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Abstract Cultivation-independent assessment of bacterial viability is essential
when (1) results are required fast and at high throughput, and/or (2) when the
specific target or mode-of-action of a certain bactericidal process is of interest,
and/or (3) when the organisms under investigation are regarded as ‘‘uncultivable’’.
However, aside from cultivation, there exists no ‘‘silver bullet’’ method that
demonstrates with absolute certainty whether an organism is alive or dead, and all
currently available methods are prone to produce varying results with different
organisms and in different environments. Here we discuss the fundamental concept
of viability in bacteria, with specific focus on the main aspects that define it. It is
argued that the presence of intact and functional nucleic acids, as well as an intact
and polarized cytoplasmic membrane are essential components of cellular via-
bility, while numerous other parameters and processes that are linked to viability
are explored. Different methods/approaches are discussed with particular emphasis
on the advantages and disadvantages of each approach, the applicability of the
methods toward environmental samples, and the underlying link between the
various viability parameters.
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1 Introduction

Knowing what is alive and what is dead, as well as what transpires in between
those two extremities, is one of the main challenges that microbiologists are facing
across all fields of application on a daily basis. The information arising from this
knowledge affects people in their daily lives. For example, the production of wine,
beer, cheese and yogurt requires well-defined viable microbial starting cultures as
well as quality control during the production process [44]. Similarly, the pro-
ductivity of industrial fermentations that utilise microbial cultures to synthesize
metabolites and recombinant proteins can be controlled and optimised through
real-time monitoring and increased understanding of the viability and activity of
the vector organism [41, 70]. Drinking water and wastewater treatment systems
often utilise disinfection processes as critical steps to safeguard the public against
microbiological diseases. The dosages of disinfectants and the constant monitoring
of the efficacy of such processes, are directly dependent on accurate viability
assessment [23, 53, 72]. In medical-related research, a well-known application of
viability assessment is testing the efficacy and mode of action of current and new
antibiotics [42, 51]. Furthermore, viability assessment is used in research labora-
tories worldwide to understand the fundamental processes that drive growth,
survival and die-off of bacteria in both carefully controlled laboratory environ-
ments [4] as well as in complex natural ecosystems [63].

While accurate viability assessment of bacteria is clearly important, it is far from
simple. First and foremost, it boils down to the essential question of what exactly
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defines ‘‘life’’ and ‘‘death’’ for bacteria? This becomes a near-philosophical dis-
cussion, initiated already half a decade ago by Postgate [56] and aptly summarised
by Roszak and Colwell [60], in which opinions remain highly subjective. Secondly,
viability assessment requires a fundamental understanding of the various parame-
ters that constitute and define life or death for a bacterium, relative to both the
individual organism and the environment in which it is studied. Moreover, it
requires tools that can determine these viability parameters in an accurate and
unambiguous manner, also distinguishing between parameters that change imme-
diately upon cell death, and those that are affected in a time-dependent manner. As
will be discussed below, these issues alone already pose daunting challenges to
researchers and practitioners. Thirdly, viability assessment is complicated by the
fact that bacteria represent a broad and complex group of organisms [66]. Based on
16S rRNA sequences, there are in excess of 50 recognized bacterial phyla [58, 62],
which in layman’s terms mean groups of bacteria as genetically distinct from each
other as a snail is from a human. There are in these phyla an estimated 1–10 million
bacterial species, and these organisms exhibit immense heterogeneity on multiple
levels including physical properties (e.g., size, shape and composition), nutritional
behaviour (e.g., oligotrophy vs. copiotrophy) and physiological states (e.g., dor-
mancy or exponential growth). For a simple example, some organisms have Gram-
positive cell walls, while others have Gram-negative cell walls, S-layers, sheaths,
etc. The cell wall is the primary barrier between the cell and the environment, and
the composition thereof is known to affect the action, functionality and interpre-
tation of some commonly used viability stains [5, 66]. Some bacteria are able to
thrive in a high cell density fast growing environment (e.g., fed-batch bioreactors)
while others can persist in low cell concentrations under near-starvation conditions
(e.g., groundwater). Different growth conditions are likely to affect the way in
which bacteria are perceived in terms of viability and activity (e.g., RNA content or
growth rates). Moreover, bacterial heterogeneity is not limited to broad groups, but
is known to occur even within a single species growing in the same environment
[13, 47], further highlighting the need for meaningful analysis on single-cell level.

Technological advances during the last 30 years, specifically the development
of powerful epi-fluorescence microscopes and the accompanying methodologies of
fluorescent staining, have largely facilitated the rise of fast, cultivation-indepen-
dent microbial methods. Moreover, the focus has shifted from analysing bulk
sample parameters to analysing individual organisms on single-cell level [13]. In
fact, improvements in laser technology and microfluidics have pushed single-cell
analysis to the point where basic bench top flow cytometers are common instru-
ments in research laboratories [22], and where inline/online instrumentation is a
reality rather than a vision [3, 18]. These practical advances have facilitated
fundamental shifts in the perception and understanding of microbial diversity and
heterogeneity, both within pure cultures and in natural environments [13, 47].

This paper approaches cultivation-independent viability assessment from the
perspective of ‘‘what is life or death for a bacterium’’ and how various viability
parameters relate to this. The purpose is to demonstrate the subjective nature of the
topic, to provide insights in how this topic can be approached in research and/or
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routine monitoring, as well as to highlight the practical value gained from such
information. Specific focus is given to high throughput single-cell methods, typ-
ically requiring microscopy or flow cytometry for analysis. The first section covers
the cultivation paradox, highlighting the need for cultivation-independent methods
for viability assessment, while the second part explores the fundamental aspects of
bacterial viability. In the third section, different bacterial processes related to
viability are discussed in the context of tools used for the analysis of these pro-
cesses. The take home message is that the proverbial ‘‘silver bullet’’ for viability
assessment remains (and will probably remain) illusive, but an intelligent com-
bination of available methods can be (and have already been) used to obtain
interesting and new information on diverse aspects of bacterial viability.

For additional reading, five recent review papers address the current state-of-
the-science with broader focus on flow cytometric applications in general [15, 16,
22, 46, 67], while the history of cultivation-independent viability research is
outlined in the thorough review papers of Roszak and Colwell [60], McFeters et al.
[45], Kell et al. [34], Nebe-von Caron et al. [49] and Joux and Lebaron [31].

2 Viability Versus Cultivability

2.1 Cultivability: The Gold Standard

While the present paper deals specifically with cultivation-independent viability
analysis, the basic fact is that cultivation (including conventional plating, most
probable number (MPN), and direct viable counts (DVC) remains the single most
solid evidence of viability [34], if the appropriate growth medium and cultivation
conditions for the organism are known [60]. All bacteria are in theory cultivable,
for the simple reason that they have grown/divided in order to exist. Moreover, at
least one school of thought on the topic of viability argues that an organism has to
be cultivable in order to be classified as viable [56, 60], and several disciplines
(e.g., drinking water analysis) still rely heavily on cultivation as primary method
for microbial analysis. However, numerous strong arguments exist in favour of
looking beyond cultivation alone when describing viability, and these are explored
below.

2.2 Time and Throughput

Cultivation can be a time-consuming analysis method, with growth to detectable
colony formation taking from 1 day to well over 1 month, depending on the
organisms and the growth media. Notably, some advanced cultivation methods (e.g.,
micro-colony counting and DVC) improve the time problem to some extent [2].
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Nonetheless, there are numerous cases, particularly in industrial and hygienic
applications, where a long time lapse would not suffice the purpose of the analysis.
For example, if a microbiological problem is detected in a drinking water
disinfection step only 3 days after the actual event, any corrective action will only
occur after the water has already reached the consumer. Similar examples can be
found in food and beverage industries. Indeed, the aim for microbiological analysis
should be to achieve accurate measurements in a matter of minutes, rather than hours
or days. Moreover, cultivation is a labour intensive method that does not allow high
throughput detection similar to automated microscopy, solid-phase cytometry or
flow cytometry.

2.3 Dealing with So-called ‘‘Uncultivable’’ Bacteria

One of the strongest arguments in favour of cultivation-independent analysis is the
analysis of indigenous environmental bacteria. Firstly, for the vast majority of
environmental bacteria, appropriate cultivation methods are simply not known
[58, 69], thus nullifying the use of conventional cultivation-based approaches.
Secondly, it is highly unlikely that all organisms in the same environmental sample
would share the same synthetic cultivation medium, rendering this approach
inappropriate for analysis of a diverse indigenous microbial community. Notably,
some recent studies have addressed this problem by cultivating bacteria in sterile
media prepared from the same aqueous environments from which the targeted
organisms originated (e.g., [69]). Thirdly, several reasons such as extremely slow
growth of specific organisms might render cultivation impractical to detect [49].
Organisms that do not grow readily on conventional growth media are broadly
(and most probably erroneously) referred to as ‘‘uncultivable/unculturable’’ bac-
teria. In the case of environmental samples, it is clear that only cultivation-
independent analysis can provide the much-needed information when viability is
assessed, which makes it the most appropriate approach for analysis of samples
from e.g., wastewater, drinking water and natural surface waters [6, 63].

2.4 The Viable-But-Not-Cultivable (VBNC) Paradigm

The possibility of VBNC bacteria is often highlighted as a key reason for doing
cultivation-independent viability analysis [28]. In short: the argument is that nor-
mally cultivable bacteria under certain conditions become uncultivable on media
that they previously grew on, while maintaining other measurable viability signs
[34, 52]. However, it would not be over-critical to state that the VBNC term is used
very liberally in peer-reviewed literature, often with scant regard for the basic
concepts of viability, which it apparently describes. The most common VBNC
example is the use of temperature shifts to regulate cultivability of Vibrio vulnificus,
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with cold-stored cells losing their ability to grow on standard media, and regaining it
through a temperature upshift [52]. Another example was shown by Berney et al. [4]
with E. coli exposed to low levels of solar radiation stress, no longer growing on the
standard cultivation media, but still appearing viable with cultivation-independent
parameters. At first sight, these two examples seem to underpin the VBNC concept.
However, in the latter case of the stressed E. coli cells, it was demonstrated that a
considerable percentage of the ‘‘uncultivable’’ cells were capable of growing
anaerobically on medium that was specifically supplemented with sodium pyruvate
(which scavenges reactive oxygen species) [4], showing that the cells were indeed
cultivable if the appropriate medium is used. Similarly, Bogosian and Bourneuf [7]
described a control experiment that showed that the cold-stored uncultivable
V. vulnificus cells were probably injured cells that were merely sensitive to the high
concentrations of hydrogen peroxide found in rich cultivation media. In fact, the
brilliant critical review by Kell et al. [34], later mirrored by Bogosian and Bourneuf
[7], needs to be illuminated in the VBNC context. This has to serve as a blueprint for
VBNC advocates for the experimental standard to which this concept should be
held, and the importance of careful use of this terminology. The somewhat critical
opinion of VBNC data expressed herein is not meant to undermine the efforts of
understanding different physiological states in bacteria, but rather to emphasize the
care that should be taken with viability analysis tools, and the expression of data
generated with these methods.

2.5 A Description of Specific Injuries and Slow Death

There is another clear advantage of cultivation-independent methods over culti-
vation-based viability methods. Cultivation provides only a binary (presence/
absence) result, i.e. the organisms are either detected as cultivable or not, a result
which is then usually interpreted as meaning alive or dead. But this type of result
limits the researcher in his/her understanding of the process that brought about the
result. The fundamental aspects of cell death, such as the sequence of damage or
type of injury caused by a certain bactericidal agent (e.g., [8]), or the specific targets
of different bactericidal agents and the kinetics of damage to these targets (e.g.,
[51]), all requires specific tools that can explore individual cellular processes and
mechanisms in more detail than a simplistic yes/no answer. The fact that cultiva-
tion-independent viability analysis targets a variety of individual cellular processes
renders this approach meaningful and suitable to address such complex questions.

3 How Dead is Dead?

In the absence of cultivation-based methods, the determination of viability
becomes a difficult and contentious topic. Argumentatively, three main cellular
components are prerequisites for life, namely: (1) the presence of functional
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nucleic acids, allowing transcription/translation and DNA replication, (2) the
presence of minimum cellular energy, allowing basic functioning of cellular
processes, and (3) the presence of an intact and functional cellular membrane,
maintaining the unique intracellular environment (Fig. 1). These three components
are inherently linked to one another as well as with other cellular components and
viability parameters, and without them, a cell cannot be considered as viable.

For all bacteria, one of the core processes essential for life is the maintenance of
a membrane potential. The membrane potential is the voltage difference between
the interior and exterior of a cell (usually between 70 and 200 mV in bacteria) and
in microorganisms this is typically generated by the electron transport chain
(proton translocation) or enzymes like oxaloacetate decarboxylase [37] that can
translocate sodium ions (Fig. 2). The membrane potential (Du) and the pH gra-
dient (ZDpH) produce the proton motive force (also called the electrochemical
gradient), which drives ATP synthesis via the F1FO ATP synthase in most bacteria
[17]. Membrane potential is used for (1) generating energy (ATP synthase),
(2) driving active transport of molecules across the membrane (such as the active
efflux/uptake of potassium ions), (3) enabling motility (flagella), and (4) keeping
the cytoplasm from equilibrating with the environment (like maintaining a specific
intracellular pH) (Fig. 2). Technically, a bacterial cell that cannot maintain a

Fig. 1 The four main stages of bacterial cell viability and the cellular processes that relate to these
stages. The order and degree of the affected processes, as well as the reversibility of the injury,
depends on the organism, the cause of injury/death, and the environment (adapted from [16, 49])
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membrane potential can be considered dead, since this will lead to an inhibition of
selective exchange of molecules across the cytoplasmic membrane like ions,
metabolites, amino acids or carbon and energy sources. For example, the main-
tenance of a high intracellular concentration of potassium is essential for protein
and nucleic acid synthesis and turgor pressure. The difference between intracel-
lular and extracellular potassium concentration can be up to 100-fold (5 M
intracellular, 0.05 M extracellular) as for the bacterium Halobacterium salinarium
[43]. Likewise, sodium ion homeostasis is essential for numerous sodium/solute
symporters present in bacterial membranes [32]. Generally speaking, without a
membrane potential, cells cannot maintain an intracellular environment that
enables the functioning of life-supporting metabolic processes and the cells
become more vulnerable to their environment. This additionally means that most
other cellular functions that are measured with viability indicators (e.g., efflux
pump activity, substrate uptake, ATP synthesis) are dependent or linked to a
membrane potential. Hence, measuring the membrane potential, or the dissipation
thereof, is in theory a good discriminator between living and dead cells.

However, a cornerstone to the above argument in favour of membrane potential
as a main viability indicator is the principle that a bacterium should be able to
‘‘maintain’’ its membrane potential: a bacterium that experiences a lethal stress does

Fig. 2 The importance of membrane potential for bacterial cells. Membrane potential is
produced by the electron transport chain comprising of, e.g. complex I–IV (I NADH
dehydrogenase, II succinate dehydrogenase, III cytochrome bc1 complex, IV terminal oxidase,
e.g. cytochrome c oxidase) and/or sodium-pumping decarboxylases (e.g., oxaloacetate decar-
boxylase). Membrane potential powers processes like the ATP synthase, solute-ion symporter,
e.g. (porline/Na+), ion antiproters (e.g., H+/K+), efflux pumps (e.g., ethidium) and motility
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not necessarily disintegrate immediately, nor does it lose its membrane potential on
the spot. In most cases, death occurs with a time-dependent shutdown of cellular
processes (in minutes or hours) that is dependent on the type of lethal agent (e.g.,
antibiotics, H2O2, chlorine, UV light or starvation), the extent of the cellular damage,
and the ability of the cell to recover form injury (Fig. 1). For example, cells of
Salmonella typhimurium that have been exposed to UV-A light for 2 h, retained a
membrane potential and the ability to actively transport glucose immediately after
irradiation but the majority of the cells lost these abilities after 24 h dark storage [8].
These same authors demonstrated in a subsequent study that a major cause of cell
death is irreversible damage to cellular proteins [9]. This is a clear example of lethal
injury requiring a certain timeframe to manifest in detectable viability parameters,
highlighting the dangers of rash interpretations of viability staining.

4 Specific Processes that can be Measured with Viability
Indicators

The following section covers a variety of cellular processes, functions and
parameters that are linked to bacterial viability, and for which in many cases well-
developed methodology is already available (Fig. 3). It deals mostly with

Fig. 3 The concept of evaluating various cellular processes in order to assess the viability state
of the organism (adapted from [4, 16, 31])
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fluorescent dyes (or substrates that become fluorescent upon intracellular cleavage
or binding) that are used in combination with single-cell methods such as epi-
fluorescence microscopy, solid-phase cytometry and particularly flow cytometry.
Examples of individual stains, methods and applications are discussed, but it is
important that the reader does not regard this information as methodological
standard protocols. All too often these stains are used in a manner ‘‘according-
to-the-manufacturer’s-guidelines’’, which completely disrespects the complex
interplay of the stains with the target organism, the different environments and the
basic concepts of viability. It is strongly encouraged that individual stains/proto-
cols should be tested in detail and rigorously optimised (e.g., stain selection, stain
concentrations, staining times, use of specific staining buffers, use of fixation and
permeabilisation reagents and appropriate positive and negative controls) in a
manner relevant to the sample that is being investigated. In this respect, Sträuber
and Müller [66] highlighted the importance of understanding the mechanisms of
specific stains and their interaction with different types of bacteria. Table 1 pro-
vides an overview of some of the criteria and related information that are required
to make an informed decision on a specific stain and staining protocol, with an
example of membrane integrity staining provided. While several examples
of stains and dyes are discussed in the section below, it is noted that the range of
available products is significantly broader and expanding on a regular basis.
A good tabular overview of viability stains can be found in Tracy et al. [67].

Table 1 Essential criteria and required information for the selection and optimisation of a
specific stain

Parameter Information Example

Stain selection Stain Propidium iodide
Purported mechanism Exclusion based on size and charge
Cellular binding target Nucleic acids
Binding mechanism Intercalates with DNA
Non-specific binding Not known
Species specificity Non-specific
Instrumentation EFM, FCM

Staining conditions Concentration 2–6 lM for \106 cells/mL
Temperature [20 �C
Staining time (min/max) 15–30 min
Salinity, pH, etc. Not known

Additives required Permeabilisation EDTA (5 mM)
Potential for false results Increased positives with EDTA use
Stain combinations SYTO 9, SYBR Green I

Controls Positive control Cell damage with lysis buffer or heat
Negative control Freshly grown pure culture

Exceptions Known false positives Possible (e.g. [65])
Alternatives Dyes with similar actions SYTOX green, Ethidium homodimer2

The example of membrane integrity staining with propidium iodide is provided, based on
experience in the authors’ group [5, 6]
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The different processes are discussed as individual entities for the sake of
clarity, but it is emphasized that these separate processes are often linked directly
to each other, forming part of a broader viability concept or continuum (Fig. 1)
[49]. Therefore, these processes (and the related methodologies) should preferably
not be viewed or used in isolation. Moreover, it is important to realise that the
parameters measured in typical viability assessments are usually not measuring
viability as such, but rather provide information about a specific cellular function
that can be related to viability (Fig. 3). Hence, if the mode of action of a bacte-
ricidal agent is known (e.g., oxidative membrane damage by chlorine dioxide),
specific viability indicators can be used to assess the mode of action of interest.
However, if a biocidal agent has multiple target sites (e.g., UV-A light), or if a
completely unknown sample is analysed (e.g., natural surface water), viability
stains are best used in concert (e.g., [4, 28, 40, 51, 70]). This enables the researcher
to derive a meaningful interpretation of the sample in question.

4.1 Presence of (Intact) Nucleic Acids

4.1.1 Principle

Without intact and functional nucleic acids, a cell will not be able to replicate or
produce any proteins and thus perform even the most basic cellular functions including
repair, stress response and cell division. Cells without nucleic acids are described in
literature as ghost cells [31], and are regarded as irreversibly dead (Fig. 1).

4.1.2 Methodology

Well-known total cell count stains such as SYTO 9, SYBR Green I and II, Pico-
Green and Acridine Orange can be used to stain the nucleic acids of bacteria [23,
38]. From a practical perspective, it is important to ensure that the outer membrane
is properly permeabilised (e.g., by adding EDTA) during nucleic acid staining,
since it was shown previously that some Gram-negative bacteria partially reject
such stains (Fig. 4) [5]. Schumann et al. [63] makes the relevant point that partially
disintegrated dead cells without a chromosome would go undetected with any
nucleic acid targeting stains, and this was elucidated by Phe et al. [54], who showed
that propidium iodide cannot bind to cellular nucleic acids that were damaged
extensively by progressive chlorination, leaving such cells undetected. Argumen-
tatively, cells that are damaged to an extent that nucleic acids can no longer be
detected should perhaps not even be recognised as cells, but rather as organic
particles. As an alternative, a recent publication by Saint-Ruf et al. [61] proposed
the use of highly fluorescent hydrazides that do not bind to nucleic acids but rather
to carbonyl groups on intracellular proteins, for the detection of dead cells where
nucleic acids might already be absent or damaged to an extent that does not allow
binding of conventional nucleic acid stains. However, while the absence of nucleic
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acids is a certain ‘‘death’’ indicator, the mere presence of nucleic acids is not a
measurement of viability. For example, none of the general stains that are men-
tioned above are sensitive enough to detect the specific nucleic acid damage caused
by UV-C disinfection, commonly used in drinking water treatment. The inactiva-
tion of bacteria by far-ultraviolet (190–300 nm) radiation results from the
absorption of the radiation by the DNA, causing the formation of thymine dimers
that distort the conformation of the DNA double helix and interfere with cell
replication and transcription [1, 25]. A recent paper describes the use of a mono-
clonal antibody against cyclobutyl thymine dimers (anti-TDmAb) that results in
dimer specific fluorescence [1]. This can be used on a single-cell level and has been
demonstrated to detect UV damage in protozoan parasites, using epi-fluorescence
microscopy, but a general, broad-based application of this approach has not yet
been described. Moreover, it should be emphasized that such an approach is limited
to a detection of cellular injury, but does not describe the extent of the injury (lethal
or not), or the ability of the cell to repair the damaged nucleic acids. It is also
possible to distinguish between the DNA and RNA content of cells by using a
specific staining combination such as Hoechst 33342 or DAPI (for DNA content)
and Pyronin Y (for RNA content) [64], while general stains such as SYBR Green I
and II or Acridine Orange have apparently different affinities or fluorescence
emission for DNA and RNA. Additionally, RNA staining in pure cultures can be
accomplished with FISH probes [33].

4.1.3 Applications

Detection of nucleic acids is a basic check to determine if bacterial cells have one
of the essential components of life, but is typically used for viability assessment

Fig. 4 The potential impact of pre-treatment in staining protocols: nucleic acid labelling of
stationary phase Gram-negative E. coli cells with SYBR Green I without (a) and with (b) a pre-
treatment step using a commercially available lysis buffer. Staining was done for 15 min at
25 �C; analysis was done with a Cyflow Space instrument (Partec)
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only in situations where extremely aggressive damage to cells is expected. For
example, assessment of non-specific damage to nucleic acids has been used to
characterise disinfection of indigenous microbial communities during chlorination
of drinking water [53, 54]. These authors have shown a considerable reduction in
fluorescence intensity of cells stained with SYBR Green II after extensive chlo-
rination, suggesting that this is linked to irreversible oxidative damage of cellular
DNA and that this approach can be used as an indicator for complete disinfection.
The efficacy of ozonation as disinfection process during drinking water treatment
was similarly demonstrated with SYBR Green I and flow cytometry, which
showed no detectable nucleic acids or cell structures after ozonation [23]. It has
been proposed previously that the mere presence of specific clusters of high
(HNA) and low (LNA) nucleic acid content bacteria, as visualised with common
nucleic acid staining and flow cytometry (Fig. 5), differentiates between active and

Fig. 5 Double-staining of indigenous high (HNA) and low (LNA) nucleic acid content bacteria
from river water with SYBR Green I and propidium iodide before (A1, A2) and after (B1, B2)
cell wall permeabilisation using a commercially available lysis buffer. Staining was done for
15 min at 25 �C; analysis was done with a Cyflow Space instrument (Partec)
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inactive bacteria in environmental samples [21, 39]. However, recent studies have
directly questioned this interpretation (e.g., [69]), and it should be assumed that
such a general approach is probably too simplistic, given the heterogeneity
observed in indigenous microbial communities.

4.1.4 Opinion

Indigenous bacterial cells have widely different amounts of nucleic acids (both
DNA and RNA), typified by the HNA and LNA bacteria found in nearly all natural
water samples (Fig. 5) [69]. So the amount of cellular nucleic acids is per se not a
useful indicator of life or death, especially when indigenous microbial commu-
nities are considered. While the complete lack of nucleic acids would be a clear
indicator of cell death [63], it should be regarded as an extremely conservative
approach to viability assessment. Firstly, only aggressive disinfection processes
result in DNA damage that is detectable with general methods. Secondly, small
but lethal damage to DNA (e.g., UV-C disinfection) would not be detected with
this approach. The RNA content of bacteria is at best an indicator of cellular
activity and not viability [60]. Moreover, when slow-growing or dormant cells are
present in a sample, it is likely that RNA content of such cells is beneath the
detection limit of most methods, while the cells remain essentially viable and
even active.

4.2 Membrane Integrity

4.2.1 Principle

Bacterial membranes provide a highly regulated physical barrier between the
intracellular and extracellular environment. Severe structural/physical damage
to the cytoplasmic membrane of bacteria is usually irreversible and most
likely leads to cell death [31]. An intact membrane can be detected through
exclusion of molecules based on their molecular size, charge, hydrophobicity
and presence of groups that cause steric hindrance for membrane diffusion
[26, 63, 66].

4.2.2 Methodology

Membrane integrity staining was made famous by the unfortunately named
‘‘LIVE/DEAD’’ kit [10], containing propidium iodide (PI) as the selective mole-
cule for permeabilised membranes. The name is ‘‘unfortunate’’ because it reflects
hypothetical concepts of ‘‘life’’ or ‘‘death’’, rather than a methodological concept
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that is assessed (membrane permeability) [63], and results gained from the
application of this method are often wrongly interpreted as meaning ‘‘alive or
dead’’. PI is a large (668 Da), double-charged, red-fluorescent dye that intercalates
with double-stranded DNA and normally only enters cells of which the cyto-
plasmic membrane of the cell is permeabilised [5, 10]. PI is commonly used in
combination with a total nucleic acid stain such as SYBR Green I or SYTO 9
(Table 1; Fig. 5) [5, 19], and the specific flow cytometric patterns that can be
detected in this manner are indicative of different degrees of cellular damage [5].
Several alternative stains are available, which provide the user with additional
information of membrane damage. These include SYTOX Green, which is an
asymmetrically triple-charged cyanine dye and ethidium homodimer-2 (Eth-D2)
that consists of two phenanthridinium fluorophores and which is quadruply
charged [36, 63]. In an interesting test, Schumann et al. [63] used these three stains
together on natural aquatic communities and found decreasing dye permeability in
the order of (1) PI, (2) SYTOX Green, and (3) Eth-D2, ascribing the result to the
molecular structure of the dyes. These results suggest that the magnitude of
membrane damage can be measured with the use of different dyes, but conclusive
information in this regard is still required. Positive controls for membrane integrity
staining include treatment with heat (90 �C, 3–5 min), ethanol, or with a mem-
brane damaging detergent (Fig. 5).

4.2.3 Applications

Analysis of membrane damage is best used for viability assessment in situations
where aggressive physico-chemical damage to cells is expected. This includes
disinfection by heat [6], oxidants [40], several antibiotic compounds [51] and
physical processes like sonication or electroperforation. PI has been used more
than any other viability stain on both pure cultures and natural microbial com-
munities from environmental samples [10, 19, 31]. For example, Berney et al. [6]
showed with flow cytometric analysis that 70–80% of indigenous communities in
drinking water displayed intact cytoplasmic membranes, while Schumann et al.
[63] used epi-fluorescence microscopy to demonstrate that between 50 and 60% of
indigenous surface water communities had intact membranes. However, these
former examples are snapshot analysis of complex communities that reveals little
about the processes leading to the membrane damage. From controlled laboratory
scale experiments from the authors’ group, Berney et al. [4] and Bosshard et al. [8]
described die-off of E. coli, Salmonella and Shigella cells from solar (UV-A)
radiation with a range of viability parameters, demonstrating that cell membrane
damage is typically the last level of damage to become detectable. Similarly, Lisle
et al. [40] described the impact of chlorination on E. coli cells with multiple
parameters, and also showed that membrane integrity was the last viability indi-
cator to be disabled in the disinfection process.
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4.2.4 Opinion

Most membrane integrity stains are applicable for pure cultures as well as
indigenous communities, and analysis with epi-fluorescence microscopy and flow
cytometry is typically yielding clear results. Membrane integrity analysis is,
similar to nucleic acid damage, a conservative indicator for viability [4, 40]. It can
be assumed that a cell with a severely damaged cytoplasmic membrane can be
considered as ‘‘dead’’, due to an inability to maintain a unique intracellular
environment [5, 49], although some exceptions to this have been noted and dis-
cussed in some detail [47, 65]. However, the reverse argument (that cells with
intact membranes are ‘‘alive’’) is not necessarily true [5, 31]. A straightforward
example is UV-C disinfection (discussed above), which would result in inactiva-
tion of bacteria without any immediate detectable damage to the cytoplasmic
membrane. It is of importance to note that the value of membrane integrity stains
is not to measure ‘‘life’’ or ‘‘death’’, but to assess a particular location-specific
damage to cells. Hence, both the application/purpose and the interpretation of data
from membrane integrity analysis, as well as the manner and nomenclature in
which such data are reported, should be considered with the utmost care.

4.3 Membrane Potential

4.3.1 Principle

As discussed in detail in Sect. 3 (above), only living cells are in theory capable of
maintaining a membrane potential. An irreversible loss of membrane potential
would expose the cell to potentially lethal stress factors (e.g., pH, salts) in its
environment. The processes shown in Fig. 2 demonstrate that a loss of membrane
potential would have profound impacts on several vital cellular functions and
processes, eventually leading to cell death.

4.3.2 Methodology

The presence of a membrane potential selectively regulates the passage of lipo-
philic cationic and anionic charged molecules through the cytoplasmic membrane.
Depending on the charge of the dye, such molecules can either accumulate in
polarized (cationic dyes) or depolarised cells (anionic dyes) [11, 31]. For example,
uptake of anionic bis-(1,3-dibutylbarbituric acid) tri-methine oxonol (DiBAC4(3)),
also known as BOX, is limited to cells that are depolarized, upon which non-
specific binding to intracellular proteins occurs [4, 26]. Alternatively, Rhodamine
123 (Rh123) is a polar cationic dye with a single delocalised positive charge,
which crosses polarized membranes and accumulates in viable cells [20, 51].
Additional membrane potential dyes include 3,30-dihexyloxacarbocyanine
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(DiOC6(3)), 3,30-diethyloxacarbocyanine (DiOC2(3)) and 3,30-dipropylthiadicar-
bocyanine (DiSC3(5)) [11, 50, 51]. Anionic dyes like DiBAC4(3) are typically
used to obtain a yes/no answer about the membrane potential of the cell and are
thus suitable as viability stains. Other stains like DiOC2(3) have been used to
accurately measure the membrane potential and changes thereof in bacterial cells
on a single-cell level [50]. For many of the membrane potential dyes, a pre-
treatment step with EDTA is often needed to permeabilize the outer membrane [6,
31], but this treatment may by itself affect the cell’s membrane potential. One
drawback is that these dyes are usually fluorescent as such, which means back-
ground fluorescence can be a problem when analysing such samples. A dilution or
washing step can be useful to avoid this problem. The appropriate control for
membrane potential staining is to use uncoupling agents such as carbonyl cyanide
m-chlorophenyl hydrazone (CCCP) or ionophores (e.g., nigericin, valinomycin)
[31, 47, 51], while heat-killed cells (3 min, 90 �C) serve as a usable absolute
negative control [6].

4.3.3 Applications

While some antibiotic compounds are thought to specifically target membrane
potential [51], this parameter is often used as a sensitive and general indicator of
the viability state of bacteria. Multiple reports have investigated the use of
membrane potential stains for the analysis of bacterial pure cultures during fed-
batch fermentations, with the general conclusion that this method can provide
fast and useful information for monitoring industrial processes [27, 70]. Novo
et al. [51] have used a combination of membrane integrity and membrane
potential dyes to analyse and describe the mode of action of a range of antibi-
otics on pure cultures. A typical example is streptomycin, which causes K+ efflux
and an inhibition of respiration in bacterial cells, both of which are factors that
would contribute to membrane depolarisation. In contrast, chloramphenicol,
which targets protein synthesis mechanisms, had no detectable short/mid-term
impact on bacterial membrane potential [51]. The same authors also noted that
fluorescence intensity of membrane potential stains (e.g. DiBAC4(3)) can be
influenced by cell size, which may hamper application and interpretation when
natural communities are analysed. In this regard, Müller and Nebe-von Caron
[46] note that a typical approach is to create a ratio between fluorescence
intensity and cell size when membrane potential is analysed (see also [66]). The
application of membrane potential dyes to natural communities has been largely
limited [31]. In one such application, Berney et al. [6] have demonstrated the use
of DiBAC4(3) on indigenous drinking water communities, showing 60–80% of
cells in non-chlorinated drinking water showing ‘‘viable’’ polarized membranes.
This was, however, not in relation to specific bactericidal processes, but rather a
general ‘‘snapshot’’ assessment of an indigenous community. For accurate
application of membrane potential methods on natural communities, additional
information is needed about the accuracy of staining small cells that are
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prevalent in natural environments, and the interaction of the stains with charged
compounds in the water samples [31].

4.3.4 Opinion

Membrane potential is a rather sensitive viability parameter and during general
disinfection processes (e.g., solar disinfection), the loss of the membrane potential
occurs in conjunction with a failure in cellular energy systems (ATP formation and
the energy-dependent uptake of molecules), often well before membrane perme-
abilisation occurs [4, 8]. As a result, extensively damaged cells that have per-
meable membranes (Sect. 4.2) would typically display a lack of membrane
potential as well [6]. However, the loss of membrane potential as a result of
cellular inactivation may be time-dependent. For example, many bacteriostatic
agents work through interference with protein synthesis, and therefore an imme-
diate response in membrane potential is not expected [51]. Hence, it is essential to
assess not only the presence of membrane potential, but also the time-dependant
maintenance thereof. Of the available methods, the anionic dyes seem to have
broader applicability, but it should always be remembered that the experimental
outcome is not a direct measurement of membrane potential, but rather the specific
behaviour of a given dye in a cell. While extensive work has been done with
membrane potential staining of pure cultures, the application in natural samples is
largely limited [6, 20, 31].

4.4 Efflux Pump Activity

4.4.1 Principle

Some molecules that can cross intact cytoplasmic membranes by passive diffusion
are pumped out of active cells via specific or non-specific proton antiport transport
systems. The pumping is ATP-independent but directly dependent on a trans-
membrane electrochemical gradient. A loss of this pumping activity is therefore
indicative of a change in membrane potential or damage to the membrane.

4.4.2 Methodology

The most commonly used stain for efflux pump activity analysis is ethidium
bromide (EB) [30, 31, 41]. The small EB molecules (394 Da) with a single
positive charge enter the cell through passive uptake. If the membrane pumps are
no longer functioning it accumulates in the cell and binds to nucleic acids.
A common approach is the use of EB in combination with a green fluorescent
nucleic acid stain (e.g. SYBR Green I), which allows dynamic detection of small
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changes and intermediate cell states [41]. An appropriate control for EB-staining
has been described as using a combination of sodium azide (NaN3) and Tween-20,
which apparently halts EB extrusion without compromising the membrane
integrity [48], while treatment with verapamil, and m-chlorophenyl hydrazone also
inhibit efflux pump activity [46].

4.4.3 Application

Efflux pump activity has been used successfully in the monitoring of industrial
fermentation processes with pure cultures of bacteria. For example, Looser et al.
[41] demonstrated that the damage caused to E. coli membranes through the
expression of a heterologous membrane protein could be followed most accurately
with EB-staining, and this can be used for real-time monitoring of the process. In
several studies the group of Hewitt [27, 70] have used a protocol combining EB
with PI (membrane integrity) and DiBAC4(3) (membrane potential) to describe
various sub-populations occurring during industrial fed-batch fermentations.

4.4.4 Opinion

The absence of a pumping activity suggests potential stressful conditions, but not
necessarily cell death. Müller and Nebe-von Caron [46] suggested that active
transport is obviously low in that are viable but with very low activity, which may
lead to false interpretations of staining results. Nebe-von Caron et al. [48] as well
as Looser et al. [41] described EB as more sensitive than either membrane
potential dyes (e.g., DiBAC4(3)) or membrane integrity dyes (e.g., PI) for the
detection of physiological changes in cells, and a similar observation was also
made for solar irradiated cultures [4]. However, while EB staining works fairly
well for assessment of pure cultures, Joux and Lebaron [31] opined that the current
methodology for detection of pumping activity is not universal enough for analysis
of environmental samples—an opinion that is shared by the present authors. As
discussed below, efflux pump activity can also have a negative impact on other
staining methods (e.g., enzyme activity staining), where either the fluorochromes
or the cleavage products are in some cases actively exported from viable cells.

4.5 Respiratory Activity

4.5.1 Principle

Respiratory activity in bacteria depends on a functioning electron transport chain,
which is the main process for maintaining a membrane potential (Fig. 2). The
presence of respiratory activity is therefore an indicator of viability in cells, linking
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membrane potential and the recycling of reducing equivalents (e.g. NAD+) that
are produced in many catabolic reactions.

4.5.2 Methodology

Respiratory activity in bacteria can be detected by the use of artificial electron
acceptors, specifically tetrazolium salts, which are reduced to insoluble formazan
products [71]. The reduction of tetrazolium salts are indirectly linked with the
enzymes that form part of the electron transport chain (NADH dehydrogenase I
& II, succinate dehydrogenase, cytochrome c reductase and the terminal oxi-
dases), which is why respiratory activity is also often described together with
enzyme activity protocols [67]. The two most commonly used tetrazolium salts
are INT (2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyltetrazolium chloride),
which is reduced to INT-formazan, and CTC (5-cyano-2,3-ditolyl tetrazolium
chloride), which is reduced to red-fluorescent 3-cyan-1,5-ditolyl formazan (CTF)
[71]. Of these two dyes, CTC seems to be the preferred choice based on the easy
detection of the fluorescent product with fluorescence microscopy and/or flow
cytometry. Different staining protocols include differences in staining times
(4–24 h), the addition of intermediate electron carriers, changing the oxygen
concentrations during staining, and also the inclusion of additional substrates in
the medium during staining [14, 71]. For negative controls, the dissipation of the
membrane potential can be achieved by the addition of a combination of nige-
ricin and valinomycin, or similar reagents as described above in Sect. 4.3
[12, 57].

4.5.3 Application

Respiratory activity staining is one of the older viability assays, with already
numerous applications in both pure cultures and environmental microbiology
during the last two decades [59, 71]. For example, Schumann et al. [63] found
reasonably good correlations between CTC reduction and esterase activity
(discussed below) in a number of environmental samples. For a comprehensive
review of various CTC applications and comparisons with other methods,
the reader is referred to the comprehensive discussion in the study of Creach
et al. [14].

4.5.4 Opinion

Considerable disagreement exists to the exact value of this method for the analysis
of environmental samples [14, 68]. One of the shortcomings of the CTC assay is
that it often requires long staining times (up to 24 h) [71], which makes it less
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interesting for a rapid microbiological assay. Such a long staining time could result
in other viability changes (e.g., die-off, regrowth) in the samples. Also, for flow
cytometric analysis it is essential that the crystals are formed inside the cells,
which is not always the case. Moreover, it has been noted that not all bacteria are
capable of reducing formazan salts (because not all bacteria have a functioning
electron transport chain), which seriously questions the general applicability of the
method on indigenous environmental communities [14, 68, 71].

4.6 Enzymatic Activity

4.6.1 Principle

Bacteria maintain a number of housekeeping enzymes with relative general
functions (e.g., esterases, dehydrogenases, peptidases). The absence of these
enzymes from a cell suggests an inability of the cell to synthesise and maintain
new proteins, which is indicative of inactivity and potential death [49]. Enzyme
activity is usually measured through the detection of specific cleavage products in
cells.

4.6.2 Methodology

All bacteria contain relative unspecific esterases, and the presence thereof can be
detected through the addition of an uncharged, non-fluorescent and lipophilic
substrate, which upon cleavage, becomes a fluorescent polar product that is
retained to varying degrees in cells. For this purpose, a very wide variety of
substrates have been tested rather extensively, including fluorescein diacetate
(FDA), carboxyfluorescein diacetate (CFDA), carboxyfluorescein diacetate acet-
oxymethyl ester (CFDA-AM), 20,70-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluo-
rescein-AM (BCECF-AM) and calcein-AM [11, 31, 36]. Some of the above-
mentioned dyes tend to be pH-dependent, which influences their efficacy [46].
Additionally, some of the fluorogenic substrates or cleavage products can be
actively exported from bacterial cells [16, 46], again hampering the interpretation
of staining data. As a result, various different staining protocols exist in which
different substrates are favoured. It is, however, essential that any chosen protocol
should be carefully controlled, e.g., by inhibition of efflux pumps (Sect. 4.4.2) and
also by complete heat-inactivation of enzymes (negative control). Apart from
esterases, at least two other enzyme systems are often targeted in viability assays.
Firstly, the reduction of tetrazolium dyes (e.g. CTC, see section above) is indi-
rectly linked to the enzymes of the electron transport chain (see Sect. 4.5.). Sec-
ondly, Schumann et al. [63] describe the use of 7-amino-4-chloromethylcoumarin,
L-leucine amide hydrocloride (CMAC-Leu) for the measurement of peptidase
activity in bacteria.
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4.6.3 Application

Specific disinfection processes like heat-killing would directly affect enzymatic
activity in bacterial cells through denaturation of the enzymes. Therefore, loss of
specific enzyme activity can be indicative of a specific location or type of cell
damage (e.g., proteins). Schumann et al. [63] assessed both esterase and peptidase
activity in a number of natural surface water samples. In general, higher esterase
activity was detected in all samples, but the exact interpretation from studies based
on such grab-samples is difficult to make. In a recent study in the authors’ research
group, esterase activity was measured along with several other viability parameters
in different drinking water samples. What was particularly interesting was that a
relatively good correlation was found between the concentration of esterase
positive cells and the concentration of ATP in the water samples (Fig. 6). How-
ever, as discussed below, there is sufficient reason to believe that esterase data
should be regarded with care, particularly during disinfection experiments.

4.6.4 Opinion

Most of the substrates used for enzyme activity measurements enter bacterial cells
through passive diffusion. Moreover, the actual cleavage (substrate–enzyme
reaction) is independent of cellular energy [49]. Hence, the detection of enzyme
activity does not necessarily suggest cell viability, and recently killed cells are

Fig. 6 A general correlation between the concentration of ATP and esterase positive cells
(CFDA staining) in water samples (n = 80) including groundwater, tap water, surface water and
wastewater effluent. Samples were analysed as described in Berney et al. [6]
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more than likely to still display enzymatic activity. In fact, Breeuwer and Abee
[11] reported several cases where dead cells displayed enhanced esterase activity,
probably due to better transport of the dyes into dead cells while enzymes remain
active. Therefore, a key aspect again is the time-dependent maintenance of
enzymatic activity in cells, rather than the mere presence thereof in a snapshot
analysis of a sample. On the other hand, the absence of enzymatic activity is by no
means an indicator of dead cells, but can also be associated with a low activity
state in bacteria. Moreover, Diaz et al. [16] describes problems with dye uptake as
well as active dye extrusion. Heat-killing is an often-used control for esterase
stains [6, 55]. However, it has to be recognized that heat would denature proteins,
thereby damaging and inactivating the esterase enzymes. Heat-killing is therefore
only a control for enzyme presence and activity, but it is not a control for the
response of enzyme activity relative to cell viability (or the lack thereof). Hence, it
is the authors’ opinion that enzymatic activity should be considered with care, and
reported accurately to the experimental or environmental conditions that were
studied.

4.7 Cellular Energy: Adenosine Tri-Phosphate (ATP)

4.7.1 Principle

All microorganisms require a minimum amount of energy to maintain life-sus-
taining processes. Energy in bacteria is generally present in the form of ATP,
which can be generated either through oxidative phosphorylation (by creating a
proton motive force that drives the ATP synthase) or substrate level phosphory-
lation (e.g., glycolysis). Additionally, bacteria can accumulate compounds like
phosphoenolpyruvate, glycogen or triacylglyceride, which can be converted to
ATP under energy starvation conditions. ATP is commonly referred to as the
energy currency of microbial cells [29]. It is turned over rapidly in cells due to the
coupling of anabolic and catabolic reactions, and as a result, ATP concentrations
often respond to physiological states in microorganisms.

4.7.2 Methodology

Khlyntseva et al. [35] presents an extensive review of ATP determination methods
(not limited only to bacterial cells). Although bacterial ATP measurements on
single-cell level are not commonly used [29], bulk ATP analysis has evolved
during the last decade into easy and straightforward measurements [24]. In stan-
dard laboratory applications, ATP measurements are typically accomplished with
commercially available ATP kits, based on detection of luminescence generated
from the interaction of extracted ATP with the luciferin–luciferase enzyme
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complex. Intracellular and extracellular ATP can be distinguished from each other
by using 0.1 lm filtration.

4.7.3 Application

In a recent paper from the authors’ group, it was demonstrated that a good general
correlation was obtained between the concentration of intact cells (measured with
SGPI-staining) and the concentration of bacterial ATP for a variety of indigenous
aquatic microbial communities [24]. Similarly, a good correlation was obtained
with esterase-positive cells following CFDA-staining (Fig. 6). However, it should
be emphasized that this data set looked specifically at freshwater environments
where no dramatic stress conditions could be expected. During sunlight disin-
fection experiments, it was demonstrated that ATP is sensitive to cellular stress
and often displayed decreases considerably earlier than parameters such as culti-
vability and substrate uptake [4, 8].

4.7.4 Opinion

The advantage of ATP analysis in the context of viability is that it provides the
user with an independent tool to compliment the flow cytometry or microscopy
data (Figs. 3, 6). Unfortunately, this is in most applications only a bulk parameter
and not a single-cell measurement. This is indeed problematic, since the ATP
content of bacterial cells is not constant. For example, HNA cells contain on
average about 10-fold more ATP than LNA cells [69]. This means that bulk ATP
measurements can easily lead to erroneous conclusions when the data are com-
pared to single-cell data. Also, ATP measurements do not take into account the
rapid changes in cellular ATP levels, and specific responses to environmental
conditions, e.g., increased catabolism or decreased anabolism. It is a known fact
that the energy in a cell depends on the balance between the various adenosine
phosphates [ATP, adenosine di-phosphate (ADP) and adenosine monophosphate
(AMP)] [35]. In addition, it was shown that extracellular ATP can have an
influence on total ATP measurements, and should be considered during analysis
[24].

5 Conclusions

It is highly unlikely that any single silver-bullet viability staining method exist,
due to the heterogeneous nature of microbial life. As a result, the best approach is
the use of a combination of cultivation-independent methods that target different
cellular processes linked to viability in order to gain specific and meaningful
information on different cellular states, types of cell damage and the degree of
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cellular injury. It is emphasized that the methods should be carefully chosen and
optimised prior to application, bearing in mind the particular environment and
organisms that are analysed. In this regard, critical points to consider are (1) the
cellular process measured with the method (Fig. 3), (2) the specificity of the
method towards the target organism, (3) the inherent link between different
methods/processes (e.g., Figs. 3, 6), (4) the sequence and time-dependent manner
in which cellular processes respond to a specific stress (e.g., Fig. 1), and the ability
of cells to recover from a certain injury. The application of cultivation-independent
viability assays to environmental samples is a needed and worthwhile endeavour in
order to understand bacterial behaviour in complex natural environments. How-
ever, pure culture work, specifically using defined organisms under diverse (but
controlled) stress conditions, coupled to cell sorting and re-cultivation, has the
potential to enhance the actual understanding and interpretation of cultivation-
independent methods [46, 49].
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