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a b s t r a c t
This article presents the results of a comparative study of culture and cytometric methods of 
determining microorganism numbers in water after subsequent unit processes of surface water 
treatment. This study aimed to find a relationship between the two results and to evaluate the 
possibility of using this method in the operation of water treatment processes. These studies have 
shown, that the number of cells found in cytometric measurements is many times greater than 
the total psychrophilic and mesophilic organism counts. Rapid information concerning intense 
increases of algae cells in water may be used for controlling the coagulation process. The effective-
ness found in reducing the number of microorganisms or cells in unit water treatment processes 
indicates a different direction of changes. The relationships between the number of microorgan-
isms and the number of cells are different for different water treatment stages, and therefore, this 
method must be calibrated prior to use for each type of water (after every unit process).
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1. Introduction

The increase in the contamination of source waters 
results not only in the use of a more complex treatment 
process trial [1,2] but also in the use of modern and pre-
cise analytical methods for monitoring water quality and 
the variability in water composition. This allows for the 
possibility of evaluating hazards related to water consump-
tion connected with the presence of harmful or toxic con-
taminants. Generally, determining the number of chemical 
contaminants that are subject to obligatory monitoring is 
not problematic and does not require a long period of time 
before the analysis results are available. Microbiological 
analysis, on the other hand, whose methods are also well 
known, is time-consuming, and therefore the detection of 

microbiological contamination and the technological reac-
tion usually occurs with a significant delay. Due to the 
very large hazard to health connected with the presence 
of microorganisms, including pathological ones [3], stud-
ies are conducted worldwide concerning microbiological 
sensors [4] or creating new methods of microbiological 
analysis [5,6]. This problem concerns not only the source 
water and output water introduced into the distribution 
network but also water after unit treatment processes.

Therefore, in the last few years, studies have been 
conducted concerning the use of flow cytometry for deter-
mining the number of microorganisms in water [7,8]. This 
method allows for determining the total cell count (TCC) 
[9,10], and not only the number of colony-forming organ-
isms. Due to this, the numbers obtained from flow cytometry 
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are greatly larger than those obtained by culture methods [11]. 
This causes the fact that in the majority of European coun-
tries, flow cytometry is not a legally recommended method 
for determining the total number of microorganisms or 
the number of indicator bacteria. It is possible, using the 
characteristics of individual strains, to determine the num-
ber of, for example, Escherichia coli bacteria. However, this 
requires the use of flow cytometry together with adenosine 
triphosphate or polymerase chain reaction analysis.

Therefore, this method has not yet been widely used 
in water treatment technology [12]. Additionally, the large 
sensitivity and large analytical error of this analysis cause 
the fact that this method is not commonly used in water 
analyses. An indisputable advantage of this method is, 
however, obtaining a result in several minutes [13].

In some European countries, this method is used for 
the on-line monitoring of water contamination in the dis-
tribution system [14,15]. It is not a method, however, that 
is widely recommended. Some countries use this method 
for monitoring water microbiological quality in distribu-
tion systems, but not for assessment of hazards related 
to water consumption. The colony methods are used for 
microbiological pollution assessment because most of the 
pathogenic bacteria can form colonies. On the other hand 
the analysis error for the flow cytometry method is too 
high for it to be an indicator of microbiological hazards. 
Every water has a specific number of cells, therefore obser-
vation of their changes is used to monitor changes in the 
distribution system for example biofilm development.

This article presents the results of a comparative study 
of culture and cytometric methods of determining micro-
organism numbers in water after subsequent unit processes 
of surface water treatment.

2. Subject and methods of study

The studies were performed in a pilot surface water 
treatment system with a throughput of 1 m3/h, consist-
ing of the following processes: volume coagulation with 
a pre- hydrolyzed aluminum coagulant (PAX-XL3), sed-
imentation, filtration, adsorption on micropores formed 
activated carbon (WG12) bed and disinfection by sodium 
hypochlorite. The object of this study was water samples 
taken before and after each unit process over the course 
of 5 months, that is, between August and December. 
Such a study period allowed for an evaluation of the util-
ity of flow cytometry at different water contamination 

levels, especially since the study period included the 
intense algae growth that takes place in autumn.

The process parameters of the unit treatment processes 
are presented in Table 1.

Samples were taken weekly and, apart from indica-
tors of physicochemical composition, the total number of 
psychrophilic and mesophilic microorganisms and the TCC 
were determined, along with the number of damaged cells, 
which allowed for a determination of the intact cell count 
(ICC). For the cytometric analysis, the following DNA 
dyes were used SYBR Green (SG) – TCC determination 
and pyridine iodine – analysis of damaged cell numbers 
[16]. The cytometric analysis was performed with a BD C6 
cytometer.

The total psychrophilic and mesophilic organism count 
analysis was performed by culture methods in accordance 
with current Polish standards (PN-EN ISO 6222).

Water analysis by both methods came from the same 
samples taken into sterile dark containers and was per-
formed just after sampling.

This study aimed to compare the two microbiological 
water analysis methods and to determine the possibility of 
using flow cytometry to control water treatment processes, 
therefore evaluating flow cytometry as a process monitoring 
tool.

3. Results and discussion

The sourced surface water was characterized by high 
variability in the contamination level, and therefore by 
varied numbers of microorganisms and cells (Table 2).

Variation in water quality, as the effect of seasonal 
changes, characterized raw water. The most variation 
concerns the turbidity, temperature, and watercolor. It can 
be the effect of algae growth in raw water, but the correla-
tion between the number of microorganisms and chemical 
parameters was not observed.

During the initial part of the study (August/September) 
the presence of a large number of algae was found in the 
source water (Fig. 1). This fact may be confirmed based 
on the cytometric plot of the water, as algae exhibit auto-
fluorescence [17,18].

All water samples were characterized by the concen-
tration of biodegradable dissolvet organic carbon (Table 2) 
higher than the limit of bacteria growth [19], also it relates to 
inorganic nutrients substrates. The concentration of analyzed 
water chemical quality para meters decreased in every unit 

Table 1
Unit treatment process parameters

No. Unit process Used dosage Retention time (min)

1. Coagulation with sedimentation (pre-hydrolyzed aluminum coagulant; 
basicity 70%)

1.287–4.700 g Al/m3 Speed mixing 6
Floculation 60
Sedimentation 360

2. Filtration – 30
3. Adsorption (formed active carbon-WG-12, specific surface area – 976 m2/g) – 50
4. Disinfection 0.5–1.5 g Cl2/m3 –
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processes of water treatment.However, changes in chemical 
parameters value were not correlated with microbiological 
ones. It means that chemical water quality can stimulate the 
regrowth of micro organisms for example on the surface of 
filtrate beds.

The presence of algae in conventional microbiological 
analyses may be determined visually – during algal blooms 
the water color changes [20,21] or under a microscope [22]. 
Such studies are usually only performed during intense 
algal blooms. Furthermore, cytometric methods allow 
not only for determining algae presence but also for their 
number, which is much more difficult in classic methods.
Rapid information concerning intense increases of algae 
cells in water may be used for controlling the coagula-
tion process – increasing the coagulant dosage and the 
maximum water post-coagulation sedimentation time. 
Removing algae from water during the coagulation and 
sedimentation processes requires increased coagulant dos-
ages [23,24], which results from the need to agglomerate 
these cells in the post-coagulation suspension. In natural 
conditions, without additional processes, these cells float 
and do not sediment.

These studies have shown, as previous studies 
[25,26] have, that the number of cells found in cytometric 
measurements is many times greater than the total psy-
chrophilic and mesophilic organism counts that have been 
obtained (Fig. 2).

During this study, it was also found that the number 
of mesophilic and psychrophilic organisms in the source 
water was directly proportional to the total number of cells 
found by dying with SG (Fig. 3). It must be noticed that this 
relationship is more significant for psychrophilic organisms 
than for mesophilic organisms. This is connected to the 
presence of a much smaller number of mesophilic organ-
isms in natural waters.

The presence of such a relationship allows for an initial 
evaluation of the number of microorganisms in water and 
maybe the basis for making decisions with regards to coagu-
lation process parameters, for example, the coagulant dosage.

The total number of psychrophilic organisms in raw 
water was also directly proportional to the ICC, which 
confirms the possibility of the technical utility of results 
obtained from cytometry.

Fig. 1. Algae autofluorescence in raw water in the cytometric 
image during the time the intense algae growth (FL1 – green 
fluorescence and FL3 – blue fluorescence).
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The correlation between the total number of psychro-
philic microorganisms and TCC was found for water after 
subsequent unit processes (Table 3), although the correlation 
coefficients were lower with lower numbers of microorgan-
isms in the analyzed water.

The reduction in the correlation coefficient probably 
results from the large error of cytometric analyses, which 
causes significantly smaller precision, especially in the case 
of low-contaminated water.

This indicates a possibility of an initial evaluation of the 
effectiveness of removing microorganism cells in the first 
processes of treatment systems, that is, coagulation with 
sedimentation and rapid filtration, and the limited imple-
mentation potential in the final water treatment stages.

The information concerning the microorganism num-
bers in the filtrate allows for an evaluation of bed flushing 

effectiveness. Rapid information concerning the number 
of organisms may form the basis for determining the filter 
flushing time and may be used for determining the filtra-
tion cycle time (frequency of filtration as a function of input 
water quality)

In water after disinfection, the correlation between the 
number of psychrophilic microorganisms and the total 
number of cells was greatly reduced. This is probably due 
to the transformations that cells undergo during the oxi-
dation process. This theory is confirmed by the correlation 
that was found between the total number of psychrophilic 
organisms and the total number of intact cells, or those 
which have not been destroyed during chlorination.

The effectiveness found in reducing the number of 
microorganisms or cells in unit water treatment processes 
indicates a different direction of changes in the number 
of cells found for culture and cytometric analyses (Table 4).

The total microorganism number (TNM) psychrophilic 
and mesophilic decrease during all unit water treatment 
processes except for adsorption by formed active carbon. 
The decrease of TNM psychrophilic and mesophilic micro-
organisms in unit processes caused by cell adsorption on the 
suspension surface (coagulation and filtration processes) or 
cells destroyed during chemical disinfection. The increase 
of TNM during adsorption is the effect of microorganisms 
being released from biofilm developed on the surface of 
activated carbon. This effect can be observed periodically in 
the intense microorganisms development period.

The changes in TCC and ICC had different trends, which 
can be caused by different analysis methods. During coagu-
lation, process cells can be adsorbed on the coagulation sus-
pension, similar to the TNM removal. The increase of TCC 
and ICC during coagulation takes place periodically only 
before sedimentation suspension removal. In that situation 
cells or parts of DNA are released to the treating water.
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Fig. 2. Variation in the number of psychrophilic and mesophilic organisms and the total number of cells.

Fig. 3. Relationship between the total cell number of cells and 
the number of psychro- and mesophilic microorganisms in raw 
water.
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Mechanical separation of cells resulted in a decrease of 
TCC during filtration. The increase of ICC was below 7% 
and can perhaps be caused by the analytical error. The dif-
ferent direction of changes in TCC and ICC during adsorp-
tion was the effect of the phase of biofilm developing on the 
surface of beds, as showed by Gibert et al. [27].

The increase in the number of cells during disinfection is 
due to their damage and division of DNA. The increase in the 
number of intact cells that were found is insignificant and is 
caused by the analytical error of this method.

Different changes and their direction in both compared 
methods can be the effect of different mechanisms of analy-
sis. The cytometry flow can show all parts of DNA, but the 
standard procedure only presents microorganisms which can 
form the colony. Sometime during unit water treatment pro-
cess cells can be destroyed with causes a decrease of TNM 
and an increase of TCC (because it concerns more fragments 
of DNA). On the other hand the analytical error in cyto metry 
methods is a few times larger than culture methods.

The mean effectiveness in removing microorganisms 
in the filtration process amounted to 77% and 76% for psy-
chrophilic and mesophilic microorganisms respectively. 
The mean effectiveness of this process that was found with 
respect to TCC and ICC amounted 49% and 35% respec-
tively. The effectiveness differences that were found for the 
disinfection process were smaller and amounted to 92%, 
90%, 59%, and 82% for TNMp, TNMm, TCC, and ICC respec-
tively. The significantly lower effectiveness in removing TCC 
is due to the fact that this number also contains damaged 
(deactivated) cells. This thesis is proven by the correlation 
between the reduction of the total number of psychrophilic 
bacteria and ICC in the disinfection process (Fig. 4).

On the other hand, the increase in the total number of 
cells during the coagulation process that was found for 

many water samples is probably caused by the release of 
cells from the sediment. These are mainly damaged cells.

However, during the adsorption process, flushing of 
microorganisms populating the bed into the flowing water 
occurs [28], which is why the increase that was found did 
not depend on the analysis method.

A significant correlation between the change in the 
number of psychrophilic microorganisms and the total 
cell number was found only for the filtration process. This 
means, that in the context of this process, flow cytome-
try may be used for evaluating changes in the number of 
microorganisms. In the context of other processes, it would 
be more reasonable to use the relationship between ICC and 
TNM, as the correlation coefficients for these parameters 
were larger than those found for TNM and TCC.

The relationships between the number of microorganisms 
and the number of cells are different for different water treat-
ment stages, and therefore, this method must be calibrated 
prior to use for each type of water (after every unit process).

4. Conclusions

• The TCC found in the analyzed waters is many times 
larger than the total number of psychrophilic and 
especially mesophilic microorganisms.

• The number of cells in raw water was almost directly 
proportional to the total number of psychrophilic and 
mesophilic microorganisms.

Table 3
Relationship between TCC and the total number of psychro-
philic organisms after subsequent unit processes

Water Correlation equation R

After sedimentation TCC = 24.687 × Psych + 15,007 0.92
After filtration TCC = 63.402 × Psych + 52,458 0.87
After adsorption TCC = 80.12 × Psych + 20,831 0.86
After disinfection TCC = 195.11 × Psych + 1,909 0.45

Table 4
The direction of changes in the number of microorganisms/cells in unit processes

Process Psychrophilic Mesophilic TCC ICC

Coagulation Increase % 0 0 44.5 37.5
Decrease, % 100 100 55.5 62.5

Filtration Increase % 0 0 0 12.5
Decrease, % 100 100 100 87.5

Adsorption Increase % 22.3 27.8 55.5 62.5
Decrease, % 77.7 72.2 44.5 37.5

Disinfection Increase % 0 0 11.1 12.5
Decrease, % 100 100 88.9 87.5

Fig. 4. Relationship between the total number of psychrophilic 
microorganisms and the total number of cells undamaged 
during the disinfection process.
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• The lack of correlation between chemical and microbi-
ological parameters of water quality limited used the 
flow cytometry method to water treatment processes 
monitoring.

• The number of intact cells in waters after every unit 
treatment processes was directly proportional to the 
number of psychrophilic microorganisms. This correla-
tion was not observed for TNM mesophilic.

• The TCC can be used for monitoring of water micro-
biological contamination but is useless in the assessment 
of changes of this contamination.

• The lack of one direction of change of the TCC in unit 
water treatment processes with the use of both methods 
testifies to the limited potential of using flow cytometry 
for process monitoring of changes in contamination in 
water treatment systems.

• The use of flow cytometry for water contamination 
monitoring requires calibration.
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