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Escherichia coli K-12 (pEGFPluxABCDEamp): a
tool for analysis of bacterial killing by
antibacterial agents and human complement
activities on a real-time basis
Janne Atosuo,a* Janne Lehtinen,a Libor Vojteka,b and Esa-Matti Liliusa
ABSTRACT: Photorhabdus luminescens luxCDABE genes were integrated into E. coli K-12 using a high copy number plasmid
containing modified luxABCDE genes under the control of the powerful Lac promoter. This strain emitted 10 times higher
bioluminescence (BL) than P. luminescens. BL production under different growth conditions was studied. In both bacterial
strains, the increase in BL signal correlated with the increase in optical density (OD) in a rich growth medium. However, at
the logarithmic growth phase, the BL signal was roughly constant. By contrast, in minimal growth media, there was no
substantial growth and the BL/cell was approximately five times higher than in the rich medium. The dynamic measurement
range of BL was 102–107 colony-forming units (CFU) in E. coli and 103–107 CFU in P. luminescens. Because the decrease in the
BL signal correlated with the decrease in CFU and OD, i.e. the number of bacterial cells killed, it proved to be very suitable for
assessing the antibacterial effects of different antimicrobial agents. Unlike with plate counting, the kinetics of killing can be
monitored on a real-time basis using BL measurements. Complement activities in different samples can be estimated using
only one serum dilution. The transformed E. coli strain appeared to be superior to P. luminescens in these applications
because E. coli was complement sensitive, the detection limit of E. coli was one order lower and the BL-producing system
of P. luminescens appeared to be quite unstable. Copyright © 2012 John Wiley & Sons, Ltd.
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Introduction
Viability is traditionally defined as the ability of bacterial cells to
form colonies on solid agar plates under suitable conditions
and/or to proliferate in solutions with sufficient nutrients. In
order to reliably monitor changes in bacterial cell number,
real-time data for the whole incubation period are necessary.
Optical density (OD) measurement provides such a real-time
assay, but the high cell number required for turbidity measure-
ments and an inability to distinguish between live and dead
bacteria, restricts the application of this method. The colony-
counting assay traditionally estimates bacterial viability and
killing. Kinetic measurement of killing by colony counting is
troublesome and the results are not obtained on a real-time
basis because the plates require a long incubation period.
Another method for measuring the number of bacterial cells is
the use of bacteria with reporter genes, encoding products with
detectable functionality linked to the viability of the cells, such
as insect luciferase (lucFF) from the firefly Photinus pyralis or
bacterial luciferase (luxAB) from Vibrio harveyi. Expression of these
genes results in bacterial cells emitting bioluminescence (BL)
(1,2,4–8). Green fluorescent protein (GFP) is another commonly
used reporter. GFP is highly fluorescent and extremely stabile,
and accumulates within the bacterial cell during growth (2–4).

Using these reporters, bacterial viability and the effects of
different antimicrobial agents such as antiseptics, toxins, antibio-
tics and the function of immune mechanisms such as the serum
complement system can be studied (2–14). However, both lucifer-
ase systems require the addition of an external substrate (4–6).
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Moreover, the reaction is dependent on substrate transport into
the cells and thus is strongly affected by external factors such as
pH. GFP works without any additional substrates or cofactors and
the fluorescent signal is linked to the number of bacterial cells.
However, GFP cannot be used in a killing assay because it is stable
and remains fluorescent in dead cells (2,7).
Bacterial luciferase catalyses the oxidation of a long-chain

fatty aldehyde and reduced flavin mononucleotide (FMN/
FMNH2), simultaneously emitting BL with an emission maximum
at 490 nm (15–19). Bacterial luciferase is a chimeric protein with
two nonidentical subunits encoded by separate genes (luxA and
luxB). In the lux operon, these two genes are flanked by three
additional genes (luxC, luxD and luxE) that are involved in the
synthesis of its fatty aldehyde substrate. Expression of the whole
operon (luxCDABE), under the control of Lac promoter, produces
the luciferase holoenzyme complex resulting in bacterial cells
emitting BL without addition of any substrate, providing a
convenient indicator of metabolic activity in the cell.
In this study, we describe an approach in which Escherichia

coli K-12 was transformed with plasmid including a modified
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bacterial luciferase gene (luxABCDE) originating from the chromo-
somal luxCDABE gene of the Gram-negative soil bacterium
Photorhabdus luminescens (16,20–24).

The aim of the study was to characterize the differences in light
emission between P. luminescens and E. coli in batch culture and
under conditions of biocide or serum-complement-mediated
killing. Whether BL was proportional to the number of viable cells
and could be used in quantitative bacterial killing assays were
also studied.

Experimental
Materials
Agar, Trypton and yeast extract were obtained from Difco
Laboratories (Detroit, MI, USA). Polymyxin B was purchased from
Sigma (St. Louis, MO, USA) and Etax Aa (99.5% ethanol) was from
Altia Oyj (Rajamäki Finland). DNA-modifying enzymes were
obtained either from MBI Fermentas (Vilnius, Lithuania) or
Promega (Madison, WI, USA). Ampicillin sodium salt was obtained
from Sigma. All reagents were of at least analytical grade.
Construction of plasmid pEGFPluxABCDEAmp

Modified bacterial luciferase genes (luxABCDE) were ligated
into pEGFP (Clontech, Saint-Germain-en-Laye, France), resulting
in the plasmid named pEGFPluxABCDEAmp. The luxABCDE
operon was excised from plasmid pSB2025 by means of NcoI
and PstI restriction enzymes. Plasmid pEGFPluxABCDEAmp
was transformed to E. coli K-12 strain M72 (SmRlacZ(Am)
ΔbiouvrBΔtrpE42[ln7(Am)N53(Am)ca857ΔH1]) (German Collection
of Microorganisms and Cell Cultures, Braunschweig, Germany)
(25) by electroporation using the Bio-Rad Gene Pulser system
(Bio-Rad Laboratories, Richmond, CA, USA), and the engineered
E. coli K-12 (pEGFPluxABCDEAmp) was named E. coli–lux. Positive
transformants were identified by ampicillin resistance and BL and
fluorescence emission.

Preparation of bacterial suspensions

Both E. coli–lux and P. luminescens subsp. luminescens CCM 7077T

(Czech Collection of Microorganisms, Brno, Czech Republic) were
cultivated in 5mL Luria–Bertani broth (LB) (10 g tryptone, 5 g
yeast extract, 5 g NaCl, pH 7.4) and incubated in a shaker
(250 rpm) at 37 �C overnight. Bacterial suspensions were then
transferred in 100mL LB. The suspension was incubated in a
shaker (250 rpm) at 37 �C until OD620 = 0.25, as measured with a
UV-1601 photometer (Shimadzu Corporation, Japan). At this OD,
the cells were in logarithmic growth and the cultures contained~
3.5� 107 bacterial cells/mL. The cells were harvested by centrifu-
gation at 2500 g and resuspended in LB containing 25% glycerol
prior to storage at �70 �C. All E. coli–lux media contained 100mg/
mL ampicillin to maintain the selection pressure.

Precultivation

Before growth and killing experiments, both bacteria were
precultivated by adding 50 mL of freezer stock to 5mL LB and
then incubated (~ 2 h) in a shaker (250 rpm) at 37 �C until
OD620 = 0.25. After incubation, bacterial cells were harvested
by centrifugation at 2500 g, washed twice with LB, Hanks
balanced salt solution (HBSS) or M9 medium (2mM MgSO4,
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0.4% glucose, 0.1mM CaCl2; M9 salts: 5mM Na2HPO4.7H2O,
16mM KH2PO4, 8.6mM NaCl, 19mM NH4Cl) and resuspended in
5mL of one of these media. All media used for E. coli contained
100mg/mL ampicillin to sustain the selection pressure.
Batch cultures of E. coli–lux and P. luminescens

Fifty microliters of washed and resuspended bacterial cell suspen-
sions in LB, M9 or HBSS were pipetted into the wells of a white
clear-bottom 96-well microtiter plate (Greiner Bio-One, Düsseldorf,
Germany) and 150 mL of fresh LB, M9 or HBSS were added. Plates
were incubated at 37 �C in a multimode microplate reader and
relative luminescence units (RLU) and OD were recorded continu-
ously over 400min.
Killing assays

Killing assays were performed with precultured bacteria suspended
in 150 mL HBSS containing 5� 105 to 2� 106 bacterial cells/well,
depending on the experiment. Killing was performed by adding
50 mL of ethanol, polymyxin B or human serum solutions in HBSS.
Plates were incubated at 37 �C in the plate reader and both RLU
and OD were recorded continuously for 200min.
Multimode reader

A Mithras LB 940 microplate reader, Berthold Technologies
(Bad Wildbad, Germany), controlled by MicroWin 2000 (Mikrotek)
was programmed to measure luminescence and OD620 simulta-
neously and continuously at 60-s intervals, 0.5 s/well. The raw data
were transferred and analyzed in Excel v. 2007 (Microsoft) and
graphs were prepared usingt Origin v. 8 (Microcal).
Serum handling and complement measurement

Human serum was obtained from six healthy volunteers by
collecting peripheral blood samples in Venosafe 4-mL serum tubes
(Terumo Corporation, Leuven, Belgium). Samples were allowed to
clot at room temperature for 45min and then separated by centri-
fugation (1500g for 20min), pooled and stored at �70 �C.

The classical complement pathway was measured by adding 50
mL of various dilutions of human serum in HBSS tomicroplate wells
containing 150 mL bacterial suspensions. For the alternative assay
pathway, 0.2M MgCl2 and 10mM ethylene glycol tetraacetic acid
(EGTA) were added to various serum dilutions and incubated for
30min at room temperature prior to measurement.
Colony-forming units (CFU) measurements

A duplicate microplate, similar to that placed into the multilabel
reader, was placed in a laminar hood and incubated in a heating
block at 37 �C. At intervals, 100 mL of bacterial suspension from
one well at a time was diluted logarithmically 101–107-fold,
and 100 and 20 mL from every dilution were pipetted into
Petri dishes containing LB–agar supplemented with 100mg/mL
ampicillinin E. coli–lux. Colonies were counted after overnight
incubation at 37 �C. The results are presented as CFU/well.
Luminescence 2012Wiley & Sons, Ltd.



Analysis of bacterial killing on a real-time basis
Results

Growth and the luminescence signal

The background signal was measured from a well containing only
the medium and this reading with three standard deviations
added was subtracted from the readings obtained from the exper-
imental wells. The RLU background signal was 122 (� 6.2, n=150)
and the OD background signal was 0.030 (� 0.001, n=150).
Figure 1 shows a typical batch culture experiment in LB performed
in the multilabel reader at 37 �C containing bioluminescent E.
coli–lux (Fig. 1A) and P. luminescens (Fig. 1B). In Fig. 1, each point
represents the average of four parallel wells. The initial cell number
in both cultures was~ 1.7� 106 cells/well. During the 120-min
incubation, the RLU signal of E. coli–lux increased 4.2-fold (from
113,970 to 478,802), whereas the OD increased 4.3-fold (from
0.036 to 0.157). Photorhabdus luminescens was incubated for
400min because of its lower growth rate. During this incubation,
the increase in RLU and OD signal was 3.4-fold (from 9987 to
34,370 RLU and from 0.036 to 0.120 OD units, respectively). It must
be noted that the OD of plate reader in a volume of 200 mL is 6/10
that of the normal photometer with a light path of 1 cm.

The increase in the BL signal correlated with the increase in OD.
It is noteworthy, however, that at the logarithmic growth phase
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Figure 1. Batch culture (1.7� 106 cells) of (A) E. coli–lux and (B) P. luminescens in LB a
simultaneously. (●) RLU, (○) OD620. Results are shown as the mean� SD of measureme
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Figure 2. Bioluminescence (RLU) and optical density (OD620) of (A) E. coli–lux (1.7� 1
minimal media (M9 and HBSS buffer). M9: (●) RLU, (○) OD620; HBSS: (▲) RLU, (Δ) OD620
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(shown in Fig. 1 by bars), the BL signal was roughly constant.
Because the growth rate depends markedly on the composition
of the growth media, we compared the generation of BL and OD
in two different minimal growth media, M9 and HBSS, in E.
coli–lux and P. luminescens (Fig. 2A,B) with that of LB (Fig. 1).
In both E. coli–lux and P. luminescens, the nutritionally rich LB

supported the most intensive growth. In the minimal growth
media, there was no growth during the 200-min incubation
period. At the same time, BL/cell (RLU/OD) was approximately
five times higher in minimal growth media than in LB during
the whole incubation period in both bacterial species.
In order to detect the dynamics of the RLU measurement, we

prepared a series dilution and measured BL, OD and CFU in LB at
37 �C. Figure 3 shows RLU and CFU as a function of OD. CFU was
measured from five dilution points in E. coli–lux (Fig. 3A) and
from 11 points in P. luminescens (Fig. 3B). The background OD
(the lowest detection limit) was 0.030, which for both bacterial
species corresponded to ~ 106 cells/well. RLU and CFU below
this limit are shown as a function of dilution. Figure 3(A) shows
that the dynamic measurement range of RLU for E. coli–lux is
five orders of magnitude, from 101 to 106 corresponding to
102–107 CFU. Figure 3(B) shows that the dynamic range of RLU
for P. luminescens is four orders of magnitude from 101 to 105

corresponding to 103–107 CFU.
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Figure 3. Bioluminescence (RLU) and optical density (OD620) or dilution series as a function of colony-forming units (CFU) of (A) E. coli–lux and (B) P. luminescens in LB at
37 �C. The lower limit of OD detection (0.03) in the plate reader photometry is marked by a horizontal bar. (■) RLU; (○) OD. RLU results are shown as the mean� SD of
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One E. coli–lux cell emitted~0.1 RLU, whereas one P. luminescens
cell emitted~0.01 RLU. This difference may be explained by the
fact that lux genes in P. luminescens are chromosomal, whereas
in E. coli–lux they are encoded on a high copy number plasmid.
Moreover, the expression of lux genes in E. coli–lux was controlled
by the strong lac-promoter, whereas there no information
regarding the strength of the natural promoter controlling lux
gene expression in the P. luminescens genome.

Dilution series were prepared from stationary phase cells. To
assess whether the proportionality was valid for the whole
batch culture, we prepared a series of different cell numbers of E.
coli–lux and P. luminescens (Fig. 4A,B) in LB and incubated the
plate at 37 �C.

In summary, these results suggest that under normal culture
conditions, RLU values are strict measures of the number of
viable cells at the beginning of the exponential growth phase.
The killing assay: antimicrobial agents

We next tested the effects of various antimicrobial agents to
assess whether RLU values could be used to measure viability.
First, we chose two rapid antimicrobial agents, ethanol and
polymyxin B, and then a serum complement system with a
slower killing kinetics.
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Figure 4. Batch cultures of (A) E. coli–lux and (B) P. luminescens in LB at 37 �C inoculate
and (▼) 1.25� 104 bacterial cells.
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Ethanol. Ethanol is a known antimicrobial agent, killing organ-
isms by denaturing their proteins and dissolving their lipids, and
is effective against most bacteria and fungi (4,26). Figure 5 demon-
strates the effects of different ethanol concentrations on the CFU,
RLU and OD values of E. coli–lux (2� 106 cells) (Fig. 5A,C) and P.
luminescence (2� 106 cells) (Fig. 5B,D) in HBSS buffer at 37 �C.
Initial reference value with no ethanol was set as 100%. The RLU
and OD signals of both bacterial species were measured simulta-
neously. The final alcohol concentrations in the wells were 0,
1.25, 5, 10 and 20%. CFU values were obtained by taking samples
from a parallel plate at 5-min intervals. The reduction in RLU signal
was proportional to the reduction in CFU (Fig. 5A,B). By contrast,
the decrease in OD (Fig. 5C,D) was apparently smaller because of
the much more limited dynamic measurement range.

Both bacteria were effectively killed by ethanol, but E. coli–lux
seemed to be slightly more sensitive. It is noteworthy that in
ethanol the most substantial decrease in viability occurred
during the period between pipetting the compounds into the
wells and the first measurements (~ 2min).
Polymyxin B. Polymyxin B is a cationic protein, isolated from
Bacillus polymyxa, that acts like a detergent, altering membrane
permeability and killing target bacteria by destroying the
bacterial cell membrane (27).
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Figure 5. The viability of (A,C) E. coli–lux (2� 106 cells) and (B,D) P. luminescens (2� 106 cells) incubated in the presence of various ethanol concentrations in HBSS at 37 �C. The
initial value with no added ethanol was set as 100%. (A–D) RLU: (■) 20%, (●) 10%, (▲) 5%, (♦) 1.25% and (★) 0% ethanol. (A, B) CFU: (□) 20%, (○) 10%, (Δ) 5%, (◊) 1% and (?)
0% ethanol. (C, D)OD620: (□) 20%, (○) 10%, (Δ) 5%, (◊) 1.25%and (?) 0% ethanol. RLU andOD results are shown as themean� SDofmeasurements from three
parallel wells.

Analysis of bacterial killing on a real-time basis
The effect of polymyxin B (0, 0.625, 1.25, 2.5, 5 and 10 mg/mL)
on bacterial viability, assessed from the RLU and CFU kinetics of
both E. coli–lux (106 cells) (Fig. 6A) and P. luminescens (106 cells)
(Fig. 6B) was measured in HBSS buffer at 37 �C. The initial
reference value with no polymyxin B was set to 100%. Polymyxin
B killed ~ 10 times more E. coli–lux than P. lumnescens.

Complement system. The complement system consists of~ 20
plasma proteins, can be activated by three different routes, and
results in the assembly of the commonmembrane attack complex
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Figure 6. Viability of (A) E. coli–lux (5� 105 cells) and (B) P. luminescens (5� 105 cells)
The initial value with no added polymyxin B was set as 100%. RLU: (■) 0 mg/mL, (●) 0.25
mL, (Δ) 0.5 mg/mL and (◊) 1 mg/mL polymyxin B. Results are shown as the mean� SD o
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(MAC). TheMAC lyses bacteria bymaking pores in the bacterial cell
membrane (28–30).
Killing of E. coli–lux (2� 106 cells) by 10% human serum in

HBSS at 37 �C is illustrated in Fig. 7(A,C; classical pathway) and
Fig. 7)B,D; alternative pathway, EGTA-treated serum).
As can be seen in Fig. 7, a certain period (a) is required before

the values of RLU and OD start to decrease. We refer to this time
as the activation phase, which we believe is the time required for
formation of the MAC. The time required to achieve 90% killing
by the lytic phase is designated as ‘b’ and for 90% killing by the
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entire pathway as ‘c’. We chose 90% killing instead of 50%
(as used in the conventional hemolytic assay) because 50%
killing is poorly detectable on a logarithmic scale. The residual
level of BL showing the number of residual viable bacteria is
designated as ‘d’. From the initial and residual number of viable
cells, the killing capacity (in number of bacterial cells) of a serum
dilution can be determined.

In Fig. 7(A,C) the activation phase ‘a’ was 17min, ‘b’ was
29min and ‘c’ was 46min for both RLU and OD. In the alternative
pathway (Fig. 7B,D) the values of ‘a’, ‘b’ and ‘c’ were 78, 43 and
121min, respectively.

The killing kinetics in CFU did not show any activation phase
at all (Fig. 7C) or just the short one as seen in Fig. 7(D). This is
possibly because the killing activity of the complement system
continues overnight in samples transferred to agar plates. This
can be seen in Fig. 7(C) where, at the zero incubation time,
25% of the bacteria were already killed.

Figure 8 demonstrates the effect of the human complement
system against P. luminescens in HBSS at 37 �C. No antimicrobial
effect was discovered during this incubation.

Figure 9(A) shows the effects of different dilutions of human
serum, all from the same volunteer human donor, against E.
coli–lux (5� 105 cells) in HBSS at 37 �C. The final serum dilutions
0, 1, 2, 3, 4 and 5% formed a dose-dependent kinetics. During
the 180-min incubation, 1% serum dilution demonstrated a
bacteriostatic effect. By increasing the serum concentration in
the reaction mixture, both activation and lytic phase were
shortened. Only 5 and 4% serum dilutions reached the total
Copyright © 2012 Johnwileyonlinelibrary.com/journal/luminescence
killing capacity during the 3 h of incubation, meaning that the
RLU signal was reduced to the background level.

Figure 9(B) shows the bacteriolytic activity of the classical
pathway in 5% serum from three donors in four parallel
measurements. E. coli–lux (5� 105 cells) and serum samples were
incubated in HBSS at 37 �C. It can be seen that the reproducibility
Luminescence 2012Wiley & Sons, Ltd.
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Analysis of bacterial killing on a real-time basis
of this assay is high and the differences between the donors must
reflect differences in the complement compound concentration
or functionality.

Discussion
Photorhabdus luminescens luxCDABE genes were integrated into E.
coli K-12 using a high copy number plasmid containing modified
luxABCDE genes under the control of the powerful Lac promoter.
This recombinant strain E. coli–lux emitted 10 times higher BL than
P. luminescens. The likely reason for this is that in P. luminescens the
original lux genes were located in the chromosome andmoreover,
were under the influence of upstream regulatory genes luxR and
luxI that control the expression of bacterial luciferase, e.g. by
quorum sensing (31–33). The critical cell number of P. luminescens
for quorum sensing appeared to be~5� 104 bacterial cells/well
in batch culture since 1.25� 104 cells/well did not emit above-
background BL (Fig. 4B).

We have previously used luxAB genes from V. harveyi in E. coli
(1,6,34). The problem with this construct was that during the
logarithmic growth phase the BL signal elevated considerably
more than indicated by OD signal and at the beginning of the
stationary phase BL emission collapsed. Moreover, the optimum
temperature of used luxAB construct was 30 �C (34). The same
phenomenon was observed even by using luxCDABE from V.
fisheri in E. coli and with luxABCDE from P. luminescens in S.
aureus (23,35). The reason for this decreasing BL was suggested
to be the decline in the supply of the intracellular reducing
power for luciferase (23). Such phenomena were not observed
in the present study using E. coli transformed with the luxABCDE
from P. luminescens. On the contrary, during fast growth
(logarithmic growth in LB) the RLU signal did not increase either
in a plasmid derived E. coli or chromosome-derived P. luminescens
systems. The same has been reported when luxABCDE genes from
P. luminescens were integrated into the E. coli chromosome (36).
The availability of fatty aldehyde has been reported to be the
limiting factor in P. luminescens luciferase-linked BL emission
(1,37). We also added a fatty aldehyde (decanal) into a growth
medium for recombinant E. coli–lux and observed that the BL
signal increased to the level indicated by the increase of the OD
in the logarithmic phase (data not shown). Moreover, the bacterial
growth in minimal media (M9 and HBSS) was marginal, but the BL
signal was significantly higher than in rich LBmedium (Figs 1 and 2).
Luminescence 2012 Copyright © 2012 John
Obviously, the availability of fatty aldehyde is higher under slow
growth conditions.
The detection limit of our recombinant E. coli–lux was a few

tens of bacterial cells per well, whereas that of a P. luminescens
was a few hundred cells (Fig. 3). The BL emission of recombinant
E. coli–lux also exceeded that of E. coli transformed with the V.
harveyi luxAB gene or Photinus pyralis lucFF genes (detection
limit ~ 104 bacterial cells) used in our laboratory.
The luminometric approach provides a reliable estimation of

bacterial viability and killing because the BL signal is directly
connected to the metabolic activity of the bacterial cells and
thus to the viability of the bacterial population. Because the
reduction in RLU signal was correlated with the number of killed
bacteria this method proved to be very suitable for assessing the
antibacterial effects of different agents. Three separate antimi-
crobial effects were observed. First, when the signal did not
decrease but remained lower than that of the control cells, this
represented bacteriostasis, which was visible in OD, CFU and
RLU measurements with 1.25% ethanol (Fig. 5) and in RLU
measurements with 1% serum (Fig. 9A) (2,5). Second, the
decrease in the signal represented a bateriocidal effect, visible
in RLU and CFU measurements (10 and 20% ethanol dilution in
Fig. 5; serum dilutions> 2% in Fig. 9) (5,38). Third, the decrease
in OD signal represented bacteriolysis (Figs 5 and 7) (5,13,38–40).
When incubated in LB, both bacterial species grew and the

generation time for E. coli–lux was ~ 40min, whereas that for P.
luminescens was ~ 230min (Fig. 1). By contrast, there was no
substantial growth in HBSS and M9 (Fig. 2). Hence, in the
presence of rapid antimicrobial agents such as ethanol and
polymyxin B there was no concern regarding the possible
proliferation of viable bacteria in the incubation medium. In the
presence of complement, however, especially in the alternative
pathway, the activation period was long, allowing bacterial
proliferation. Therefore, the use of HBSS, instead of LB, is essential
in complement killing assays.
In the complement activity assay, the activation phase ‘a’

(Fig. 7) was defined as the time required for bacterial cell lysis
to begin (5). Lysis of the cells was observed in the reduction in
OD. Because the reduction in OD commenced simultaneously
with the reduction in RLU and both processes continued with
the same kinetics, we assumed that the reduction in RLU also
represents bacteriolysis. However, we did not see such an
activation phase in CFU readings (Fig. 7C,D). This may be
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/luminescence
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explained by the observation that complement components
transferred with the sample cells into the plates continued their
activity during overnight incubation of the plates. This is visible
even in the zero time samples in which the CFU was 25% lower
than the control value (Fig. 7C). Moreover, when we compared
the CFU values in different dilutions of the sample, we noticed
that the number of viable cells was always considerably lower
in less diluted serum samples (data not shown).

The total hemolytic assay (classical pathway CH50 and alterna-
tive pathway AH50) is a conventional method for complement
activation assessment (12,41). The hemolytic value reflects the
ability of the serum complement system to lyse 50% of sheep
red blood cells in a given time (90min). In our real-time applica-
tion, we could select one serum dilution and then compare
the differences in parameters ‘a’, ‘b’ and ‘c’ between samples
(Figs 7, 9). Several samples can be analyzed simultaneously and
in a fraction of the time needed for traditional CH50 and AH50.
Moreover, the real-time reaction kinetics of these samples was
readable and comparable throughout the whole measurement
period (42).

The transformed E. coli–lux strain appeared to be superior to
P. luminescens in these applications because E. coli–lux was
human-complement-sensitive and the detection limit of E.
coli–lux was one order of magnitude lower. Moreover, the
BL-producing system of P. luminescens appeared to be quite
unstable because the emission properties gradually disappeared
in the deep freeze storage.

The real-time application is useful for both toxicological and
immunological monitoring. Escherichia coli is known to resist
some toxins by preventing their entrance into the cell. For the
analysis we can use agents, such as polymyxin B, at moderate
concentrations, to increase the permeability of the plasma
membrane allowing transportation of the toxic agents inside
the bacterial cell (14). This application is convenient for the
estimation of complement and phagocyte activity by providing
a model with justified targets to these immune systems, living
microbes. The advantage is also that this application allows the
high throughput screening of large number of samples.
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