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teria, mainly belonging to Oscillatoriales. Different from the well-studied surface-blooming
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stay at a subsurface or deep layer in the water column. The underwater bloom of these MIB
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producers is therefore passively determined by the underwater light availability, which is
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governed by the cell density of surface scum. This suggests that drinking water reservoirs
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with relatively low nutrient contents are not able to support surface blooms, but are a fairly
good fit to the specialized ecological niche of filamentous cyanobacteria; this could explain
the widespread odor problems in source water. At present, MIB is mainly treated in DWP using advanced treatment processes and/or activated carbon, but these post-treatment methods have high cost, and not able to deal with water containing high MIB concentrations.
Thus, in situ control of MIB producers in source water is an effective complement and is
desirable. Lowering the underwater light availability is a possible measure to control MIB
producers according to their niche characteristics, which can be obtained by either changing the water level or other measures.
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Introduction
Odor problems in source water have become one of the foremost concerns in the water supply industry (Izaguirre and
Taylor, 2004), since odor is the most direct and assessable indicator of drinking water quality for consumers, together with
water color. Geosmin (trans-1,10-dimethyl-trans-9-decalol)
and 2-methylisoborneol (MIB) are two of the most frequently
encountered biologically produced odor compounds in drinking water (Li et al., 2012; Watson, 2004, 2003; Zaitlin and Watson, 2006). MIB has been more prominent recently and has
been commonly detected globally, especially in China, according to a 10-year odor survey in source water reservoirs across
China. Although no evidence supports MIB being toxic to human health, this unpleasant odorant with extremely low odor
threshold concentration (˜10 ng/L) can greatly decrease trust
in water quality, and therefore elicits complaints from consumers (Dionigi et al., 1991; Lin et al., 2002). Since MIB can
be hardly be removed by conventional water treatment processes, and the removal efficiency of advanced treatment processes is greatly limited when the MIB concentration is high
(Liang et al., 2006; Sidney Seckler et al., 2013; Xia et al., 2020;
Zamyadi et al., 2015), it is desirable to develop new methods
to control MIB or its producers.
Filamentous cyanobacteria have been identified as the major MIB producers in lakes and reservoirs (Catherine et al.,
2013; Su et al., 2015; AWWA, 2010). More than twenty strains
have been reported so far, and the number is increasing.
The traditional microscopic method to identify phytoplankton taxonomy based on cellular morphology has difficulty distinguishing MIB-producing strains from non-MIB producing
strains. Molecular-based techniques that can detect the MIB
synthesis gene, such as real time quantitative PCR, are a more
precise way to assess the risk of MIB occurrences, and hence
can provide advance warning to source water authorities.
The ecological niche of these filamentous cyanobacteria
differs from that of the well-studied genera, such as Microcystis
and Dolichospermum. The growth characteristics of MIB producers under various aquatic environmental conditions determine their presence or absence in water, and competition with
surface-blooming strains (which mostly are dominant species,
e.g., Microcystis) is also important to understand the mechanism of their growth. The traditional control strategy, mainly
targeting the removal of these surface-blooming species, is
less effective regarding the MIB producers. Thus, knowledge

of the ecological niche of MIB producers is essential to develop
a specific approach to control MIB in source water.
This study will summarize the research progress regarding
MIB problems in source water in the following four aspects:
source of MIB (I), ecological niche of MIB producers (II), risk
evaluation of MIB occurrence (III) and control strategy of MIB
producers (IV), as illustrated in Fig. 1.

1.
Source of MIB: in view of species level and
molecular pathway
1.1.

Summary of MIB producers

MIB is one kind of secondary metabolite caused by certain species of phytoplankton and bacteria, which are identified by their characteristic earthy-musty tastes and odors
(AWWA, 2010; Catherine et al., 2013). Organisms most frequently linked to these taste and odor problems have been
identified as actinomycetes and several genera of cyanobacteria. The most common documented MIB-producing cyanobacteria are listed in Appendix A Table S1. These organisms
were assigned to the genera Oscillatoria and Phormidium, but
many of them were moved to new genera such as Planktothrix,
Pseudanabaena and Leptolyngbya etc. since the recent update
of cyanobacterial taxonomy (Komarek et al., 2014). According to the new taxonomy, seven genera under Oscillatoriales
including Limnoraphis, Lyngbya, Oscillatoria, Phormidium, Kamptonema, Planktothricoides and Planktothrix, and 5 genera under
Synechococcales including Leptolyngbya, Nodosilinea, Pseudanabaena, Synechococcus and Jaaginema, and 3 other genera under
Nostocales and Pleurocapsales are regarded as MIB producers
according to several field and culture studies.
Oscillatoria is an important source of MIB. Five species
including O. curviceps, O. limosa, O. tenuis, O. tenuis v. levis
and O. kawamurae. O. curviceps were recorded as MIB producers. O. limosa was observed in a drinking water reservoir
(Izaguirre and Taylor, 1995), Silverwood Lake (Izaguirre and
Taylor, 1995) and Diamond Valley Lake (Izaguirre et al., 2007). O.
tenuis were recorded in Biwa Lake (Nakashima and Yagi, 1992)
and a water supply system (Negoro et al., 1988) in Japan and in
California in the USA (Izaguirre et al., 2007). O. kawamurae was
collected in Wuhan, China (Zhong et al., 2011), and O. tenuis v.
levis was collected in the USA (Izaguirre et al., 1983). In addition, several strains verified as MIB producers were moved out
of Oscillatoria. For example, Planktothrix agardh and Phormid-

Fig. 1 – Framework of this study.
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ium chalybeum, which were detected in several fish ponds
in Mississippi in the USA, can produce MIB (Martin et al.,
1988). Similar to Oscillatoria, Phormidium is also an important
source of MIB. P. breve and P. calcicola were verified as MIB producers in the Norwegian Culture Collection (Izaguirre et al.,
2007) and in California, USA (Rashash et al., 1995); an unidentified species Phormidium sp. (Pho 689) was also verified as
an MIB producer both by laboratory study (Li et al., 2012)
and in Lake Mathews in the USA (Zimmerman et al., 1995).
Besides, some species of Planktothricoides and Pseudanabaena
have been identified as MIB producers. Planktothricoides raciborskii was isolated from Donghu Lake in China, and verified
as an MIB producer (Wang et al., 2011). Pseudanabaena limnetica was detected in Castaic Lake in 1993 and 2011 (Giglio et al.,
2011; Izaguirre and Taylor, 1998) and in Lake Biwa in Japan in
1952 (Tsuchiya and Matsumoto, 1988); Pseudanabaena galeata
was also collected in several lakes in Japan (Kakimoto et al.,
2014).
Owing to the limitations of morphological identification
using microscopy, the names of these strains were revised several times, may give misleading identification results; besides,
some conclusions based on statistical analysis from field investigations require further verification.

1.2.

Molecular pathway of MIB

The molecular-based approach can precisely detect MIB
producers and is expected to be a promising method in
the future. Genes associated with MIB were first identified in actinomycetes (Komatsu et al., 2008) and later on
in cyanobacteria (Giglio et al., 2011; Wang et al., 2011). MIB
is a methylated monoterpene alcohol, and labeling experiments have shown that the additional methyl group is transferred from S-adenosyl-L-methionine (SAM) (Bentley and
Meganathan, 1981). Feeding experiments in myxobacteria revealed that methylation of geranyl pyrophosohate (GPP), the
universal precursor of monoterpenes, mostly occurs prior to
cyclization, and that methyl-GPP is the substrate for MIB cyclase (Dickschat et al., 2007). The genes controlling the biosynthesis of MIB in the genomes of seven actinomycetes were
also identified (Komatsu et al., 2008). Basically, a two-step process is followed to generate MIB: (1) a S-adenosylmethioninedependent methylation of the monoterpene precursor geranyl diphosphate (GPP) to 2-methyl-GPP catalyzed by geranyl diphosphate 2-methyltransferase (GPPMT) and (2) further cyclization of 2-methyl- GPP to MIB catalyzed by MIB
synthase (MIBS) as part of an MIB operon (Giglio et al., 2011;
Wang et al., 2011). The synthesis of MIB is similar in cyanobacteria and actinomycetes. Comparison of the gene arrangement and functional sites between cyanobacteria and other
organisms revealed that gene recombination and gene transfer probably occurred during the evolution of MIB-associated
genes. All the microorganisms examined have a common origin for their MIB biosynthesis capacity, but cyanobacteria represent a unique evolutionary lineage. Gene expression analysis suggested that light is a crucial, but not the only, active
regulatory factor for the transcription of MIB synthesis genes
(Wang et al., 2011).

2.
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Ecological niche of MIB producers

2.1.
Effects of abiotic environmental factors on MIB
producers
Among the thousands of freshwater phytoplankton species,
filamentous cyanobacteria are the major MIB producers. Different from the most common species such as Microcystis and
Dolichospermum, they have specific ecological niche characteristics. Here, we summarize their growth under several key
factors including underwater light availability, water temperature, nutrients and hydrodynamics. In addition, the competition and succession between MIB producers and other
cyanobacteria are discussed.

2.1.1.

Light intensity

Light intensity plays an important role as the sole energy
source for most phytoplankton growth (Domingues et al.,
2011; Reynolds, 2006). Regarding the MIB producers, filamentous cyanobacteria tend to live in subsurface/bottom layers in
the water column, where nutrients fed from sediment are usually sufficient, and therefore underwater light availability becomes a limiting factor (Su et al., 2014a). The impacts of light
intensity on the growth of MIB producers have been widely
studied.
Tsuchiya and Matsumoto (1999) determined that Oscillatoria f. granulata, isolated from a cooling tower in Tokyo, can grow
significantly better under 1000 lux illumination compared to
500 and 2000 lux according to a 40-day incubation study.
Li et al. (2012) compared the growth state of MIB-producing
Phormidium sp. (Pho 689) under two light conditions, and concluded that 100 μmol/m2 /sec light intensity was preferred for
this strain compared to 10 μmol/m2 /sec; while the maximum
growth rate of MIB-producing Pseudanabaena sp. was obtained
under 10 μmol/m2 /sec, and the lowest growth rate was observed under 60 μmol/m2 /sec (Wang and Li, 2015). Our recent work evaluated the growth characteristics of Planktothrix
sp. under 5 light conditions (5, 17, 36, 85, 250 μmol/m2 /sec),
and revealed that this strain favors moderate light intensity
(36 μmol/m2 /sec), and its minimum light requirement is 4.4
μmol/m2 /sec (Jia et al., 2019). These results indicate varying light characteristics among different strains; the pigment
composition was possibly an important factor. By comparing the minimum light requirements of different Planktothrix
species, it can be observed that the species containing phycoerythrin are more low-light tolerant than other species with
only chlorophyll-α (Jia et al., 2019).

2.1.2.

Water temperature

Cyanobacteria favor high temperature (Paerl and Huisman, 2008), and water temperature is regarded as the
most important factor in controlling the growth rate
(Paerl and Huisman, 2008; Reynolds, 2006; Robarts and
Zohary, 1987). Cyanobacteria typically have optimum growth
temperatures between 25 and 35 °C (Lürling et al., 2013;
Reynolds, 2006). The optimum temperature for Planktothrix
agardhii is 25 °C compared to 15°C and 30 °C (Sivonen, 1990).
Lower optimum temperatures were observed for filamentous cyanobacteria such as Cynlindrospermopsis raciborskii

122

journal of environmental sciences 110 (2021) 119–128

and Planktothrix agardhii (27.5 °C for both) than for the
most common Microcystis. Regarding the MIB producers,
Li et al. (2012) found that Phormidium sp. (Pho 689) grows better
at 25 °C than 18 °C; Wang and Li (2015) observed the lowest
growth rate of Pseudanabaena at 35 °C compared with 10 °C and
25 °C, according to a culture study. The competition between
Microcystis and Oscillatoria under various water temperatures
was examined by Chu et al. (2007), revealing that Oscillatoria
was the dominant competitor at 15 °C, while Microcystis was
superior at 30 °C, and both were equally competitive at 20 °C.
Competition between two filamentous cyanobacteria species
has been studied; the red-pigmented Planktothrix rubescens
appeared to have much more competitive success at 15 °C,
while the green-pigmented Planktothrix agardhii was more
competitive at 25 °C (Oberhaus et al., 2007). The culture study
of Planktothrix agardhii revealed that temperature mainly
affects the maximal growth rate (Post et al., 1985).

2.1.3.

Nutrients

Nutrients promote and support the growth of algae and
Cyanobacteria. The eutrophication (nutrient enrichment) of
waterways is considered to be a major factor. The main nutrients contributing to eutrophication are phosphorus and nitrogen (Reynolds, 2006). Regarding drinking water reservoirs,
the internal origin of nutrients from the sediments is probably the major source. When the dissolved oxygen concentration is low in water (anoxic), sediments release phosphate
into the water column, which hence encourages the growth
of cyanobacteria. The importance of nutrients to cyanobacterial bloom has been extensively studied from the aspects of
the nitrogen and phosphate concentrations and the N:P ratio.
Early experimental whole-lake research established that high
concentrations of P, and a low N:P supply ratio, are favorable to
the production of cyanobacterial blooms (Schindler, 1977). The
mechanism proposed by Smith (1983) addressed the fact that
all species of cyanobacteria are better able to compete for nitrogen than other phytoplankton when N is scarce. As the major source of MIB, Oscillatoriaceae do not form surface bloom;
they can grow well in subsurface or deep layers of shallow
lakes/reservoirs (Berger, 1989; van Duin et al., 1995), encouraged by nutrient recruitment from the sediment (Havens et al.,
2003; Su et al., 2014a). Therefore, nutrients in the water column turn out to be less important regarding their growth and
MIB production for filamentous cyanobacteria.

2.1.4.

Hydraulic retention time

Most cyanobacteria prefer stable water conditions with low
flows and long retention times; others prefer mixing conditions. The risk of cyanobacterial bloom is significantly
higher in reservoirs/lakes than in rivers. A critical velocity of
0.05 m/sec was sufficient for the suppression of Dolichospermum circinalis growth according to a field study in Australia
(Mitrovic et al., 2003). They subsequently found that a discharge of 300 ML/day (flow velocity of 0.03 m/sec) in Lower Darling River was sufficient to prevent prolonged periods of persistent thermal stratification, and could also suppress the development of Dolichospermum circinalis blooms. A flow release
of 3000 ML/day (0.3 m/sec) was effective at removing an established cyanobacterial bloom, and total cyanobacterial numbers declined from over 100,000 to < 1000 cells/mL within a

week. The retention time and flux velocity are of importance
to the formation and outbreak of filamentous cyanobacteria in
riverine-like reservoir, their influence in other types of reservoirs may be different and needs further evaluation, such as
the regional hydrodynamics probably play an important role
on the localized growth and biomass accumulation (Su et al.,
2015). The impact of hydraulic retention time on the growth
of MIB producers is similar to the above study, while further
study is required to obtain the species-specific critical velocities.

2.1.5.

Key factors governing the growth of MIB producers

MIB producers usually live in the subsurface or bottom layer
of the water column, where light is relatively low and nutrients are usually high. Hydrodynamics has a significant impact
on cyanobacterial growth owing to the dilution process. Water
temperature has strong seasonality and is mainly governed
by solar radiation. Therefore, underwater light intensity and
hydraulic retention time seem to be more important for MIB
producers.

2.2.

Competition and succession of MIB producers

2.2.1.

Phytoplankton succession model

Succession has long been hypothesized to drive the seasonal cycle of planktonic organisms in lakes (Dodds and
Whiles, 2010). Strong seasonality of phytoplankton communities has been widely observed, and underwater light availability was considered as the major driver according to previous publications (O’farrell et al., 2007; Su et al., 2014a).
O’farrell et al. (2007) analyzed the effects of the underwater light field on selecting phytoplankton assemblages:
small unicellular, non-flagellated organisms, thin filaments
or small tabular colonies have advantages in light-limited
environments under nutrient-saturated conditions, whereas
flagellated forms and larger organisms prevailed in wellilluminated ones. In addition, Zohary et al. (2010) observed
significant correlation between the daily availability of underwater light and the dominant morphology in the assemblage of a hypertrophic Mediterranean reservoir. A numerical
model was developed to describe the light-driven phytoplankton succession by evaluating the xanthophyll photoprotective
activity in ocean environments (Polimene et al., 2013). As described above, light availability has been regarded as a major force in selecting phytoplankton assemblages in eutrophic
and hypertrophic environments. Here, we emphasize a community succession model developed in our previous studies
based on energy balance (Su et al., 2014a). Two morphological descriptors, cellular projected area (CPA, φ p ) and flattening
index ( f ), are introduced (Eq. (1)). V is the cellular volume denoting the biomass, λ(.) is a function of f .
V = kλ( f )φ p

(1)

CPA determines the cellular light-harvesting potential and
the flattening index denotes the “cellular flatness,” thus representing the energy requirement level (Fig. 2). By validating
the measurement data acquired from Yanghe Reservoir, this
model emphasized the importance of the underwater light
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blooms of Microcystis, which may reduce the penetration of
subsurface irradiance (Su et al., 2019).

3.

Risk evaluation of MIB occurrences

As summarized in Appendix A Table S1, only a small number
of cyanobacteria can produce MIB. Some studies have found
a positive relationship between the cell density of MIB producers and MIB concentration in pure culture or in field water (Chiu et al., 2016; Wang et al., 2015; Xu et al., 2010). Here
we summarize the MIB yield of different species and the risk
evaluation originating from previous studies.
Fig. 2 – Phytoplankton succession model using two cellular
morphological parameters.

field in selecting phytoplankton morphology in eutrophic water bodies. It reveals significant seasonal variation in the distribution of phytoplankton assemblages: the species with low
CPA and flattening index were abundant in summer since they
require high light availability; in contrast, those with small
CPA and flattening index can survive in spring and winter.

2.2.2. Succession and competition with surface-blooming
cyanobacteria
Surface-blooming cyanobacteria usually are dominant species
in aquatic environments, and their presence has great influence on other organisms, including MIB producers. Microcystis
is the most common bloom-forming cyanobacteria and has
been widely observed over the globe. Our studies explained
the habitat of different genera/species according to the above
succession model (Su et al., 2014a). Microcystis tends to have
greater concentrations in the surface layer, where light irradiance is high but where nutrients can be severely depleted
(Liu and Vyverman, 2015). Microcystis cells also have both a
small CPA (22.8 μm2 , Su et al., 2014a) and a high specific surface area 1.42 μm−1 , which are associated with low lightharvesting potential and high nutrient uptake affinity. Compared to Microcystis, MIB-producing Planktothrix cells however
have a higher CPA (172 μm2 ) and lower specific surface area
(1.06 μm−1 ), which result in higher light-harvesting potential
and lower nutrient-utilization capability. This allows for better
adaptation by Planktothrix to lower irradiance in deeper layers (Su et al., 2019). Therefore, MIB producers such as Planktothrix and bloom-forming Microcystis have different ecological niches, which are also supported by several culture studies (Jia et al., 2019; Li et al., 2012; Zhang et al., 2016). Our
study at Miyun Reservoir suggests that surface irradiance is
the main predictor determining the outcomes of competition
between surface and subsurface cyanobacteria. Surface-living
cyanobacteria like Microcystis, which are well adapted to high
light irradiance and nutrient conditions, will have frequent
and serious blooms in shallow and eutrophic lakes/reservoirs,
such as Lake Taihu in China (Qin et al., 2010). While the subsurface cyanobacteria have a higher growth potential under
low light irradiance conditions, lower growth may occur in eutrophic water bodies because of light shading from surface

3.1.
Correlations between abundance of MIB producers
and MIB concentration
The MIB yield of cyanobacteria varies among genera and
species, and may also be affected by the habitats or culture
conditions for the same strain. A culture study of Oscillatoria
demonstrated that the dissolved and cell-bound MIB concentrations were around 58 ng/L and 75 ng/L- 94 ng/L (Martin et al.,
1991); another study found the MIB concentrations in the Oscillatoria culture varied from 36 to 445 ng/L during different
growth phases (Izaguirre and Taylor, 1998). Li et al. (2012) isolated a Phormidium strain from Myponga Reservoir in Australia, and determined that the MIB yield under the culture
conditions was around 5 pg/cell. Based on field investigations and statistical calculations in Miyun Reservoir in China,
our study showed that the MIB yield of Planktothrix was 85
fg/L (Su et al., 2015, 2014b). According to the log-log regression analysis in a study in Wuhan, China, the MIB production of laboratory culture and field samples was estimated as
10 to 45 fg per mic gene copy and 11 to 57 fg per mic gene
copy (Wang et al., 2011); a similar study from Taiwan, China,
demonstrated that Pseudanabaena culture has cell quota of
cell-bound MIB varying from 5.96 to 51.1 fg/cell for different growth phases (Chiu et al., 2016). These studies suggest
that the MIB yield or gene quota of MIB may vary in a wide
range for the same reservoir; similar results were observed
for another earthy-musty odorant, geosmin (Rasmussen et al.,
2008; Tsao et al., 2014). Although the MIB yield is governed
by many factors based on several studies (Chiu et al., 2016;
Rasmussen et al., 2008; Su et al., 2015, 2013; Tsao et al., 2014;
Wang et al., 2015), a general correlation between the abundance of MIB producers or mic genes and the MIB concentration for a given reservoir can be established, if long-term monitoring data is available.
For a specific water body, the risk of MIB occurrence can be
assessed according to monitoring data for MIB concentrations
and the abundance of MIB producers. A long-term field study
in Miyun Reservoir (Su et al., 2015) suggests that the risk of
MIB exceeding its odor threshold (15 ng/L) is more than 90%
if the cell density of the MIB producer Planktothrix exceeds
4 × 105 cells/L; while the risk decreases to 50% if the Planktothrix cell density can be held below 4 × 104 cells/L, and to
only 10% when the cell density is as low as 1.6 × 104 cells/L.
The critical cell density of Planktothrix corresponding to the
MIB odor threshold were 1.42 (1.41–1.43) × 104 cells/L, 4.71
(4.70–4.73) × 104 cells/L and 4.15 (3.99–4.32) × 105 cells/L, at the

124

journal of environmental sciences 110 (2021) 119–128

3 quintiles (10%, 50% and 90%), respectively (Su et al., 2015).
Our recent study in QCS Reservoir in China showed slightly
different results. The risk of unacceptable MIB (> 15 ng/L)
is higher than 90% if the Planktothrix cell density is higher
than 6.09 × 105 cells/L, and the risk will be lower than 10%
if the Planktothrix cell density is controlled down to less than
9.6 × 103 cells/L in this reservoir (Su et al. 2021).

3.2.

Risk evaluation of MIB occurrence

The growth of MIB producers is mainly determined by the surrounding environmental conditions, which may also be impacted by their competitors, for example the surface blooms
of Microcystis can reduce the underwater light availability,
and other non-MIB producers may grow fast and utilize the
nutrients. These processes are rather complex and hard to
explain simply by logical computation; therefore, ecological
niche models usually driven by statistical models are more
feasible for most cases. The Generalized Linear Model (GLM),
Generalized Additive Model (GAM) and other tree-based models such as random forest and gradient boosting machine
(GBM) have been used recently. GLM makes it easy to understand the relationship between dependent and independent
variables, but it is too restrictive for many real-world prediction problems, while GAM uses non-linear smoothing functions, and also introduces the interactions between independent variables, so it can give more flexible and interpretable
predictions. However, these two types of models are sometimes still inadequate for complex aquatic ecosystems, and
random forest and GBM are much more robust but may lead
to over-interpretation. By introducing cross-validation, these
two models perform better than GLMs and GAMs, and have
great potential to predict the abundance of MIB producers using basic monitoring data.
Filamentous cyanobacteria are the main MIB producers in
drinking water reservoirs; the risk of MIB occurrence is therefore determined by the abundance of MIB producers or mic
genes. A Log-Linear model can be used to estimate the MIB
correlations or risk of MIB occurrence according to the abundance of MIB producers or mic genes, if the surrounding environment is relatively stable and the MIB yield varies little
during the investigation (Chiu et al., 2016; Wang et al., 2011),
while the quintile regression model can be used to explain the
correlation between MIB concentrations and the abundance of
MIB producers for long-term studies (Su et al., 2015), since the
MIB production may cease under some conditions (Su et al.,
2015). Over all, as illustrated in Fig. 3, the risk model of MIB occurrences is an integration of several sub-models. This model
is helpful to sort out the key drivers of MIB occurrences, and
therefore can serve as a guide for the development of in-situ
control technologies of MIB producers in source water.

4.
Control strategy of MIB producers in source
water
4.1.

Nondirective control approach

A number of abatement measures have been developed to reduce and control the growth of harmful algal blooms (HABs)

Fig. 3 – Risk evaluation of MIB occurrences.

in reservoirs. The most commonly used physical, chemical
and biological control techniques have recently been summarized by Newcombe (2012): The physical controls, including
hydrological manipulation and hypolimnetic aeration, are restrained by the volume or depth of reservoir as well as the
expense of power input. Surface skimming is also used but
cannot be effectively employed until later stages of a bloom.
Chemical controls by means of using algaecides, such as copper sulfate, potassium permanganate or chlorine, have the
drawbacks that also other organisms may be killed and that
the chemicals may remain as contaminants in the water.
Other chemical controls, such as coagulation and flocculation,
are not able to remove odor compounds, and additionally are
subject to depth limitations; barley straw could inhibit the
growth of cyanobacteria by releasing phytotoxic compounds
according to Everall and Lees (1997); however, it could also
color the water. The use of bio-manipulation to abate algae
blooms requires more research in order to fully apprehend the
grazing behaviors (Peretyatko et al., 2012).

4.2.
Control strategy based on ecological niche of MIB
producers
As indicated above, the growth of MIB producers is governed
by many factors including light intensity, water temperature,
nutrients and hydrodynamic conditions. Regarding natural
lakes and reservoirs, the water temperature is mainly determined by the geolocation and season, which is not a steerable
factor; nutrient reduction requires long-term and basin-scale
co-operation and is not recommended to resolve odor problems in drinking water.
Surface water is usually occupied by bloom-forming
cyanobacteria with low CPA such as Microcystis, as explained
by the phytoplankton community succession model, while
MIB producers such as Planktothrix with high CPA tend to live
in subsurface/deep layers in the water column, as shown in
Fig. 4 (left). This niche specificity indicates that the underwater light availability that MIB producers can utilize is determined by their distance to the water surface (z), the extinction
coefficient of the water above them (k) and the light intensity
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and the light extinction coefficient of the given reservoir (k),
as shown in Eq. (2). On the basis of critical water depth (H∗ ),
the rule to minimize the growth potential of MIB-producing
cyanobacteria is to suppress growth in the high-risk area in

S(z)) – the shallow area where with water
the reservoir (
h<H∗

depth (h) less than the critical water depth (H∗ ). Therefore,
the reservoir bathymetry should be considered to determine
the optimum water level (Su et al., 2017). It was concluded in
our recent study (Su et al., 2017) that the recommended water level should be maintained higher than z∗ for a concaveshaped reservoir, and should be maintained lower than z∗ for a
convex-shaped reservoir. For example, the water level to minimize the risk of MIB occurrence in Miyun Reservoir should be
maintained at higher than 146.3 m (above sea level).

Fig. 4 – Control mechanism of MIB producers based on
underwater light intensity.

Table 1 – Underwater light intensity reduction rate on increasing water level by 10 cm.
Secchi depth
(m)

Extinction
coefficient (m − 1 )

Light reduction rate per
10 cm water level increase (%)

0.5
1
2
4
8

3.4
1.7
0.85
0.43
0.21

29
16
8.1
4.2
2.1

at the water surface (I0 ), according to the Lambert-Beer law
(Fig. 4, right). It thus indicates that the underwater light availability can be adjusted by increasing the distance between the
water surface and the layer where the cells stay (z). The strategy to optimize the water level for different kinds of reservoirs
was discussed in Su et al. (2017), and a schematic diagram was
shown in the graphic abstract.
According to our study, the underwater light intensity is reduced significantly as the water depth increases. About 2.1%
light reduction is obtained by increasing the water depth by
10 cm for water with 8.0 m Secchi depth; the reduction rate increases dramatically for more turbid water (Table 1) (Su et al.,
2017).
In order to control MIB producers, their minimum light requirements (I∗ ) should be determined. For example, our culture studies have identified the value for Planktothrix as 4.4
μmol/m2 /sec. Therefore, its growth can be suppressed if the
underwater light availability can be lowered to less than its
minimum light requirement.
For a specific reservoir, the optimum water level (z∗ ) can be
determined by Eqs. (2) and (3).
H∗ =

logI0 − logI∗
k

z∗ = argminz∈[zmin ,zmax ]

(2)


S(z)

(3)

h<H∗

The critical water depth (H∗ ) denotes the minimum water
depth to suppress the growth of a MIB-producing cyanobacteria, which is determined by the surface light intensity (I0 ), the
minimum light requirement of the targeted MIB producer (I∗ ),

5.
Prospects for future research directions on
MIB and MIB producers
Current studies have covered many aspects of MIB related
research from source identification to control approach in
source water; further development of implementable tools regarding fast monitoring, risk evaluation and control measures
are desirable.
MIB is mainly produced by filamentous cyanobacteria and
actinomycetes, identification and fast monitoring of MIB and
MIB producers are the basis of followed processes. A database
of MIB producers regarding their living organisms, taxonomy identification, habitat, temporal and spatial distribution,
molecular sequences is required. Subsequently, molecularbased approaches can be developed to fast track MIB related
information for laboratory detection and/or field application
(Devi et al., 2021), e.g., real-time qPCR can be used to detect the
MIB functional gene abundances based on mic gene or specified MIB-producing strains based on 16S gene and/or ITS sequences; high-throughput sequencing can be used to identify
the potential MIB producers, phytoplankton community successions.
Based on the database of MIB producers, the ecological
niche characteristics and MIB yield of each strain are required to construct models of MIB producers’ biomass and
odor risk. Temperature, nutrients have been well studied for
many strains, further studies can explore more on the influence from the underwater light and hydrodynamic. Since MIB
deduced odor problems have more impacts in drinking water
resources, the limnology and aquatic ecology in source water require more investigation and research. In addition, risk
evaluation is rather important for source water management,
and well-organized monitoring and data analysis are required
(Su et al., 2021).
On the basis of ecological niche of observed MIB-producing
strain(s), corresponding control measures can be developed,
e.g., if the underwater light is the key factor governing the
growth of MIB producer(s), adjusting water level or water turbidity can be the potential control measures; if the hydrodynamics is the key, then increasing the water flow velocity in
risk region can be considered. Meanwhile, applicable tools to
fast evaluate the potential control measures and optimize the
parameters are required in the future.
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