact factors, and removal of the 
above four algal derived T/O compounds in water.

3.4. Spatial and temporal variations of algal-derived T/O compounds
Climate has an important influence on the occurrence and concentration 
of algal-derived T/O compounds. In areas with four distinct seasons, 
odors change with temperature, physical and chemical properties of 
water, and the generation and disappearance of algae. The algal blooms in 
summer would inevitably cause the outbreak of T/O compounds, and the 
decline of cyanobacteria in autumn also increased their concentrations. 
Li et al. investigated the T/O compounds in Yanghe Reservoir (China) 
in the summer of 2007 and recorded the concentration of GSM reached 
the peak value (7,100 ng/L) on the day after the maximum density of 
Anabaena observed [67]. In addition, other high concentrations of GSM 
in natural water bodies were also reported in Australia (4,000 ng/L) 
[158] and South Africa (3,170 ng/L) [159]. Although in other seasons 
concentration of algal-derived T/O compounds is relatively low, but they 
also can not be ignored due to their extremely low smell threshold (e.g. 
ng/L). Many studies have investigated the spatial and temporal variation 
of T/O compounds in different types of lakes. Westerhoff et al. studied the 
characteristics of GSM and MIB in three deep-water lakes in Arizona, the 
United States, and found that the overall concentration of GSM was lower 
than MIB, but the two presented the same seasonal changes [160]. The 
concentrations of MIB increased from spring to late summer and vertically 
stratified in water with the highest concentration at 10 m underwater 
[160]. However, the particle and dissolved concentrations of the four T/O 
compounds GSM, MIB, CYC, and ION in Dianchi Lake (China) varied 
in different seasons, although the concentrations of the T/O compounds in 
Dianchi Lake peaked in summer and autumn in general [126]. 

During the study period of May 2007 to April 2008, GSM in Xionghe 
Reservoir (China) appeared from May to September, with the highest 
concentration detected in July (about 2,700 ng/L), while MIB was detected 
throughout the study period with the highest concentration in April (about 
400 ng/L) [161]. Ma et al. monitored the T/O compounds at 15 points along 
the northern coast of Gonghu Bay, Taihu Lake from January to December 
2009 [162]. It was found that both dissolved and particle-bound GSM 
peaked in April and September, with the annual average concentrations all 
lower than 4 ng/L. Dissolved MIB peaked in April and September, with a 
maximum value of 395.6 ng/L (September), while particulate MIB peaked 
in September, with a maximum value of 29.8 ng/L [162]. Additionally, 
the maximum values of dissolved and particulate CYC were recorded 

in October (17.7 ng/L) and September (2,072 ng/L), respectively. No 
dissolved ION was detected, while the concentration of particulate ION 
was higher from July to October, with a maximum of 573 ng/L in August 
[162]. From June 2009 to May 2010, sampling and analysis of odor 
substances from 30 points in Taihu Lake showed that the concentration 
of dissolved CYC in winter was much lower than that in late spring 
and early summer, with the highest concentration of 49 ng/L, while the 
concentration of particulate CYC in winter and spring was lower than that 
in summer and autumn, and the maximum value was 2155 ng/L [163]. The 
trend of concentration changes of particulate ION and particulate CYC 
was the same, but the dissolved MIB was greater in spring and autumn 
than in summer and winter with the highest concentration of particulate 
MIB appeared in July [163]. Therefore, we get the following conclusions: 
1) The seasonal changes of T/O compounds concentration in lakes of 
different regions are varied. High concentration usually occurs in summer 
and autumn when cyanobacteria bloom is severe, but some lakes also have 
peak values of T/O compounds in spring and winter; (2) The seasonal 
trend of different odor substances changes annually; (3) The intracellular 
and extracellular concentration of the same odorant substance varies 
seasonally. These characteristics increase the difficulty for the supervision 
of T/O compounds and the removal strategy of waterworks. Therefore, it 
is necessary to strengthen the monitoring and grasp the changing trend of 
the concentration of T/O compounds in the water source area, , which can 
better take corresponding measures to ensure the drinking water safety.

3.5. Influencing factors for T/O compounds from algal sources
The distribution of algae-derived T/O compounds in water varies in 
different regions and seasons. Scientists have studied the environmental 
and biological factors that affect the release of T/O compounds in the 
laboratory and natural water. In a survey of 296 rivers and lakes in Japan, 
Hashimoto found that musty odor was related to TN and phosphorus 
[164]. The 67% of rivers and lakes with odor problems with TN and TP 
higher than 0.6 and 0.03 mg/L, respectively, while only 8% of rivers 
and lakes were affected by odor with TN and TP lower than at 0.3 and 
0.02 mg/L, respectively [164]. Li et al. studied the influencing factors of 
dissolved and particulate T/O compounds in Dianchi Lake (China, June 
2002–May 2003) [126]. The results showed that there was a significant 
positive correlation between particulate CYC and particulate ION, and a 
significant positive correlation between Chl-a and the biomass of algae, 
cyanobacteria, and Microcystis. Particle MIB was positively correlated 
with the biomass of Oscillatoria and Anabaena respectively, and these two 
species were proved to be the sources by the experiment of species isolation 
[126]. However, dissolved T/O compounds had no significant correlation 
with the physicochemical properties of algae and water, which may be due 
to the fact that dissolved T/O compounds were affected by many factors, 
such as algal release rate, microbial biodegradation, photodegradation, 
particulate matter adsorption, hydrological conditions and their volatility 
[126]. The spatial and temporal distribution of T/O compounds were 
investigated in Gonghu Bay, Taihu Lake. The results firstly indicated 
that particulate CYC and particulate ION were significantly positively 
correlated with algal toxin, and believed that nitrogen was a key factor 
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affecting the occurrence of odor, because nitrate, TDN, and TN were 
significantly positively correlated with GSM [165]. Laboratory studies on 
two cyanobacterial strains Phormidium retzii and Microcoleus vaginatus, 
producing GSM and MIB, respectively, showed that odor substance 
production was independent of temperature and light [166].

As the occurrence of T/O compounds is affected by water quality and 
other factors, scientists try to establish a prediction model according to 
the relationship between these compounds and physicochemical and 
biological factors of water. Smith and Downing found that in eutrophic 
lakes, cyanobacteria, odorant MIB and GSM were positively correlated 
with Chl-a, indicating that the nutritional status, especially Chl-a, was a 
good indicator of odorant [167,168]. Therefore, some national regulatory 
authorities have established the Chl-a concentration as the standard to 
predict the occurrence of odor problems in lakes[169]. On a larger space-
time scale, Watson et al. found that the outbreak of smell events was related 
to a series of physical chemistry and indicators in water [170]. Dzialowski 
established a more complex early warning model of GSM, which included 
a series of water quality parameters [171]. They suggested that Chl-a alone 
cannot predict the occurrence of odor events, because the concentration 
of GSM was also high under low nutrients and Chl-a conditions. Hence it 
was implied that the limit of inorganic phosphorus in the water and other 
environmental factors were more critical for predicting the concentration 
of T/O compounds. Watson et al. also found little change in nutrients and 
Chl-a over eight years in western Ontario, but a significant increase in 
GSM [170]. Moreover, some studies have found that the peak of GSM 
occurred in spring and even winter [172,173]. So it can be considered 
that even though temperature and nutritional conditions were the most 
important indicators affecting odors, but they were not the best indicators.
Due to the outbreak of cyanobacteria in lakes and reservoirs worldwide, 
odor problems often occur and affect landscape ecology and drinking 
water safety. Therefore, strengthening the study of the spatial and temporal 
variation of T/O compounds and their influencing factors will be helpful 
to provide technical guidance for the control of cyanobacteria in drinking 
water source and the production of the corresponding water plant.

3.6. Removal technologies for T/O compounds
The T/O compounds in raw water would cause peculiar smell of tap water 
if they cannot be effectively removed after entering the water plant. A 
study of 59 water plants in the Great Lakes basin of United States, found 
that about 20% of them had odor problems every year [174]. In China, 
the smell problem of tap water is also very serious. The T/O problem in 
Taihu Lake and Chaohu Lake (China) has led to the temporary production 
of water plants, especially the water pollution incident in 2007, which 
sounded the alarm for the management of water plants [163,175]. The 
monitoring of T/O compounds in raw water and the effluent of 111 water 
plants in China showed that the raw water with mold flavor accounted 
for 41% [176]. Among them, the plants with lakes and reservoirs that 
are easy to grow algae as the raw water, MIB was positively correlated 
with mold flavor [176]. The raw water with a putrid taste accounting for 
36% was used as the source water [176]. Moreover, the proportion of T/O 

compounds detected in the finished water was 45% [176]. Although most 
researches have focused on the removal of GSM and MIB, researches on 
the removal of CYC and other T/O compounds are gradually increasing 
in recent years. Conventional treatment technology is difficult to remove 
the T/O compounds effectively. Only 23% of the GSM was removed by 
the process of pre-chlorination-coagulation-contact filtration in Wuhan 
Tuanshan water plant in China, and its concentration in filtered water was 
72.85 ng/L [177]. Kim et al. reported that the removal rate of GSM by 
conventional treatment process was 33.3% [177], while the removal rate 
of MIB in a water plant in Taiwan was about 40%–50% (the concentration 
of raw water was 30–70 ng/L), in which 16% and 40% were removed after 
precipitation and filtration, respectively [178]. Slow filtration (filtration 
rate of 4-5 m/d) was adopted to remove T/O compounds with the help of 
biofilm surface adhesion and microbial degradation [179]. Its effect was 
much higher than that of the fast filter, and the effluent MIB was below 
the detection limit [179]. However, due to the low filtration rate, it is not 
suitable to be used in large water plants [179]. In addition, it was found 
that aluminum-containing flocculants could not effectively remove GSM 
and MIB under various pH values and coagulation conditions [180]. The 
oxidants such as chlorine (Cl2), chlorine dioxide (ClO2), and potassium 
permanganate (KMnO4) also had poor removal effect, but ozone (O3) 
could remove 85% of MIB at the concentration of 3.8 mg/L and contact 
time of 6.4 min [181].

Activated carbon is the most commonly used method to remove T/O 
compounds in water plants, which mainly uses the physical adsorption 
of activated carbon and the principle of microbial degradation. Activated 
carbon is easy to adsorb benzene compounds in water, while the structural 
formula of GSM and MIB is similar to the benzene ring, which has a 
good adsorption effect. Therefore, many water plants adopt the temporary 
method of adding powdered activated carbon (PAC) to remove the smell 
of water [179]. Kim et al. found that it was very difficult to control GSM 
only through PAC treatment, and the removal efficiency could be increased 
to 94% by combined treatment of PAC and chlorination [182]. Zamyadi 
et al. conducted a study on a DWP and found that the removal degree 
of GSM in the water plant process was higher than that of MIB because 
that biofilms were attached to the surface of the GAC could improve the 
removal efficiency of T/O compounds [183]. Bai et al. found that after 
flocculation and precipitation, the concentration of deodorant could be 
reduced to less than 10 ng/L by using 1.0 mg/L •OH and 0.5 mg/L sand 
filtration, and the concentration of DBPs in the effluent also met relevant 
standards [184]. Due to the great difference of odor concentration in raw 
water, the conditions should be controlled according to the actual operation 
of the water plant, the method of multi-process combination should be 
used to improve the efficiency, with the removal of other metabolites such 
as toxins should be considered at the same time.

3. 6.1. Research progress focus on algogenic organic matter
Natural organic compounds (NOM) are widely found in all kinds of water 
bodies with complex compositions. Hydrophilic, acidic and polydispersed 
humus are the main constituents (50%–90%) of NOM. Humus substances 
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can be divided into three types: humic acid, fulvic acid, and humin, which 
have a similar structure but the great difference in molecular weight 
and functional group. Humus contains phenolic hydroxyl, carboxyl, 
alcohol-hydroxyl, and other functional groups, and the molecular weights 
are between 102–106, among which carbohydrate and its associated 
substances account for 50%–60%, lignin and its derivatives 10%–30%, 
and protein and its derivatives 1%–3% [185]. The strong hydrophilic and 
lower aromaticity of protein, adipose, amino acids, carbohydrates and 
hydrophilic acid constituted the main part of the easily biodegradable 
organic matter in water [186]. With the intensification of eutrophication, 
algae and its secretions (algogenic organic matter, AOM) have become 
an important part of NOM in many surface water systems [187,188]. The 
contribution of algae to NOM is related to different water environments 
[189]. Algal contribution to NOM is more significant in freshwater 
systems because the NOM mainly imports from runoff in the watershed 
[190,191]. In general, NOM is mainly affected by algae in large or high 
primary productivity lakes and reservoirs, while small or low ones are 
mainly affected by land inputs [192]. In eutrophic lakes, the composition 
of NOM and the proportion of its components tend to change with the 
seasonal variation of algal species and biomass [193]. Even in some cases, 
when the total amount of dissolved organic carbon (DOC) did not change 
significantly from season to season, each composition also showed drastic 
varieties. AOM is products released by algae during the growth process, 
mainly including proteins, neutral or charged polysaccharides, nucleic 
acids, fats, and other small molecular substances, of which polysaccharides 
account for 80%–90% [194,195]. AOM included intracellular organic 
matter (IOM) that existing within the cells and extracellular organic matter 
(EOM) releasing to extracellular. The complex composition of AOM, 
molecular weight (MW), DOC concentration, and content of sugars and 
uronic acids are related to the species and culture time of cyanobacteria 
[196,197]. The following is a review of the research progress of AOM 
based on the detection methods and characteristics.

3.6.2. Detection method for AOM
Except for substances that can be directly qualitative and quantitative, 
such as MCs and T/O compounds, most AOM cannot be directly 
qualitative and need to be detected by other means. The technical 
methods for determining the characteristics of AOM include elemental 
analysis, UV-vis spectrum, fluorescence spectroscopy, polarity analysis, 
affinity chromatography, high-performance molecular exclusion liquid 
chromatography, pyrolysis-GC/MS, and nuclear magnetic resonance 
(NMR) analysis, etc. Different methods can obtain information such as 
spectral absorption characteristics, functional group content, and so on. 

4. The following three methods are commonly used:

4.1. Organic carbon and organic nitrogen analysis
The concentration of organic matter in water is usually expressed by total 
organic carbon (TOC), including DOC and particulate organic carbon. 
Total organic nitrogen (TON) also includes dissolved organic nitrogen 
(DON) and particulate organic nitrogen (PON). The C/N ratio represents 

the relative content of C and N in organic matter, which can be used to 
identify the source of organic matter [198].

4.2. Ultraviolet spectrum analysis
The absorption of UV light varies in organic compounds with different 
molecular structures. The conjugated structure of aromatic compounds 
containing benzene rings is generally the most absorbent in the UV range 
of 230–280 nm, and the molecular structure and its relative content or 
the source of organic matter can be identified to some extent. Several 
commonly used indicators include characteristic absorption values at a 
certain wavelength, such as UV254 and UV280, which can reflect the 
functional groups of AOM and the degree of aroma [199]. The ratio of 
characteristic absorption value to TOC or DOC, such as specific ultraviolet 
absorbance (SUVA)254 value (=UV254×100/TOC, unit: L/mg•m), has a 
good correlation with the amount of aromatic functional groups measured 
by NMR [148]. SUVA value is a substitute indicator of the aromatic 
structure of organic matter, which can reflect the aromas of water to some 
extent. The ratio of absorption value at a specific wavelengths, such as 
UVA210/UVA254 (URI value), can represent the relative content of 
amino and aromatic structure to some extent. A larger URI value indicates 
more amino structure content, while a smaller URI value indicates more 
aromatic unsaturated structure content [200].

4.3. Fluorescence spectrum analysis
Fluorescence spectrum is a qualitative or quantitative description of 
organic compounds based on NOM or AOM containing a large number of 
structures with various functional groups. Among them, the fluorescence 
excitation−emission matrix (EEM) shows the fluorescence intensity at 
different excitation and emission wavelengths in the form of a three-
dimensional projection diagram. The independent variable excitation 
wavelength and emission wavelength are independent of each other, and 
the fluorescence intensity is used to show the characteristics of the sample 
fluorescence spectrum [201]. It has the advantages of high sensitivity, 
good selectivity, no damage to the sample, less sample consumption, and 
fast sample measurement speed. In recent years it has been widely applied 
to the characterization of organic matter in water. It is used to analyze 
NOM or AOM fluorescence characteristics and the relationship of the 
chlorination DBPs generation, as well as a variety of water technology on 
organic matter removal process [201-203].

4.4. Characteristics of AOM
Compared with land-based organic compounds, AOM have a lower content 
of hydrophobic substances, aromatic hydrocarbons, phenol, etc. Organic 
nitrogen content is higher, which is characterized by high hydrophilicity, 
low aromatic hydrocarbons (low SUVA value), and high heterogeneity 
[200]. AOM has a high nitrogen content, mainly because of their cell 
walls containing N-acetyglucosamine and N-acetylmuramicacids, and 
other nitrogen compounds. Algal cells also contain a lot of organic 
nitrogen, such as protein, amino acid, and an organic amine, and can 
produce nitrogen secondary metabolites, such as MCs and terpenoids 
flavor substances such as GSM and MIB [204]. About 45% of TN fixed by 
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cyanobacteria can be converted to organic nitrogen [205]. Studies showed 
that the order of TOC/TON ratio was NOM >> EOM > IOM ≈ algal cells 
[20]. Therefore, it is considered that the organic matter in water with a 
low C:N ratio mainly comes from AOM. Besides, the values of SUVA and 
URI can represent the properties of NOM and AOM. The results showed 
that the SUVA value of IOM of M. aeruginosa was lower than that of 
EOM, and both of them were far lower than NOM. It indicated that the 
content of aromatic structure in the three was IOM < EOM < NOM [20]. 
Humic acid has the most aromatic structure, with a URI value of 1.59; 
followed by fulvic acid with a URI value of 1.88; and the least aromatic 
structure is bovine serum albumin, with a URI value of 13.50 [200].

The nature of AOM is related to the growth stage of algae with the content 
of proteins, sugars, and lipids varying in different growth stages of algae, 
especially in the process of EOM release [206]. Extracellular organics 
are released in two forms, one is the equilibrium diffusion of intracellular 
and extracellular, the other is the irreversible release after the damage or 
death of algal cells. In the first form, intermediate metabolites with low 
molecular weight, such as glucose and amino acids, are released through 
the cell membrane from high concentration to low concentration to achieve 
a certain balance of intracellular and extracellular concentration. They are 
released as extracellular organic substances and occur mainly at the early 
stage of growth [186]. In this process, extracellular organics are mainly 
intermediates with low molecular weight, such as alcohol and amino acids, 
90% of which are polysaccharides and a small amount of proteins, amino 
acids, and trace nitrogen-containing organics [195]. Experiment showed 
that the algae concentration dilution was caused by the increase of EOM 
by diffusion and release [186]. Due to the algal densities in natural water 
bodies are generally below that of laboratory cultures, the release of EOM 
dynamics are following the balance concentration diffusion characteristics 
in nature [186]. The second release mode mainly produces substances 
with higher molecular weight from the surface of senescent cells, which 
are produced in the later stage of cell growth. Compared with natural 
water, more EOM is released from decaying cells under laboratory culture 
conditions due to high cell density [186]. Proteins in EOM increased with 
culture time. When cells decay, IOM precipitates out in large quantities 
from cells, and the EOM reached maximum [21]. The properties of 
AOM are affected by algae species. Studies have shown that different 
algae species produce various DOC yields per unit biomass. Diatoms 
and cyanobacteria produce DOC > 20 mg/L, while green algae produce 
DOC ranging from 10 to 12 mg/L under experimental conditions [207]. 
According to the DOC generation rate per unit optical density, the lowest 
rate of Chlorophyta was 2.1 mg/L/(cm•h), while that of cyanobacteria 
and diatoms was 3.8 and 21 mg/L/(cm•h), respectively. In terms of the 
DOC yield per unit of Chl-a, the highest yield of cyanobacteria was 9.0 
g C/g Chl-a/h, and that of Chlorophyta and diatom were 3.6 and 1.1 g 
C/g Chl-a /h, respectively. The proportion of proteins and lipids was also 
different. The protein content of cyanobacteria was 41%–69%, which was 
higher than that of diatoms (12%–50%) [208]. Diatom lipids were 5%–
43% higher than those of cyanobacteria (2%–30%) [208]. In general, the 
concentration of EOM increased continuously with the growth of culture 

time, and Microcystis released more than Anabaena, reaching 2.26 mg/L 
before the release of IOM in the decay phase [21].

4.5.  AOM is one of the precursors of DBPs
The presence of AOM affects the unit operating efficiency in the water 
treatment process by increasing the amount of coagulant and reducing the 
coagulation efficiency [209], and it is difficult to be filtered and removed 
[210]. Additionally, carbon and nitrogen in AOM may require more 
chlorine for pre-oxidation or disinfection to reduce the effectiveness of 
chlorine and generate DBPs [211,212], and even lead to the growth of 
bacteria in the pipe network [213]. Rook [214] and Bellar and Kroner 
[215] detected chloroform and other trihalomethanes (THMs) firstly in 
chlorine disinfected tap water, which was also the earliest DBPs detected. 
Nowadays, data from drinking water monitoring and laboratory test show 
that disinfection with chlorine or other disinfectants such as chloramine, 
ozone, and chlorine dioxide can produce more than 600 types of DBPs 
[216,217]. The sources of DBPs precursors and the influencing factors for 
DBPs generation are summarized below.

4.5.1. Source of the DBPs precursors
The precursor of DBPs generally comes from humus in water, and its 
components mainly include hydrophilic acids, sugars, carboxylic 
acids, and amino acids [218,219]. In recent years,  algal cells and their 
metabolites have also become an important source of DBPs with the 
appearance of algal bloom [19,21,22,220]. Studies on the formation of 
DBPs of humus in water showed that humic acid with higher molecular 
weight had more active sites than fulvic acid with the THM yields of 
58.6 and 42.6 μmol/mg C, respectively [221]. Hong et al. conducted a 
DBPs generation experiment using bovine serum albumin (BSA), starch, 
and fish oil as simulated substances of proteins, carbohydrates and lipids 
respectively [22]. The results showed that the amount of chloroform 
generated by BSA and fish oil was 9 times higher than that of starch. 
However, BSA was the most susceptible to HAA production, which was 
9 times higher than that of fish oil and starch [22]. Proteins such as BSA, 
pepsin, chymosin, and cytochrome could form THMs in large quantities 
(20–51 μg/mg C), but in smaller quantities than humic acid (78 μg/mg C 
THMs) [222]. Carbonaceous DBPs (C-DBPs) can be generated by algae 
and AOM as precursors, and THMs yield was 0.23–3.20 μmol/mg C 
[223]. Nitrogenous substances in AOM are important precursors of DBPs, 
which can generate C-DBPs and nitrogenous DBPs (N-DBPs), and affect 
the types of DBPs generated. 

Studies have shown that in the chlorinated experiment of amino acids, 
the order of chloroform production was tryptophan, tyrosine, histidine, 
aspartic acid, threonine, lysine, alanine, and serine [224]. The chlorination 
of amino acids produced unstable intermediate dichloroacetonitrile 
(DCAN) and continue to react to form THMs and HAAs [225]. Because 
proteins in AOM are composed of different amino acids, they have different 
DBPs generation potentials. As a precursor, DON derived from algae can 
also generate N-DBPs (such as halogenated acetonitrile, halogenated 
acetamide, halogenated nitromethane, and dimethyl nitrosamine, etc.) 
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[217,226]. Cyanobacteria have also been shown to be precursors for 
haloacetonitriles (HANs) and trichloronitromethane production [227]. 
Nitrosamines, especially dimethylnitrosamines, could also be generated 
during chlorination or chlorination of AOM, while dimethylnitrosamines 
were more generated during chlorination because chloramines provide 
more pathways for its generation [228]. Due to the high nitrogen content 
in AOM, N-DBPs produced by nitrochlorinated substances are more toxic 
than C-DBPs [227,229,230], which may be more harmful than C-DBPs 
although the reported concentration of N-DBPs was relatively low [231]. 
Other small amounts of organic matters such as deoxyribonucleic acid, 
ribonucleic acid, organic acids, and Chl-a in algae are also progenies for 
HAAs [232]. The difference in HAAs generated by cyanobacteria and 
Chlorophyta may be due to Chl-a and b in Chlorophyta but only Chl-a 
in cyanobacteria [233]. DBPs generated in the chlorination experiment 
of algal cells may be generated by the reaction of chlorine with the intact 
cell wall or with the dissolved IOM, so it is difficult to identify whether 
the cell wall is the precursor of DBPs [21]. In eutrophic lakes, both 
exogenous and endogenous organic matter are the precursors of DBPs, 
and the nature of the organic matter in the water source water changes due 
to the source. Exogenous organic matter mainly includes humus washed 
by rainwater or brought by rivers in the basin, with complex composition, 
slow conversion rate, and long existence time [234]. The endogenous 
sources are mainly algal biomass, extracellular metabolites, and products 
released or transformed by cell death, which are more unstable in nature, 
related to biological cycles, and generally only account for a small part 
of the TOC pool [235,236]. However, as the degree of eutrophication 
intensifies, the proportion of endogenous organic matter in eutrophication 
lakes increases, and the DBPs generated when it is used as a reference 
water source increase, which should be taken seriously.

4.5.2. Factors influencing the generation of algal-sourced DBPs
Algal cells, IOM, and EOM are all precursors of C-DBPs and N-DBPs, 
and the DBPs yield is affected by the properties of the precursors by 
indirect influences including source, algae species, growth stage, and 
chlorination conditions [21,186,237,238]. 

5. The effects of precursors properties on DBPs production

5.1. The comparison of AOM and NOM
Reference showed that the trichloromethane (TCM) and trichloroacetic 
acid (TCAA) yields generated by AOM and fulvic acid were similar, but 
they were significantly lower than that of humic acid [239]. The average 
value of dichloroacetic acid (DCAA) produced by algae cells was 13.69 
μg/L, which was significantly higher than that of humic acid (1.38 μg/L) 
and fulvic acid (1.20 μg/L). At the same time, the ratio of TCAA/DCAA 
generated by the chlorination of algal cells was 0.95, lower than humic 
acid (6.38) and fulvic acid (6.15). This may be due to the fact that humic 
acid and fulvic acid contain higher aromatic hydrocarbons and fewer 
nitrogen-containing substances than AOM, which were more prone to 
TCAA generation [239]. Compared with NOM, algal cells chlorinated 
with more organic nitrogen produced more N-DBPs, similar DCAA but 

lower C-DBPs (such as THM, TCAA, and haloketones (HKs)) [227]. 
DBPs generated by algae and NOM as a precursor are different due to 
their different properties, with NOM containing more complex fulvic 
acid and humic acid formed by biological degradation, but AOM mainly 
containing more proteins, amino acids and polysaccharides [206]. The 
organic nitrogen content in the algal cells was 230 mg N/mg C (organic 
carbon), but it was only 28 mg N/mg C in NOM. Accordingly, the carbon-
nitrogen ratio in AOM was 4.3–4.8, and that in NOM was 35.2 [198]. 
The organic nitrogen in AOM reacts quickly with the active chlorine 
to generate organochloramines, some of which would decompose and 
generate N-DBPs [198]. At the same time, chlorine consumption hinders 
the reaction between chlorine and organic carbon leading to low C-DBPS 
production [198].

5.2. Effects of algal species
Cyanobacteria, diatoms and Chlorophyte were commonly used 
microalgae to investigate the role of biochemical substances of AOM 
in the DBPs yield and composition. The DOC produced by green algae 
culture was more likely to produce THMs and HAAs than that produced 
by cyanobacteria and diatoms. The chloroform produced by chlorination 
of green algae, diatoms and cyanobacteria were 0.40, 0.24, and 0.25 
μmol/mg C, respectively [186]. In other studies, the yields of chloroform 
from chlorination of extracellular organics of Chlorophyta, diatoms, and 
cyanobacteria were 0.18–0.34, 0.42, and 0.50 μmol/mg C, respectively 
[239]. In chlorinating cells, green algae had higher HAAs than 
cyanobacteria, and DCAA and TCAA were much higher than MCAA. 
Additionally, the TCAA/DCAA values were 0.86 and 0.98, respectively, 
suggesting higher DCAA precursor content in algal cells [233]. Another 
study showed that diatoms produced higher chloroform and lower HAA 
than cyanobacteria and Chlorophyta, and organics, especially lipids, in 
diatoms were the main precursors of THM [22]. This might be attributed 
to that diatoms usually grow in nutrient-poor water and lipids usually 
accumulate under nutrient-limited conditions. 

Controlling diatoms and lipids in water sources and reducing humic acid 
usually limit THM production. On the other hand, under the same nutrient 
conditions, low light and temperature, such as at high latitude conditions, 
accumulate proteins and lipids to maintain photosynthesis and prevent 
frostbite of cells, whereas high light conditions produce relatively low 
proteins but high sugars. Therefore, it can be inferred that algae at low 
temperatures (cold regions at high latitudes) were more likely to produce 
chloroform than algae in warm regions [22]. In addition, DBPs produced 
by AOM in different Cyanophyta species were also different. In the 
presence of bromine, THMs yields of Microcystis cells and extracellular 
organics were 5.76 and 3.47 μmol/mmol C, respectively, while HAAs 
yields were 9.73 and 4.61 μmol/mmol C, respectively [21]. However, the 
THMs yield of Anabaena was similar to that of Microcystis, but the HAAs 
generated by Anabaena were lower than that of Microcystis, which may 
be due to its lower hydrophobicity and HAA precursor compared with 
Microcystis [21].
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5.3.  The influence of algal growth stage
Studies showed that most DBPs increased with the algal growth stage 
[232]. Hoehn et al. studied THM generation of two green algae and two 
cyanobacteria species at a 24 h chlorination time, indicating that the 
highest yield was achieved in the late-exponential growth stage [240]. 
Another study has shown that when Microcystis cells and extracellular 
organisms were chlorinated at different stages, the production of total 
THMs (TTHMs) and total HAAs (THAAs) changed with the growth stage 
of Microcystis [21]. The production of TTHMs and THAAs was relatively 
stable during the lag growth phase, increased slightly at the beginning of 
the logarithmic phase, fluctuated during the logarithmic phase, and then 
steadily increased during the stationary phase. The maximum value of 
TTHMs and THAAs in chlorinated cells occurred during the logarithmic 
phase (1.41 μmol/L) and late-stationary phase (3.06 μmol/L) [21]. During 
the decay period, the production of THAAs by chlorinated cells and 
extracellular organics decreased, while TTHMs produced by extracellular 
organics increased [21]. The changing trend of DBPs generated by 
Anabaena chloride cells and EOM was similar, indicating that IOM 
released by cell death in the late growth stage was more favorable to THM 
generation than HAA. Compared with the total production, it indicated 
that the unit carbon yield of DBPs did not change much with the growth 
stage when Microcystis and AOM were chlorinated. The unit carbon 
yield of Microcystis was at the late lag stage, while that of Anabaena 
was higher at the late growth stage [21]. The type of DBPs also changes 
with the growth stage. Monohalogenated HAA was the main product of 
cell and extracellular organics during lag and logarithmic growth stage 
of Anabaena [21]. At the stationary phase, higher halogenated products 
were produced, especially in the chlorination reaction of cells [21]. For 
Microcystis, monohalogenated HAA only appeared during the transition 
from lag to logarithmic phase. The ratio of trihalogenated HAA to 
dihalogenated HAA was 1.2 μmol/ μmol and 0.66 μmol/ μmol for cell and 
EOM, respectively [21]. In the decay phase, the proportion of trihalide 
HAA in extracellular organic samples increased rapidly, indicating that 
IOM in dying cells was the precursor of major trihalide HAAs [17]. The 
reason for the high HAA ratio at the beginning of the algal growth stage 
was still not clear, but polysaccharides as the main metabolite may be the 
reason for the low HAA production [21].

In addition, the different growth stages also led to the conversion of 
C-DBPs and N-DBPs. With the increasing growth time, the protein and 
organic nitrogen of M. aeruginosa decreased [206]. Chlorination reaction 
and nitrogen functional groups, such as inorganic nitrogen -NH2 react 
faster may hinder the reaction of chlorinated organic carbon [198]. So 
along with the growth stage, organic nitrogen content in the algal cells 
decreased, more residual chlorine can react with organic carbon to 
generate C-DPBs. High residual chlorine in algal cells at the late growth 
stage led to more 1,1-dichloropropanone (1,1-DCP) conversion to 
1,1,1-tri-chloropropanone (1,1,1-TCP) [227]. With the increasing growth 
stage, the increase of N-DBPS generation might due to the precursor of 
N-DBP transformed from organic nitrogen to organic carbon.

5.4. The influence of algae cell number and its comparison with EOM
Relative study showed that the amount of chloroform and THM produced 
by algae cells with Chl-a concentration of 10 and 20 μg/L did not change 
significantly, but only affected HAAs production. HAAs yield was 17.18–
24.96 and 26.51–37.24 μg/L when cyanobacteria Chl-a was 10 and 20 
μg/L, respectively [233]. While the yield of HAAs was 17.86–27.10 and 
27.17–47.75 μg/L when the Chl-a of green algae was 10 and 20 μg/L, 
respectively [233]. The increase of Chl-a may be the precursor of HAAs, 
and the difference between the two algae may be because green algae 
contain Chl-a and b, while cyanobacteria only contain Chl-a [233]. In 
contrast to DBPs produced by algae cells and extracellular organisms, 
the interaction between algae cells and extracellular organisms was also 
investigated. The algae cells of M. aeruginosa and Anabaena produce more 
THM and HAA than EOM. The amount of THMs and HAAs produced 
per unit carbon of Microcystis cells was 2–3 times highter than that of 
EOM, which was also observed in other algae species [21]. It indicates 
that physical removal of algae cells is more effective in controlling the 
production of DBPs than pre-ozonation and pre-chlorination methods 
that may cause cell rupture and release intracellular substances. When 
algae cells and extracellular organisms simultaneously exist, they would 
produce antagonism. The reason may be as follows: 1) Cell debris can 
adsorb THMs and HAAs. THMs are relatively hydrophobic and more 
easily adsorbed than hydrophilic HAAs, so the antagonism of THMs is 
more serious. 2) In the chlorination process, the intermediate products of 
THMs or HAAs consume the final product, or the intermediate product 
reacts with cells or EOM to produce products other than THMs and 
HAAs. 3) The degree of cell damage during the chlorination reaction is 
related to the cell morphology and the ratio of chloride to the release of 
intracellular substances, which may have an antagonistic effect.

6. The effects of chlorination conditions on DBPs production

The production and types of DBPs are influenced by chlorination amount, 
contact time, reaction temperature, pH, and other ions, which would 
ultimately affect DBPs contents in tap water.

6.1. The influence of disinfectant dosage
The generation rate of DBPs is affected by the amount of chlorine added 
and the remaining chlorine concentration. When the amount of chlorine 
added increases, the yield of THMs increases, but the response of DBPs 
types is different [221]. Chlorination experiments on organics of M. 
aeruginosa (chlorination 3 d) showed that with the increase of chlorine 
dosage, most DBPs (except for DCAN and 1,1-DCP) increased with the 
increase of chlorine concentration, however, DCAN first increased and 
then decreased, while 1,1-DCP always decreased [227]. This might be 
because the final generation concentration of unstable DBPs depended 
on the generation rate and degradation rate, so 1,1,1-TCP, chloral hydrate 
(CH), trichloroacetonitrile (TCAN), and trichloronitromethane (TCNM) 
increased all the time after 3 d [227]. The degradation rate of DCAN 
by oxidation or hydrolysis was faster than the generation rate even at a 
very high chlorine dosage (10.2 mg/L), because the concentration first 
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increases and then decreases [227]. The reason that 1,1-DCP decreased 
with the increase of chlorine dose was that 1,1-DCP could be oxidized to 
1,1,1-TCP, and the presence of chlorine could accelerate the hydrolysis 
rate [241].

6.2. The influence of reaction time
Chlorination time has different effects on different DBPs production. THMs 
and HAAs increased with longer reaction time [242], but haloacetonitrile 
and haloacetonitrile decreased due to hydrolysis or reaction with residual 
chlorine [225,241,243]. When chlorinating algal cells, longer chlorination 
time may lead to cell damage and intracellular DOC release, resulting in 
more DBPs. DBPs types also varied with different reaction times: 60% 
chloroform was generated in a 5 min reaction, but 57%–71% HAAs were 
generated in a 30 min reaction [241]. The changing trend of N-DBPs over 
time can be explained by the oxidation and hydrolysis of chlorine [241]. 
DCAN and TCAN are hydrolyzed when pH was 7, and the hydrolysis rate 
increased with chlorine [241].

6.3. The influence of temperature 
Generally, it is believed that as the reaction temperature rises, the 
reaction of chlorine and organic matter speeds up, and finally DBPs 
generation increases. However, the decomposition of some DBPs, such 
as dihalogenated acetonitrile and halogenated ketone, also speeds up 
accordingly [221]. After chlorinated algae cells at 10°C and 25°C for 3 
d, it was found that most of the products increased with the increase of 
temperature, but 1,1-DCP and 1,1,1-TCP decreased with the increase of 
temperature, possibly because the degradation efficiency was higher than 
the generation efficiency at high temperature [227]. Besides, cyanobacteria 
tend to grow well at high temperatures, in which case they may produce 
more organic matter and thus higher DBPs [227].

6.4. The influence of pH
Different DBPs have different responses to pH changes during chlorination 
reactions. Studies have shown that high a pH value may increased the yield 
of THMs, but it would decrease the yield of HAAs, dichloroacetonitrile 
(DCAN), and 1,1,1-TCP [242,244]. This may be due to hydrolysis and 
oxidative degradation, and the instability of DBPs under alkaline pH and 
chlorine [243]. With the increase of pH from 4 to 9, it was found that the 
amount of residual chlorine decreased rapidly, TCM increased, but the 
production of 1,1-DCP and 1,1,1-TCP decreased [241]. This was because 
pH affected DBPs production by influencing the chlorination process. At 
a high pH value, the consumption of chlorine was large, which leaded to 
more DBP formation [241]. At the same time, pH value also affects the 
stability of unstable DBPs, for example, DCAN, TCAN, 1,1-DCP, 1,1,1-
TCP, and CH can undergo catalytic hydrolysis, and the hydrolysis rate of 
unstable DBPs increased with the increase of pH [241].

6.5. The influence of ammonia
Under the condition of adding 0, 2.5, and 8.0 mg/L (calculated as N) of 
ammonia, the chlorinated algae cells for 3 d showed that the addition 
of ammonia reduced the production of most DBPs, but TCNM was not 

affected, and 1,1-DCP increased [227]. When 2.5 and 8.0 mg/L (calculated 
as N) of ammonia were added, only monochloramine remained at the end 
of the reaction, and the conversion of residual chlorine to monochloramine 
reduced the content of most DBPs, e.g. trichlorinated DBPs such as 
TCAA, CH, TCAN and 1,1,1-TCP were almost reduced to the detection 
limit [227,245]. TCNM was different from 1,1-DCP, and the generation 
of TCNM was only affected by the presence of ammonia. The yield of 
1,1-DCP was higher in chloramination than in chlorination, because 1,1-
DCP could be oxidized to 1,1,1-TCP by chlorine, but it was stable in the 
presence of monochloramine [227,241].

6.5.1. Removal methods for algae-derived precursors of DBPs
In recent years, some studies have discussed the removal methods 
of algae-derived precursors of DBPs. Ma et al. studied the chitosan-
aluminum chloride (CTSAC) composite coagulation process to reduce 
AOM-related carbon and nitrogen DBPs formation [202]. Theie results 
showed that CTSAC significantly improved the removal rate of dissolved 
organic matter, humic acid, polysaccharide, and protein, compared 
to aluminium chloride (AC) and chitosan (CTS). Moreover, Fourier 
transforms infrared spectroscopy analysis proved the interaction of 
CTS and AC in the composite coagulant CTSAC improved the removal 
performance, thereby reducing the carbon and nitrogen of DBPs generated 
[202]. Using M. aeruginosa, Anabaena aequalis, and Oscillatoria tenuis, 
Bernat-Quesada et al. (2020) found that pre-ozonation with cyanobacteria 
suspension did not reduce the production of all the DBPs, with increasing 
THMs and trichloronitromethane, and only reducing the formation of 
haloacetonitriles, a nitrogen-containing disinfection byproduct [246]. 
Therefore, pre-ozonation for algae-containing water was not an appropriate 
method to reduce DBPs formation during chlorination, but rather 
cyanobacteria should be removed from raw water before chlorination 
or ozonation [246]. Besides, some scholars proposed the pretreatment 
of algae-containing water source by ultraviolet disinfection. The results 
showed that the ultraviolet radiation with low UV absorption rate could 
effectively reduce the formation of trihalomethanes and dichloacetic acid 
from EOM and IOM in the subsequent chlorination process. It was believed 
that the ultraviolet pretreatment process was a potential technology for 
the treatment of algal-rich water [247,248]. However, the above studies 
were carried out in laboratory. In the actual production, many factors such 
as technology, economy, and operation management need to be taken 
into consideration in the selection of removal technologies for the algae-
derived precursors of DBPs.

7. Conclusions

Cyanobacterial blooms pose a threat to the water quality in drinking 
water sources and plants. The formation of cyanobacterial blooms and 
their associated metabolites were affected by many factors with spatial 
and temporal variations differed in water. Further in-depth research is 
needed from the perspective of the molecular mechanism of metabolite 
production, which will help managers targeted control cyanobacterial 
blooms and the release of its metabolites. The establishment of an 
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early warning system of cyanobacteria in water source is an important 
prerequisite to ensure drinking water safety. Previous research mainly 
focused on determining cyanobacteria warning values according to algal 
toxins. Besides, the impact of cyanobacteria on the safety of drinking 
water includes odorants and other algae-derived organic substances that 
form DBPs after chlorination. The development of an early warning 
value system for cyanobacteria based on the combination of algal toxins, 
odorous substances, and DBPs precursors as reference indicators can more 
comprehensively guide the control of cyanobacteria in water sources. 
The occurrence of cyanobacteria and their metabolites has seasonal 
changes. The establishment of early warning values for cyanobacteria at 
different growth stages is of great significance to the operability of actual 
work. Using online monitoring technologies to determine the density of 
cyanobacteria can improve the precision of the established cyanobacteria 
warning value system based on the acquisition of a large amount of data, 
and can detect in time that the cyanobacteria density exceeding the limit 
in the water sources so that corresponding control measures can be taken 
in time. Moreover, the combined toxicological effects of multiple algal 
origin organisms in the water source may affect the data of cyanobacteria 
warning values, which needs further study.

Algal metabolites in eutrophication water were difficult to be removed 
effectively in the conventional water production processes, thus affecting 
drinking water quality. Metabolites produced by cyanobacteria could be 
followed by algal cells into water plants. It released in the process of 
drinking water production due to the destruction of algae cells and leading 
to the pollution load of water. Besides using the concentration of odorants, 
algae toxins, and organic pollutants in the water body to characterize 
the water quality of the water source, it is necessary to figure out the 
content of metabolites in cyanobacteria cells and integrate the removal 
efficiency of metabolites in water plants in different seasons to establish 
a cyanobacterial density safety early warning system, to guarantee the 
safety of drinking water production. In addition, the development of 
effective and economically feasible removal technologies and processes 
for different metabolites is still the top priority, and attention should also 
be paid to their application in actual water plants.
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