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Krystyna Dąbrowska1,2*†

1 Laboratory of Phage Molecular Biology, Department of Phage Therapy, Hirszfeld Institute of Immunology and Experimental
Therapy, Wrocław, Poland, 2 Research and Development Centre, Regional Specialist Hospital in Wrocław, Wrocław, Poland,
3 Bacteriophage Laboratory, Department of Phage Therapy, Hirszfeld Institute of Immunology and Experimental Therapy,
Wrocław, Poland, 4 Institute for Bioscience and Biotechnology Research, University of Maryland, Rockville, MD, United States

Introduction: Increasing number of deaths from multi-drug resistant bacterial infections
has caused both the World Health Organization and the Centers for Disease Control
and Prevention to repeatedly call for development of new, non-traditional antibacterial
treatments. Antimicrobial enzymes, including those derived from bacteriophages, known
as endolysins or enzybiotics, are considered promising solutions among the emerging
therapies. These naturally occurring proteins specifically destroy bacterial cell walls
(peptidoglycan) and as such, are capable of killing several logs of bacteria within
minutes. Some endolysins cause lysis of a wide range of susceptible bacteria, including
both Gram-positive and Gram-negative organisms, whereas other endolysins are
species- or even strain-specific. To make wide use of endolysins as antibacterial agents,
some basic research issues remain to be clarified or addressed. Currently available
methods for testing endolysin kinetics are indirect, require large numbers of bacteria,
long incubation times and are affected by technical problems or limited reproducibility.
Also, available methods are focused more on enzymatic activity rather than killing
efficiency which is more relevant from a medical perspective.

Results: We show a novel application of a DNA dye, SYTOX Green. It can be
applied in comprehensive, real-time and rapid measurement of killing efficiency, lytic
activity, and susceptibility of a bacterial population to lytic enzymes. Use of DNA dyes
shows improved reaction times, higher sensitivity in low concentrations of bacteria, and
independence of bacterial growth. Our data show high precision in lytic activity and
enzyme efficiency measurements. This solution opens the way to the development
of new, high throughput, precise measurements and tests in variety of conditions,
thus unlocking new possibilities in development of novel antimicrobials and analysis of
bacterial samples.

Keywords: endolysin, kinetic, Sytox Green TM, bacterial detection, bacterial lysis, bacteriolytic activity, lysins,
fluorescent DNA dye
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INTRODUCTION

Bacterial infections were the main causes of death worldwide
before the 20th century, and remain leading causes of death in
low-income countries (Department of Commerce and Labor B of
the C, 1906; Armstrong et al., 1999; World Health Organisation
(WHO), 2018b). The threat of antibiotic resistance began with the
first use of antibiotics themselves (Fleming, 1945; Nikaido, 2009).
The increase in the number of deaths due to bacterial infections
in the US and other high-income countries since the 1980s,
combined with the emergence of multi-drug resistant strains
spreading throughout the world, suggests that the age of efficient
antibiotics has come to an end (Department of Commerce and
Labor B of the C, 1906; Armstrong et al., 1999; Hoyert et al., 1999;
Nikaido, 2009; Hernando-Amado et al., 2019). As a result, the
World Health Organisation (WHO) and the Centers for Disease
Control and Prevention have repeatedly called for development
of new or alternative antibacterial treatments (World Health
Organisation (WHO), 2001; United States Government, 2015;
World Health Organisation (WHO), 2015; 2016; 2018a).

One antimicrobial approach that has gained increasing
recognition is the use of various enzymes, called enzybiotics,
that show the potential to limit threats posed by bacteria
(Labrou, 2019; Liu et al., 2019; Song et al., 2020). Enzybiotics
are fast-acting proteins that hydrolyze the peptidoglycan,
a distinctive structural element of bacterial cells, resulting
in osmotic lysis and cell death (Young, 1992; Fischetti,
2001). The vast range of possible enzybiotics provides a
high chance of finding or engineering these enzymes to
meet therapeutic needs. Among enzybiotics, endolysins are a
specific group that are derived from bacteriophage (phage).
Endolysins have been shown capable of lysing almost all
bacteria, including multi-drug resistant bacteria, often in a
span of a few minutes, and have been validated in animal
models without detected toxicity (Loeffler et al., 2003; Harhala
et al., 2018; Abdelkader et al., 2019; Dams and Briers, 2019).
In 2019, phage endolysins were recognised by WHO as
innovative, non-traditional biologicals in development (World
Health Organisation (WHO), 2019). Notably, three endolysins
are currently in Phase 2 or Phase 3 human clinical trials
(Schmelcher and Loessner, 2021).

Discovery, characterization, and benchmarking of endolysins
has been hampered by key technical issues. Typically,
bacteriolytic activity testing utilizes a spectrophotometric
turbidity reduction assay (TRA), which is an indirect
simplification of complex physical phenomenon, including
light scattering and refraction, when determining absorbance of
a solution (Mitchell et al., 2010). This results in high variability
between repeated measurements and limits the range of reaction
environments that can be tested. Alternative methods include
traditional testing for growth of surviving bacteria, but these
assays can also be highly variable due to serial dilutions, do
not provide real-time measurements, and are not amenable
for medium- or high-throughput applications. Recently, lysis
efficiency has been measured by detection of ATP released
from bacteria (Heller and Spence, 2019), which requires shorter
incubations, but it still does not provide results in real-time and

can be confounded by bacteria that display glycolytic enzymes
on their surface that can produce ATP (Fischetti, 2016).

In this study, we investigate DNA dyes as the source of
a quantitative, real-time measurable signal of peptidoglycan
destruction and bacteriolysis. These dyes do not require active
bacterial growth or metabolism to induce the signal, which is
detected immediately when bacterial DNA becomes available
for binding by the dye in lysed bacterial cells. This simplifies
the procedure and enables detection in difficult or complex
samples, such as environmental or clinical isolates. Here, we
show the applicability of a fluorescent dye for a real-time
detection of bacterial cell disruption and we use this new method
to characterize Cpl-1 and Pal, two endolysins active against
Streptococcus pneumoniae.

MATERIALS AND METHODS

Protein Expression
The endolysins, Pal (Acc. no. YP_004306947), derived from
Streptococcus phage Dp-1, and Cpl-1 (Acc. no. CAA87744),
derived from Streptococcus phage Cp-1, were used in this
study. The Cpl-1 and Pal coding sequences were cloned into
the Gateway cloning system, then amplified with primers
incorporating a C-terminal 6xHis tag and subcloned into a
pBAD24 expression plasmid. These vectors were expressed in
E. coli B834(DE3) cells (EMD), at 37◦C with shaking in Luria-
Bertani (LB) broth (10 g/L tryptone, 10 g/L NaCl, 5 g/L yeast
extract) supplemented with ampicillin (50 mg/L) (Sigma-Aldrich,
Europe), until the OD600 reached 1.0. Next, the bacterial culture
was cooled to 22◦C and protein expression was induced by the
addition of arabinose at a final concentration of 2.5 g/L. The
culture was incubated overnight at 22◦C with intensive shaking.

Protein Purification
Bacteria were harvested by centrifugation (8,000×g, 10 min,
4◦C), resuspended in PBS (50 mM Na2HPO4, 300 mM NaCl,
pH 7.2) in 1/10th volume of the culture and PMSF (1 mM) and
lysozyme (0.5 mg/mL) were added. The mixture was incubated
for 2 h on ice with gentle shaking and lysis was achieved using the
freeze-thaw method. Mg2+ (up to 0.25 mM), DNAse (20 mg/L),
and RNAse (40 mg/L) were then added to the extract and
allowed to incubate on ice with gentle shaking for 3 h. The
fractions were separated by centrifugation (12,000 × g, 30 min,
4◦C) and the soluble fraction (supernatant) was collected. PBS
buffer containing 500 mM imidazole was added to the soluble
fraction to adjust the final concentration of imidazole to 50 mM.
The target proteins were bound to NiNTA agarose (Qiagen,
Hilden, Germany) at room temperature and washed with PBS
(6 × volume of the agarose) with increasing concentrations of
imidazole (75, 100, 250, and 500 mM). The 100 and 250 mM
imidazole fractions contained the eluted endolysins and these
fractions were dialyzed against PBS at 4◦C with a 3 kDa cut-off
membrane (SpectraPor). Next, LPS removal was performed with
an EndoTrap Blue column (Hyglos GmbH, Munich, Germany).
To complete purification, samples were dialyzed dialyzed (3,000
kDa molecular weight cut-off, 3 times, 2,000 mL bottles for
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20 mL of protein sample, 4◦C, Spectra/Por, Repligen) against PBS
and filtered through sterile 0.22-µm polyvinylidene difluoride
filters (Millipore, Burlington, MA, United States). The process
was monitored by SDS-PAGE at all stages. Protein concentration
was determined by the Bradford assay (Sigma-Aldrich, Europe)
following the manufacturer’s instructions.

Testing Activity, Fluorometric Assay
Sytox Green solution from ViaGramTM Red+ Bacterial Gram
Stain and Viability Kit (Thermo Fisher Scientific) was used in this
article. Kinetic experiments were performed at room temperature
(23◦C). Several controls were used to ensure technical suitability
and reproducibility of experiments. Briefly (detailed description
below), in each experiments we measured fluorescence of PBS
(technical control), killed bacteria with isopropanol (positive
control), live bacteria only (negative control), lytic agent only
(enzyme control) and bacteria killed by endolysins (lysis control)
showing the level of fluorescence when lytic reaction is complete.

The technical control (background) measures fluorescence
of the background coming from the buffer, the plate and any
unbound fluorescent dye. It consists of 150 µL PBS mixed with
50 µL of diluted (1/100) Sytox Green solution. The mean signal
of this control was subtracted from all reads.

The positive control is used to demonstrate that the DNA
dye in the sample is of sufficient quantity (e.g., not saturated)
and the measurements are valid. This control is comprised of
a concentrated suspension of dead bacteria that gives extremely
high fluorescent reads. The signal measured by this control
sample should be higher than in any other sample, establishing
that the DNA dye is not saturated in the experimental groups and
are technically valid. Preparation of the concentrated suspension
of dead bacteria is based on a protocol provided by manufacturer
of the DNA dyes (Thermo Fisher). Briefly, 1 mL of S. pneumonia
grown for 22 h at 37◦C in Todd-Hewitt broth without shaking
was added to 20 mL of 70% isopropyl alcohol and incubated for
1 h at room temperature with mixing every 15 min, followed by
centrifugation (15,000 × g, 15 min, 4◦C) and resuspension in
0.25 mL of PBS. 50 µL of this suspension was mixed with 50 µL
of diluted (1/100) Sytox Green and 100 µL of PBS.

The negative control (bacteria) included 100 µL PBS
with 50 µL of diluted (1/100) Sytox Green and 50 µL of
previously prepared bacteria (OD600 = 1.0). This control was
used for normalization to calculate progress equal to 0.0
for each timepoint.

The enzyme control consists of 100 µL PBS with 50 µL of
diluted (1/100) Sytox Green and 50 µL of previously prepared
enzyme solution in PBS (at the highest concentration used for
the experiment).

The lysis control (for calculation of max signal in
normalization) contains 50 µL PBS, 50 µL of diluted (1/100)
Sytox Green, 50 µL of previously prepared enzyme (80 mg/L
for Cpl-1 and 40 mg/L for Pal enzyme) and 50 µL of bacteria
solution. The max value is defined as the mean signal measured in
the last 3 min of the reaction. If lysis has gone to completion, the
progress curves should show no statistically significant change
in the last 3 min (i.e., the curve is flat). Enzyme concentrations
included in the experiments higher than proposed can be used

for calculation of the max signal. The amount of lysin used for
this control was chosen such that complete lysis (99.9%) occurred
within 10 min. Since activity of the bacteriolytic agent depends
on bacteria strain, amount of the bacteriolytic agents needs
to be sufficient for complete lysis in 10 min. For experiments
presented in this article, the lysis of more than 99.9% of bacteria
was confirmed by dilution testing.

Before Experiment
Each sample is tested in triplicate
Prepare concentrations of the enzymes remembering that for a
typical assay the enzyme is twice diluted after being added to the
sample, so stock solutions of the enzyme needs to be twice the
final desired concentration.

Bacteria Preparation
Susceptible bacteria of S. pneumoniae were grown for 20 h at 36◦C
in (50 mL) in Todd-Hewitt broth, no shaking.
Bacteria were harvested by centrifugation (7 000 × g,
7 min, 20◦C).
Supernatant was removed.
Pellet was resuspended gently in PBS (25 mL).
Sample was centrifuged again (7,000× g, 7 min, 20◦C)
Pellet was resuspended gently in PBS (25 mL).
Sample was centrifuged again (7,000× g, 7 min, 20◦C)
Pellet was resuspended in PBS to final OD600 1.0.
The sample was incubated for 30 min at a room temperature.
The bacterial sample is now ready for fluorescent measurements.

Controls Preparation (Each Should Be in Triplicate
per Plate)
Positive control (should be started 2 h before the experiment):
Sytox Green solution from ViaGramTM Red + Bacterial Gram
Stain and Viability Kit (Thermo Fisher, alternatively – 5 mM
solution of Sytox Green in DMSO can be used) was diluted in
PBS 100 times (volume needed is 50 µL per well).
10 mL of bacterial sample from (see Bacteria preparation section)
were centrifuged (7 000× g, 4◦C, 7 min).
The supernatant was discarded.
The pellet was resuspended in 1 mL of PBS.
20 mL of 70% isopropyl alcohol was added (water solution).
The sample was incubated 1 h at room temperature and
mixed every 15 min.
The sample was centrifuged (15 000× g, 15 min, 4◦C).
The supernatant was discarded.
The pellet was resuspended in 350 µL of PBS.
50 µL of PBS with diluted Sytox Green and 100 µL of
resuspended pellet were mixed in the well before the experiment.
Technical control: 150 µL of PBS and 50 µL of diluted Sytox
Green solution was mixed.
Lysis control: 50 µL of PBS, 50 µL of diluted Sytox Green
solution, 50 µL of bacterial sample and 50 µL of endolysin (at
least 80 µg/mL for Cpl-1 and 40 µg/mL for Pal) was mixed.
Enzyme background control: 100 µL of PBS with 50 µL of diluted
Sytox Green solution and 50 µL of endolysin (equal to highest
concentration used in the experiment) was mixed.
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Negative control (bacteria without endolysin): 100 µL of PBS,
50 µL of diluted Sytox Green solution and 50 µL of bacteria was
mixed.

Fluorescent Measurement
To each well, 50 µL of diluted Sytox Green solution and 100 µL
of endolysin stock solution in PBS (two times higher than
tested) was added.
All necessary controls were prepared and mixed.
Enzymatic lysis was started by adding 50 µL of bacteria
suspention to each well.
Immediately start reading the signal in each well (ex./em.:
475/525 nm) every 45–60 s.
Measurements continued for at least 10 min.
Validity of the experiment – results were considered valid only if:
Average raw signal of technical control is lower than the average
signal enzyme control.
Average raw signal of the enzyme control is lower than average
signal of negative control.
Average raw signal of positive control yields at least 33% higher
reads than any other sample in the experimental setup.
Average raw signal from lysis control from last 3 min of
the experiment shows no statistically significant change after
the initial rise.

Testing Activity, Turbidity Reduction
Assay (TRA)
As a comparison for the fluorometric assay, turbidity reduction
assays were performed in parallel. The same protocol was
followed with only the diluent (DMSO, 1% dilution in PBS)
used in place of the solution of fluorescent dye. Otherwise, the
same freshly prepared bacterial cells were utilized as was the
same concentration range of endolysins. Technical and negative
controls were the same as in the fluorometric assays. Samples
were tested in standard 96-well plates in triplicate and absorbance
readings were measured every for 10 min at 600 nm.

Normalization and Computational
Methods
Raw data from fluorometric assay and TRA can be normalized
to an objective value: progress [of the lysis]. This is required for
comparison between experiments using different measurement
methods, enzymes, concentration of bacteria and/or enzymes.
The progress (x) is defined as a part of the bacterial sample that
is lysed, with values ranging between 0 (no lysis) and 1 (complete
lysis of 100% bacterial cells). Progress is calculated by equation
(1). Lysis control was used to calculate max signal for the purpose
of normalization.

x (t) =

∣∣r (t)− bc (t)
∣∣∣∣max− bc

∣∣ (1)

x(t) – progress at time t
r(t) – signal of the sample at time t
bc(t) – signal of bacterial control at time t

bc –signal of negative control at 10 min (end of the experiment)
max – signal of lysis control (enzymatically lysed bacteria)

Progress values can be used to calculate lytic activity as part
of the total bacterial sample that is lysed per unit of time
[min−1]. The Cpl-1 lysin demonstrated a lytic activity that fulfils
the requirements of a linear regression model. This model was
calculated from progress values 0.2 to 0.75 (for more detailed
description see Supplementary Figures 1, 2A). In contrast, a
one-phase association model best fit the data for the Pal endolysin
(GraphPad Prism 7; R2 > 0.99 for both measurement methods)
from 1 to 110 mg/L. Lytic activity in this model is evaluated by a
K value, which depicts the change of progress at the beginning
of the reaction (i.e., the initial velocity) (see Supplementary
Table 1 and Supplementary Figure 2B). In low concentrations
of endolysins (below 1 mg/L of Pal and below 2 mg/L for
Cpl-1), all measured points were used for calculation of linear
regression due to insufficient lysis by the end of the 10 min
assay. In these cases, the measured slope was used to define
the lytic activity. Comparison of the mathematical models are
summarised in Supplementary Table 2. A dilution test was
used to calculate number of bacteria (as CFU) corresponding to
OD600 values.

Bacteria Used for Lytic Experiments
Clinically isolated Streptococcus pneumoniae strain (code
PN135) was used for all experiments. It is susceptible to
optochin, Pal and Cpl-1.

RESULTS

Evaluation of Sytox Green as a Detector
of Bacterial Lysis in Real Time
Sytox Green fluorescent dye emits a signal after binding to
double stranded DNA. This specific dye is also excluded
from entering metabolically active bacteria (Figure 1A). Taken
together, observed fluorescence after addition of Sytox Green
dye can arise from three sources: metabolically inactive (dead)
bacteria, DNA contamination in the sample and background
fluorescence. After addition of a bacteriolytic agent such as an
endolysin, live bacteria are lysed (killed) and their DNA becomes
available to Sytox Green. An increase in fluorescent signal that
follows such lysis therefore directly corresponds to the activity of
the bacteriolytic agent (Figure 1).

Sytox Green proved to be the most suitable dye for
measurement of bacterial lysis out of the four tested DNA dyes,
including SYTO9, DAPI, propidium iodide, and Sytox Green
(for details see Supplementary Figure 3 and Supplementary
Table 3). We chose Sytox Green and compared our results to
the turbidity reduction assay (TRA), the most commonly used
assay for measuring endolysin activity. In short, after addition
of an enzyme to a bacterial suspension, absorbance of light
passing through the sample is measured at 600 nm and a drop
in the absorbance is considered an indirect sign of bacterial
lysis. Cpl-1 and Pal phage endolysins were chosen for these
tests. Representative data are shown in Supplementary Figure 1
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FIGURE 1 | Graphical representation of the Sytox Green mode of action.
When added to a bacterial mixture, Sytox Green is excluded from
metabolically active (live) bacteria and DNA remain sequestered inside the
bacterial cell resulting in no signal (A). When a bacteriolytic agent (e.g.,
endolysin) is added to a mixture of live bacteria and Sytox Green, lysis of the
bacterial cell begins. The bacterial cell becomes metabolically inactive and
dies when sufficient lysis occurs, allowing Sytox Green to enter the cell ghost
and bind to DNA resulting in increased fluorescence (B). In the case of
extensive damage or even complete disintegration of the bacteria, bacterial
DNA can leak outside the cell and Sytox Green in the mixture binds the DNA
producing a signal (C).

and results of data normalization are shown in Supplementary
Figure 2. All data was normalized for comparison purposes based
on controls as described in the “Materials and Methods.”

Fluorometric Assay Measures Lytic
Activity of Endolysins With Higher
Responsiveness and in a Wider Range of
Enzyme Concentrations Than the
Turbidity Reduction Assay
We present lytic activities, relative lytic activities, and specific
lytic activities calculated from both fluorometric and turbidity
reduction assays (TRA). Results are summarized in Figure 2 and
the lytic activity is expressed as progress (part of the bacterial
sample lysed per minute). The relative lytic activity is lytic activity
presented as a percentage of lytic activity detected by the turbidity
reduction assay under the same conditions. Specific lytic activity
represents activity of 1 nmol of the endolysin in a specific
experimental setup.

Lytic activity was tested in a range of enzyme concentrations,
ranging from 0.18 to 375 mg/L for Cpl-1 and 0.05 to 110 mg/L for
Pal. Lytic activity was detected by Sytox Green as low as 0.36 mg/L
for Cpl-1 and 0.1 mg/L of Pal, while the minimum concentrations
shown to have activity with the turbidity reduction assay were
four times higher. These values were found significant in
comparison to negative control (bacteria, no bacteriolytic agent)
(p < 0.001 and p < 0.008, for Cpl-1 and Pal, respectively).
The Lytic activity detected by fluorimetric assay was significantly
higher than that detected by turbidity reduction assay, thus
demonstrating higher responsiveness of the Sytox Green-based
method. For Cpl-1, statistically significant differences between
assays were observed only at concentrations 11.7 mg/L and lower
(p < 0.05) (Figure 3A), whereas significance between assays was
detected in all concentrations of Pal (p < 0.05) (Figure 3B).

Relative lytic activity allows for comparison of the two
methods by artificially setting the activity detected by the
turbidity reduction assay to 100% for a given set of conditions
(Figures 3C,D). In doing so, differences in lytic activity at
lower concentrations of a bacteriolytic agent are revealed.
Such differences might be important in situations where only
low concentrations of an enzyme are possible (e.g., due to
side effects, cost, poor penetration to the target site). This
analysis also revealed that lytic activity detected by fluorometric
assay was significantly higher than that detected by turbidity
reduction assay, demonstrating higher responsiveness of the
Sytox Green-based method. Statistically significant differences
between assays were observed for Cpl-1 only at concentrations
11.7 mg/L and lower (p < 0.05) (Figure 3C), while significant
differences were detected for Pal in all concentrations (p < 0.05)
(Figure 3D). Analysis of correlation between relative lytic
activity and enzyme concentrations for Cpl-1 revealed negative
correlation (p < 0.0001, Spearman correlation). However, the
correlation for the Pal endolysin was not observed (p > 0.18,
Spearman correlation), therefore, we calculated average relative
lytic activity, which was 180± 23% (p < 0.005).

The specific lytic activity as revealed by fluorometric assay
and turbidity reduction assay differed markedly (Figures 3E,F).
The fluorometric assay detected up to 2.44 times higher specific
activity for Cpl-1 and 3.19 times higher for Pal in comparison
to the turbidity reduction assay depending on the enzyme
concentration. A drop in specific lytic activity at low enzyme
concentrations are related to detection limits for concentrations
below 0.36 mg/L for Cpl-1 and 0.1 mg/L of Pal. Conversely,
a drop in specific lytic activity at high enzyme concentrations
(Figures 3E,F) likely relates to inhibitory effects due to many
endolysin molecules binding the bacterial surface despite only a
single lytic event possible for each bacterial cell.

Fluorometric Assay With Cpl-1 Detected
Bacterial Lysis in a Wider Range of
Bacterial Concentrations Than the
Turbidity Reduction Assay, to as Low
Concentration as 3.4×103 CFU/mL
The lytic activity of Cpl-1 was detected in all measured bacterial
concentrations, from as low as 3.4×103 CFU/mL (6.8×102

CFU/sample) to 8×107 CFU/mL (1.6×107 CFU/sample) in the
fluorometric assay (Figures 2A,B). In contrast, optical density
based methods, including the turbidity reduction assay, struggle
to measure bacterial concentrations lower than 106 CFU/mL
(McKellar and Knight, 2000; Lewis et al., 2014; Yu et al., 2014;
Meyers et al., 2018). Correlation between bacterial concentration
and the detected signal of lysis was very high (0.9989, p < 0.0001
when 1.0 describes ideal correlation, Spearman correlation,
GraphPad Prism 7) (Figures 2A,B).

We assessed potential dependence of Cpl-1 lytic activity
detected by fluorometric assay on bacterial concentrations, and
we found no statistically significant correlation (p > 0.2).
Mean lytic activity was constant for all bacterial concentrations
exceeding 5×103 CFU/mL, not deviating from 0.192 (95% CI
from 0.1849 to 0.1985 min−1; p < 0.01, GraphPad Prism 7, for
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FIGURE 2 | Characteristics of Cpl-1 activity by fluorometric Sytox Green assay. The fluorescent signal was measured after 10 min lysis by Cpl-1 (5 mg/L) over a
range of bacterial concentration from 1.6×107 CFU/sample to 6.8×102 CFU/sample. Bacterial lysis was detected in PBS (200 µL) with bacteria at indicated
concentrations and 0.25% Sytox Green solution. Fluorescent signal of Sytox Green after 10 min of bacterial lysis in low (A) and high (B) concentrations of bacteria
(red) and background signal of bacteria with no endolysin (black). Blue line shows background signal of Cpl-1 alone. Kinetics of Cpl-1 activity in the lowest
concentration of bacteria (680 CFU/sample) in comparison to background signals from bacteria (negative control) and Cpl-1 (C). Ratio of signals from Cpl-1-lysed
bacteria to negative control (bacteria) tested in a range of bacterial concentrations; the highest values represent optimal bacterial concentrations. (D) Graphical
representation of a Michaelis-Menten model calculated for the Cpl-1 endolysin with experimental data (E). * – statistically significant difference between samples and
background (p < 0.003). ** and *** signifies statistically significant difference between K values of plotted curves (** is p < 0.0001, and *** is p = 0.0269). Points or
bars represent average of measurements for two independent experiments and whiskers represent the standard deviation.
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FIGURE 3 | Comparison of SytoxTM Green fluorometric assay and turbidity reduction assay in characterisation of Cpl-1 and Pal. Bacterial lysis was detected in PBS
(200 µL) with 1.6×107 CFU, Cpl-1 or Pal at indicated concentrations and 0.25% DMSO or Sytox Green solution (turbidity reduction or fluorometric assay,
respectively, see Materials and Methods for details). Lytic activity of Cpl-1 (A) and Pal (B) is measured by both methods in concentrations ranging from 0.05 to
110 mg/L for Pal and from 0.18 to 375 mg/L for Cpl-1. Comparison of relative lytic activities for Cpl-1 (C) and Pal (D). Specific lytic activity of Cpl-1 (E) and Pal (F)
measured by both methods. (*) Stars show statistically significant difference in activity as detected by the two methods (adj. p < 0.05). Points represent results of
two identical experiments. Bars represent the standard error.

details see Supplementary Table 4). However, lytic activity of
Cpl-1 in bacterial concentrations lower than 5×103 CFU/mL
deviated from the calculated linear regression model, but a
one-phase association model for this data was statistically

significant (see Supplementary Table 5). This effect likely
resulted from a relatively large contribution of signal generated
by the endolysin in comparison to much lower contribution of
signal from the low concentration of bacteria (Figure 2C). This
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contribution is a background signal from protein added at the
start of the lytic reaction. We speculate it is a result of non-specific
interactions between the protein and the dye. Nonetheless, this
contribution is lower than 1/1000th of the activated dye and is
considerable only in this extremely low concentration of bacteria.
Thus, this model was used for evaluation of lytic activity at the
lower limit of bacterial concentrations (Figure 2C).

Optimal Concentration of Bacteria for
Fluorometric Assay Was Between
2.5×107 and 2.5×106 CFU/mL per
Sample
The optimal concentration of substrate bacteria was determined
experimentally to further improve experimental design for
practical applications. We calculated the signal to noise ratio for
different bacterial concentrations for the Cpl-1 endolysin. We
propose optimal range in presented experimental setup to be
between 5×106 and 5×105 CFU, where the final signal reached
over 12 times the background signal value (Figure 2D).

The Cpl-1 Endolysin Is Characterized by
Michaelis-Menten Model
Lytic activity of the Cpl-1 endolysin in varying concentrations
of bacteria was used to calculate Michaelis-Menten statistics to
develop a molecular characterization of the enzyme. We show
that Cpl-1 can be described by the Michaelis-Menten model when
measured by the fluorescent method. Vmax represents theoretical
upper limit for activity of the enzyme in an abundance of
substrate. For Cpl-1, this was 7.2 ± 0.2 × 106 CFU/min. The Km
represents the concentration in which an enzyme demonstrates
half of its maximum activity. For the Cpl-1 endolysin, it was
51± 3×106 CFU/mL (Figure 2E).

DISCUSSION

We evaluated the applicability of a DNA dye, Sytox Green,
for detection of bacterial lysis. Our evaluation included two
phage endolysins, Cpl-1 and Pal, both bacteriolytic toward
Streptococcus pneumonia, varying concentrations of enzymes
and bacteria. Taken together, we propose a new method for
the detection of bacterial lysis and for characterization of
bacteriolytic agents. This solution provides a very high sensitivity
and is able to generate detectable signal even at concentrations
of bacteria as low as 3.4×103 CFU/mL (6.8×102 CFU/sample).
Importantly, the method offers direct, real-time measurements
of reaction kinetics, thus allowing for calculation of progress
and lytic activity parameters. We propose a mathematical
approach to evaluate lytic activity measured from raw reads
and we demonstrate its applicability in varying concentrations
of two endolysins and bacteria. To demonstrate the potential
of Sytox Green, we compared our results to results acquired
in commonly used turbidity reduction assays, which detect
absorbance of 600 nm light passing through a sample whereby
a drop in the absorbance is considered an indirect indicator
of bacterial lysis. As demonstrated in our study, use of
DNA dye allows for detection of higher lytic activity of both

enzymes, is more responsive and efficient (Figure 3), and
capable for measuring progress of bacterial lysis in very low
bacterial concentrations (Figure 2), thus having potential for
detection of differences non-detectable for indirect turbidity
assays like TRA.

Limitations for this fluorometric assay can be estimated
from data presented in Figures 2, 3. In the tested conditions,
activity can be detected in enzyme concentration as low as
0.36 mg/L for Cpl-1 and 0.1 mg/L for Pal. The maximum
detectable activity was over 1.0 min−1 for the Pal enzyme,
which can be interpreted as complete lysis in less than
2 min. The highest measured concentration of bacteria is
over 8×107 CFU/mL (0.2 mL volume of the sample) and
lowest concentration of bacteria is 3.4×103 CFU/mL (680
CFU in 0.2 mL volume of the sample). We speculate that
lower concentration of bacteria can probably be measured
by extending the monitoring time. All mentioned limits
are, however, marked improvements in comparison to TRA.
Additionally, a fit of a mathematical model to describe how
the Pal enzyme (one-phase association) changes in response
to different concentrations of bacteria has not presently been
tested, but represents the next logical extension of this assay for
future experiments.

Implementation of this protocol in other laboratories requires
determination of two concentrations:

– concentration of bacteriolytic agent that lyse all bacteria
in the sample during the experiment, typically with agar
plating method (lysis control),

– concentration of fluorescent dye that is not saturated during
lysis (positive control).

There are three technical requirements to implement the
protocol described in this article. If (1) a signal from lysis
control shows initial increase, (2) reaches a plateau near
the end of the assay and (3) signal from positive control
is around 33% larger than the plateau, the fluorescent
protocol can be implemented. Determination of optimal
bacteria/bacteriolytic agent concentrations or time/interval
of the measurements during the assay improves the
reproducibility and precision of the measurements, but still
is technically optional. Implementation of the mathematical
model is highly beneficial for comparison between other
lytic agents and different bacteria concentrations, but still
technically optional.

Traditionally, application of Michaelis-Menten calculations
for bacteriolytic enzymes has been challenging since the substrate
for the endolysin is the peptidoglycan, yet, the measured signals
represent either light scattering, or in our case, DNA bound by the
fluorescent dye rather than lysed peptidoglycan (Lebaron et al.,
1998; Ainsworth, 2014). Michaelis-Menten calculations measure
the correlation between concentrations of substrate and the rate
of the enzymatic reaction. Moreover, a bacterial cell is not a
typical substrate due to the capability to simultaneously bind
thousands of endolysin particles despite only a single lytic event
“converting” a cell into a signal. Nonetheless, calculations of a
Michaelis-Menten model for our data reveals a strong correlation
between enzyme activity and a bacteria lysis, thus providing

Frontiers in Microbiology | www.frontiersin.org 8 October 2021 | Volume 12 | Article 752282

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-752282 October 25, 2021 Time: 10:48 # 9

Harhala et al. DNA Dyes Detecting Bacteriolytic Activity

grounds for prediction of enzyme behaviour in comparison
to other enzymes, and supporting an earlier hypothesis that a
fixed number of bonds in the peptidoglycan need to undergo
reaction before the bacteria is lysed (Mitchell et al., 2010). In
the opposite case, varying number of bonds required for the
lysis would cause high randomness in the model and large errors
(Ainsworth, 2014). Of note, our use of mathematical models and
calculations is limited to the data available in this study and
it requires further testing and validation in other conditions,
for instance, the one-phase association model used herein for
Pal endolysin. Other attempts to characterise Michaelis-Menten
for endolysin characteristics exist, such as the EnzChekTM

Lysozyme Assay Kit (Invitrogen) that uses labelled purified
peptidoglycan. This commercially available assay, however, does
not target the phenomenon of bacteria lysis, instead it detects
peptidoglycan-derived substrate hydrolysis by agents of strictly
defined specificity (Tafoya et al., 2013).

Sytox Green produces its signal by interaction with released
bacterial DNA, but it can also penetrate into metabolically
inactive bacteria, so the fluorescent signal is directly correlated
to the amount of bacteria that have been inactivated, not
necessarily completely disintegrated (Lebaron et al., 1998).
Minor damage of the peptidoglycan that renders bacteria
inactive but not destroyed cannot be detected by the
indirect turbidity reduction assay. Moreover, large particles
(if present in the investigated solution) blocking light in the
indirect turbidity assay may strongly affect results, but in
the fluorometric assay, where the dye itself is the source of
light, such particles may have a lesser impact. On the other
hand, both fluorometric assay and turbidity reduction assay
employ light detection. Thus, they both may have decreased
precision in environments that are not fully transparent
for specific spectra. Importantly, fluorescent DNA dyes are
constantly being developed, including a very wide range
of offered spectra (Bucevičius et al., 2018; Okamoto, 2019;
Quyen et al., 2019).

This presented approach can be used for rapid detection
of susceptible bacteria in a variety of sample matrices or even
in a mixture of bacterial strains when a defined selective
bacteriolytic agent (e.g., a specific endolysin) is used. Further,
with the use of the well-defined specificity of a bacteriolytic
agent, bacterial identification can be achieved. Since fluorescent
dyes that bind DNA deliver quantitative, real-time measurable
signal of bacterial lysis, they have a potential for development
of new, precise, high-throughput, low-cost, and rapid tests,
applicable even in very low concentration and/or mixtures
of bacteria. The World Health Organisation (WHO) and the
Centres for Disease Control and Prevention repeatedly called

for development of new or alternative antibacterial treatments
(World Health Organisation (WHO), 2001; United States
Government, 2015; World Health Organisation (WHO), 2015;
2016; 2018a). We propose use of fluorescent dyes and this
fluorometric assay as a way to develop and improve methods
broadening possibilities in microbiology both in the research
of bacteriolytic agents and in the analysis or identification of
bacteria samples.
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