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An enhanced bioindicator for calorimetric
monitoring of prophage-activating chemicals
in the trace concentration range

Viruses that infect bacteria (bacteriophages) can either lyse bacteria directly or in-
tegrate their genome into the bacterial genome. In the latter case, the viral genome
(called prophage) remains dormant, and both phages and bacteria are able to survive
in this state. But the silent prophages can be reactivated by, e.g., chemicals, accom-
panied by the release of substantial quantities of phage particles that further infect
other phage-sensitive bacteria, thus harming ecosystems or technical systems by way
of a viral bloom. Recently, a calorimetric method was developed to monitor the
prophage-activating properties of chemicals. The method evaluates the difference
in the metabolic heat of the Escherichia coli bioindicator with (λ+) and without
(λ−) lambda prophages under the influence of the test substances. Simulations and
experiments clearly demonstrate that the sensitivity of the test can be significantly
improved, when a customized mixture of λ+ and λ− E. coli strains is used for
enhanced bioindication. Hence, the new method mirrors a common situation in na-
ture, where bacteria with and without prophages coexist. In summary, a monitoring
method is suggested that provides quick results (after few hours) and offers both the
option for automation with low workload (requires only a few minutes) and usage
of commercially available instruments.
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1 Introduction

Bacteriophages (phages) are viruses that infect bacterial hosts
and are ubiquitous and abundant in every ecosystem so far inves-
tigated on Earth [1]. They are divided into two main categories:
lytic (or virulent) phages and temperate phages with two differ-
ent strategies of phage multiplication. During the lytic infection,
the phages kill and lyse their hosts resulting in a release of up to
hundreds of progeny virions in a short period of time [2]. In na-
ture, phages’ ability to reach hosts is the critical factor of the lytic
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lifestyle, as the free phage particles have a finite lifetime. A lytic
strategy seems to be mainly sustainable for fast growing hosts.
Thus, any changes in the environment affecting the growth rate
of bacteria will likely impact the success of the lytic strategy [3]. In
contrast, the temperate phages integrate their genomes into the
host chromosome. The cells survive and replicate the phage DNA
along with their own chromosome. The future fate of the incor-
porated prophage is hence aligned with its host bacterium. Fur-
thermore, the lysogenic lifestyle makes the host immune against
a second infection with one and the same phage and improves
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competitiveness by affecting cell metabolism, bacterial adhesion,
colonization, immunity, destruction of competing bacteria, and
antibiotic resistance [4,5]. Yet, evidence is accumulating that the
percentage of bacteria with prophages can reach up to 80% of
a natural bacterial community [6]. The prophages can “live in
peace” with the host as long as the environmental conditions
do not change. Such changes not only include UV irradiation
or the pH shifts but also include man-made chemicals, such
as methotrexate, antibiotics, norepinephrine, H2O2, and many
more [5, 7, 8]. This is also the point where both propagation cy-
cles become connected. Chemicals causing damage to the DNA
are known to trigger on the associated repair mechanisms lead-
ing to a prophage activation and phage multiplication. Finally,
the triggered host is killed and the phages are released into the
ecosystem. They can infect further bacteria in an autocatalytic
and self-amplifying manner. Such a viral bloom can threaten the
functioning of ecosystems or technical systems (for waste wa-
ter treatment, biogas formation, etc.) by killing the catalytically
active bacteria. The number and kinetics of the released phage
particles depend on the lysis time (30–90 min) and the burst size
(some tens up to a few hundred phages per bacteria) [2]. Hence,
silent prophages in bacteria could be designated as a “dangerous
molecular time bomb” [9]. Indeed, the discharges of pollutants
containing organic agents (mitomycin C and methotrexate) or
metal complex (Pt (II) agents) into the soil have already been
reported to activate prophages and to release virions [10, 11].

For screening these prophage-activating properties of chemi-
cals, either the phage number itself or the infection process in its
entirety, has to be monitored and quantified. For the quantifi-
cation of phage particles, many methods have been developed
in the last decades. The most obvious method is the counting
of bacteriophages under different types of microscopes, which is
very laborious and may also involve the inactivated phage par-
ticles [12, 13]. The double layer agar method is the most widely
used approach considered as the gold standard for phage quan-
tification [14]. But even the gold standard has disadvantages as
its result is heavily dependent on the physiological state of the
bacterial indicator strains. Furthermore, at a high virus to bac-
teria ratio, more than one phage can adsorb to a single host cell,
leading to an underestimation of the real phage titer. It has been
reported that the observed plaques represent between 49 and
100% of the real phage titer [15]. Alternatively, phages can also
be quantified using specific marker genes [16], spectrophotome-
try of the major coat protein VIII [17], Raman spectroscopy [18],
and real-time quantitative PCR [19]. For such methods, the sam-
ples must often be thoroughly purified and treated prior to anal-
ysis. Many of these techniques are unsuited for high-throughput
screening and need a highly qualified staff.

Therefore, other options for directly monitoring the process
of phage replication through online signals are under investiga-
tion. In particular, the metabolic heat production rate is a suit-
able online parameter, as the infection process is reflected in real
time [20]. Microcalorimetric multichannel instruments com-
bine the ability for high-sample throughput with the sensitivity
to thermal trace signals [21]. Another potential calorimetric ap-
proach is chip calorimetry [22, 23], which in principle allows
for a high-sample throughput using magnetic beads [24, 25] or
applying segmented fluid technology [26]. However, this lab-
on-chip technology is still in its infancy. For these reasons, we

successfully developed and tested a simple and reliable method
to assess the influence of chemicals on prophage activation that
is based on microcalorimetry. This method was not only shown
to be feasible with the established commercially available instru-
ments, but also suitable for automation and high-throughput
measurements [27].

2 Materials and methods

2.1 Bacterial strains and culture conditions

Two Escherichia coli DSM4230 strains with (λ+) and with-
out (λ−) lambda prophages were applied. The prophage-free
E. coli DSM4230 (λ−) host strain was obtained from the DSMZ
(Braunschweig, Germany). The construction and characteriza-
tion of the prophage wearing strain as well as the applied media
are described in [27]. All induction experiments were conducted
at 37°C. The cultures were maintained on Luria–Bertani medium
(LB) medium. The pH was nearly constant during the measure-
ment (7.2 ± 0.2) due to the high-buffer capacity of the medium.

2.2 Calorimetric measurements

The measurement principle of the suggested method is explained
in the results section. All experiments were conducted using
a Thermal Activity Monitor III (TA Instruments, New Castle,
DE, USA). The ampoules and caps were autoclaved (for 30 min
at 121°C) prior to the experiments. Two types of calorimetric
experiments were carried out (A: an anaerobic in liquid culture;
and B: an aerobic on solid agar). The first experimental set up
was chosen because under such conditions the highest heat effect
per mole of generated ATP is to be expected (for the calculation
see [27]), whereas the second experimental set up was selected
because under its conditions any oxygen diffusion effects on
the measurement can mainly be excluded [28]. In the anaerobic
experiments (A), 1.9 mL LB media, 0.1 mL bacterial suspension
(containing 0.09 mL E. coli (λ−), and 0.01 mL E. coli (λ+)) in LB
medium (both with OD600 = 0.1) and different concentrations
of the test chemicals were transferred to the calorimetric vessel.
Thereafter, overlaying 0.2 mL liquid paraffin was added to keep
the oxygen away from the media. In aerobic experiments (B),
1 mL agar was transferred to the calorimetric ampoules, and then
10 μL bacterial suspensions with different concentrations of the
test chemicals were dropped onto the solid agar. In both cases, the
ampoules were sealed air tight prior to calorimetric monitoring.
As test chemicals, mitomycin C (aerobe: 0–30 μM; anaerobe: 0–
6 μM), Cr (VI) (aerobe: 0–1 mM; anaerobe: 0–80 μM), and Cis-
Pt (aerobe: 0–80 μM; anaerobe: 0–100 μM) were considered.
These test chemicals were selected for their ability to activate
prophages, as has already been established [11, 29].

2.3 Quantification of biomass and induced
augmentable phages

To get a better understanding of the observed heat signal, the
formation of biomass and intact phage particles were measured
offline. Due to its simplicity, the OD was used to record growth.
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For the calculation of the cell number, the OD was correlated
with the cell number. To ensure comparability, induction exper-
iments were conducted under the same conditions as in the
respective calorimetric experiments, and samples were taken
hourly and measured immediately at 600 nm using a double
beam spectrophotometer (UV-Vis-100PC, Hitachi High-Tech,
Tokyo, Japan). For that purpose, the calorimeter ampoules were
used, filled as described in the calorimetry section, placed into a
tempered chamber (at 37°C), and regularly sampled.

The numbers of the induced phages were quantified by means
of the double layer technique according to Adams [14]. In this
technique, an augmentable phage particle formed plaque in a
phage-sensitive bacterial layer. The results are provided as PFU.
The basic layer contained an LB medium in 1.4% agar; whereas
the cover layer, in addition to 0.7% agar, contained an exponen-
tially growing indicator bacteria (E. coli (λ−); OD600 = 0.3).
For PFU quantification, 1 mL of the induced samples were
mixed with 100 μL chloroform to circumvent potential biases
that might arise by growing as well as phage-releasing lysogenic
bacteria. The samples were centrifuged at 4500 × g for 20 min at
4°C. The chloroform-free supernatant was collected and stored
in a fridge at 4°C prior to the final PFU quantification. Ten-
microliter portions of serial dilutions of cell-free supernatants
were dropped onto the double layer plates with the prophage-
free indicator strain. The plates were incubated overnight at 37°C
and the plaques were counted on the following day as PFU in
each drop area.

2.4 Transmission electron microscopy

Apart from the energetic aspects and the numerical changes in
the number of cells and phage particles, variations in the shape
and electron beam transparency of infected cells were considered.
For that purpose, transmission electron microscopy (TEM) us-
ing a TECNAI G2 (ThermoFisher Scientific, Oregon, WA, USA)
was carried out. Bacterial cells were aseptically harvested at the
end of the anaerobic experiment after 8 h, centrifuged at 5000 × g
for 5 min, washed six times in phosphate buffer saline (pH 7.4),
and resuspended in 1 mL 2.5% glutaraldehyde. For TEM exami-
nation, 1 μL aliquot of the treated and untreated E. coli cells was
transferred onto a carbon-coated copper grid [6].

2.5 Modeling and statistical data analysis

Berkley Madonna Version 8.1, developed by R.I. Macey and
G.F Oster at the University of California (Oakland, CA, USA),
was applied in order to model the growth pattern under the
influence of prophage activation and the resulting heat signals.
The differential equations describing the model were integrated
using a Runge–Kutta algorithm with an integration interval of
dt = 2 × 10−3 h. A reduction in the integration interval was
proved to not influence the simulation results significantly. For
all kinds of statistics and data fitting, OriginPro 2015 (OriginLab
Corporation, Northampton, MA, USA) was used.

3 Results and discussion

3.1 Measuring principle

The goal in using the suggested sensor was to monitor prophage
activation in real time as metabolic heat. The measuring prin-
ciple is shown in Fig. 1. The measured heat signal is based on
the voltage difference between the Peltier elements on the mea-
suring and the reference side. With most commercially available
instruments, inert material is feasible and implemented on the
reference side with approximately the same heat capacity as the
sample on the measurement side. Potential problems with the
bioindicator response arise from the overlap of prophage activa-
tion and toxicity effects (Table 1). The problems can be circum-
vented, when the signal differences between λ+ or the mixture
of (λ+ and λ−) and λ− are evaluated.

To intensify the bioindicator reaction, λ+ is mixed with λ−
strains for the reason that the lysogenic lifestyle should make
the host immune against further phage infections. Thus, in the
case of using a λ+ strain alone, only the signals from the cells
with chemically induced prophage activation are monitored. In
contrast, when a mixture of λ+ and λ− is used simultaneously,
intensification is to be expected as the released phages from the
λ+ strain can infect the λ− cells. Provided the infected λ− strain
follows the lytic pathway, further bacteria could be infected, and
an autocatalytically self-amplifying infection process is to be ex-
pected (Fig. 1B). A real solution (for future instruments) could be
achieved, when the metabolic heat of a strain without prophages

Figure 1. Measuring principle: (A)
overall system: (1), preparation of the
chemical or the mixture to be exam-
ined; (2), λ− on the reference side
and the mixture of λ− and λ+ strains
as the bioindicators on the measuring
side; (3), thermal transducers (Peltier
elements); (4), electronic evaluation
unit; (B) bioindicator: the test chemi-
cal activates the prophages in λ+ and
lead to a phage release and cell burst
(blue box, traditional bioindicator). In
the mixture (λ− and λ+ strain, new
bioindicator) the released phages in-
fect more bacteria (λ−).
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Table 1. Advantages and weaknesses of different thermal sensor assignments (RS, reference side; MS, measuring side; IM, inert material)

RS MS Property of the chemical that affects the
heat signal

Tested/feasible with commercially available
multichannel instruments

IM λ− Toxicity In vitro/yes
IM λ+ Toxicity + prophage activation In vitro/yes
IM λ+ and λ− Toxicity + amplified prophage activation In vitro/yes
λ− λ+ Prophage activation In silico/not yet
λ− λ+ and λ− Amplified prophage activation In silico/not yet

is directly (physically) subtracted from the heat of the mixed
cultures (Fig. 1A) by placing the λ− strain on the reference side.
This offers the additional advantage that the influence of random
environmental temperature fluctuations on the signal is also re-
duced. In the following, the data for the effect of mitomycin C (a
well-known prophage-activating chemical [29]) is exemplarily
shown and discussed. Nonetheless, in the Supporting Informa-
tion, it is demonstrated that the measuring principle works also
with other known prophage-activating chemicals, such as Cr(VI)
and cis-Pt.

3.2 Simulations of the heat signal and growth pattern

For finding out the optimum bioindicator composition (ratio of
λ− and λ+) and understanding the potential signal, a thermoki-
netic model has to be developed that considers all the main ef-
fects (prophage activation in λ+, lytic infection of λ−, growth of
both strains, and the carrying capacity of the medium) and com-
bines them with the heat signal. This model uses an established
bacteriophage infection model [30] and expands this model by
assuming a cell-specific heat [31, 32] ([7.8 ± 1.5]×10−9 J/cell)
and an elevated heat for the cells in the lytic cycle [21, 23, 33].
Whereas the details of the model are given in the Supporting
Information, the results of the modeling are shown in Fig. 2.

In the following, the results of the simulation are discussed.
The left side (Fig. 2A and C) shows the expected changes in
the thermal traces as a function of the chemical concentration
when E. coli λ+ is used as a bioindicator, whereas the right side
(Fig. 2B and D) shows the signals, when a mixture (λ+ and
λ−) is used as a bioindicator. In the case of λ+ and using inert
material as a reference (Fig. 2A), the prophage activation by
the chemical leads to a concentration-dependent signal shift at
later times and an increase in the signal maximum. The first is
calculated due to the inhibition of the growth of the λ+ strain by
prophage activation and the second is due to the enhanced heat
production rate of bacteria during the shift from the lysogenic
to the lytic infection cycle [21, 23, 33]. Figure 2C represents the
expected signal, when λ− is used as a reference and subjected to
the same conditions as the bioindicator. In this case, prophage
activation is at its minimum at hour 10 and maximum at hour 15,
where both are concentration dependent. The influence of the
chemical on prophage activation is more easily detected, when
the λ− strain is used as a reference. A prerequisite is, of course,
that the conditions on the measurement and reference side are
absolutely identical and that λ+ and λ− behaves equally with
the exception of the prophage activation.

Figure 2B demonstrates the behavior, when a mixed bioindi-
cator (λ−/λ+ = 9) is exposed to a relatively low-chemical con-
centration (0.2 au). Here, a biphasic heat signal is predicted when
inert material is applied as a reference. The first phase is domi-
nated by exponential growth of the λ− strain (as a result of the
superiority of this strain) and the activation of the prophages.
The phase is finished by an avalanche-like increase in the in-
fection of the λ− strain and the related phage number, which
finally leads to the extinction of the λ− strain. The λ+ strain
cannot become extinct for the reason that the lysogenic lifestyle
makes the host immune to any further phage infections [34].
This also explains the second peak, which is dominated by the
growth of the λ+ strain. Obviously, even during this phase, a
certain portion of the λ+ strain shifts to the lytic cycle and dies.
However, this process is not autocatalytic and therefore only a
linear increase in the phage concentration during this phase is
predictable.

Figure 2D illustrates the influence of the bioindicator com-
position on the heat signal using the λ− strain as a reference for
a small concentration of the test chemical (0.2 au). The smaller
the initial proportion of λ+ to λ− is, the stronger the influence
of the chemical will be. The response to the prophage-activating
chemical is much stronger for the mixed bioindicator than for
the λ+ strain as a bioindicator. For testing the simulation results,
the prophage-free strain λ−, the prophage wearing strain λ+,
as well as a mixture of 9:1 (λ−:λ+) were treated with the three
different test chemicals; the heat production was monitored on-
line; and the numbers of bacteria and phages were measured
offline.

3.3 The defined metabolic energy flows

The metabolism and the related heat production rate of the
applied enhanced bioindicator to a large extent depend on
the bioavailability of oxygen. The price for the simplicity
of the measuring principle presented here is the use of a
closed measuring ampoule without a homogenization option
of the content. Therefore, oxygen gradients are to be ex-
pected. Such gradients have already been proven to control the
metabolism of E. coli [28]; and shifts from the respiratory to
the fermentative-respiratory metabolism are reported. Two dif-
ferent methods were used to reduce the influence of the oxygen
diffusion.

In the first option, the enhanced bioindicator and the refer-
ence were cultivated and exposed to different concentrations of
the test chemical (mitomycin C) on the surface of LB agar to keep
the oxygen diffusion ways short. Figure 3A clearly demonstrates
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Figure 2. Simulation results: (A)
shows the influence of the chemi-
cal on heat production of a pure λ+
strain using inert material on the ref-
erence side, (B) represents the influ-
ence of the chemical (0.2 au) on a
mixed culture (1 part λ+ and 9 part
λ−) using inert material on the ref-
erence side, (C) shows the influence
of the chemical on heat production of
a pure λ+ strain using the λ− strain
on the reference side, (D) shows the
influence of the bioindicator compo-
sition using the λ− strain on the
reference side (chemical concentra-
tion = 0.2 au).

that up to a concentration of 30 μM the test chemical has no
significant toxic effect on the λ− strain. In case the λ+ strain is
used as a bioindicator, a prophage-activating property required a
concentration >22.5 μM to have a thermally measurable influ-
ence (Fig. 3B). But when a mixture of λ+ and λ− strains is used
as an enhanced bioindicator, a clear effect has already been ob-
served at concentrations >7.5 μM (Fig. 3C). As predicted from
our model, the bioindicator mixture shows a biphasic behavior.
The significantly stronger heat signal for the mixed bioindicator
as compared to the pure bioindicator strain was confirmed by a
higher number of phages measured as PFU after growth (Fig. 3).
The amount of phages achieved when the mixed bioindicator
was used was between 3.5 and 6 times higher as that when a
bioindicator with a single strain was applied. The advantage of
employing a mixed bioindicator has also been proven by em-
ploying further chemicals, such as cis-platinum and Cr (VI), as
shown in the Supporting Information.

Another option for preventing a shift in the metabolic path-
way was the exclusion of oxygen by covering the growth medium
with a thin liquid paraffin film. Potential traces of oxygen in
the medium were consumed within a few minutes before mea-
surement had begun due to the highly concentrated and ac-
tive biomass. Typical results for this approach are illustrated in
Fig. 4. Similar to the results obtained under aerobic conditions,
no toxic effects for the reference strain (Fig. 4A), slight effects
for the pure bioindicator strain (Fig. 4B), and strong effects for
the enhanced (mixed) bioindicator (Fig. 4B) were observed in
the investigated concentration range. The result indicated that
the anaerobic method is also well suited for monitoring the
prophage-activating properties of chemicals.

Advantageously, the data confirmed a higher sensitivity of the
anaerobic bioindicator in comparison with the aerobic bioindi-
cator. This was likely associated with the fact that the chemical
was diluted after the bacterial/agent mixture was added to the
agar, whereas in the liquid culture, the agent directly interacted
with the bioindicator mixture. Agar has structures [35] that al-
low small molecules like mitomycin C to easily diffuse into the
matrix. Larger entities, such as bacteria, cannot penetrate and
grow for this reason on the surface of the agar. The effective
concentration of mitomycin C in the vicinity of the bacteria was
reduced in this matter. Another explanation could simply be
that the applied bioindicator is more sensitive under anaerobic
conditions.

In the anaerobic measurements, similar effects on the number
of bacteria (Fig. 5A–C) and phage particles (Fig. 5D and E) were
observed. The phage number was again 3.7–6 times higher in
the tests with the mixed bioindicator compared to those with the
pure bioindicator. Notably, mitomycin C had already activated
the prophages at a concentration of 0.5 μM, being not toxic to
E. coli λ−.

TEM was used to observe changes in the morphology of
the enhanced (mixed) bioindicator in dependency on different
mitomycin C concentrations (Fig. 6). The ratio of longer (in the
lytic cycle) to shorter (in the lysogenic cycle or the uninfected
pathway) cells increased with increasing mitomycin C concen-
tration (Fig. 6, top row). Furthermore, the electron transparency
of the cytoplasm rose with increasing mitomycin C concentra-
tion. The electron beam transparency might be seen as a measure
of cellular degradation, confirming the explanation of the calori-
metric results due to prophage activation.
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Figure 3. Metabolic heat production rate and plaque forming units (PFU) of Escherichia coli growing on 1 mL LB agar in the presence of
different mitomycin C concentrations. (A) E. coli without prophage (λ−), (B) with prophage (λ+), (C) mixture (λ−:λ+, 9:1), (D) PFU: (λ+),
and (E) mixture (λ−:λ+, 9:1).

Figure 4. Metabolic heat production rate of anaerobically growing E. coli in the presence of different mitomycin C concentrations. (A) E. coli
without prophage (λ−), (B) with prophage (λ+), and (C) mixture (λ−:λ+, 9:1).

3.4 Key figure for describing prophage activation

Based on this level, it is important to find a simple key
figure for the strength of the prophage activation. As the
heat production rate P(t) is often proportional to the growth
rate, and heat Q(t) (Eq. (1)) is proportional to the cell con-
centration, logistic models (describing the evolution of the
cell concentration) promise a good description of the heat

time curve Q(t) and deliver characteristic parameters for
growth [32].

Q (t) =
∫ t

t=0

P (t̃)dt̃. (1)

In our case, the following simple logistic Eq. (2) was found to
be most suited to describe the experimental data:
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Figure 5. Offline measures of anaerobically growing E. coli in the presence of different mitomycin C concentrations. Cell number: (A) E.
coli without prophage (λ−), (B) with prophage (λ+), (C) mixture (λ−:λ+, 9:1), (D) plaque forming unit (PFU): (λ+), and (E) mixture
(λ−:λ+, 9:1).

Q (t) = Q ∞

(1 + b · e(−k·t))
. (2)

Q�, b, and k are adjustable parameters. The results of
the parameter fitting are given in the Supporting Information
(Table S1 for aerobic growth on agar and in Table S2
for anaerobic growth). Q� is the total metabolic heat out-
put from the beginning to the end of the growth. It rep-
resents the part of the Gibbs energy of all assimilated

nutrients, which is dissipated as heat and not used for biosynthe-
sis. Therefore, Q� could be considered as an indirect measure of
the growth efficiency and k as a kinetic parameter describing the
growth rate. It should not be confused with the specific growth
rate of the conventional Monod model, although it is of the same
magnitude.

In search for the most suitable characteristic number, the k
parameter (as a measure of the growth rate), the Q� parameter

Figure 6. TEM image of E. coli
(mixture) cells under anaerobic
conditions (A) control (0 μM
mitomycin C), (B) 1.0 μM mito-
mycin C, and (C) 6.0 μM mito-
mycin C.
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Figure 7. Sensitivity of the growth kinetics (k), the regression co-
efficient (R), the total metabolic heat (Q), and the maximum heat
production rate (Pm) against the prophage-activating chemical.

(as an indirect measure of the growth efficiency), the correlation
coefficient R of the nonlinear data fitting (as a measure of the
dispersion of the data around the model), and the maximum
heat production rate Pm (as a second measure of the growth
rate) were correlated with the concentration of the test chemical.
The normalized slope of an assumed linear correlation and the
respective standard deviation are compared in Fig. 7. The com-
parison identified both kinetic parameters k and Pm as mainly
affected by the prophage activation and therefore as most suited
to be used as key parameters. Both parameters confirm again the
better suitability of the mixed bioindicator in comparison with
the λ+ bioindicator.

In summary, calorimetry is well-suited as a basic principle
for screening chemical agents with regard to their potential
prophage-activating properties in the lower micromolar con-
centration range, when the difference of the heat signal of a
prophage wearing bacterial mixture is compared with the sig-
nal of prophage-free bacteria. The mixture of λ+ and λ− as a
bioindicator has been proved to be more sensitive against the
test chemical as the prophage wearing strain alone. The anaer-
obic growth conditions allow for providing the quickest results
and responses to still traces of the test chemical. These findings
are in accord with previous reports dealing with a simpler λ+
bioindicator [27]. Practical advantages of the proposed method
are the potential for automation, prevention of sampling er-
rors, ease of data evaluation, and consumption of still fewer
and less expensive chemicals for the media. The potential of
the method for application in future high-throughput measure-
ments is supported by the recent progress in the development
of (1) multichannel calorimetric instruments [36], (2) arrays of
chip calorimeters [37, 38], and (3) the rapid sample transport
by segmented fluid technology for a single channel lab-on-chip
calorimeter [39, 40].

Practical application

Bacteriophages in a “dormant” state (prophages) can be
reactivated by chemicals. As a result, the phages are re-
leased into the environment and can further infect other
phage-sensitive bacteria, which leads to disturbances in
technical and environmental processes. A simple and reli-
able method to assess the risk for chemical prophage ac-
tivation is therefore crucial. Our new method exploits the
metabolic heat difference between bacteria, which switch
from lysogenic to the lytic infection pathway, and unin-
fected bacteria. The usage of a bacterial mixture (with and
without prophages) as an enhancer was proven to make the
method highly sensitive, even in the concentration range
of a few micromoles per liter. The practical advantages of
the method are the real-time monitoring of the prophage-
activating effect, the suitability for automation and high-
throughput measurement, the low-working load, the usage
of low-cost chemicals, and inexpensive Peltier elements as
thermal transducers.
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