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Abstract

The effectiveness of disinfection, as well as microbiological composition of water, are assessed

by microbiological tests. The analysis usually takes from 24 to 48 hours. During this time the water

produced at the water treatment plant has already been fed to the water supply system. In order

to reduce the risk of bacteriological contamination, higher concentrations of disinfectants are

maintained. Considering the fact that water supply systems use retention tanks with retention times

of from 5 to 12 hours, microbiological tests should give the result in shorter time than water retention

time in the water tanks. The aim of the study was to determine whether the bacterial community in static

liquid medium with the control of absorbance change at 600 nm (OD600) can be applied as a diagnostic

method at water treatment plant laboratories. The research on water and wastewater samples has shown

that the duration of lag time A depends on the approximate amount of bacteria and the initial conditions

in liquid media at the start of the experiment. It has been shown that the method can be used in the future

for rapid monitoring of bacteriological contamination in the water.
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Introduction

There are many reasons for microbial water
contamination. The most important causes are microbial
infiltration into the water system or water tanks as a
result of poor technical condition of the water network
or equipment, the repairs, and insufficient residual
concentration of disinfectant [1]. The growth of
microorganisms in treated water is often a consequence

*e-mail: magdalena.domanska@upwr.edu.pl

of higher contents of nutrient marked as assimilated
(AOC) or biodegradable (BDOC) organic carbon
introduced into the water network [2]. Microbial
deterioration of water quality may also be the result of
changes of the flow conditions that cause detachment
of the biofilm structures from the internal pipe wall
surfaces [3, 4]. The scope of tests used to assess the
microbiological composition of tap water is described
in the obligatory Polish sanitary regulations [5]. The
major limitation of seeding methods included in the
regulation is the long waiting time for the result, usually
from 24 to 48 hours, and for Legionella up to 14 days.
The phenotype determination of selected bacterial
strains is carried out by studying colony morphology
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using cultivation-based analysis, endospore formation,
Gram staining, detection of bacterial motility on semi-
solid medium with 2,3,5-triphenyltetrazolium chloride
(TTC), bacterial catalase and oxidase activity and
acid resistance tests. The bacterial genotype can be
determined by molecular methods, including, e.g., FISH
(Fluorescence in situ hybridization) or polymerase chain
reaction (PCR) methods and their modifications. These
methods allow for shortening the time of microbiological
identification [6, 7] but require expensive equipment,
specialized reagents, and qualified staff to carry out the
tests. Currently, there are no fast or inexpensive tests to
effectively determine the risk of water contamination
which is fed to the water supply system. In large water
supply systems, the retention time of clean water in the
tanks takes at least 5 hours. Therefore, microbiological
tests should give the result in shorter time.

The quantity of microbial populations in batch
cultures is often carried out by indirect methods. The
quotient of the number of microbial cells N to sample
volume V is called the cell density of the sample [8]:

Cell density = N
4 )

Studies have shown that cell density is proportional
to the optical density (OD), defined as the absorbance of
the test sample at the assumed wavelength:

OD ~ Cell density = N
v @

Optical density is determined usually within the
range of 600 nm as OD600 [9, 10]. Zwietering et al.
[11] presented an overview of models describing the
kinetics of bacterial culture growth. In the conditions of
periodic bacterial culturing, characteristic phases may
be distinguished. After the period of microorganism
adaptation to the new environmental conditions, called
lag time, there is a logarithmic increase in the number of
cells in the culture (log time). In the lag time, the growth
rate of bacteria is close to zero. It is assumed that in the
lag time there is an adaptation of the microorganisms
to the new environmental conditions by the enzymes
necessary for the development of the population. The
duration of the phase is characterized by A parameter.
In the log time there is an exponential increase in the
number of bacteria (biomass). The parameter describing
the log time is the rate of bacterial growth. The studies
of change in OD600, based on periodic culturing, are
commonly used to determine the constant rate of
growth in pure bacterial cultures on selected substrates.
An additional advantage of the method is the result of
the research confirming the high correlation between
quantitative PCR and OD600 results [12].

The approximate number of bacteria can also be
determined by fluorescent microscopy techniques.
Currently, there is a lot of software for quantitative
identification of bacteria that use the results of staining

with methods such as DAPI, live/dead, FISH and
fluorescence microscopy [13]. Calculations depend on
counting surfaces with a specific fluorescence intensity.
The analysis is usually preceded by optimization and
segmentation processes to achieve the best matching
of the fluorescent area to the actual surface of bacteria
[14, 15]. To date, research has focused on pure cultures
rather than mixed populations, such as activated sludge
flocs.

The purpose of the preliminary research was to
determine whether the OD600 method is useful for
monitoring bacteriological contamination in tap water,
natural waters and wastewater by lag time A.

Material and Methods

Water samples taken from the municipal water
supply network, from the Odra and Otfawa rivers,
from the lake in Msciwojow and wastewater samples
from Wroctaw and Otawa wastewater treatment plants
(WWTP) were used for the experiment. Fresh samples
were mixed directly (water) or after appropriate dilution/
centrifugation (wastewater) with the medium and placed
in a spectrophotometer.

Dilution/Centrifugation and Medium

In order to perform the measurement, the absorbance
of the sample should not exceed 1. At the beginning,
the fresh samples were not diluted (Fig.1). Next, the
samples were diluted in various volume ratios with
phosphate-buffered saline (PBS) (Fig. 2). In subsequent
experiments, centrifugation was used at 1000, 5000,
10000 and 15000 revolutions per minute (RPM)
during 3 minutes (Fig. 3). In order to avoid bacterial
cell surface damage, the centrifugation force was not
above 15000xg [16]. Then 1 ml of sample was mixed
with 2 ml of sterile medium LB broth (MILER) from
the MERCK Co. The medium was prepared according
to the manufacturer’s instructions and sterilized in an
autoclave.

Absorbance Measurement

Measurements of absorbance at 600 nm were
made automatically with a predetermined time
step on a Thermo Scientific UV-VIS Evolution 220
spectrophotometer using a sterile quartz cuvettes with
the optical length of 1 cm. The experiments were
conducted both at room temperature and at 37°C. The
higher temperature was achieved using the Thermo
Scientific Peltier Control and Cooling Unit (PCCUI).
Water, as a temperature stabilizer, did not come into
direct contact with the cuvette and circulated between
the external heater and the single-cell holder where the
cuvette was located. The device allowed for measuring
4 samples simultaneously at room temperature and only
one sample at 37°C.
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Fig. 1. Growth curves of bacteria in water samples taken from the lake in M$§ciwojow, the Otawa River and tap water.

0.8
0,7
0,6
0,5
04
03 .
02 "

0,1
R LI RIRIT R R RPNy Ryl l"’::: ‘:

ODeoo

=
a® A
-:l:AAAAAAA“

0 100 200 300 400 500 600 700 800
Time, min
= Dilution10> A Dilution 10*

0,8 34
0,7 el
o PR aad “ AL

0.6 o "

0.5 o S
g o® At
2 04 et e
© 03 PRI g Jhaadsd

0,2 P ahk

ot aasstt
0,1 Ras oA
0 saassennsesensensssenttiissiiii
0 100 200 300 400 500 600 700 800
Time, min
+— Dilution 10' 4 Dilution 10°

Fig. 2. Growth curves of bacteria in water samples taken from the Odra River (left) and a sample of activated sludge (right) in various

dilutions.
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Fig. 3. Growth curve of bacteria in the sample of activated sludge from Otawa WWTP at various RPMs.

Evaluating the Microbial Presence

The presence of microorganisms in tap water was
detected with a culture-based method on Petri plates
with agar (catalogue nr 5040) from Sigma-Aldrich.
Studies on the presence of bacteria in wastewater and
natural waters using the live/dead reagent of Thermo
Fisher (No. L7007) on a Nikon Elicpse Ni-E C2
microscope were conducted. A mixture of propidium

iodide (which penetrates only damaged or dead cells)
and SYTO 9 (which dyes living cells) was added to
the 1 ml centrifuged sample. After a contact time
of 15 minutes, 5 pl of the solution was placed on the
slide. Additionally, BacLight mounting oil (from Life
Technologies) was added on the dried sample to prevent
it from fading. The analysis was conducted using
the CFI Plan Apo 60x oil objective and the B-2A EX
450-490, DM 505, BA 520 nm filter. Quantification of
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Fig. 4. Gradient values calculated from Formula 3 to determine the duration of lag time A.
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Fig. 5. Fluorescent area of microorganisms from Otawa WWTP

sample (at 5000 RPM); bar 10 um.

microorganisms was performed by direct counting of
fluorescent areas from 20 random fields in each well
using Nis-Elements AR Analysis 4.30 (Fig. 5). After
that, the fluorescent areas of the individual fields at
different RPMs were calculated and presented in Fig. 6.

Results and Discussion

Fig. 1 shows growth curves of microorganisms in
water samples from the lake in Msciwojow, the Otawa
River, and tap water. No change in OD 600 in the tap
water sample was observed. The culture-based method
confirmed the absence of bacterial colonies. In the
research conducted using surface water, the typical
kinetic curve of OD600 was observed. The duration of
lag time A was much shorter for the water taken from
the reservoir than the water from the river (Fig. I).
Studies on wastewater and water from the river have
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Fig. 6. Amount of fluorescent areas showing the presence of microorganisms in the samples taken from Otawa WWTP depending on

RPM (Nos. 1-4 represent the collected samples).
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shown that in higher dilution of the samples the duration
of lag time A increases (Fig. 2). Preliminary studies have
shown that the duration of lag time A probably depends
on the level of microbial contamination at the start of
the experiment.

In the following tests, a sample centrifugation
was used to remove some of the impurities from the
activated sludge and to check the effect of the microbial
contamination on the lag time. Centrifugation requires
neither such precision, nor additional reagents, nor
time consumption. Four experiments (Nr 1-4) on the
samples from Otawa WWTP collected weekly during
the summer season were carried out.

The result of one of them is shown in Fig. 3, which
displays the increase of the duration of lag time along
with the RPM. It was noticed especially between 1000
and 15000 RPM. There were no considerable differences
between the revolutions of 5000 and 10000 per minute.
This result was confirm in subsequent experiments.

Then the duration of the lag time was determined.
The gradient was calculated from Formula 3:

In OD —In OD
Gradient — 600 (n+1) 600 (1) ’ min'l
(ty —1,) 3)
where:
In ODy, .1, - natural logarithm of optical density at

600 nm of absorbance for the subsequent steps of the
experiment [-];
fosiim ™ time for the subsequent steps of the experiment
[min], reaches a maximum value which reflects the end
of lag time A (Fig. 4).

At the same time, absorbance measurements and
microscopic analysis were carried out. One sample

540

with the medium after centrifugation was placed
in the spectrophotometer and the other was mixed
with the live/dead reagent to determine the number
of microorganisms. During the quantitative analysis
of bacteria, the “area” function in Nis-Elements AR
Analysis 4.30 was used to mark the areas of suitable
intensity of green light. There were no optimization
or segmentation steps using the binary image as it is
usually used for image analysis [14, 15], mainly due to
the presence of extensive structures such as activated
sludge flocs. In that case, a precise approach to the
image analysis does not bring much to the result and
is really time-consuming. The example of the area
of microorganisms is shown in Fig. 5. Quantification
of microbes was performed by direct counting of
20 random fields in each well using fluorescence
microscopy. Then the areas were calculated and shown
in Fig. 6.

During analysis, the pictures were similar to each
other and no difference in the samples centrifuged
from 1000 to 10000 RPM was observed. In the sample
centrifuged at 15000 RPM, there were significantly
fewer numbers of bacteria. Only then did the calculated
areas show differences in the amount of bacteria in each
sample (Fig. 6).

The relationship between duration of lag time A
and fluorescent arcas of microorganisms obtained
from 20 random pictures is shown in Fig. 7. The
relationship between the parameters followed the linear
trend with R? = 0,3578. Certain data points were out
of 95% confidence interval (Conf. Int.), but showed the
correlation between different RPMs.

Numerous authors indicated that the duration of
lag time A depends not only on the initial number of
bacteria but also on the stress factors such as pH and
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Fig. 7. Relationship between the duration of lag time A of microorganisms from wastewater samples centrifuged at different RPMs and
fluorescent areas of microorganisms obtained from 20 random pictures; confidence interval determined at 95%.



4508

Domanska M., et al.

0,7

0,6

0,5 1

0,4

ODsoo

0,3 -

m 5000 RMP, 37 °C

- nnng®
nngn
L]

400 500 600 700 800

A 5000 RMP, rt

Fig. 8. Growth curve of bacteria in a sample of activated sludge at room temperature (rt) and 37°C, or at various RPMs.

temperature [17]. The obtained results confirmed
that the extended lag time A is associated with fewer
microorganisms. Fig. 7 shows the differences between
1000 and 15000 RPM. There is no significant difference
between samples centrifuged at 5000 and 1000 RPM.
Additional analysis should be carried out in order to
achieve better fitting.

Further experiments were carried out on the
activated sludge sample to verify the influence of
temperature on lag time and the shape of growth curve.
Centrifuging at 5000 RPM and room temperature as
well as 37°C were applied. The lag time was almost
twice shorter for samples incubated at 37°C. The lag
time was 631.3 and 301.3 minutes for room temperature
and for 37°C, respectively. Fig. 8 shows that the higher
temperature shortens the lag time, which is confirmed
by Sant’Ana et al. [18].

Research available in the literature has explained
the duration of lag time A to a certain extent. The
shape of the bacterial growth curve depends on
various factors, e.g., bacterial substrates and storage
cell compounds inside cells, which affects competition
between microorganisms [19, 20]. The research has
shown that the duration of lag time A depends on the
microbial contamination in liquid media at the start of
the experiment. The approximate number of bacteria
was also confirmed with fluorescence microscopy.
Furthermore, the temperature increase shortened the
duration of lag time A.

The methodology for the modeling of microbial
growth in pure bacterial cultures is available in the
literature. The studies conducted on mixed populations
of bacteria from rivers, lakes or sewage treatment plants
have shown that the duration of lag time can be used
to estimate microbial contamination in the waters. In the
case of sewage, the use of the OD600 method makes it
difficult to separate impurities from bacteria before the

absorbance measure. For this reason, the determination
of lag time obtained with the OD600 method for
wastewater samples is not so precise.

The presented method, considering the low cost of
equipment and the simplicity of research procedures,
may be used in the future as a fast way to monitor the
quality of water feeding the water supply network. It
is necessary to continue the studies with other liquid
media and experimental conditions.

Conclusions

The methodology for modeling microbial growth
in pure bacterial cultures is available in the literature.
Studies conducted on mixed populations of bacteria,
which is a novelty of this research, have shown that the
duration of lag time can be used to estimate microbial
contamination in water.

Research available in the literature has explained
the duration of lag time A to a certain extent. The
shape of the bacterial growth curve depends on
various factors, e.g., bacterial substrates and storage
cell compounds inside cells, which affects competition
between microorganisms [19, 20]. The research has
shown that the duration of lag time A depends on the
microbial contamination in liquid media at the start of
the experiment. The approximate number of bacteria
was also confirmed with fluorescence microscopy.
Furthermore, the temperature increase shortened the
duration of lag time A.

The presented method considering low in cost for
equipment, and the simplicity of research procedures
may be used in the future as a fast way to monitor the
quality of water feeding the water supply network. It
is necessary to continue the studies with other liquid
media and experimental conditions.
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