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Water is used for a very broad range of industrial applications with different water quality requirements. In

all cases, the microbial water quality remains of importance as the microbial community can cause biofoul-

ing, microbial induced corrosion, odor problems, or health hazards. A close and accurate monitoring of the

microbial water quality is therefore relevant for all water types used in industrial applications. Flow cytome-

try and additionally flow cytometric fingerprinting have been proposed before as methods to monitor the

aquatic microbial communities but it remains unclear on how sensitive the fingerprinting method is for

detecting quality changes in practice for different types of water. In this paper, we compared the microbial

dynamics of coarsely filtered surface water, tap water, and demineralized water by challenging these waters

with different concentrations and types of nutrients (C, N, and P) and additives such as corrosion inhibitors

and biocides. We demonstrated that the cytometric fingerprints of the aquatic microbial communities dif-

fered in function of the type and concentration of product added, but that these differences are dependent

on the type of water. Flow cytometry proved to be sensitive enough to detect subtle changes in microbial

communities and to measure bacterial regrowth in different types of water. As a result, we conclude that

cytometric fingerprints can be considered as indirect indicators of the physical–chemical composition of

the water and a tool to monitor water biostability, as a tell-tale for minor environmental changes.

1 Introduction

Water is fundamental for industrial applications where it is
used in a wide variety of ways such as for rinsing and
cleaning, cooling, as base material, as solvent, or for trans-
portation. As a consequence, the water quality requirements
are different for each application. The used water type varies
from coarsely filtered surface water, which may serve as
cooling water, to purified and demineralized water that can
be used for food processing or steam production. Due to the

rising water demand, consciousness of our environmental
impact, and climate change, water reuse systems are increas-
ingly implemented.1 This evolution gives rise to additional
challenges concerning water quality as deviations in the wa-
ter quality can be an important source of problems, regard-
less of the water type. Monitoring the microbial water quality
is of major concern, since aquatic bacteria can cause biofoul-
ing of membranes, induce corrosion (MIC), produce
undesired odors, and potentially affect public health (e.g.
Legionella).1–5

Aquatic bacteria became of interest in the 19th century
when attempts were made to resolve waterborne diseases by
scientific research. Later, research showed that every water
source contains bacteria, regardless of its quality.6 These
aquatic bacteria typically live in complex and dynamic com-
munities that are shaped by environmental factors.7 An im-
portant factor is the amount of available nutrients. For exam-
ple, lake waters are divided into eutrophic, mesotrophic, and
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Water impact

Monitoring small changes in water quality are very important but represent a challenge today. Aquatic bacteria communities react quickly to changing
water quality and can be measured through single cell analysis. In this paper, flow cytometry is used as a tell-tale for minor water quality changes to opti-
mize the water quality and biostability during and after treatment.
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oligotrophic water, containing a decreasing concentration of
nutrients respectively.8 Besides the quantity, also the balance
between different nutrients impacts the microbial commu-
nity.9 Insights in the dynamics and composition of the micro-
bial community can thus indirectly provide information
about the environmental factors shaping aquatic microbial
communities. Ideally, process conditions have a limited im-
pact on the microbiological stability of the water as bio-
stability is believed to be a sustainable solution for water
quality management while issues can be detected easily.
However, analyzing aquatic microbial communities in indus-
trial settings is difficult. The plate count method, which is
still considered as the golden standard, is typically used.10

Disadvantages of the method are the necessity for skilled
technicians for the sterile preparation of the plates, and the
time delay between sampling and results as the plates need
to incubate for at least 24 hours.11 Furthermore, only a very
small fraction (<0.01%) of the aquatic bacteria can be culti-
vated, making this method less accurate.12 Because of all
these impracticalities, the microbial quality of process water
is not considered in current monitoring activities. Instead,
microbiologically induced issues are commonly mitigated by
the addition of biocides to the water which is done by a peri-
odic addition of high concentrations of chemicals.13,14 The
addition of chemicals may be an effective solution, though
their presence can be harmful for the environment or impede
water reuse. Thus, a close and online monitoring of the
microbial water quality is a useful tool to improve water qual-
ity management, to reduce downstream costs, and to mitigate
health and environmental hazards.15

Several methods for online monitoring of aquatic bacteria
have been developed in the last few years. A first approach
consists of detecting biomolecules that correlate with bacte-
rial concentrations. Common examples are measurement of
ATP concentration, enzymatic activity, or tryptophan
fluorescence.16–18 However, these methods can be inaccurate
because they rely on indirect measurements of the bacteria.
Consequently, as aquatic bacteria communities differ in every
water, no universal conversion to cell concentration can be
done.18 An alternative method measures the refractive index
of the water to determine changes in the water quality such
as microbial regrowth.19 The disadvantage of this method is
that it cannot discriminate among different sources inducing
the change in refractive index. Approaches based on particle
counting are therefore more reliable as they measure the
microbial concentration directly.20 Flow cytometry in particu-
lar has been proposed multiple times as tool to monitor the
microbial water quality.21–23 As this method relies on fluores-
cent dyes for detection, physiological traits can be assessed
on the single-cell level. This can be particularly useful to assess
decontamination efficiency.12 To extract more information from
the complex cytometric data, flow cytometric fingerprinting
has been proposed and showed to provide useful information
regarding the aquatic microbial communities.11,23–25 Both
Props, Monsieurs25 and Prest, Hammes23 showed with differ-
ent fingerprinting approaches that changes in taxonomic

diversity correlate well with changes in cytometric diversity.
Moreover, Besmer, Sigrist26 showed that these approaches
are complementary to cell counts. In this paper, we assessed
the possibilities and limits of flow cytometric fingerprinting
for the monitoring of the microbiological water quality and
biostability with industrially relevant examples. We choose to
work with coarsely filtered surface water, tap water, and
demineralized water because of their different properties and
because of their frequent use in practice. Different types of
substrate and additives were added in different concentra-
tions to the waters to evaluate the effect on the flow
cytometric fingerprints.

2 Materials and methods
Experimental design

Surface water from a river in Belgium (Coupure, Gent)
containing 8.19 ± 0.005 mg TOC per L was collected for the
experiments. For a first experiment, a dilution series up to
1 : 1000 of the surface water was prepared in 0.22 μm-
filtered autoclaved Milli-Q water (Merck, Germany). Immedi-
ately thereafter, samples were taken for flow cytometry. Sub-
sequently, nutrients were added as a complex substrate or a
defined substrate in concentrations resulting in a carbon
concentration approximately ten times higher than the mea-
sured carbon concentration in the water to ensure growth.
Yeast extract (YE, Carl Roth, Belgium) was used as complex
substrate and was added at a concentration of 159 mg L−1

which is equivalent to 81 mg L−1 TOC according to our
measurements. The defined substrate was prepared as a
mixture of acetate (C), NH4Cl (N), and K2HPO4 (P) with a
controlled molar C :N : P ratio of 20 : 5 : 1 of which was also
added at a concentration of 81 mg L−1 TOC according to
our measurements. Blank samples and samples with the
different types of substrate were incubated for 24 hours at
28 °C at 100 rpm. All samples were prepared as biological
triplicates. After 24 hours, all samples were analyzed with
flow cytometry.

For a second experiment, undiluted surface water (8.19 ±
0.005 mg TOC per L), tap water (1.56 ± 0.010 mg TOC per
L) and demineralized water (148 ± 4.51 μg TOC per L) were
aliquoted and both the complex and the defined substrate
were added to different samples. For surface water and tap
water, acetate, NH4Cl, and K2HPO4 were also added individ-
ually to different samples to determine the contribution of
each nutrient. For each condition several concentrations
were tested, relative to the measured TOC concentration of
the water type. Samples to which no substrate was added
were considered as blanks. All samples were prepared as
triplicates. An overview of the relative increase of each nutri-
ent for the different types of water is given in Table 1. Tap
water samples and demineralized water samples were pre-
pared in AOC-free borosilicate glass vials of 40 mL (35 mL
total sample volume) with screw caps containing PTFE-faced
liner27 to avoid TOC cross contamination (TraceClean TOC
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free vial, VWR, Belgium). Surface water samples were pre-
pared in sterile 6-well plates with a total sample volume of
5 mL. Samples were incubated at 28 °C at approximately
100 rpm. Samples were taken every 12 to 24 hours.

In a third experimental setup, a biocide and a corrosion
inhibitor were added to demineralized water in different con-
centrations, based on the used concentration in industry. A
biocide containing quaternary ammonium salts (F-7050,
Kurita, Germany) and a corrosion inhibitor containing
phosphonates (S-1035, Kurita, Germany) were used. Dilution
factors of 1 : 1000, 1 : 500, 1 : 100, 1 : 50, and 1 : 10 were used
for both products. The recommended dilution factor is 1 : 100
for both. Samples were prepared and incubated at 28 °C at
125 rpm for 144 hours and bacterial regrowth was followed
up through sampling every 24 hours.

TOC analysis

TOC analysis was performed using a Sievers 900 Portable
TOC Analyzer (GE Analytical Instruments, Belgium). Preced-
ing the TOC analysis, inorganic carbon (IC) was removed on
a Sievers 900 Inorganic Carbon Remover (ICR) (GE Analytical
Instruments, Belgium). Borosilicate glass vials of 40 mL with
screw caps containing PTFE-faced liner were used for analysis
(TraceClean TOC free vial, VWR, Belgium). Glassware was

prepared according to Hammes and Egli27 in order to be free
of any assimilable organic carbon (AOC) that may interfere.
Samples were diluted to a range from 10 to 5000 ppb TOC
and analyzed on the TOC analyzer. Samples were analyzed in
quadruplicate.

Staining protocol and flow cytometry

An optimized staining protocol was used from Van Nevel
et al. (2013).28 Bacteria were stained with 10 μL mL−1 of SYBR
Green I (SG, Invitrogen, Belgium, 100× diluted in DMSO from
stock) for total cell counting. The samples were then incu-
bated for 13 minutes at 37 °C. Samples of the first experi-
ment were analyzed on a FACSVerse cytometer (BD Biosci-
ences, Belgium). The blue laser (488 nm, 20 mW) was used
for the excitation of the stains. Two optical filters were used
for green fluorescence emission (527/32 nm) and for the red
fluorescence emission (700/54 nm). Samples of the other ex-
periments were analyzed on an Accuri C6+ (BD Biosciences,
Belgium) with a blue (488 nm, 20 mW) and red (640 nm, 14.7
mW) laser. Standard optical filters were used and included
FL-1 (530/30 nm), FL-2 (585/40 nm) and FL-3 (670 LP) for the
blue laser and FL-4 (675/25 nm) for the red laser. The perfor-
mance of both instruments was monitored daily with their
corresponding CS&T beads (BD Biosciences, Belgium).

Table 1 The concentrations of all nutrients added to the batch experiment expressed in mg L−1. The concentrations were based on the initial TOC con-
centration of the different water types. Solutions with a relative concentration of 1/10, 1/2, 1, 2, and 10 of the initial TOC concentration were prepared
individually. The individual nutrients were added in the same concentration as in the defined substrate for surface water and tap water

Surface water

Complex substrate Defined substrate Individual nutrients TOC concentration relative to the water sample

Carbon Nitrogen Phosphorus

mg L−1 TOC mg L−1 TOC mg L−1 TOC mg L−1 N mg L−1 P

0.81 0.80 0.80 0.07 0.03 1/10
4.04 4.06 4.04 0.34 0.15 1/2
8.09 8.15 8.11 0.68 0.30 1
16.18 16.29 16.22 1.37 0.60 2
74.01 81.46 81.08 6.83 2.98 10

Tap water

Complex substrate Defined substrate Individual nutrients TOC concentration relative to the water sample

Carbon Nitrogen Phosphorus

mg L−1 TOC mg L−1 TOC mg L−1 TOC mg L−1 N−1 mg L−1 P

0.16 0.16 0.16 0.01 0.01 1/10
0.78 0.78 0.78 0.07 0.03 1/2
1.55 1.56 1.55 0.13 0.06 1
3.11 3.12 3.10 0.26 0.11 2
15.53 15.58 15.51 1.31 0.57 10

Demineralized water

Complex substrate Defined substrate TOC concentration relative to the water sample

μg L−1 TOC μg L−1 TOC

14.8 14.8 1/10
74 74 1/2
148 148 1
296 296 2
1480 1480 10

Environmental Science: Water Research & TechnologyPaper

Pu
bl

is
he

d 
on

 0
9 

A
ug

us
t 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

1/
26

/2
01

9 
2:

13
:1

1 
PM

. 
View Article Online

https://doi.org/10.1039/c9ew00283a


Environ. Sci.: Water Res. Technol., 2019, 5, 1672–1682 | 1675This journal is © The Royal Society of Chemistry 2019

Data analysis

All data was extracted from the proprietary Accuri C6+
CSampler software or FACSuite software in the flow cytometry
standard (FCS 3.0) format and subsequently imported into R
v3.4.0 (ref. 29) through the functionality offered by the
flowCore package v1.42.2.30 Data was first log transformed
and then normalized by dividing all values by the maximal
green fluorescence intensity. No compensation was applied.
Sample quality was assessed visually by looking at the signal
stability in function of time. Samples with unstable signals
were removed prior further analysis. Gating to reduce the
background was performed in R studio using the flowCore
package. A 0.22 μm-filtered control was used to determine
the position of the background and a universal gate was
constructed to remove as much background as possible. Next,
a single-step discretization (‘binning’) and Gaussian bivariate
density estimation was performed on the selected parameters
(green and red fluorescence, FSC, and SSC) using the
KernSmooth package v2.23.15.31 An equally spaced grid (bin-
ning grid) of 128 × 128 was fixed for each bivariate density es-
timation using the flowFDA package v1.0. All bivariate den-
sity estimations were concatenated to a one-dimensional
feature vector which we refer to as the fingerprint. Subse-
quently, cytometric fingerprinting indices were calculated
according to the publication of Props, Monsieurs25 where Hill
number diversity indices are applied to describe the
cytometric diversity within and between samples. Three indi-
ces are used; D0, D1, and D2. The difference between the indi-
ces is the weight given to the most abundant conceptual phe-
notypes. D0 does not account for the relative abundance of
these conceptual phenotypes while D2 gives the most weight
to the most abundant conceptual phenotypes. Alternatively,
the dissimilarity between the flow cytometric fingerprints can
be visualized with principal coordinate analysis (PCoA) based

on the quantitative Jaccard distance measure (Ružička index)
as implemented in the function vegdist from the vegan pack-
age v2.5.2.32 When relevant, ANOSIM analysis was used to de-
termine the dissimilarity between the groups with the anosim
function from the vegan package v2.5.2.

3 Results
3.1 Surface water

Results of the first experiment with surface water incubated
with two different types of substrate are presented in Fig. 1.
Regrowth was the highest for samples incubated with a com-
plex substrate and was higher for less diluted samples. Sam-
ples incubated with the defined substrate also showed
regrowth but to lesser extent, with a comparable final bacterial
concentration for all dilutions after 24 hours. Furthermore,
the control samples where no substrate was added, showed
comparable or even more regrowth than samples incubated
with defined substrate. A more in-depth analysis of the
cytometric data by fingerprinting shows that the combination
of cell density and flow cytometric diversity index D2 exhibits a
clear distinction between the different types of samples
(Fig. 2). The results confirm that the cytometric diversity of all
samples changed after incubation, and that the change was
the strongest for samples incubated with a complex substrate.
Samples incubated with a defined substrate could also be dis-
tinguished from the other conditions. The level of dilution af-
fected the cytometric diversity D2 and how D2 changed after 24
hours of incubation, although discrimination among dilutions
was less clear than before incubation.

Differences between cytometric fingerprints of all samples
were visualized by principal coordinates analysis (PCoA) and
show that the cytometric fingerprint of all samples changed
after 24 hours of incubation (Fig. 3). The separation between

Fig. 1 Average bacterial concentration and the standard deviation in function of the degree of dilution (% surface water, n = 3). Diluted surface
water was incubated with a complex substrate or a defined substrate with a C :N : P molar ratio of 20 : 5 : 1. Controls to which no substrate was
added are shown before and after incubation. Microbial regrowth can be noticed in all samples but is strongest for samples incubated with the
complex substrate.

Environmental Science: Water Research & Technology Paper

Pu
bl

is
he

d 
on

 0
9 

A
ug

us
t 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

1/
26

/2
01

9 
2:

13
:1

1 
PM

. 
View Article Online

https://doi.org/10.1039/c9ew00283a


1676 | Environ. Sci.: Water Res. Technol., 2019, 5, 1672–1682 This journal is © The Royal Society of Chemistry 2019

the fingerprints according to the four conditions was con-
firmed by ANOSIM (R = 0.529, p = 0.001). The cytometric fin-
gerprints of blank samples changed to a lesser extent than
when substrate was added, although no distinction between
substrate type was observed. On the other hand, the level of
dilution clearly affected the cytometric fingerprints before di-
lution and their change after 24 hours of incubation.
Cytometric fingerprints of more diluted samples showed less
change after incubation. For undiluted samples, temporal
data was also acquired and all samples, including the blanks,
showed regrowth but samples where carbon was supplied as
a complex substrate (yeast extract) or as defined substrate
(acetate) showed the clearest regrowth. Again the complex
substrate sustained more and faster growth than the defined

substrate. Samples spiked with high concentrations of de-
fined substrate showed a growth delay when compared to the
lower concentrations. Samples spiked with only phosphorous
showed a reverse effect of concentration, as lower concentra-
tions sustained more regrowth. Flow cytometric diversity in-
dices changed for all samples relative to the baseline changes
of the blank water, although it is lacking a general or
substrate-specific trend (Fig. S1†).

3.2 Drinking water

As tap water is frequently used in diverse industrial applica-
tions, experiments were also performed on this water type.
After one day of incubation, bacterial regrowth was visible for

Fig. 2 Flow cytometric diversity index D2 in function of the cell concentration of all samples (in cells per mL). All samples are were prepared as
biological triplicates and are shown individually. The marker size indicates the degree of dilution (% surface water). A distinction is visible between
samples incubated with a complex substrate and a defined substrate. The control samples changed after incubation though to a lesser extent than
when substrate was added. The effect of dilution is only clear for the control samples prior incubation.

Fig. 3 PCoA ordination of the cytometric fingerprints of all samples. All samples were prepared as biological triplicates and are shown individually.
The marker size indicates the degree of dilution (% surface water). A distinction is visible between samples before and after incubation. Also,
incubated blank samples are distinguished from samples incubated with a complex or defined substrate. The cytometric fingerprint of control
samples changed to a lesser extent than when substrate was added. The effect of dilution is visible for all conditions.
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samples containing high complex substrate concentrations,
and after two days for the other samples spiked with the
complex or defined substrate (Fig. 4). For samples enriched
with a sole P-source, growth was visible after three days of in-
cubation at 28 °C. Growth was limited for blank samples and
for samples with carbon or nitrogen source addition. The
normalized cytometric diversity D2 fluctuated greatly com-
pared to the respective surface water samples. D2 of tap water
samples fluctuated similarly over time for all conditions.
Even in samples with limited growth (C, N), changes in D2

were observed. A similarity based fingerprinting approach on
the other hand showed no clear distinction between the dif-
ferent conditions at any time point unlike surface water (data
not shown).

3.3 Demineralized water

Higher nutrient concentrations yielded stronger regrowth but
no difference between the complex and the defined substrate
could be noticed based on the cell concentration (Fig. S2†).
The normalized cytometric diversity index D2 in function of
time showed important deviations during the first two days
of the experiment. This is in contrast with the cell concentra-
tion, where measurable regrowth was only observed after two
days. No effect of the substrate concentration on the
cytometric diversity was observed (Fig. S2†). The addition of
biocides to demineralized water prevented growth in general,
except for the lowest biocide concentration that induced
regrowth (Fig. S3†). The lowest biocide concentration was ten
times lower than the industrially required concentration (100
μL L−1). The corrosion inhibitor also induced some regrowth,
which was higher when low concentrations of corrosion in-
hibitor were added. For the highest concentration of corro-
sion inhibitor, heavy background fluorescence was observed
and cell concentrations are therefore less reliable. A compari-
son between the blanks and the water to which biocide or
corrosion inhibitor was added reveals that both products, but
especially the corrosion inhibitor have a strong impact on the
cytometric diversity index D2 (Fig. S3†). The effect of both the
biocide and the corrosion inhibitor could not be related to
the product concentration although a higher concentration
of biocide showed to induce less differences in the cytometric
diversity. An overall comparison of the samples was done by
using the similarity between fingerprints as an alternative for
the diversity indices and could provide complementary infor-
mation. A principal coordinate analysis (PCoA) shows that all
fingerprints changed over time (Fig. 5). No clear distinction
can be made between the different treatments or concentra-
tions, except for the samples that contained high concentra-
tions of corrosion inhibitor.

4 Discussion

Nutrients are the most important factor inducing microbial
regrowth and more specifically the presence of the elements
C, N, and P are vital for microbial life. By adding nutrients to
microbial communities in several types of water we

attempted to simulate changing process conditions and to
determine the effect of these changes on the dynamics in the
flow cytometry data and cytometric diversity indices by using
our in-house fingerprinting algorithm.25,33 Regrowth of the
microbial community in the surface water was partially due
to nutrients already present in the water and the favorable in-
cubation conditions as also blank samples showed regrowth
(Fig. 1). The addition of the defined substrate did not induce
more regrowth than the control samples although both
added substrates contained the same concentration of TOC.
Certain elements or compounds (e.g. sulfur, magnesium)
may lack in the defined substrate as compared to the defined
substrate. Also the type of carbon, nitrogen, or phosphorus
sources can be an explanation as not all molecules promote
optimal growth for all species present.34 An in-depth compar-
ison of the cytometric diversity index D2 between different di-
lutions shows that D2 is generally lower for more diluted
samples (Fig. 2) because the cytometric index D2 is mainly de-
termined by the most abundant conceptual phenotypes as de-
fined by the gating strategy in the fingerprinting algorithm.
By diluting the surface water, the microbial community of
the most diluted samples was reduced to the most abundant
species which resulted in a taxonomically less rich commu-
nity and subsequently in less conceptual phenotypes in the
fingerprints. After incubation, the cytometric index D2 in-
creased together with the cell concentration for all samples,
yet a distinction could still be made between the more and
less diluted samples because the community richness could
not increase. This also suggests that different microbial com-
munities react differently to the changed environmental fac-
tors. A comparison between both cell density, fingerprinting
with cytometric diversity indices, and fingerprinting based on
the similarity of the fingerprints (Fig. 1–3) shows that the
combination of cell concentration and cytometric fingerprint-
ing indices is informative to discern differences between
samples.26

The different types of substrates were tested individually
in different concentrations to estimate how sensitive the flow
cytometric fingerprinting method was to detect specific envi-
ronmental changes. Microbial regrowth was observed to be
higher for higher substrate concentrations as expected but
samples spiked with a defined substrate at low concentra-
tions (<8.15 mg L−1 TOC addition) showed faster regrowth
than samples spiked with higher concentrations of defined
substrate. This may be attributed to a “nutrient shock” effect
of the substrate on the microbial community, i.e. that the
microbial community needs time to adapt to relatively high
nutrient concentrations in their environment.35 For samples
with sole phosphate addition, regrowth occurred inversely
proportional to the added concentration. During the experi-
ment, white flocks were formed in high-phosphate
containing samples. These may have been phosphate, which
precipitated with the available calcium thus rendering the
phosphorous unavailable for microbial growth which could
explain the inversed proportional effect.36,37 The lowest con-
centration of complex substrate or acetate increased the TOC
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Fig. 4 Average cell concentration (cells per mL) (a, c, e, g, i, and k) and average flow cytometric indices D2 (b, d, f, h, and j) of tap water, with their
respective standard deviation in function of time for each substrate and concentration (n = 3). The cytometric diversity indices were normalized by
subtracting the cytometric diversity indices of the blank samples. The dashed line represents the blank samples as reference. After 95 hours,
measurements were performed on another instrument of the same brand and model.
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concentration with 0.8 mg L−1 in water which already
contained 8.15 ± 0.005 mg L−1 TOC. This shows that even
small increases in TOC concentrations (±10%) can lead to
microbial growth in a period of 24 hours and that flow cy-
tometry can be used to detect microbial regrowth after minor
organic contamination of a water sample, which makes it
useful for water treatment monitoring.

Tap water is frequently used in industrial applications but
differs markedly from surface water in terms of its physical–
chemical properties, and as a consequence, its microbial
community.38 An experimental design similar to that for sur-
face water shows that the bacterial community of tap water
reacted slower than the microbial community of surface wa-
ter to the addition of proportionally identical amount of the
same nutrients (Fig. 4). As the tap water matrix is more oligo-
trophic than surface water, regrowth in tap water was

influenced to a bigger extent by the type of added nutrients
and their concentration. The addition of individual nutrients
induced no regrowth apart from phosphorous which suggests
that phosphorus was a nutrient limiting factor in this water.
This could be expected as this has been demonstrated before
in drinking water.39,40 Consequently, the addition of a combi-
nation of nutrients is required for bacterial regrowth in tap
water.41 The cytometric diversity (D2) in function of time
showed more fluctuations over the course of the experiment
as compared to surface water. Based on the findings of
Props, Monsieurs,25 Koch and Müller,42 and Prest, El-
Chakhtoura43 changes in the cytometric fingerprints would
suggest a change in the composition of the microbial com-
munities. Assuming that the microbial community composi-
tion changed with similar dynamics, this would indicate
that the communities reacted in a deterministic manner

Fig. 5 Principal coordinates analysis (PCoA) of demineralized water samples incubated with a complex substrate, a defined substrate, biocide, and
corrosion inhibitor. All samples were prepared as biological triplicates and are shown individually. The concentration of the added compound is
visualized in different colors, the effect of time by the size of the shapes. Separate plots were made for each measured time point with the
samples of that time point highlighting against all other samples.
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regardless of the different substrates added albeit differently
for both types of water as the microbial community in sur-
face water showed to remain more stable in comparison to
the microbial community in the tap water. This observation
can be explained by the hypothesis that deterministic mecha-
nisms of community structure are found in communities that
are shaped by selective parameters such as the addition of
substrate.44–48 The noticeable effect of deterministic mecha-
nisms however does not necessarily result in community sta-
bility as can be seen in our results as well.44

In many applications high quality demineralized water is
preferred. Due to substantial treatment, demineralized water
is chemically and biologically different than the surface water
it often originates from. Despite the low concentration of nu-
trients, demineralized water contains bacteria that can cause
problems by fast regrowth as consequence of contaminations
with additional bacteria or nutrients.6,49–51 To maintain the
water quality and to mitigate corrosion of the treated water,
biocides and corrosion inhibitors are added, especially in
recirculating water circuits. Our results confirm that bacteria
are present in fresh demineralized water and that the addi-
tion of a carbon source induces growth (Fig. S2†). While
regrowth in surface water was observed after a day and in tap
water after two days, regrowth in demineralized water was
only observed after three days which demonstrates that the
microbial communities reacted slower in more oligotrophic
environments. This is either a consequence of the low initial
concentration of bacteria or an increased lag time as conse-
quence of the changed environment or a combination of
both elements. In practice, demineralized water is often buff-
ered for multiple days which may allow microbial regrowth,
even when only very small amount of nutrients are available.
The addition of corrosion inhibitor and a suboptimal concen-
tration of biocide also induced some regrowth (Fig. S3†)
which shows that incorrect dosing of biocides or the use of
additives may worsen microbiology related problems.52 The
addition of biocide and especially the corrosion inhibitor also
influenced the flow cytometric fingerprinting indices imme-
diately after addition which suggest an effect on the finger-
prints or on the physiology of the microbial community (Fig.
S3†).53 The effect induced by the corrosion inhibitor can be
attributed to the observed increase in background fluores-
cence and illustrates that also non-biological contaminations
could be observed directly with flow cytometry though only in
a qualitative way. These findings were confirmed with a PCoA
analysis of all samples (Fig. 5). Samples with high concentra-
tions of corrosion inhibitor showed to be markedly different
from the other samples while all other samples changed in
function of time. These observations, in combination with
the observations regarding the effect of different nutrients on
surface water, show that cytometric fingerprints of the
aquatic microbial communities are influenced by the type
and concentrations of chemicals added. This suggests that
cytometric fingerprints can provide indirect information
about the changed environmental conditions. However, it is
also clear that not all chemicals can be distinguished from

one another and that our findings are different for each type
of water.

5 Conclusions

By exposing the aquatic microbiota of different types of in-
dustrially relevant water to several types of substrates and ad-
ditives with different concentrations, we assessed how
cytometric fingerprints changed in response to experimental
manipulations. We found that the microbial community in
surface water reacted quickly to the addition of nutrients but
also that the fingerprints were different for different sub-
strates. The aquatic bacteria in tap water and demineralized
water reacted much slower to the addition of nutrients but
the environmental change could be observed with flow
cytometric fingerprinting before regrowth was measured. Our
findings showed that cytometric fingerprinting can be a tell-
tale of water quality changes regardless of total cell counts,
particularly when these changes affect microbial community
physiology or composition.
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