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INTRODUCTION

Identification and quantification of cyanobacteria in water resources is a 
basic component of cyanotoxin monitoring programmes to effectively allow 
early alerts of the type of toxins to expect as well as of bloom development. 
Further, data on concentrations of nutrients, that is, phosphorus and nitro-
gen, are valuable for assessing the potential for cyanobacteria to develop 
blooms (Chapter 4). Information on turbidity, waterbody mixing and flow 
rate supports this assessment. Methods for nutrient analysis have been 
extensively reviewed and internationally harmonised by the International 
Organization for Standardization (ISO). In contrast, approaches to iden-
tify and quantify cyanobacteria are very variable and can be undertaken 
at different levels of sophistication. Rapid and simple methods can be 
employed to analyse the composition of a sample at the taxonomic level 
of cyanobacterial genera rather than species. This is often sufficient for a 
preliminary assessment of potential hazard as well as for initial manage-
ment decisions. Further investigation may be necessary in order to quantify 
cyanobacteria, for example, to determine whether they are present above 
a threshold biomass level. Quantitative counting methods can give useful 
estimates of cell numbers and biovolumes with a counting effort of less than 
one hour per sample and sometimes within minutes. Bulk methods such 
as biomass estimation by chlorophyll-a analysis or fluorimetric methods 
can be very time-effective with only moderate equipment demands. More 
detailed taxonomic resolution and biomass analysis is necessary to predict 
cyanobacterial bloom development. Prediction of toxin production carries 
uncertainties since the dominant species in multispecific cyanobacterial 
blooms are not necessarily the toxin producers. Distinction between these 
approaches is important because management must decide how available 
staff hours are most effectively allocated. In many cases, the priority is 
likely to be the evaluation of a larger number of samples at a lower level of 
precision and taxonomic detail.

The choice of methods further requires informed consideration of sources 
of variability and error at each stage of the monitoring process, particu-
larly for sampling (see Chapter 12). Waterbodies with substantial temporal 
and spatial variation of cyanobacterial cell density may show variability 
of orders of magnitude in cyanobacterial biomass between samples taken 



13 Analysing cyanobacteria and water chemistry 691

within a few hours or within short distances. A highly accurate determi-
nation of biomass from singular weekly samples may not be adequate for 
the assessment of population size, while more useful information can be 
gained by investing the same effort into a less accurate evaluation of a larger 
 number of samples, either multiple samples per date or samples taken at a 
higher frequency. Efficiency can further be optimised by regular interlabo-
ratory calibrations of methods and their quality control as well as through 
testing the emerging new rapid molecular methods against the results of 
those obtained with accurate established methods.

This chapter describes methods for cyanobacterial identification and 
quantification at different levels of accuracy. Further, for determination of 
the key nutrients P and N, which control cyanobacterial biomass and spe-
cies composition, it gives a brief overview of the ISO methods and guidance 
on how to assess key hydrophysical conditions.

13.1  HANDLING AND STORAGE OF WATER SAMPLES

Decisions on the type of analyses required should be made prior to sample 
collection (see Chapter 12). However, this is not always possible, particu-
larly when a routine monitoring programme is not in place. Samples may 
therefore require immediate evaluation on arrival in the laboratory to deter-
mine if pretreatment is needed prior to appropriate sample storage.

Samples that have been taken for microscopic counting should ideally 
be preserved with Lugol’s iodine solution at the time of collection (section 
12.6). These samples will be relatively stable and no special storage condi-
tions are required, other than protection from extreme temperatures and 
light, for example, in a nontransparent box at room temperature, although 
storage at 4–6 °C is preferred. However, samples should be examined and 
counted as soon as possible because some types of phytoplankton are sensi-
tive to storage (Hawkins et al., 2005) and Lugol’s iodine solution is chemi-
cally reduced by organic matter in the sample over extended storage periods 
(usually within months, but faster in very dense samples), visible by fading 
of the brownish colour of the Lugol’s iodine solution. Therefore, a periodi-
cal visual check for loss of colour is recommended and add fresh Lugol’s 
solution if decoloration becomes apparent.

Unpreserved samples for quantitative microscopic analysis require imme-
diate attention in the laboratory either by the addition of preservative (e.g., 
Lugol’s solution) or by following instructions of alternative quantification 
methods which do not use preserved cells. Where unpreserved samples can-
not be analysed immediately, they should be stored in the dark at a tempera-
ture close to ambient field temperatures. Unpreserved samples are preferable 
for species identification because some characteristics cannot be recognised 
in preserved samples. For example, filaments of Aphanizomenon flosaquae 
aggregate to characteristic bundles, but preservatives tend to disintegrate 
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bundles, and the isolated filaments are more difficult to distinguish from 
other species and genera. While samples for quantification must be pre-
served immediately, to samples for identification generally no preservative 
is added and these should be analysed within approximately 24 h because 
quantitative changes are less important.

Samples for chlorophyll-a, dissolved phosphorus, nitrate, ammonium and 
molecular analyses should be filtered as soon as possible. Storage for a few 
hours in the dark in glass bottles is usually acceptable if temperatures do not 
exceed 20 °C. Filtration at the sampling site is recommended, particularly in 
warm climates, or filtration should occur immediately upon arrival in the 
laboratory. Filtered samples for nutrient analysis may be stored at 4–6 °C 
for a few hours prior to analysis, or frozen at −20 °C for several days, or at 
−80 °C for several weeks. If extended storage (weeks to months) of loaded 
filters is intended, the filters are preferably freeze-dried and stored at −20 °C 
to minimise the degradation of chlorophyll-a, for example. Samples col-
lected for RNA analysis or sequencing require immediate filtration and 
placement on dry ice until transferred to low-temperature freezer.

13.2  IDENTIFICATION OF CYANOBACTERIA

Microscopic examination of a bloom sample is very useful even when accu-
rate counting is not being carried out. The information on cyanobacterial 
taxa in a sample can provide an instant alert that cyanotoxins may be pres-
ent. This information can trigger the choice of the method for toxin analysis 
(see Chapter 14). Most cyanobacteria can be readily distinguished from 
other phytoplankton and particles under the microscope at a magnification 
of 100–400 times (see also Chapter 3).

However, organisms identified as belonging to a single species may be 
highly variable with respect to toxin content (see Chapter 4). Environmental 
populations of particular species generally consist of multiple genotypes 
that are not distinguishable based on morphological characteristics but with 
varying toxin contents. For the commonly occurring genera Microcystis, 
Planktothrix, Aphanizomenon, Raphidiopsis (Cylindrospermopsis) and 
Dolichospermum (Anabaena), identification on the genus level is often suf-
ficient to allow a prediction on the presence of particular types of toxins 
(Chapters 2–4). Moreover, microscopic analysis often does not allow the 
differentiation of individual species for several reasons, such as uncertain-
ties in the taxonomic scheme, absence of characteristic and stable morpho-
logical features or lack of experience. Preferably, identification results are 
then given at the genus level, for example, Aphanizomenon spp. (for “spe-
cies pluralis”: multiple species).

For establishing cyanobacterial identification in a laboratory, consul-
tation with experts on cyanobacterial identification is helpful. Training 
courses for beginners should focus on the genera and species relevant in the 
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region to be monitored. Experts can assist in initially deriving a list of these 
taxa and the criteria for their identification, and later by evaluating micro-
graphs of the typical cyanobacteria, provided microscopes equipped with 
a camera are available. In the course of further monitoring, experienced 
experts should be consulted periodically for quality control and for updat-
ing such a list. Last but not the least, continuity of individual staff, that is, 
long-term responsibility for identification and enumeration, is highly valu-
able to facilitate identification and to allow the recognition of shifts in taxo-
nomic composition.

Key morphological characteristics of cyanobacteria are described in 
Chapter 3, and Table 13.1 shows identification keys assisting in the deter-
mination of major cyanobacterial groups, genera and species.

13.3  QUANTIFICATION OF CYANOBACTERIA

Rapid methods for frequent monitoring of large numbers of waterbodies 
or sampling sites have been developed in some countries. These methods 
cannot be readily standardised and evaluated internationally, but can be 
adapted to regional or local conditions. Deciding on the appropriate classi-
fication of units to count depends upon variations such as whether prevalent 
taxa are filamentous, colony-forming or occur as single cells, and whether 
populations are very diverse or largely monospecific.

Cyanobacterial biomass can also be determined using indirect methods, 
the most common being the quantification of chlorophyll-a. The established 

Table 13.1  Compilation of taxonomic keys for various taxa of cyanobacteria

Reference Covered taxa

Anagnostidis & Komárek (1985) Major groups

Komárek & Anagnostidis (1986) “Chroococcales”
Komárek & Anagnostidis (2008)

Anagnostidis & Komárek (1988) “Oscillatoriales”
Komárek & Anagnostidis (2007)

Komárek & Anagnostidis (1989) “Nostocales”

Anagnostidis & Komárek (1990) “Stigonematales”

Komárek (2013) Heterocytous genera

Komárek (1991) Microcystis in Japan

Komárek (1996) Picocyanobacteria

Komárek (2003) Planktonic “Oscillatoreales”

Komárek (2010) Nostocaceae

Komárek & Cronberg (2001) African “Oscillatoreales” 
and “Chroococcales”

Komárek & Zapomělová (2007) Anabaena/Dolichospermum

Kaštovský et al. (2010) Invasive cyanobacteria
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methods (see section 13.5) are rapid and simple but also quantify chlorophyll-a 
from other phytoplankton; hence, it is best used when cyanobacteria are the 
main or dominant organisms present. Alternatively, submersible multiprobes 
measuring in vivo chlorophyll-a (Chl-a) fluorescence together with that of the 
pigment specific for cyanobacteria, that is, phycocyanin (PC), are increas-
ingly used (e.g., Ziegmann et al., 2010; McQuaid et al., 2011; Zamyadi et al., 
2012; Brentrup et al., 2016). Care should be taken to calibrate fluorimeters 
(by determining biovolume in selected samples; see section 13.3.2) since oth-
erwise phycoerythrin-rich species might be missed (Selmeczy et al., 2016).

Approaches to monitoring cyanobacterial blooms are reviewed in 
Srivastava et al. (2013). The procedures and techniques described in the 
following can be considered as classical approaches. Techniques supported 
by digital image analysis and computation are emerging and may facilitate 
the determination of cyanobacterial or, more general, plankton biomass in 
future (Benfield et al., 2007; Saccà, 2016; Zohary et al., 2016). Automated 
methods are not yet widely applied for planktological studies and monitor-
ing due to the complexity of the matter. A certain error in quantitative data 
on plankton biomass has to be accepted with any method (Saccà, 2017), 
although this error can be reduced by intercalibration exercises between 
laboratories and operators (Rott, 1981). Molecular methods can also be 
employed to quantitatively estimate total cyanobacterial biomass and toxi-
genic potential (see section 13.6).

13.3.1  Counting cyanobacterial cells

Microscopic counting of cyanobacterial cells, filaments or colonies has the 
advantage of directly assessing the abundance of potentially toxic taxa. Little 
equipment in addition to a microscope is required. The method may be rather 
time-consuming, ranging from a few minutes to several hours per sample, 
depending upon the accuracy required and the number of species to be differ-
entiated. Further, counting time depends to a large degree on personal expe-
rience, and therefore, staff continuity is highly desired (Vuorio et al., 2007).

The following begins by outlining precise and widely accepted counting 
procedures which are more time-consuming and require a moderate level of 
expertise, but serve as a benchmark to assess the performance of simplified 
methods which can be developed to suit specific requirements of a given 
sampling programme. More details can be found, for example, in Olenina 
et al. (2006) and Karlson et al. (2010).

13.3.1.1  Sample concentration by sedimentation 

or centrifugation

Direct counting of preserved cells is typically carried out by Utermöhl’s 
counting technique using a counting chamber and inverted microscope 
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(Utermöhl, 1958; CEN, 2006). This method is well suited for the assess-
ment of a large variation in cell morphologies and is widely accepted as 
reliable. Counting chambers and sedimentation tubes are commercially 
available or can be built in-house (see Figure 13.1). The most commonly 
used chambers have a diameter of 2.5 cm and a height of 0.5 cm and can 
be fitted on the stage of an inverted microscope. If larger volumes of water 
need to be analysed, as is the case when cell density is low, a sedimentation 
tube can be used to increase the volume. The water volume used for an 
individual counting depends on density of cells, counting technique (fields 
or transects, see below) and microscopic magnification. If cell densities 
were high like in bloom samples, even a few millilitres could contain too 
many cells for accurate counting, and sample dilution is needed. Optimally, 
10–30 items (cells, colonies, filaments) are present in an individual counting 
field. If less, search for cells in the view field consumes time, and if more, the 
investigator may get confused by the density and individual cells obscure 
each other, thus decreasing counting accuracy.

glass bottom

cover

water
sample

sedimentation
tube

sedimentation
(3-4 hours per cm
tube height)

cover glass support

(a)

(b)

(c)

Figure 13.1 P reparation of samples in a sediment chamber for counting plankton with an 
inverted microscope according to Utermöhl (1958). (a) The sedimentation 
cylinder is placed on the microscope slide and filled completely with the 
water sample; a cover is slid on the cylinder. (b) The plankton in the sample 
fixed with Lugol’s solution is allowed to sediment. (c) The sedimentation 
tube is pushed onto a support with a cover glass; the sample is ready for the 
counting procedure.
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Equipment
• Inverted microscope with 100-, 400- and preferably 1000-fold 

magnification
• Counting chamber with sedimentation tubes of variable lengths, that 

is, variable volumes
• Cyanobacterial identification keys and images
• Samples preserved in Lugol’s iodine solution (see section 11.3.1)

Procedure
 1. Allow the sample to equilibrate to room temperature. If cold samples 

are placed directly in the counting chamber, gas bubbles develop dis-
turbing sedimentation and interfere with visibility.

 2. Gently invert the bottle containing the sample several times to ensure 
homogenous mixing.

 3. Fill the sample into the sedimentation tube placed on the counting 
chamber.

 4. Place the counting chamber on a stable horizontal surface at dark 
place with stable temperature.

 5. Allow the sample to settle. Sedimentation time varies depending on 
the height of the sedimentation tube. Allow at least 3–4 h/cm height 
of liquid for samples preserved with Lugol’s iodine solution. For sam-
ples preserved with neutralised formalin, double the time allowed for 
sedimentation. Buoyant cells may not settle and require the disruption 
of the gas vacuoles (see below). However, this problem is frequently 
overcome by several days of storage with Lugol’s solution, through 
uptake of iodine into the cells.

 6. Phytoplankton density can now be determined by counting either the 
total number of organisms visible in the chamber or subsections (tran-
sects, fields) as shown in Figure 13.2.

If an inverted microscope is not available and samples with low cyanobacte-
rial density need to be counted, other techniques may be applied in order 
to concentrate samples sufficiently, most simply by sedimentation in a glass 
cylinder and careful removal of the supernatant. However, sedimentation 
in a glass cylinder or centrifugation generally yields less accurate counting 
results compared to the sedimentation/counting chambers described above 
and the latter should be preference whenever available.

Equipment
• Glass measuring cylinder, 100 mL
• Glass pipette with pipette bulb or filler
• Standard laboratory microscope with 10× and 40× objectives
• Sample preserved in Lugol’s iodine solution (section 11.3.1)
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counting chamber area

view field with scaled grid

f

counting
consecutive

grids in
transects or

counting full
view fields
at random

counting
objects within

or touching
the grid

„inclusion border“
of the counting grid

Figure 13.2 Q uantitative enumeration of cyanobacterial and plankton cells with 
Utermöhl technique. Cell counting is done either in multiple consecutive 
counting grids in the view field following the chamber’s transects or in full 
view fields that are randomly selected. In individual counting grids, two bor-
ders are defined as inclusion border. All cells touching these borders are 
included (dark grey), irrespective of the share of the cell lying within the 
grid. The opposite borders are defined as exclusion borders with all cells 
touching these lines to be excluded (light grey). For filaments in which indi-
vidual cells cannot be distinguished (f), only the share of the filament lying 
within the grid is measured and counted (dark grey); individual filaments 
may extend over multiple counting grids or view fields. The grid is moved 
forward to the next position for the grid’s width.

Procedure
 1. Allow the sample to equilibrate to room temperature.
 2. Gently invert the bottle containing the sample several times to ensure 

homogeneous mixing.
 3. Fill 100 mL of the sample into the measuring cylinder.
 4. Allow the sample to settle for an appropriate time (see above).
 5. Using the glass pipette, carefully remove the supernatant, leaving only 

the last 5 mL undisturbed.
 6. The sample has now been concentrated by a factor of 20 and can 

be counted using a counting chamber (e.g., Sedgewick-Rafter or 
haemocytometer).

Alternatively to sedimentation, centrifugation can offer a rapid and conve-
nient method of concentrating a sample (Ballantine, 1953). Fixation with 
Lugol’s iodine solution enhances the sedimentation. However, buoyant cells 
may still be difficult to pellet and may require the disruption of vacuoles 
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prior to centrifugation (see below). Once concentrated, a known volume can 
be quantified using a counting chamber or by counting a defined volume 
using a micropipette to place a drop on a microscope slide. Observation and 
counting can be done with a standard microscope.

Equipment
• Centrifuge
• Centrifuge tube, 10–20 mL
• Syringe or bottle with cork, or plastic bottle with screw cap
• Standard laboratory microscope with 10× and 40× objectives

Reagents
• Aluminium potassium sulphate, 1.0 g AlK(SO4)2·12H2O in 100 mL 

distilled water

Procedure
 1. Place 10–20 mL of sample in a centrifuge tube, seal with cap and cen-

trifuge at a minimum of 500 × g for 15 min.
 2. If pelleting needs to be enhanced, add 0.05 mL of aluminium potas-

sium sulphate solution per 10 mL of sample. Mix and centrifuge as 
described.

 3. If pelleting of buoyant cells wasn’t possible, try one of the following:
 i. Fill sample in a plastic syringe, ensure the end is tightly sealed, 

then apply pressure to the plunger.
 ii. Fill sample in a bottle with a tightly fitting cork, then bang the 

cork suddenly.
 iii. Fill sample in a well-sealed plastic bottle and drop it sharply onto 

a hard surface.
  Once subjected to this pressure shock, the gas vesicles should have 

been disrupted and cells should pellet when centrifuged.
 4. After centrifugation, carefully remove the supernatant and resuspend 

the pellet in a small known volume (e.g., 0.5 mL).
 5. Samples concentrated by centrifugation can be counted using a count-

ing grid or haemocytometer.

13.3.1.2  Quantification of cyanobacteria using 

an inverted microscope

A prerequisite to the counting of cyanobacteria (phytoplankton in general) 
is the definition of the units to be counted, that is, individual cells, filaments 
or colonies. Globally, the accuracy of quantitative determination depends 
on the number of counted objects (Rott et al., 2007), and the relative error 
is approximately indirectly proportional to the square root of the number 
of counted objects (see below for more details).
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The majority of bloom-forming, planktonic cyanobacteria form  filaments 
(e.g., Aphanizomenon spp., Dolichospermum spp., Planktothrix spp.) or 
 colonies (e.g., Microcystis spp., Merismopedia spp.) that consist of large 
 numbers of cells which are often difficult to be counted individually. Both 
filaments and  colonies can differ greatly in the number of cells per filament or 
colony,  respectively. Hence, results given as number of colonies or filaments, 
 respectively, per  volume of sample do not provide a reliable estimate of the den-
sity of  cyanobacterial cells or biomass in the sample (Alcántara et al., 2018).

Therefore, disintegration of colonies and subsequent counting of indi-
vidual cells is preferable to counting colonies and estimating colony size 
(Box,  1981). Disintegration of colonies sometimes occurs spontaneously 
several days after fixation with Lugol’s iodine solution. For more stable 
colonies, it can be achieved by heating at 80–90 °C for 15 min, paralleled 
by intensive mixing, or gentle ultrasonication may also help. These methods 
often separate cells very effectively, and even where colonies are not totally 
broken down into single cells, the colony size may be reduced sufficiently to 
allow individual cells to be counted. If these approaches failed, the volume 
of individual colonies could be determined as an estimate of cell density. If 
colonies were relatively uniform in size, the average number of cells per col-
ony may be determined and used to transform colony numbers to cell num-
bers (Hötzel & Croome, 1999). The use of published values for numbers 
per colony is not recommended because the size of colonies varies greatly.

For filamentous species, a good estimate of cell numbers is calculated 
from the number of filaments multiplied by the average number of cells per 
filament. For the latter, the cells per filament are counted for the first 30 
filaments encountered and then averaged. A caveat is that cell boundaries 
may be poorly visible in the microscope or that the average number of cells 
per filament is very variable, or both. In this case, it may be preferable to 
measure the length of a number of filaments to compute the average fila-
ment length to be used for calculations of biovolume or for estimates of cell 
number by dividing filament length through average cell length. The most 
precise approach is to measure the length of the part of the filament within 
the counting grid or boundaries of the transect (Figure 13.2). Other meth-
ods for the quantification of filamentous algae and (cyano)bacteria have 
been proposed by Burnham et al. (1973) and Ramberg (1988).

Most counting approaches aim at counting only parts of the entire sample 
(i.e., the entire area or parts of the sediment chamber) and then extrapolate 
to the volume of the entire sample (Catherine et al., 2017). The most com-
mon methods are as follows:

• total area counting, that is, the counting of all cells in the sediment 
chamber. For most samples, this is very time-consuming and it is usu-
ally only applied to the counting of large units like colonies at low 
magnification;
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• counting of cells in transects from one edge of the chamber to the 
other, generally one vertical and one horizontal transect, pass-
ing through the centre of the chamber. Some inverted microscopes 
are equipped with special oculars so that the transect width can be 
adjusted as required. Alternatively, the horizontal or vertical sides 
of a simple counting grid can be used to indicate the margin of the 
transect. Extrapolation to the total sample requires measuring of the 
width of the transects and the diameter of the chamber or the counted 
total area, respectively, to calculate the area counted in proportion to 
the total area of the chamber bottom;

• counting of cells in randomly selected view fields. It is recommended 
that moving to consecutive view fields should be done without looking 
through the microscope to prevent a bias through subjective selection 
of fields. The view field area covered by a counting grid is usually 
considered as one field. However, if no counting grid is available, the 
total spherical view field can be considered as a single field. For an 
extrapolation to the total sample, the number of counted view fields, 
the area of a view field and the total area of the chamber are needed:

A
N c= × C

i i
m A × F  

with Ni: number of cells of species i in the sample
ci: counts for species i
AC: total area of the chamber bottom [in mm2]
AF: area of a view field [in mm2]
m: number of counted view fields.
In a final step, the total number of cells is divided through the initial vol-

ume of the sample to yield cell densities in the sample.

C
Di = i

 
V s  

with Di: density of species i in cells per litre
Vs: volume of sample [in L].
The density of different species in a sample can vary considerably for 

orders of magnitude, and there can also be difference in volume of indi-
vidual species spanning orders of magnitude. It is therefore necessary to 
adopt the counting scheme for individual samples.

Total chamber area counting with low magnification (100×) is suitable 
for large cells or multicellular units, whereas transect or field counting with 
higher magnification (200×, 400×) is used for single cells or small units. 
Counting using transects or view fields assumes a homogeneous distribution 
of sedimented cells on the chamber’s bottom. However, due to convection 
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currents in the chamber, cells very rarely settle evenly on the bottom glass 
but often are found in higher densities in the centre and towards the bor-
ders of the chamber (Salmaso et al., 2017). Occasionally, density also varies 
between opposite borders of the chamber. Inhomogeneities can be mini-
mised by stable ambient conditions during the sedimentation procedure, in 
particular by stable temperatures. Fortunately, transect counting of perpen-
dicular diameters minimises the error and is hence the preferred method.

The accuracy of the counting increases with the ratio of counted to total 
area. But instead of counting the total area for each sample, a trade-off 
between time spent on counting and accuracy is to be made. The relation 
of accuracy to counting time is very effective when at least 100 units (cells, 
colonies, filaments) of a target taxon are counted (for simplification, see 
Box 13.1). In this case, the counting error is estimated at 20%, while for 
reducing the error to 10%, 400 units need to be counted (Lund et al., 1958). 
These percentages should be considered when deciding about the number of 
units of target species to be counted.

BOX 13.1: SIMPLIFICATION FOR BIOMASS ESTIMATES

With some experience and a flexible approach, the time needed for counting 

of cells and measuring cell dimensions can be considerably reduced without 

substantial loss of accuracy by applying the following procedures:

• If the difference in counts of dominant species in two perpendicular 

transects is less than 20%, no further transects need to be counted. 

• If the relative standard deviation (standard deviation divided by the 

mean) of cell dimensions measured on 10 cells is less than 20%, no 

further cells need to be measured.

• If a set of samples from the same waterbody and only slightly differing 

sites (e.g., vertical or horizontal profiles, time series) is analysed, count 

all samples, but measure cell dimensions only in one. Visually estimate 

whether the size deviation of cells of the same species in other samples 

is not more than about 30% from the established average. 

Objects often occur on the border of a view field, and it needs to be 
decided whether to count them or not. One simple solution is to ignore 
objects that touch left border while counting those that touch the right 
border or vice versa.

There are different recommendations regarding the number of units per 
species that must be counted to obtain sufficiently accurate data (Edler 
& Elbrächter, 2010; Karlson et al., 2010). As stated above, counting 100 
units per taxon generally gives acceptable data. Yet, in natural plankton 
 communities, several tens of taxa are normally present, of which only a 
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small number makes up a large share of total cells. For these dominant taxa, 
fairly accurate counting can be rapidly achieved, while for subdominant 
or rare taxa, this may not be achieved or is very time-consuming. Unless 
subdominant or rare taxa are considered important for hazard assessment, 
counting of 400–800 units in total has been found to yield globally accept-
able results with a total overall error of some 10%, an error of 10–20% for 
the dominant species and an error of 20–60% for subdominant species, 
respectively (Vuorio et al., 2007). For rare species (e.g., less than 10 counts 
out of 400), reliable cell density data can be derived only by increasing the 
number of counted view fields. In case of larger cells, the entire bottom area 
of the chamber may be counted at a lower magnification. If only cyanobac-
teria are to be counted, and only one or two taxa are present, counting with 
an error below 10% can be achieved within less than one hour by counting 
400 individual units per taxon.

The use of mechanical or electronic counters for recording cell counts 
can shorten counting time considerably, especially if only a few taxa are 
counted. Computer keyboards can also be used together with suitable pro-
grammes for recording cell counts.

The use of an inverted microscope with counting chambers is generally the 
best approach for estimating cyanobacterial numbers. However, a standard 
microscope is sufficient for preconcentrated samples or for naturally dense 
samples from mass developments, provided the volume of the counted sample 
can be precisely defined, for example, by using a micropipette. Other counting 
chambers (e.g., Sedgewick-Rafter or haemocytometer) are available for use 
with a standard microscope. It can also be useful to monitor samples under 
high magnification with oil immersion (1000×) to check the sample for the 
presence of very small cells, which may be overlooked during normal counting.

13.3.1.3  Quantification of cyanobacteria using 

a standard microscope

An alternative counting method which has been found to be useful is syringe 
filtration. This method is considerably less time-consuming because it does 
not depend on lengthy sedimentation times and uses a standard labora-
tory microscope. However, the results generally are less accurate because 
the recognition of cells on the membrane is hampered considerably by the 
opaqueness of the membrane filter.

Equipment
• Syringe, 10 mL
• Membrane filters, 13 mm diameter with 0.45 m pore size
• Membrane filter holder adaptable to syringe (generally, a Luer 

connection)
• Glass microscope slides and cover glass
• Standard laboratory microscope with 100× and 400× magnification
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Reagents
• Immersion oil

Procedure
 1. Gently mix sample by inverting several times.
 2. Take up a defined volume of sample into the syringe. The volume is to 

be adjusted to the estimated cell density in the sample. Ten millilitres 
is a good starting point for most samples.

 3. Connect filter holder with filter to the syringe.
 4. Pass the sample through the filter, but avoid heavy pressure. When the 

filter is clogged, repeat from step 1 with a smaller volume.
 5. Once the complete sample volume has passed through the filter, 

remove the filter from the holder and place it on a glass microscope 
slide with the surface with the captured cells facing upwards.

 6. Allow the filter to dry at room temperature, then carefully add one 
or two drops of immersion oil to the filter. The oil will make the fil-
ter appear transparent and permit observation of the plankton cells 
trapped on its surface.

 7. Finally, cover the filter surface with a cover glass and examine under 
the microscope.

 8. The density of cyanobacteria can be easily calculated from counts of 
cells on the filter (or part of it), the total area of the filter and the vol-
ume of sample filtered.

13.3.2  Estimation of cyanobacterial biomass 
by microscopy

For estimation of toxin concentrations, cell numbers may be only of limited 
value as cell size varies considerably between and within species. Hence, an 
estimate of biomass is a better parameter to assess potential toxicity. Two 
principle approaches are available: estimating biomass from cell counts and 
average cell volumes, or chemical analysis of pigment content.

13.3.1.4  Cyanobacterial counts and cell volumes

Biovolume can be obtained from cell counts by determining the average cell 
volume for each taxon or unit counted and then multiplying this value by 
the cell counts in the sample. While by assuming a specific weight of ca. 1 
mg/mm3 (= 1 g/cm3; wet weight) for planktonic cells, the biovolume can be 
transformed to (fresh) biomass, giving results as biovolume avoids errors 
of this assumption and has become widely accepted. Average cell volumes 
are determined by assuming idealised geometric shapes for individual 
taxa like regular spheres for Microcystis cells and elongated cylinders for 
 filaments of Planktothrix. Measuring the relevant  geometric dimensions of 
10–30 cells (depending upon variability) of each taxon allows computing 



704 Toxic Cyanobacteria in Water

of the corresponding average volume (Hillebrand et al., 1999; CEN, 2015). 
This is best done with the aid of a spreadsheet in which the computing 
steps have already been defined based on general formulae (Table 13.2). 
Cyanobacteria have fairly simple geometric shapes (in contrast to some 

Table 13.2  Biovolume calculation for common shapes of cyanobacterial cells

Exemplary 
dimensions Biovolume 

Shape Taxon Formula in μm in μm³

Sphere Aphanocapsa V = π/6 × d3 d = 0.8 0.27

Chroococcus d = 2 4.2

Synechococcus d = 3 14

Microcystis d = 4 34

Microcystis d = 5 65

Microcystis d = 6 113

Prolate
Spheroid
(rotational
ellipsoid)

Aphanothece 
(cell)

Radiocystis (cell)

Dolichospermum 
(cell)

V = π/6 × d2 × h d = 1.2, h = 2.5

d = 3, h = 4

d = 4, h = 6

1.9

19

50

Dolichospermum 
(cell)

d = 5, h = 7 92

Dolichospermum 
(filament)

V = π/6 × d2 × h × n d = 3, h = 4, n = 80 942

Dolichospermum 
(filament)

d = 4, h = 6, n = 50 3770

Cylinder Limnothrix (cell) V = π/4 × d2 × h d = 2.5, h = 10 49

Planktothrix 
(cell)

d = 5, h = 5 98

Planktothrix 
(cell)

d = 8, h = 5 251

Moorea (cell) d = 20, h = 3 942

Planktothrix 
(filament)

V = π/4 × d2 × l d = 5, l = 300 5890

Planktothrix 
(filament)

d = 8, l = 450 22 619

Moorea 
(filament)

d = 20, l = 1500 471 238

d

d
h

d

h

For more complex shapes, see Hillebrand et al. (1999) and Napiórkowska-Krzebietke & Kobos (2016). 
The volumes presented here as examples should not be used for biovolume estimates in real samples. 
For samples to be analysed, the cell dimensions of encountered taxa have to be measured for biovol-
ume calculations.

V: volume; d: cell diameter; h: cell height; l: filament length; n: number of cells in filament.
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diatoms, Desmidiaceae or dinoflagellates, the shape of which needs to be 
approximate by combinations of simple shapes such as cylinders, cones and 
ellipsoids (Padisák & Adrian, 1999; Napiórkowska-Krzebietke & Kobos, 
2016)). Table 13.2 gives exemplary shapes, dimensions and biovolumes of 
cyanobacteria. From the numbers in the table, it is evident that cell dimen-
sions need to be determined as accurately as possible to minimise the error 
of biovolume estimates. Linear dimensions such as cell diameter and cell 
volume are related by a cubic function, and therefore, a measurement error 
of cell diameter of 25% (e.g., 5 versus 4 μm cell diameter) results in an 
error of 95% in biovolume. In consequence, while using mean cell volumes 
from literature, compiled from other waterbodies (e.g., as given in Kremer 
et al., 2014), provides more meaningful data than mere cell counts, the 
accurate measurement of cells in samples from the waterbody under study 
is more accurate.

Example 1: By measuring 20 Microcystis cells, an average diameter of 
5 μm was established. Assuming spherical-shaped cells, the average cell 
volume is π/6 × 53 μm3 = 65.4 μm3. Counting resulted in 100 000 cells 
per mL, and thus, the total biovolume is 65 × 105 μm3/mL = 6.5 × 109 
μm3/L = 6.5 mm3/L.

Example 2: Measuring 30 Planktothrix filaments resulted in an average 
length of L = 225 μm and an average diameter of 6 μm. Assuming 
cylindrical filaments, the average filament volume is π/4 × 62 × 225 
μm3 = 6362 μm3. Enumeration resulted in 1000 filaments per mL. 
Thus, the biovolume of Planktothrix was 6362 × 103 μm3/mL = 6.4 × 109 
μm3/L = 6.4 mm3/L.

Thus, although the number of Planktothrix filaments was 100-fold less 
than that of Microcystis cells, biovolumes were similar. Both species often 
contain microcystins, and it is possible to compare the relative toxin con-
tent per biovolume or biomass, whereas there is little point in comparing 
toxin content in relation to the cell or filament counts, respectively.

The pigment chlorophyll-a generally contributes 0.5–1% of fresh weight of 
phytoplankton organisms (Kasprzak et al., 2008). Although the pigment 
content may vary depending on the physiological state of the organisms (see 
section 4.6.5), chlorophyll-a is a widely used and accepted measure of total 
phytoplankton biomass. It is an especially useful measure during cyanobac-
terial blooms, when the phytoplankton mainly consists of cyanobacteria, 
often of only one or a few taxa.

13.4  ESTIMATION OF PHYTOPLANKTON BIOMASS 
USING CHLOROPHYLL-a ANALYSIS
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In modern laboratories, the analysis of chlorophyll and other pigments 
(carotenoids) is often done by HPLC (Bidigare et al., 2005). A number of 
methods have been described, and it is beyond the scope of this book to review 
these. In general, HPLC is the most accurate method for pigment analysis but 
much more expensive than the photometric approach described below. For 
most surveillance and monitoring practices, the latter is accurate and specific 
enough. Nevertheless, occasional parallel analysis of a single sample by HPLC 
and photometry is valuable to estimate the accuracy of the data.

Photometric analysis of chlorophyll-a requires relatively simple laboratory 
equipment, principally a filtration device, a centrifuge and a spectrophotom-
eter. It is considerably less time-consuming than microscopic biomass deter-
mination but less specific. Standard protocols are available (e.g., ISO, 1992), 
but methods vary somewhat between laboratories. The main steps in most 
methods are essentially the same: solvent extraction of chlorophyll-a, deter-
mination of the concentration of the pigment by spectrophotometry and cor-
rection for pheophytin a, a degradation product of chlorophyll-a. The need 
for the latter, however, has been disputed (Stich & Brinker, 2005). Especially 
when chlorophyll-a concentrations are low, the correction for pheophytin a 
may introduce a bias and underestimate chlorophyll-a concentrations (or even 
lead to calculated negative concentrations). In case a correction for pheophytin 
a is not performed, the reported values should be declared as “chlorophyll-a 
not corrected for pheophytin a” or as “chlorophyll-a including pheophytin a”.

A simple method following the ISO procedure involving an extraction step 
with 90% aqueous ethanol (Sartory & Grobbelaar, 1984), for the determina-
tion of chlorophyll-a in a field sample, is outlined here. Notably, extraction 
in 90% acetone instead of 90% ethanol according to Strickland & Parsons 
(1972) is applied in some studies.

Equipment
• Spectrophotometer suitable for readings up to 750 nm, or photometer 

with discrete wavelengths at 665 and 750 nm
• Glass cuvettes, typically of 1 cm path length, or 5 cm for expected very 

low concentrations
• Centrifuge
• 15-mL centrifuge tubes, graduated and with screw caps
• Water bath at 75 °C or other heating device for heating ethanol
• Glass fibre filters, ca. 50 mm diameter, fitting to the filtration apparatus
• Filtration apparatus and vacuum pump
• Tissue homogeniser or ultrasonication device
• Pipette or similar for the addition of acid

Reagents
• 90% aqueous ethanol
• 1 M hydrochloric acid
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Procedure
Perform the following steps in low intensity of indirect light because light 

induces a rapid degradation of chlorophyll.

 1. Filter a defined volume of water through a glass fibre filter as soon 
as possible and store the filter with the loaded face folded on itself in 
individual, labelled bags or tubes. If extraction cannot be performed 
immediately, filters should be stored −20 °C or better at −80 °C. For 
extended storage, freeze-drying of samples is strongly recommended 
to avoid degradation. Alternatively to freezing, samples can be stored 
in the extraction solvent (see below) for up to 4 days in the refrigerator.

 2. Place the filter in a tissue homogeniser, add 2–3 mL of boiling ethanol 
(working with effective ventilation, preferably using a fume cupboard) 
and homogenise until the filter has been completely disintegrated. 
Samples can also be homogenised by ultrasonication or manual grind-
ing using mortar and pestle. Pour the sample sludge into a centrifuge 
tube, rinse out the grinding tube with another 2 mL ethanol and add 
this to the centrifuge tube. Repeat this step. Make up to a total of 
10 mL in the centrifuge tube with 90% ethanol. Seal the tube, label 
and store in darkness at approximately 20 °C for 24–48 h.

 3. Centrifuge for 15 min at 3000–5000 g to clarify samples. Decant the 
clear supernatant into a clean vessel and record the volume.

 4. Blank spectrophotometer with 90% ethanol over the wavelength range 
of 650–800 nm.

 5. Transfer a volume of clear sample to the cuvette and record absorbance 
at 750 nm and 665 nm [readings A(750a) and A(665a)]. Absorbance 
(A) at 665 nm should range between 0.1 and 0.8. If higher, the sample 
should be diluted with 90% ethanol; if lower, a cuvette with a longer 
optical path should be used.

 6. If correction for pheophytin was desired, add 30 μL of 1 M HCl per 
mL of sample volume in cuvette and agitate gently for 1 min. Record 
absorbance at 750 nm and 665 nm [readings A(750b) and A(665b)].

Calculation
 1. Correct for turbidity: A(665a) – A(750a) = A(665a, corrected) and 

A(665b) – A(750b) = A(665b, corrected)
 2. The concentrations of chlorophyll-a and pheophytin a are calculated:

29.62
=

( )A( )665a, corrected − ×A(665b, corrected) Ve
chlorophyll a μg/L

V l× s

20.73 A( )665b, corrected × Ve
pheophytin a =

( )
μg/L

 Vs × l
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with: Ve = volume of ethanol extract in mL
Vs = volume of water sample in L

l = path length of cuvette in cm.
Simplifications of the procedure may be applied. If no centrifuge for vol-
umes of 10 mL is available, filtration may be used instead. In case neither 
tissue homogeniser nor ultrasonication device nor mortar and pestle are 
available, proceed without the homogenisation step. Underestimations of 
chlorophyll-a concentrations may occur, but for cyanobacteria, these are 
not likely to be substantial. Other solvents – N, N-dimethylformamide, 
dimethyl sulfoxide and acetone – have also been used for extraction 
(Speziale et al., 1984), but ethanol has the advantage of being less toxic and 
compatible with polymeric materials (Ritchie, 2006).

13.5  PHYTOPLANKTON AND CYANOBACTERIA  

QUANTIFICATION BY FLUORESCENCE  

ANALYSIS

As cyanobacterial biomass and community composition is highly incon-
stant in space and time, a quantification approach that is able to follow this 
variability is valuable. Standard method for phytoplankton quantification 
is based on the microscopic analyses of samples processed in the laboratory, 
complemented by chlorophyll-a analysis by spectrophotometer or spectro-
fluorimeter. Such results are based on the discrete sampling of individual 
localities at certain time and horizons. Equipment used in this type of moni-
toring is relatively cheap and has an acceptable sensitivity, but the analytical 
results are available only with a delay of hours or days and, depending on 
the frequency of sampling, by discrete sampling potential threats due to 
high cyanobacterial abundance can be missed such as short-lived surface 
blooms of cyanobacteria or the fast and rapid shifts of water quality due to 
quick hydrological or meteorological changes.

Advanced methods for phytoplankton quantification could be able to 
describe the variability, permanent changes and displacement of phyto-
plankton biomass and the spatial (vertical and horizontal) and temporal 
variability in a waterbody with the sensitivity and information frequency 
sufficient for the water management (raw water takeoff), or ecological 
understanding (developments and dynamic of phytoplankton assemblages).

Advanced methods for phytoplankton quantification include the following:

• remote sensing and satellite imagery based on radiometry (AVHRR – 
Advanced Very High-Resolution Radiometer, hyperspectral landscape 
imaging, etc. (Kahru & Brown, 1997));

• airborne- and satellite-based optical remote sensing including hyper-
spectral phytoplankton imaging, etc. (see section 11.10);
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• optical in situ methods (in situ flow cytometry, analytical flow 
 cytometry etc);

• In situ and online fluorescence quantification of dominant phyto-
plankton pigments including – automatic high-frequency monitoring 
(AHFM) systems.

While radiometry (AVHRR) was used for the water quality monitoring 
already 20 years ago (Kahru & Brown, 1997), the MODIS (Moderate 
Resolution Imaging Spectroradiometer) uses more and more detailed coef-
ficients for correction of variabilities in the satellite phytoplankton quanti-
fication at the present time (Sayers et al., 2016). Airborne (airplane, drone 
etc.) remote sensing is based mostly on optical methods like hyperspec-
tral imaging. This technology has recently been adopted for the advanced 
quantification of phytoplankton, including the correction for reflectance or 
humidity (Wang et al., 2016; Wolanin et al., 2016).

Besides monitoring of phytoplankton, remote sensing can be used to 
assess other properties of water ecosystems (see also section 11.10). For 
example, laser scanning can be used for bathymetry of shallow waters 
(Fernandez-Diaz et al., 2014) or for mapping sediments disposal (Montreuil 
et al., 2014). Hyperspectral data can be used for depth estimation in shal-
low waters (Ma et al., 2014), suspended inorganic particles (Giardino et al., 
2015) or dissolved organic matter (Zhu et al., 2013). All these parameters 
are highly relevant for water quality monitoring; however, the objective 
of this chapter is to demonstrate possibilities of fluorescence and imaging 
spectroscopy to assess phytoplankton and cyanobacterial blooms by mea-
suring concentrations of photosynthetical pigments.

The majority of real-time technologies employed for cyanobacterial 
management are based on fluorescence of pigments (Zamyadi et al., 2016). 
Each of the fluorescent pigments present in cyanobacterial or generally in 
algal cells, respectively, has a specific excitation and emission spectrum 
(see Table 13.3). chlorophyll-a is a photosynthetic pigment present in all 
species of phytoplankton, including eukaryotic (algae) and prokaryotic 
organisms (cyanobacteria), and thus, it is a good and commonly used indi-
rect marker of the total phytoplankton biomass. Standard methods of its 

Table 13.3  Excitation and emission maxima of dominant pigments and their general 
distribution among particular phytoplankton groups

Pigment Group Excitation (nm) Emission (nm)

chlorophyll-a Green algae, 440 685

Chlorophyll-c Cryptophyceae 460 685

Carotenoids Diatoms, Chrysophyceae 500–550 685

Phycoerythrin Cryptophyceae, Cyanobacteria 560–585 590, 620, 685

Phycocyanin Cyanobacteria 610–620 645, 685
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quantification are based on the extraction of the pigment into an organic 
solvent and subsequent determination by spectrophotometry (Richards & 
Thompson, 1952), fluorimetry (Holm-Hansen et al., 1965) or chromatog-
raphy (Jacobsen, 1978; Otsuki & Takamura, 1987). These methods have 
been routinely used for decades, but they are time-consuming and require a 
standard sampling, transport to the laboratory and immediate processing, 
as well as an experienced analyst. Furthermore, all steps of the process from 
water sampling to the final photometric determination of the chlorophyll-a 
content can be a source of variability. Other disadvantage is a compara-
tively large volume of sample needed and thus a limitation with respect to 
the number of samples taken and the possible changes during the sample 
transport and storage, namely, degradation.

One of the key characteristics of chlorophyll-a is its fluorescence. 
Photosystem II (PS II), which is mainly responsible for the chlorophyll 
fluorescence, consists of peripheral and core antenna. The first contains a 
species-dependent pigment absorbing quantum of light, the latter an evo-
lutionary conserved molecule of chlorophyll-a (Beutler et al., 2002). Most 
of the energy transferred from the peripheral antenna to the core is used 
for photochemistry and thermal decay and several percent for fluorescence 
by emitting light at wavelength around 685 nm (red light). Measurement 
of this light serves as a tool for the in vivo determination of chlorophyll-a. 
Fluorescence of chlorophyll-a also enables its determination in the field 
studies, directly in the water column. Connecting the fluorimeter in con-
tinuous or stop flow mode to the pumping system, which brings water to 
the measuring cell of the fluorimeter, is one of the possibilities of the online 
monitoring of chlorophyll-a (Pinto et al., 2001; Odate et al., 2002; Goddard 
et al., 2005). The phytoplankton can be measured directly in the water 
column, and there is evidence from several studies that data are similar to 
those gained by standard microscopic analyses or chlorophyll-a quantifica-
tion after solvent extraction and spectrophotometric analysis (Gregor & 
Maršálek, 2004; Gregor et al., 2005; Izydorczyk et al., 2005; Gregor et al., 
2007). Estimation of cyanobacterial biomass or cell density is possible by 
measuring phycocyanin (PC) fluorescence (Figure 13.3).

Asai et al. (2001) presented a sensor with two fluorescence channels – the 
first one for detecting chlorophyll-a of eukaryotic algae (excitation 440 nm, 
emission 680 nm) and the second one for detecting the cyanobacteria-spe-
cific PC (excitation 620 nm, emission 645 nm). An in situ fluorimeter with 
three excitation bands and detection of emission from 546 to 733 nm was 
also designed (Desiderio et al., 1997). In situ fluorimeters include devices 
measuring each sample individually, with continuous circulation of water 
samples (flow-through) or with submersible probes. Submersible probes for 
detecting only chlorophyll-a, a combination of sensors for the detection 
of chlorophyll and phycocyanin (PC), or more phytoplankton classes are 
commercially available from manufacturers around the globe. They contain 
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diodes emitting light of defined wavelength bands for excitation of pig-
ments and the response is measured as the fluorescence. These instruments 
are usually connected to a computer for operation and data storage. This 
design allows submersion of the probe to a defined depth, limited only by 
the cable length.

Submersible in situ fluorimeters are suited for online and real-time moni-
toring of spatiotemporal dynamics of cyanobacterial populations, for exam-
ple, at raw water offtake sites for drinking-water production. They have 
acceptable sensitivity and are suitable for differentiation between algae and 
cyanobacteria (Zamyadi et al., 2016). When used for real-time management 
purposes, it is crucial that devices are well maintained, especially the regu-
lar cleaning of optical sensors is critical or the control of automatic clean-
ing system, respectively. Further, fluorescence measurements in a particular 
waterbody are preferably calibrated against other parameters of phyto-
plankton or cyanobacterial biomass, for example, cell counts (Figure 13.4).

Submersible fluorimeters are not suitable for species identification or assess-
ment of the physiological status. The most important sources of variability of 
in situ measurements are interferences with weather (wind, sunshine), water 
turbidity, temperature, cyanobacterial morphology (colony, filaments, pico-
cyanobacteria) and sensor types (Hodges et al., 2018). It is known that data 
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produced by these devices in dense cyanobacterial blooms may underestimate 
the real situation and should be corrected (Silva et al., 2016). Another param-
eter which was studied is optical interaction of algae and cyanobacteria in 
phytoplankton. The optimal correction method can be selected for each fluo-
rimeter and cyanobacteria species pairs by validating against data from the 
investigation of green algae as an interference source (Choo et al., 2019).

Some general discrepancies can be found when comparing submersible 
fluoroprobes, spectrophotometric chlorophyll-a quantification and cell 
counts, even when the same or similar species are analysed. The probable 
explanation is a varying level of pigments among species and within species 
at different phases of growth. Other potential sources of variability include 
different sampling strategies (continuous and online measurement versus dis-
crete sampling), sample treatment and mode of transport to the laboratory. 
Another source of the differences between results was observed where pico-
cyanobacteria are present and less experienced and skilled laboratory staff 
overlooks their presence, but fluorescence probes takes them into account.

Submersible devices usually measure in a continuous mode; that is, they 
enable data to be obtained from the whole water column in a much shorter 
time compared to discrete sampling. This is especially useful when phyto-
plankton organisms occur in a narrow horizontal layer like Planktothrix 
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rubescens in the metalimnion (see Chapters 4, 8 and 11) or to monitor the 
development of surface blooms at critical sites. In these cases, conventional 
methods based on discrete samples with the inherent lag time may miss 
ephemeral risks from cyanotoxins.

13.5.1  Recent advances and future direction 
in the phytoplankton and cyanobacteria 
quantification by fluorescence analysis

Cyanobacterial blooms that show a high and dynamic variability in time, 
space and abundance can be efficiently monitored by advanced fluorescence 
probe technology, which has become far more advanced in recent years 
with specific light-emitting diodes (LEDs) and optical filters. However, 
recent widespread application of in situ fluorimetric probes by both sci-
entists and water managers has led to recognition of interferences, sources 
of variability and difficulties in comparison with the results. One common 
problem of in situ and online monitoring by fluorescence and optical sen-
sors is biofouling. That is why the regular and preferably automatic clean-
ing of probes is extremely important.

Automatic high frequency monitoring (AHFM) systems are an impor-
tant recent development which has increased not only the measurement 
frequency, but also the number of variables being monitored in waterbod-
ies. Broad spectrum of sensors can be used on demand according to the 
monitoring purposes, like the ion-selective electrodes, UV absorbance, fluo-
rescence and biochip probes (Marce et al., 2016). While full automation is 
already possible for probes based on optical properties (absorbance and 
fluorescence), this is still difficult for ion-selective electrodes and biochips. 
Main challenges are low limits of detection required for micropollutants 
and sensor maintenance requirements.

We can expect the combination of approaches for phytoplankton quanti-
fication in the near future. An approach useful in practice is to use submers-
ible fluorescence probes for quantification of phytoplankton biomass based 
on AHFM systems in combination with hyperspectral or selective spectral 
cameras operated from airplanes or drones, which can describe the spa-
tial variability of cyanobacterial biomass in waterbodies. As the data from 
AHFM systems are used by a number of institutions, calibration, validation 
and corrective coefficients for data comparison are particularly important 
(Bertani et al. 2017).

Further, new simple models of fluorometers for the quantification of algae 
and cyanobacteria using widely available devices like smart phones have been 
proposed (Friedrichs et al., 2017). Once calibration and variability in fluores-
cence signals are mastered, respective adapters can become effective tools.

New compact multiwavelength fluorimeters with modular design are 
highly versatile and flexible monitoring tools. Detection modules for green 
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algae, cyanobacteria and dinophytes allow the continuous identification 
and quantification of the major relevant algal groups based on their spectral 
characteristics with a detection limit of 10 cells/L (Zieger et al., 2018). The 
sensitivity of most types of submersible fluorescence probes is equivalent to 
1000–2000 cells/mL, which is acceptable for general monitoring. For sen-
sors installed for in situ monitoring, biofouling is one of the most important 
sources of variability requiring a regular and thorough maintenance and 
verification. A disadvantage of several devices is that no correction on the 
turbidity is performed, which may be important in natural conditions.

There is new information highlighting the potential for multiparameter 
monitoring via fluorescence spectroscopy; fluorescence spectra can predict 
both microcystin-LR occurrence and disinfection by-products formation 
potential in the waterbody (Brophy et al., 2018).

An overview of new devices for in situ fluorescence phytoplankton quan-
tification and discrimination, including the limitation and interference fac-
tors, is given by Bertone et al. (2018).

13.6  MONITORING TOXIGENIC CYANOBACTERIA 

BY MOLECULAR METHODS

Molecular methods have significantly increased our understanding on the 
distribution of genes involved in the production of toxins within the phylum 
cyanobacteria (see Sivonen & Börner, 2008 and Dittmann et al., 2013). 
This subchapter introduces the molecular detection of toxigenic cyanobac-
teria not only in surface waters such as lakes, rivers and drinking-water 
reservoirs but also in food supplements. Genetic methods are only able to 
indicate the potential of toxin synthesis and do not provide information 
about actual toxin production and concentrations. Nevertheless, applica-
tions in monitoring include early warning of the toxin-producing potential 
of a developing bloom and allow the identification of the toxin-producing 
taxa in mixed field populations of cyanobacteria. They also allow tracing 
the development of the genotype composition of a taxon, that is, whether 
the fraction of toxin-producing genotypes changes over time. Moreover, 
these methods allow high-throughput sample analysis.

This section provides an overview of the workflow for applying genetic 
methods. For more detailed information, the reader is referred to a hand-
book providing more details on the scientific basis for the use of molecular 
tools, protocols and the interpretation of respective results (Kurmayer et al., 
2017). Section 13.6.8 reviews applications in practice.

A full sequence of a biosynthesis gene cluster of a cyanobacterial toxin 
was first reported for microcystin from Microcystis sp. (Tillett et al., 2000). 
Sequences from other taxa and encoding the synthesis of other toxins 
 rapidly followed, and today, sequences of biosynthesis genes for all major 
types of cyanobacterial toxins are available (see Table 13.4; Figure 13.5) 
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Table 13.4  Overview on complete biosynthesis gene clusters reported for toxin types 
and various taxa of cyanobacteria

Toxin Organisms Strain Genes Reference

Microcystin Microcystis 
aeruginosa

Planktothrix agardhii
Planktothrix 
rubescens

Dolichospermum 
(Anabaena) sp.

Nostoc sp.

Fischerella sp.

PCC 7806

NIVA-CYA 
126-8

NIVA-CYA 
98

90

152

PCC 9339

mcyA-J

mcyA-J,T

mcyA-J

Tillett et al. 
(2000)

Christiansen  
et al. (2003) 

Rounge et al. 
(2009)

Rouhiainen  
et al. (2004)

Fewer et al. 
(2013)

Shih et al. (2013)

Nodularin Nodularia spumigena NSOR10 ndaA-G Moffitt & Neilan 
(2004)

Cylindrospermopsin Raphidiopsis 
(Cylindrospermopsis) 
raciborskii

Oscillatoria sp.

Aphanizomenon sp.

Raphidiopsis curvata

AWT205

PCC 6506

10E6

CHAB1150, 
HB1

cyrA-O Mihali et al. 
(2008)

Mazmouz  
et al. (2010)

Stüken & 
Jakobsen (2010)

Jiang et al. (2014)

Saxitoxin Raphidiopsis 
(Cylindrospermopsis) 
raciborskii

Microseira (Lyngbya) 
wollei

Dolichospermum 
(Anabaena) circinale

Aphanizomenon sp.

Raphidiopsis brookii

T3

Carmichael / 
Alabama

AWQC131C

NH-5

D9

sxtA-X Kellmann  
et al. (2008)

Murray  
et al. (2011)

Murray  
et al. (2011)

Murray  
et al. (2011)

Stucken  
et al. (2010)

Anatoxin-a Oscillatoria sp.

Dolichospermum 
(Anabaena) sp.

Cylindrospermum sp.

Cuspidothrix 
issatschenkoi

PCC 6506

37

PCC 7417

CHAB D3, 
RM-6,  
LBRI48

anaA-H Rantala-Ylinen  
et al. (2011)

Rantala-Ylinen  
et al. (2011)

Calteau et al. 
(2014)

Jiang  
et al. (2015)

Lyngbyatoxin Moorea producens 
(Lyngbya majuscula)

ltxA-D Edwards & 
Gerwick (2004)

The species name and strain identifier are given as reported in the original publication.
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Cylindrospermopsin synthesis gen
cluster in Cylindrospermopsis
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Anatoxin synthesis gene 
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Saxitoxin synthesis gene 
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Figure 13.5 O verview of cyanotoxin synthesis gene clusters and PCR approach used for 
the detection of toxigenic genotypes. The PCR-amplified fragments and cor-
responding genes used to indicate potential toxin synthesis are indicated: 
mcyE/ndaF according to Rantala et al. (2004) and Jungblut and Neilan (2006); 
cyrJ (Mihali et al., 2008), sxtA, G, H, I, X (Casero et al., 2014), anaC (Rantala-
Ylinen et al., 2011).

with the exception of anatoxin-a (S), the biosynthesis of which was still 
unknown by the time of publication of this book.

The elucidation of biosynthesis genes significantly increased the under-
standing on inheritance and evolution of cyanotoxin synthesis; that is, phy-
logenetic analyses lead to the conclusion that microcystin synthesis is an 
evolutionarily old feature that has been lost repeatedly during the evolution 
of cyanobacteria (Rantala et al., 2004). The genes involved in the synthesis 
of nodularin were probably derived from the genes encoding microcystin 
synthesis via a gene deletion event (Moffitt & Neilan, 2004; Rantala et al., 
2004). Similar to microcystin synthesis, for saxitoxin synthesis genes, the 
comparison of gene synteny and phylogeny between taxa as well as the 
evidence of strong stabilising selection suggested that saxitoxin synthesis 
genes have been mostly inherited vertically (as opposed to horizontal gene 
transfer) and emerged at least 2 billion years ago (Murray et al., 2011). 
The saxitoxin-producing dinoflagellates are eukaryotic toxic algae contain-
ing a third membrane of endoplasmatic reticulum around the chloroplast 
organelles and evolved from cyanobacteria through secondary or tertiary 
endosymbiosis during the late Paleozoicum (Lee, 2018). Generally, it is 
understood that in dinoflagellates, genes forming the core genes for saxi-
toxin synthesis (i.e., sxtA and sxtG) have been acquired via horizontal gene 
transfer from bacteria and have been lost repeatedly in various lineages 
(Orr et al., 2013; Murray et al., 2015). For the cylindrospermopsin-produc-
ing taxa, phylogenetic congruence between taxonomic marker genes and 
cylindrospermopsin synthesis genes was reported, implying the dominant 
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influence of vertical inheritance in the course of the evolution of the phylum 
of cyanobacteria (Jiang et al., 2014). Finally, for anatoxin-a synthesis, the 
comparison of anatoxin synthesis genes revealed that gene nucleotide vari-
ability was congruent with phylogenetic analysis across cyanobacterial taxa 
(Jiang et al., 2015; Brown et al., 2016). In summary, phylogenetic analyses 
rather support the role of vertical inheritance or the loss of cyanotoxin syn-
thesis genes than the role of frequent lateral gene transfer events.

Although genetic methods are only able to indicate the potential of toxin 
synthesis, they are showing promising results supporting risk assessment. 
If genes for toxin production were absent in a cyanobacterial population, 
this population would not be able to produce a specific toxin. Vice versa, 
this dependence is not as certain, and cyanobacteria carrying the genes may 
or may not produce a particular toxin; only toxin analyses can show that 
they are indeed producing this toxin and to which extent. Thus, based on 
the presence of genes, the molecular tools indicate the occurrence of toxi-
genic genotypes in the environment or in food supplements, but the actual 
toxin content or concentration must be determined using chemical–analyti-
cal techniques (see section 14.1). Currently, all the molecular tools available 
are based on the principle of polymerase chain reaction (PCR). Due to the 
generally high sensitivity of PCR, it is possible to detect toxigenic genotypes 
in minute amounts, that is, long time before a toxic cyanobacterial bloom 
may occur or as minor component in food supplements. Consequently, 
waterbodies bearing a risk of toxic bloom formation could already be iden-
tified early on in the growing season possibly assisting in an economically 
more efficient application of cyanotoxin detection techniques (see Box 13.2). 
Furthermore, early identification of toxigenic genotype occurrence may lead 
to a more detailed recording of environmental factors potentially influenc-
ing the abundance of toxigenic genotypes. Finally, toxigenic genotypes can 
be detected from single cells: single colonies or filaments of cyanobacteria 
(Dolichospermum (Anabaena) sp., Microcystis sp., Planktothrix sp.) can be 
identified according to morphological criteria during counting via micros-
copy and then analysed by PCR for their potential of toxin production.

BOX 13.2: BENEFITS OF MOLECULAR TOOLS 

SUPPORTING THE MONITORING OF CYANOBACTERIA

EARLY WARNING

Molecular tools can support the identification of waterbodies at risk for 

toxic bloom formation early on in the growing season, thus supporting an 

economically efficient selection of situations for cyanotoxin analysis. Using 

quantitative PCR (qPCR)-based methods, it is possible to quantify toxigenic 

cyanobacteria occurring rarely in the plankton community or in food supple-

ments that otherwise might be overlooked by microscopical methods.
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UNDERSTANDING ENVIRONMENTAL DRIVERS

Early identification of toxigenic genotype occurrence may lead to a more 

detailed recording of environmental factors potentially influencing the abun-

dance of toxigenic genotypes.

IDENTIFYING TOXIGENIC CYANOBACTERIA

Toxigenic cyanobacteria can be identified by sequencing of PCR-amplified 

indicative genes. Alternatively, single colonies of cyanobacteria are identified 

and taxonomically assigned by microscopical inspection according to mor-

phological criteria and then analysed for toxigenic genotype occurrence.

In general, the application of molecular tools is possible either using bio-
mass from isolated strains or isolated colonies/filaments grown in cultures 
or using biomass collected from field samples. The latter sample type will 
lead to rapid results on toxigenic cyanobacteria occurrence, however may 
contain a larger number of taxa carrying toxigenic genes which are not nec-
essarily the dominant taxa in the respective sample (Rantala et al., 2006). 
Nevertheless, all sample types require a few mandatory steps, which include:

 i. sampling of biomass or isolation of individual colonies/filaments 
under the microscope;

 ii. extraction of the nucleic acid (DNA);
 iii. amplification of gene fragments indicative of toxin synthesis based on 

conventional or quantitative PCR (qPCR);
 iv. detection of PCR products using agarose gel electrophoresis (conven-

tional PCR) or fluorescent dyes (qPCR or digital droplet PCR, ddPCR).

The sequencing of PCR products is optional and useful to confirm the 
results obtained or to identify the toxin-producing organism. More recent 
technology has enabled the so-called deep sequencing of PCR products 
which has become a widely applied technique to monitor the diversity 
of microorganisms and cyanobacteria in general (Pessi et al., 2016). The 
 following gives an overview on the general workflow of applying molecu-
lar tools.

13.6.1  Sampling and nucleic acid extraction

In general, the basic sampling steps (e.g., stratified versus depth-integrated 
sampling, low vacuum filtration) are identical to the processing of samples 
for cyanotoxin detection and analysis (see Chapter 14). Food supplement 
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samples should be handled as in food safety programmes for microbiological 
analysis (e.g., ISO, 2006).

However, molecular analyses require sampling precautions against cross-
contamination or DNA degradation. For example, as all polymerase chain 
reaction (PCR)-based methods are highly sensitive (allowing to detect gene 
copies from single cells), the possibility of sample cross-contamination 
needs to be reduced as much as possible (e.g., by using new sample ves-
sels or exhaustive rinsing of sample/filtration equipment between sampling 
dates or sites). Drying of biomass at high temperature (e.g., 100 °C) also 
should be avoided, as it leads to fragmentation of DNA. Similarly, nucleases 
released during cell lysis can lead to DNA fragmentation within a short 
time, and therefore, those enzymes need to be inactivated during the DNA 
extraction process. Typically, biomass for DNA extraction and subsequent 
PCR analysis is either used fresh or it has to been stored at −20 °C.

The conventional DNA extraction procedure uses a combination of 
osmotic shock and enzymatic treatment followed by chemical phase sep-
aration (e.g., Franche & Damerval, 1988). This DNA extraction proce-
dure has been refined to obtain both qualitative and quantitative results, 
and today, robust protocols on cyanobacterial DNA extraction are avail-
able (e.g., Kurmayer et al., 2003). In some cases, extensive mucilage pro-
duction as indicated by high viscosity of the DNA extract can inhibit the 
subsequent PCR amplification, and polysaccharides need to be selectively 
removed (Tillett & Neilan, 2000). In general, conventional DNA iso-
lation procedure protocols are more time-consuming but cheaper than 
extraction with easy-to-use commercial DNA isolation kits which are 
widely available. Kit-based techniques typically include anion-exchange 
columns for DNA binding and purification. However, it is important to 
validate the efficiency of such techniques before using them for monitor-
ing (Schober et al., 2007). DNA extraction from food supplements can 
be more difficult as for this purpose, cyanobacteria typically are pro-
cessed by drying, and food supplements may contain additives that can 
affect DNA extraction efficiency, for example, pharmaceutical bulking 
agents with adsorbent properties (Costa et al., 2015). Thus, purification 
of DNA or alternatively the addition of substances reducing the effect 
of PCR inhibitors might be routinely required (Ramos et al., 2017a; b). 
Individual cyanobacterial colonies or filaments can be selected for PCR 
amplification of genes under a stereo microscope using a forceps or a 
micropipette (Kurmayer et al., 2002). Colonies or filaments are picked 
randomly from a subsample containing a few specimen only, washed 
by serial transfers in standard solution and stored in PCR buffer in the 
freezer (−20 °C). The DNA is extracted most efficiently by short sonifica-
tion (Chen et al., 2016), and the obtained DNA quantities are sufficient 
for multiple individual PCR experiments.
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13.6.2  Polymerase chain reaction (PCR) 
methodology

PCR is the technique that allows creating multiple copies of specific gene 
fragments through amplification by DNA polymerases. The most critical 
step for the reliable detection of toxigenic cyanobacteria is the selection of 
appropriate oligonucleotides (primers) which are used as molecular probes. 
Besides standard laboratory equipment, the instrumentation comprises a 
PCR cycling machine, a gel electrophoresis chamber and a gel documenta-
tion device. For detailed information on how to perform PCR, see the widely 
available laboratory manual revised by Sambrook and Russell (2001).

In contrast, quantitative PCR allows the determination of actual gene 
copy numbers (that can be used to approximate cell equivalents) and thus, 
by choosing the right targets for PCRs, the proportion of toxigenic geno-
types present in a sample. In quantitative PCR (qPCR), amplification of 
the target gene is followed in real time via the detection of a fluorescent 
signal generated from DNA strand-intercalating dyes at each PCR cycle 
(e.g., SYBR Green). qPCR is based on the principle that the target DNA 
sequence is doubled in each cycle and that the dynamic increase of the 
recorded amplification reflects the amount of target sequence originally 
present. Theoretically, the more target sequence (or target genotypes) can 
be found in a specific sample, the earlier the amplification curve exceeds 
a predefined fluorescence threshold. The PCR cycle when this threshold is 
crossed is called a threshold cycle, Ct, or quantification cycle, Cq(-value). 
The use of fluorescent dyes makes qPCR most sensitive with calibration 
curves showing a wide dynamic range (up to seven orders of magnitude). 
Detailed information on the application of (q)PCR in the analysis of toxin 
genes has been compiled through the EU-initiative CyanoCOST (Rantala-
Ylinen et al., 2017).

Digital droplet PCR (ddPCR) quantitates a target DNA sequence based 
on PCR of a partitioned DNA sample. The number of PCR-positive and 
PCR-negative partitions is used to determine the absolute number of target 
DNA molecules (Hindson et al., 2013). Reports on the use of ddPCR are 
only emerging, but first comparisons with qPCR revealed a comparable 
result (Te et al., 2015; Nshimyimana et al., 2019; Wood et al., 2019).

13.6.3  Detection of toxigenic cyanobacteria

Cyanotoxins are synthesised by large multifunctional enzyme complexes 
via the thiotemplate mechanism in a stepwise manner, known as nonribo-
somal peptide synthesis (NRPS). These NRPS enzyme complexes belong 
to the largest proteins within the prokaryotic cell (several  thousand 
amino acids) and are often combined with polyketide synthases (PKS) 
(see Chapter 2; Dittmann et al., 2013). Large parts of gene sequences 
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of particular biosynthesis gene clusters have been found to be variable 
and therefore not suitable for designing PCR primers with the desired 
specificity and  sensitivity. For the microcystin (mcy) and nodularin (nda) 
biosynthesis gene cluster, conserved gene regions have been identified in 
the mcyE/ndaF gene encoding the enzymatic step condensing the Adda 
side chain with D-glutamate forming the conserved core of the peptides 
(Rantala et al., 2004; Jungblut & Neilan, 2006). With this region, PCR 
detection of microcystin and nodularin biosynthesis genes is possible in 
all cyanobacterial producers.

In contrast to microcystin synthesis, for the cylindrospermopsin synthe-
sis (cyr) gene cluster, the cyrJ gene encoding a tailoring enzyme such as the 
sulfotransferase catalysing the sulphation of the C-12 atom of the cylin-
drospermopsin molecule was found only in cylindrospermopsin-producing 
strains (Mihali et al., 2008). However, the core genes encoding the synthe-
sis of the cylindrospermopsin molecule itself, that is, cyrA/aoaA encoding 
the amidinotransferase or cyrB/aoaB and cyrC/aoaC encoding NRPS/PKS, 
were also detected in non-cylindrospermopsin-producing strains (Ballot 
et al., 2011; Hoff-Risseti et al., 2013) and thus are not considered reliable 
indicators. Thus, the cyrJ can be considered a gene marker to indicate poten-
tial cylindrospermopsin producers among the genera Dolichospermum, 
Aphanizomenon, Raphidiopsis (Cylindrospermopsis) and Oscillatoria 
(Mankiewicz-Boczek et al., 2012).

For saxitoxin biosynthesis, at the time of publication of this book, no 
gene loci are known that can unambiguously infer the sxt gene cluster from 
a diagnostic polymerase chain reaction (PCR) (Ballot et al., 2010; Casero 
et al., 2014). Indeed, all genes tested have also been detected in a variety 
of cyanobacterial strains not producing saxitoxins. A protocol of several 
genes serves to indicate saxitoxin synthesis potential: sxtA encoding a PKS, 
sxtG encoding an amidinotransferase, sxtH encoding hydroxylation of the 
C-12 atom, sxtI encoding carbamoylation and sxtX encoding hydroxyl-
ation of the N-1 atom, (Casero et al., 2014). The elucidation of the saxitoxin 
biosynthesis genes has been started from identifying a gene encoding an 
O-carbamoyltransferase (Kellmann et al., 2008), now called sxtI, that has 
been proposed as a reliable marker to indicate saxitoxin synthesis (Ballot 
et al., 2016) but requires further confirmation.

For the detection of an anatoxin-a synthesis gene, a conserved region 
of anaC encoding an NRPS module for proline activation (an initiating 
step of anatoxin-a synthesis) has been identified and primers able to detect 
anaC in both Oscillatoria sp. and in Dolichospermum sp. as well as in 
Aphanizomenon sp. have been designed (Rantala-Ylinen et al., 2011). The 
encoded NRPS AnaC has been heterologously expressed and a specific-
ity for proline as a substrate under in vitro conditions has been reported 
(Mejean et al., 2009), which also makes it a reliable marker for PCR-based 
monitoring and early warning.
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Notably PCR approaches can be combined with downstream applica-
tions such as direct sequencing of amplicons, or cloning and subsequent 
sequencing, or restriction fragment length polymorphism (RFLP) analysis. 
This type of post-PCR result analysis can inform about genera or species 
forming a particular toxigenic genotype. For example, Hisbergues et al. 
(2003) used a PCR-based detection technique for microcystin synthesis 
genes using mcyA followed by differentiation of genera by RFLP of the 
obtained PCR product. Similarly, Rantala-Ylinen et al. (2011) used a PCR-
based detection technique for anaC synthesis gene and the differentiation of 
toxigenic genera by RFLP of the obtained PCR product.

13.6.4  Estimates of cyanobacterial biomass 
by molecular approaches

By using reference genes (see above), it is possible to estimate total cyanobacte-
rial biomass or biomass of particular cyanobacterial genera in a water sample. 
In general, qPCR assays have been used either for 16S rDNA gene regions 
specific for cyanobacteria (Rinta-Kanto et al., 2005) or for gene loci specific 
for individual cyanobacterial genera known to produce cyanotoxins such as (i) 
the phycocyanin-intergenic spacer region (PC-IGS) for the genera Microcystis 
(Kurmayer & Kutzenberger, 2003) and Planktothrix (Ostermaier  & 
Kurmayer, 2009; Kurmayer et al., 2011); (ii) the RNA polymerase gene loci 
rpoC for Raphidiopsis sp. (Fergusson & Saint, 2003; Rasmussen et al., 2008) 
and Chrysosporum (Aphanizomenon) ovalisporum (Campo et al., 2013); or 
(iii) the 16S rDNA for Microcystis sp. (Rinta-Kanto et al., 2005).

The molecular approach is an alternative to microscopic cell counting 
but has been primarily used to relate qPCR signals (Cq-values) indicative of 
cyanotoxin synthesis genes to the total cyanobacterial population, in order 
to quantify the proportion of a toxigenic subpopulation. For this purpose, 
it is required to compare Cq-values with microscopic cell counts. Standard 
curves need to be established (i) to quantify the target genotype using either 
cell numbers or gene copies and (ii) to determine the specificity and sensitiv-
ity of a specific quantitative PCR (qPCR) assay with isolates and background 
DNA (e.g., Kurmayer & Kutzenberger 2003). A more detailed protocol on 
calibration of qPCR results is available in Kurmayer et al. (2017).

qPCR assays have also been developed to quantify cyanobacterial taxa 
potentially producing cyanotoxins, such as the genus Dolichospermum 
(Doblin et al., 2007) and the species Dolichospermum planktonicum 
(Rueckert et al., 2007). For all the taxa mentioned above, quantifying cell 
numbers or biovolume using qPCR gave similar results to those obtained 
by cell counts via microscopy. For the genera Microcystis, Planktothrix 
and Raphidiopsis, close correlations have been reported from field samples 
between qPCR estimates and cell counts ranging across several orders of 
magnitude (i.e., 102–106 cells/mL). The limit of detection/quantification 
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generally is in the range of a hundred to a few thousand cells per mL 
(Kurmayer & Kutzenberger, 2003; Rasmussen et al., 2008; Chiu et  al., 
2017). However, for cyanobacterial taxa classified as polyphyletic, for 
example, the genera Aphanizomenon or Dolichospermum (see Chapter 3), 
the qPCR approach is less feasible because it would require to run many 
qPCRs to quantify multiple individual taxa of a genetically diverse genus 
for each individual sample. Further insights in the molecular phylogeny of 
cyanobacteria will provide the basis for developing qPCR assays for their 
quantification.

13.6.5  Set up of PCR assays

In general, the presence of toxin genes is tested in one PCR, while another 
independent reaction is used to confirm the presence of cyanobacteria as 
well as to check for the quality of the DNA (or the presence of potential 
PCR inhibitors). In many studies, 16S ribosomal DNA (Taton et al., 2003) 
or gene loci encoding the synthesis of accessory pigments such as phycocya-
nin (cpcBA; Neilan, 1995) have been amplified, but not exclusively (Moreira 
et al., 2013). As a positive control for PCR, genomic DNA extracted from 
isolated strains should be used. A list of toxic strains containing the respec-
tive target genes, including information on their availability from interna-
tional culture collections, is given in Kurmayer et al. (2017).

For the use of quantitative PCR (qPCR), the same principle has been 
applied to control for uncertainties in quantitative estimates of toxic geno-
types, for example, due to a physiological variation of the gene or genome 
copy number (Kurmayer & Kutzenberger, 2003). Typically, primers speci-
fied to amplify the total population (generally at genus level) as well as those 
genotypes that carry the cyanotoxin synthesis genes have been designed. 
Several qPCR assays have been developed to quantify microcystin/ nodularin 
genes in a given volume of water (for reviews, see Kurmayer & Christiansen 
(2009), Martins & Vasconcelos (2009), Kim et al. (2013), Pacheco et al. 
(2016), and Rantala-Ylinen et al. (2017)). In particular, the Taq nuclease 
assay (TNA) has been used to quantify microcystin genotypes in water 
samples (Kurmayer & Kutzenberger, 2003). This approach is based on 
the quantification of the total population of a specific cyanobacterium by 
a TNA targeted to the intergenic spacer region within the phycocyanin 
operon and another TNA targeted to the subpopulation carrying the mcy 
genes. A calibration curve based on defined cell concentrations or gene copy 
numbers is established by relating the known DNA concentrations to the 
threshold cycle of the diluted DNA extract. Similarly, qPCR assays have 
been developed for cylindrospermopsin synthesis genes (Rasmussen et al., 
2008; Campo et al., 2013) and saxitoxin genes (Al-Tebrineh et al., 2010; 
Savela et al., 2015). For anatoxin synthesis genes, a qPCR approach was 
developed by Wang et al. (2015). For benthic cyanobacteria (Microcoleus 
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(Phormidium) autumnalis), Kelly et al. (2018) developed a specific qPCR 
assay targeting the anaC gene.

Another option is to use multiplex PCR and to run two, three or four 
reactions in the same test tube (Saker et al., 2007; Al-Tebrineh et al., 2010). 
However, it is emphasised that multiplex (q)PCR requires substantial opti-
misation (because of competitive effects of primers and targets) and its use 
is not widespread (see Pacheco et al. (2016) for a review). Multiplex qPCR 
has been used in monitoring of Chrysosporum ovalisporum in Australia 
integrating three methods: (i) microscopical identification and enumera-
tion, (ii) multiplex qPCR for 16S rDNA, mcyE, cyrA and sxtA gene quan-
tification (iii) and toxin analysis by LC-MS (Crawford et al., 2017). Such 
integrated approaches may contribute to more efficient handling of high 
sample numbers from large surveys in future, allowing faster and more pre-
cise monitoring (e.g., Lu et al., 2019) to support risk assessment.

13.6.6  Limits of PCR assays

Microcystin synthesis gene clusters may be inactive due to various muta-
tions, and positive polymerase chain reaction (PCR) results thus overesti-
mate the potential of microcystin production in water (Nishizawa et al., 
1999). Although cyanotoxin production typically is constitutive if individual 
strains are analysed (see Chapter 4), inactivation of microcystin synthesis 
genes occurs regularly under natural conditions (e.g., by transposable ele-
ments or partial deletions; Chen et al. (2016)). Thus, it is not surprising that 
the qPCR-based quantification of mcy/nda genes is not always quantitatively 
related to the analysed microcystin/nodularin concentrations in field sam-
ples (reviewed by Pacheco et al., 2016). By analysing 38 studies published in 
peer-reviewed journals, the authors nevertheless concluded that qPCR can 
be proposed as a predictor for microcystin/nodularin concentrations.

Less data are available for the other cyanotoxins such as cylindrospermop-
sin, for which correlations between cylindrospermopsin concentrations and 
qPCR results have been reported from field samples (Pacheco et al., 2016; 
Lei et al., 2019). Data for saxitoxin are yet more scarce, with correlations 
between qPCR data (e.g., sxtA gene copies) and saxitoxin concentrations 
quite limited (e.g., Savela et al., 2016), in part because the gene loci used 
are not unambiguously indicative of saxitoxin synthesis and also because 
of the variety of saxitoxins (section 2.4). For anatoxin synthesis, Wood and 
Puddick (2017) report gene copy numbers estimated by qPCR with statis-
tically significant positive relationships to anatoxin-a contents of benthic 
cyanobacteria. Since there are multiple reasons for poor correlations and 
these cannot always be differentiated (Ostermaier & Kurmayer, 2010), the 
current pragmatic approach in qPCR application as used by Pacheco et al. 
(2016) is to compare experience between research groups and waterbodies 
around the globe to improve molecular monitoring approaches.
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An inherent limit of the accuracy of quantification in all qPCR-based 
techniques is the semilogarithmic nature of the calibration curves which 
potentially leads to overestimation or underestimation, respectively, by 
up to 70% (Schober et al., 2007) in estimating genotype numbers or 
proportions, because minor deviations on linear scale (Cq-values) are 
translated into larger deviations on logarithmic scale (DNA amount in 
the template). As a rule of thumb, deviations of <0.5 in Cq-value are 
considered due to experimental noise. This unspecific variation must be 
taken into account when translating the results from Cq-values into abso-
lute numbers.

13.6.7  Sequencing of PCR products

Today DNA sequencing facilities offer rapid services at costs ranging at less 
than 2 € per sequence of approximately 800 base pairs as of 2020. Single 
PCR products obtained from isolated strains are sequenced directly using 
the conventional Sanger chain termination method allowing confirmation 
of the specificity of the obtained PCR products and identification of the 
source organism. PCR products obtained from field samples often contain 
mixtures of PCR fragments originating from various genotypes. Separating 
the individual genotypes requires a cloning approach before sequencing 
according to standard techniques (Sambrook & Russell, 2001). So-called 
cloning kits with cloning vectors (plasmids) are commercially available and 
allow for the amplification of individual genotypes. As a last step, vectors 
carrying the inserted sequence of individual genotypes are introduced into 
Escherichia coli, purified and sequenced.

13.6.8  Application of PCR-based 
methods in monitoring

In principle, PCR-based assays have the potential to guide a more effi-
cient application of chemical–analytical tools. For example, toxigenicity 
(microcystin synthesis) has been detected in cyanobacterial food supple-
ments and has been confirmed using ELISA techniques (Saker et al., 2005). 
The sequencing of the obtained PCR products revealed the occurrence of 
Microcystis aeruginosa in minor proportion, while the dominant organ-
ism Aphanizomenon flosaquae was found nontoxic. Similarly, Vichi 
et  al. (2012) used an approach combining PCR-based tools with chemi-
cal–analytical detection to analyse cyanotoxins in food supplements from 
the Italian market and to identify the contaminating organisms. While M. 
aeruginosa was identified in A. flosaquae products, the contamination with 
M. aeruginosa was surprisingly, albeit less frequently, also confirmed from 
products derived from “Spirulina” cultivated at high pH and salt concen-
trations. A further application is the quality control of commonly used open 
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pond mass cultures of eukaryotic microalgae food supplement production 
for  contamination caused by cyanobacteria (Görs et al., 2010).

Analogously for environmental samples, PCR-based methods have been 
applied frequently to identify the various cyanotoxin (microcystin)-produc-
ing organisms. For example, in the temperate climatic zone, microcystin-
producing genera such as Microcystis, Planktothrix and Dolichospermum 
frequently co-occur and diagnostic PCR has been used to differentiate and 
quantify the proportion of respective toxigenic genera (Rantala et al., 2006). 
Similarly, in tropical lakes in East Africa, PCR of mcy genes followed by 
sequencing showed that Microcystis was the dominant microcystin-pro-
ducing genus, while co-occurring Dolichospermum sp. and Planktothrix 
sp. were not found to be toxigenic (Okello et al., 2010). Furthermore, the 
PCR-based analyses can give important clues on the stability or variabil-
ity of the genetic structure of toxigenic subpopulations in aquatic habitats. 
For example, in lakes of the Alps, the changes occurring in toxigenicity 
of Planktothrix populations were observed to happen rather slowly over 
a period of three decades with nontoxic genotypes only showing a slow 
increase in proportion (Ostermaier et al., 2013). In the monitoring of Polish 
waterbodies, PCR methods have been routinely applied and qPCR results 
have been used to explain variable microcystin contents in Microcystis sp. 
biomass (Gągała et al., 2014). In conclusion, despite their limitations in 
absolute quantification, PCR-based methods might well increase the pre-
dictability of toxin concentrations by increasing the information on source 
organisms over time and space.

13.6.9  Identifying toxigenic cyanobacteria 
using high-throughput sequencing

The PCR-based tools described above cannot give comprehensive infor-
mation on the taxonomic composition of cyanobacterial communities 
potentially including toxigenic species. In analogy to microscopy-based 
counting of cells (see section 13.3.1), the more recently developed deep 
amplicon (high-throughput) sequencing is able to sequence a very large 
number of PCR amplicons simultaneously and has been proposed as a 
tool for monitoring cyanobacteria in the environment (Eldridge et al., 
2017). By obtaining at least several thousands of sequences from one 
amplified gene locus per sample (e.g., 16S rRNA), it is possible to moni-
tor the presence of phytoplankton taxa and including bacteria, possibly 
including less abundant potentially toxigenic species. In general, the PCR 
products obtained using universal primers are barcoded via ligation of 
short nucleotides (MIDs, multiplex identifiers), clonally amplified (e.g., 
by the so-called bridge amplification of Illumina) and sequenced in par-
allel on plates. The large amount of sequence reads obtained requires 
bioinformatical processing following established standard algorithms 



13 Analysing cyanobacteria and water chemistry 727

and taxonomic  reference  databases  available through various publically 
available international platforms, that is, the Ribosomal Database Project 
(Cole et al., 2013), or the “Greengenes” application, (DeSantis et  al., 
2006 (McDonald et al., 2012)) or the SILVA database (Glöckner et al., 
2017). Further, several standard sequence-processing pipelines have been 
designed (e.g., (Schloss et al., 2009; Caporaso et al., 2010; Albanese et al., 
2015; Bolyen et al., 2019). In general, the bioinformatics steps include (i) 
the quality trimming of sequences regarding the exact match of the MID 
code and the primer, the minimum length in base pairs, the frequency of 
ambiguous nucleotides in a sequence read, as well as chimera detection; 
(ii) the clustering of sequences by the genetic distance and assigning to 
operational taxonomic units (OTUs). Typically, for rDNA genes, a 3% 
genetic distance threshold is defined and OTUs will then be assigned tax-
onomically using reference databases as cited above; (iii) the calculation 
of rarefaction curves which are used to estimate additional sequencing 
effort as well as to standardise the comparison of diversity and richness 
estimates between samples; (iv) the calculation of diversity indices as well 
as richness estimators from the frequency of the OTUs and (v) the use 
of multivariate statistics to explain the variability in the data sets from 
recorded metadata (Deng et al., 2017).

Deep-sequencing application might be of relevance for monitoring of 
invasive species with toxigenic potential, for example, Raphidiopsis raci-
borskii or Nodularia spumigena (Sukenik et al., 2015). Currently, the ref-
erence taxonomic databases such as RDP have a relatively low resolution 
(Cole et al., 2013) and individual species of cyanobacteria are only rarely 
resolved. The relatively short read length (<400 bp) might be one cause 
of the low percentage of resolved OTUs, as environmental samples may 
contain a high share of OTUs which have not been characterised previ-
ously (Albanese et al., 2015). Further comparing resolved OTUs with the 
adjusted OTU composition in artificial communities can reveal a tech-
nical bias (Pessi et al., 2016). Comparing microscopical data with data 
obtained from deep sequencing also reveals discrepancies which show 
not only the limitation of microscopy (i.e., underestimating the abun-
dance and diversity of picocyanobacteria such as Synechococcus), but 
also the limitation in deep sequencing, for example, because of low or 
uncertain resolution (Eiler et al., 2013; Xiao et al., 2014). In future, it 
will be important to standardise these emerging techniques (Hornung 
et al., 2019) to avoid systematic bias (Boers et al., 2016), for example, 
by using artificial (mock) communities (Pessi et al., 2016) as well as to 
create taxonomic reference databases from sequenced and morphologi-
cally described strains. Alternatively, as a way forward, the information 
obtained from both methodologies, microscopy and deep sequencing is 
combined and integrated into the community analysis of environmental 
samples.
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13.7  DETERMINATION OF NUTRIENT 

CONCENTRATIONS

As discussed in detail in Chapter 4, the capacity for development of a cya-
nobacterial bloom depends on the available concentrations of nutrients, 
primarily of phosphorus and nitrogen. In freshwaters, often phosphorus 
concentrations limit the amount of biomass that can form in a given water-
body, but sometimes nitrogen is limiting. The chief sources of nitrogen are 
nitrate and ammonium, but to some extent, their lack can be compensated 
by some cyanobacteria through fixation of atmospheric nitrogen. Thus, 
even if phosphate is clearly the factor limiting carrying capacity, knowledge 
of nitrogen availability helps to predict whether nitrogen-fixing species are 
likely to dominate.

Cyanobacterial cells can store only some excess nitrogen, but can store 
phosphorus for up to four cell divisions, enabling a single cell to multiply 
into 16 cells without the need to take up further phosphorus. Information 
on dissolved phosphorus concentrations therefore only demonstrates 
that, if it can be detected, the phytoplankton population is not currently 
limited by phosphorus availability. In order to assess the capacity of the 
waterbody to support a cyanobacterial population, total phosphorus 
(TP) is a much better predictor. To assess whether nitrogen may be limit-
ing, analysis of dissolved components (chiefly nitrate and ammonium) is 
sufficient.

In modern laboratories, various fractions of nitrogen and phosphorus 
are today quantified by automated technologies that allow high-through-
put analyses generally based on photometry such as flow injection 
analysis (FIA) or continuous flow analysis (CFA). Respective, standard 
methods are available for nitrite and nitrate (ISO, 1996), ammonium 
(ISO, 2005), and total and ortho-phosphate (ISO, 2003). Since FIA or 
CFA is not available to many laboratories, simpler and largely manual 
methods  for nutrient analysis are still in use. In the following, a brief 
description of such methods is given together with requirements to per-
form analyses.

Before any analysis is to be implemented in a laboratory, the national and 
international regulations concerning laboratory safety and environmental 
protection must be consulted and duly considered. Any laboratory analysis 
requires trained laboratory staff, especially when handling toxic or other-
wise harmful chemicals is part of it.

Among the methods available, the procedure of Hansen and Koroleff 
(2007) for determining TP has proved to be most reliable and is the basis 
of an ISO protocol. For nitrate and ammonium, several methods are avail-
able, and the ISO method with the least demands on equipment is described 
below. For details on ISO methods, see the International Organization for 
Standardization’s website (https://www.iso.org/).

https://www.iso.org
https://www.iso.org/
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13.7.1  Analysis of phosphorus

Phosphorus in various types of waters can be determined spectrometrically 
by the digestion of organic phosphorus compounds to inorganic soluble 
reactive phosphorus (SRP, largely comprising ortho-phosphate) and trans-
forming this to an antimony–phosphomolybdate complex under acidic con-
ditions, which is then reduced to a strongly coloured blue molybdenum 
complex. The internationally harmonised method as described in ISO 
(2004) is applicable to many types of waters (surface-, ground-, sea- and 
wastewater) in a concentration range of 0.005–0.8 mg/L. Differentiation by 
the following fractions is possible through filtration procedures:

• SRP: filtered sample, generally with a pore size of 0.45 μm.
• Dissolved organic phosphorus (DOP): digested filtered sample; dis-

solved organic P is converted into SRP.
• TP: digested unfiltered sample; all organic P is converted to SRP.
• Particulate phosphorus (PP): difference between TP and DOP.

For SRP sample preparation, it is important to note that filters can release 
phosphorus. To avoid a bias, the filters must be washed with the water 
sample (10–25 mL) and this filtrate be discarded.

Digestion or mineralisation of organophosphorus compounds to SRP 
for DOP and TP analysis is performed in tightly sealed screw-cap vessels 
with persulphate, under pressure and heat in an autoclave (or a household 
steamer), or simply by gentle boiling. The following gives an overview of the 
procedure, necessary equipment and chemicals; for details, see ISO (2004).

Equipment
• Photometer measuring absorbance in the visible and near-infrared 

spectrum above 700 nm; sensitivity is optimal at 880 nm; sensitivity is 
increased if optical cells of 50 mm optical pathlength are used

• Filter assembly and membrane filters, 45 mm diameter with 0.45 μm 
pore size

• For the digestion of samples (TP and DOP), an autoclave (or steamer) 
suitable for 115–120 °C

• For the digestion of samples, borosilicate vessels with heat-resistant 
caps that can be tightly sealed

• Bottles for samples as described in Chapter 14
• Precleaned glass bottles for filtered samples

13.7.2  Analysis of nitrate

Several methods for the determination of nitrate have been provided by 
the ISO, the simplest being a spectrometric measurement of the yellow 
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compound formed by the reaction of sulphosalicylic acid with nitrate and 
subsequent treatment with alkali (ISO, 1988). The equipment required is a 
spectrometer operating at a wavelength of 415 nm and cuvettes with an opti-
cal path length of 40–50 mm, evaporating dishes, a water bath capable of 
accepting six or more dishes and a water bath capable of thermostatic regu-
lation to 25 °C. This method is suitable for surface and potable water sam-
ples and has a detection limit of 0.003–0.013 mg/L (depending on optical 
equipment). Interference from a range of substances, particularly chloride, 
orthophosphate, magnesium and manganese (III), is possible. Interference 
problems can be avoided with other spectrometric methods (ISO, 1986b; c).

The equipment is similar to the one required for phosphorus analysis.

13.7.3  Analysis of ammonium

A manual spectrometric method is given in ISO (1984b), which analyses a 
blue compound formed by the reaction of ammonium with salicylate and 
hypochlorite ions in the presence of sodium nitrosopentacyanoferrate (III) at 
a limit of detection of 0.003–0.008 mg/L. An automated procedure is given 
in ISO (1986a). A distillation and titration method is given in ISO (1984a).

The equipment is similar to the one required for phosphorus analysis.

13.7.4  On-site analysis techniques for nutrients

A number of technologies are available for rapid on-site analysis of primar-
ily dissolved nutrients such as SRP, nitrate and ammonium.

Most simple with respect to handling and required equipment are test 
strips that are submerged in (filtered) water and after a short incubation 
time, a colour change allows to estimate the concentration. Expectedly, the 
sensitivity is comparatively low as is the accuracy, but in some occasions, 
a rapid semiquantitative result may be more valuable than more accurate 
results that are available only after a considerable delay.

Selective electrodes are available for nitrate and ammonium (Cuartero & 
Bakker, 2017). Handling and data-logging is similar to that for pH or oxy-
gen electrodes. This technique may be interesting in particular when a high 
variability of concentrations is suspected, for example, in individual inflows 
to a reservoir.

For on-site analyses, also fully functional photometers and ready-to-use 
reagents kits are available. Digestion of samples for analysis of total phos-
phorus is also possible on-site.

On-site analyses are generally less accurate and less sensitive compared 
to laboratory analyses but are, on the other hand, less expensive and faster 
with respect to time to result. This needs to be balanced for individual 
monitoring programmes. Preferably, any method eventually adopted is 
evaluated for accuracy and sensitivity by testing an individual sample with 
different methods.
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