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The bioluminescence activity and biokinetics of a recombinant Pseudomonas
putida mt-2 were investigated in the presence of various inducers: three
chlorotoluenes (CTs) and two nitrotoluenes (NTs). The effects of binary
mixtures (40 combinations) of eleven inducers on the bioluminescence
activity were also studied. Different responses and toxicities were observed
depending on the type of inducers and concentrations. The intensity of the
bioluminescent response at 1 mM of individual inducers was in the following
order: 0-CT > p-CT >m-CT > o-NT and p-NT. The biokinetics calculated based
on the bioluminescence activity was in the range of 0.109-8.417 mM for the
half-saturation constant (K¢) and 6.083-19.880 h™* for the maximum SBR (Lmax)-
In the case of binary mixtures, the observed bioluminescence was 4-810% (avg.
80.4%) of the expected bioluminescence intensity depending on the
combinations (0.0001 < p < 0.5226). Among these binary mixture
combinations, 27 out of 40 combinations indicated antagonistic effects
(3—-83% of expected activity; p < 0.0391) under the exposure of inducer
mixtures. Overall, this study demonstrated that the proper biomonitoring for
specific chemicals could be established by considering the characteristics of
mixture pollutants for their possible usages as a preliminary rapid and field
analytical bio-tool.

KEYWORDS

biokinetics, bioluminescence, Pm-lux recombinant strain, chloro-toluene, nitro-
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Introduction

Many chemicals in petroleum hydrocarbons and their products are one of the most
common and important contaminants in soil and groundwater systems worldwide
(Onwurah et al., 2007; Truskewycz et al., 2019). Among many technologies developed
to remediate contaminated environments, biotechnologies, such as bioremediation and
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biomonitoring, based on various microbial mechanisms for
adapting to and catabolizing contaminants, have been known
to be effective (Tang et al., 2012; Bak et al, 2015). Microbial
techniques are generally simple and cost effective compared to
traditional chemicals and physical techniques. Several microbial
processes based on the whole-cell activity, specific enzyme
activity, and intact and recombinant gene expression can be
adopted as rapid and straightforward on-site bioassessments for
the prebioassays of contaminated sites (Choi and Gu, 2003;
Velazquez et al., 2006).

Genetically engineered microorganisms (GEMs)

attracted interest for the biomonitoring and bioremediation of

have

contaminated sites because of the understanding of genes and
their regulatory systems, such as bioluminescent whole-cell-
based biosensors (Ford et al., 1999; Burlage, 2002; Voon et al.,
2022). For example, the recombination of light-producing lux-
gene encoding luciferase found in Aliivibrio fischeri has attracted
considerable interest (Mirjani et al, 2021). The lux genes of
Aliivibrio fischeri (luxCDABE) with a promoter of the TOL
plasmid are effective bioreporters for real-time and
environmental monitoring assays based on the bacterial
production of detectable bioluminescence (Inouye et al., 1987;
Harayama and Rekik, 1990; Burlage, 2002). The TOL plasmid in
bacteria can transform toluene analogs (gasoline components)
into nontoxic metabolites and contains two promoters under the
process of two regulatory genes (P and P,), which produce
transcriptional activator proteins on the upper and lower
(meta) pathways operons. Under suitable conditions, a
recombinant strain can produce luminescent light that can be
correlated directly with the bioavailable specific chemical (Kong
etal.,, 2004). This type of bio-tool can give important information
about the bioavailability and biodegradation of chemicals in the
environment as valuable alternatives to chemical analytical
methods for in situ or on-site monitoring (Kong, 2006).
Biomonitoring studies for contaminated sites have mostly
focused on individual chemicals under laboratory and controlled
conditions (Pavlaki et al., 2011; Kong et al., 2021). On the other
hand, the results of investigations on individual chemicals alone
cannot provide complete data for biomonitoring because the
contaminated sites are generally exposed to chemical mixtures.
The interactive effects of mixtures rather than only on individual
chemicals should reflect the actual conditions and characteristics
of contaminated sites. Therefore, a study of the effects of
the the

bioluminescence-producing recombinant strain is strongly

mixtures on bioluminescence activity using
recommended for the biomonitoring of a specific inducer
contaminant. The effects of inducer mixtures on the activity
of bioluminescence production may be similar (additive effect) or
different significantly (antagonistic or synergistic effects) to the
theoretically expected effects calculated based on the exposure of
individual inducer (Norwood et al., 2003). Researchers evaluated
the interactive effects of chemicals using various models, such as

independent action (response addition), concentration addition,
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a mathematical model based on the theory of probabilities
(Kungolos et al., 2009), or by the toxic unit (TU) approach
(Olmstead and LeBlanc, 2005; Horvat et al., 2007; Ferreira et al.,
2008). Proper model adoption is based on the characteristics of
chemical action on metabolic processes (An, 2004; Pavlaki et al.,
2011).

This study adopted the previously constructed recombinant
strain of Pseudomonas putida mt-2 (called KG1206), containing
P,,-lux fused plasmid (the Jux-gene was expressed under the
control of promoter P,, of the TOL plasmid). The objectives of
this study were as follows: 1) to evaluate the characteristics of the
bioluminescence activity and biokinetics exposed to single
inducers of three chlorotoluenes (CTs) and two nitrotoluenes
(NTs); 2) to assess the effects of binary mixtures with eleven
single inducers for the recombinant strain KG1206.

Materials and methods
Characteristics of the recombinant strain

The  recombinant  Pseudomonas  putida  mt-2
KG1206 contains two types of plasmid: the intact TOL and
P,,-lux fusion plasmids. The recombinant plasmid is responsible
for producing the bioluminescence indirectly and directly in the
presence of toluene analogs and their metabolites, respectively
(Harayama and Rekik, 1990; Burlage et al., 1994; Kong et al.,
2004). The strain was maintained and stored at —70°C until
needed. The cultures were grown in Luria-Bertani® (LB; with
50 mg/L of kanamycin) medium at 27°C with shaking (130 rpm).
The culture was grown to an optical density (ODgo) of
approximately 0.6 and diluted equally with minimal salt
medium for the bioluminescence test (Ko and Kong 2017).
The inducers, o-, m-, and p-chlorotoluene (CT) and o- and
(NT) the

bioluminescence characteristics. In addition, six more inducers

m-nitrotoluene were used to determine
(toluene, xylene isomers, m-toluate, and benzoate) were adopted
for the binary mixture investigation. All chemicals were obtained
from Sigma-Aldrich Chemical (St. Louis, MO, United States),
except o-NT (Alfa Aesar, Millstone, United States). During
incubation, the bioluminescence intensity was measured using
a Turner 20/20 CA

United States) and expressed in relative light units (RLUs).

luminometer (Turner, Sunnyvale,
The maximum detection limit was 9999 RLU. Figure 1
presents a schematic diagram of these lux fusions, which were

modified from previous reports (Kong et al., 2004; Kong, 2006).

Bioluminescence characteristics and
biokinetics

A determined concentration of the inducer chemical in the
range of 0.1-10 mM (0.1, 0.5, 1, 3, 5, 8, and 10 mM) was added to
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Schematic diagram of the regulatory systems of TOL catabolic and recombinant Pm-lux genes (&: positive control; @: regulatory protein)

(modified from Kong et al., 2004; Kong 2006; Kong et al., 2021).

culture vials and sealed with a Teflon septum to prevent the loss
of the volatile organic inducers. The culture was incubated at
27°C with shaking at 130 rpm. The biokinetics was calculated
based on the bioluminescence production at the exponential
the The
bioluminescence-producing rate (SBR; p), which could be

phase  during incubation  periods. specific
correlated with the growth rate, was calculated based on
exposure to different concentration ranges of inducers and
their corresponding bioluminescence activity. Based on the
SBR of various concentration exposures, the maximum SBR
(Mmax) and the half-saturated constant (K;) were calculated
using a Lineweaver-Burk equation, which was derived from

the Monod equation.

Effects of inducer mixtures on the activity
of the recombinant strain

Based on the preliminary test, one concentration of the five
inducers (1 mM of three CTs, 10 mM o-NT, and 3 mM p-NT)
and six previously tested inducers (0.5 mM m-toluate, 1 mM of
toluene, benzoate, and three xylene isomers) were equally mixed
with 40 combinations of binary mixtures. The effects of binary
mixtures were examined by measuring the bioluminescence
intensity after transferring a bacterial culture (9.8 ml) into the
serum vials with predetermined concentrations of two
compounds (each 0.1 ml). During the 2.5 h incubation periods
(130 rpm shaking at 27°C), bioluminescence production was
measured every 30 min, and the total bioluminescence (sum
of bioluminescence produced at 0.5, 1.0, 1.5, 2.0, and 2.5h)
was used to compare the effect of a binary mixture. All tests were
performed in triplicate. The mixture effects were examined by
comparing the P(O) (observed bioluminescence intensity) with
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the P(E) (theoretically expected bioluminescence intensity),
which were determined by combining both individual test
results. In this mixture test, the theoretically expected
bioluminescence of the binary mixture was evaluated using a
concentration addition model (Ferreira et al., 2008).

P(E) = P, + P,, where P, and P, are the bioluminescence
intensity by inducer 1 and 2, respectively.

The test results of binary mixtures were determined to be
synergistic, antagonistic, or additive effects based on the
differences between the observed and theoretically predicted
bioluminescence activity. The significance of the difference
between experimental groups was determined based on the
calculated p-values using Student’s t-test (GraphPad. Available

online: http://www.graphpad.com).

Results and discussion

The recombinant strain, KG1206, produces bioluminescence
during growth at the exposure of toluene analogs and their
catabolic intermediates. These inducers directly or indirectly
activate the inactive regulatory protein of the XylS or XylR,
which controls the P,, promoter positively, producing
bioluminescence from the P,-lux recombinant gene of the
plasmid. In a previous study, several inducers (toluene, xylene
isomers, methylbenzylalcohol, benzoate, and m-toluate) over a
tested the

bioluminescence activity over several hours (Kong et al., 2004;

wide concentration range were to analyze
Kong, 2014). In line with previous studies, the bioluminescence
characteristics and biokinetics with inducers of the CTs and NTs
were investigated. Patterns of the bioluminescence response of
recombinant strain were also observed in the presence of binary

inducer mixtures.
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Response of the P,,,-lux recombinant gene
to CTs and NTs

The concentration dependence of the bioluminescence
activity for three CTs and two NTs was tested over time using
the recombinant strain KG1206 at concentration ranges of
0.1-10 mM. Overall, exposure to CTs showed greater
bioluminescence activity than exposure to NTs. Different
bioluminescence activities were also observed between each
isomer. Moreover, the concentration for the maximum
bioluminescence activity and inhibition differed according
to the type of inducer. Among bioluminescence activities
with various inducers tested, Figure 2 shows two
representative exposure results with m-CT and p-NT. The
maximum bioluminescence activity at each exposure
concentration was mostly induced after 2 h incubation and
lasted approximately for 4h, similar to other inducers
investigated previously (Kong et al., 2004; Kong, 2014),
but this is dependent on the type of inducer and its initial
2).
bioluminescence activity appeared at 2h of 8 mM m-CT
exposure, showing a 960 + 95 RLU activity. In the case of

concentration (Figure For example, maximum

p-NT exposure, lower bioluminescence activity was observed
compared to CT exposure, and the maximum activity
appeared mostly after 2h incubation with a prolonged
increase in bioluminescence activity (Figure 2B). At the
end of the 4h incubation period, the bioluminescence
activity for CTs was almost extinguished, and very low
(less than 30 RLU) was
compared to maximum activity. In the case of NTs, the

bioluminescence observed

bioluminescence activities gradually increased with the
incubation time (Figure 2B). The concentration at which
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bioluminescence inhibition began differed for each isomer
and inducers. In the presence of CTs, bioluminescence
inhibition appeared over 3 mM, above 5mM, and 5mM
for o-, m-, and p-CT exposure, respectively. The degree of
bioluminescence activity was compared based on the
maximum bioluminescence activity of each inducer
(Figure 3). The response of o- and m-CT on the
bioluminescence activity of KG1206 was weaker than that
for p-CT. Among the three CT isomers, the maximum
activity was observed at 3mM p-CT, 1 mM o-CT, and
8 mM m-CT, showing >9999 RLU, 3617 + 333 RLU, and
960 + 95 RLU, respectively. The magnitude of maximum
bioluminescence and concentration of the tested inducers
appeared in the following order (Figure 3): 3 mM p-CT
(>9999 RLU) > 1mM 0-CT (3617 RLU) > 8 mM m-CT
(960 RLU) > 10 mM o-NT (165 RLU) and 5mM p-NT
(177 RLU).

The tested inducers of CTs and NTs could activate the
XylS protein indirectly. In addition to controlling the upper
pathway promoter (P,), a XylR regulatory gene also induces
expression from the xyiS regulatory promoter (P;). When the
concentration of XylS protein was overproduced through
XylR induction in the presence of inducers, the amount of
active proteins would increase and become sufficient to
initiate the transcription of the P,, promoter in the absence
of the activator of XylS protein (Inouye et al., 1987; Holtel
et al., 1994). In this investigation, the strong expression from
the P,,, promoter was also revealed in the presence of indirect
upper pathway inducers (CTs and NTs). The different
responses of isomers and types of inducers (e.g., CT and
NT) highlight the specificity and the different binding
affinity on an inactive XylIR regulatory protein.
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Comparisons of the characteristics of
biokinetics and bioluminescence activity

The bioluminescence characteristics of KG1206 on each
inducer were examined by determining the growth rate
characteristics based on the bioluminescence activity at the
exponential phase in the presence of an individual inducer.
shows  two results of the

Figure 4 representative

« »

KG1206 recombinant strain on changes in “u” in terms of the

concentration inducer (p-CT and o-NT). The strains exposed to
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TABLE 1 Summary of the values of half-saturated constant (Ks) and
maximum specific bioluminescence producing rate (SBR; Pmay) for
the KG1206 recombinant strain.

Condition K, (mM) Mmax (W)
0-CT 02208 9.6432
m-CT 0.1086 8.9766
p-CT 02769 9.2930
o-NT 5.4610 6.0827
p-NT 6.1905 10.661

« »

CTs showed significantly higher “u” than those exposed to the
inducer NTs. For example, SBRs of 7.99 h™" and 1.14 h™" were
observed at 1 mM of p-CT and o-NT exposure, respectively
(Figure 4). Under the tested concentration range, the observed
SBR of KG1206 was in the range of 2.995-8.514, 4.268-8.464,
and 2.452-7.980 h™! for o-, m-, and p-CT mM, respectively; very
low bioluminescence activity (<500 RLU) was observed for NTs
exposure and SBRs of 0-2.477 and 0.233-5.345 h™! for o- and
p-NT under tested conditions, respectively (Table 1). The K
measures the affinity for each substrate, and a low K value
indicates a high affinity for substrate compared to a high K value.
Based on the “u” values calculated from the bioluminescence
activity at various initial inducer concentrations, the K and
maximum [ (Uyay) Were calculated using the Lineweaver-Bulk
equation (Table 1). Among the inducers tested, m-CT exposure
showed the highest bioluminescence activity with the lowest K
(equal to 0.1086 mM; corresponding to the highest affinity),
whereas p-NT exposure showed the lowest bioluminescence
activity with the highest K value (6.191 mM). The K; values
were in the following order: m-CT (0.1086 mM) > o-CT

05 frontiersin.org
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(0.2208 mM) > p-CT (0.2769 mM) > 0-NT (5.461 mM) > p-NT
(6.191 mM). Compared to the K; values, no significant
differences were observed for ., showing values in the
range of 6.083-10.661 h™" (Table 1).

A wide range of biokinetic values is generally reported
depending on the types of organisms and chemicals.
According to the researchers, Ky and py,.x of toluene in the
genus Pseudomonas were reported to be 0.003-0.823 mM and
0.035-0.86 h™', respectively (Reardon et al., 2000; Maliyekkal
et al,, 2004; Kim et al., 2005). In this investigation, K showed
similar or slightly higher values to the reported results, but pyax
based on the bioluminescence activity was significantly higher
than the reported values (Table 1). The high SBR value may be
due to the bioluminescence process that responds quickly upon

exposure to the inducer chemicals, compared to cell growth.

Effects of binary mixture inducers on the
bioluminescence activity

The effects of binary mixtures on the bioluminescence
activity were examined by determining one concentration of
each inducer (direct and indirect) based on the previous results of
the effects of various concentration ranges of single inducers
(0.5-10 mM). Overall, 40 combinations of binary mixtures of
eleven single inducers (1 mM toluene, benzoate, three xylenes,
and three CT isomers; 0.5 mM m-toluate, 10 mM o-NT; 3 mM
p-NT) were exposed for 2.5 h to examine the mixture effects on
the bioluminescence activity. For example, among the 40 mixture
combinations tested, Figure 5 shows the bioluminescence
activities of the individual inducers and binary mixtures of
m-toluate with CTs and NTs during 2.5 h incubation periods.
Maximum bioluminescence activity mostly appeared at 1.5 h or
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2 h incubation for both sets of single and binary mixtures. On the
other hand, under a mixture of m-toluate and p-NT, the
observable bioluminescence appeared at 1.5h (925 RLU),
which continued to 8986 RLU at 2.5h incubation. At 1.5h
incubation, the bioluminescence activities of a single inducer
were in the range of 1.3 RLU (p-NT) to 9223 RLU (m-toluate),
whereas mixtures in the range of 925 RLU (m-toluate and p-NT)
to >9999 RLU (m-toluate and o-NT). Inducer m-toluate and
m-CT produced 9225 RLU and 1066 RLU at 1.5 h, respectively,
while a binary mixture produced 6049 RLU.

As shown in the example, all results of the tested binary
mixture exhibited one of the three modes of effects, such as
antagonistic (less than additive; weaker than those of single
inducers), synergistic (greater than additive; stronger than
those of single inducers), and additive effects (Figure 6A). The
mode of the mixture effects was evaluated by comparing the
observed and expected bioluminescence of each combination
based on the total bioluminescence production during the 2.5h
incubation period (Figure 6A). The expected bioluminescence
was determined using the concentration addition model, in
which the inducer concentrations of the binary mixture were
added to predict the theoretical effects because of similar
of
(Norwood et al,, 2003). The observed total bioluminescence
ranged from 42 RLU (mixture of p-NT and o-xyl) to
43,375 RLU (mixture of m-CT and benzoate). In comparison,

bioluminescence-producing  processes each inducer

the expected total bioluminescence ranged from 1,166 RLU
(mixture of p-NT and p-xylene) to 34,192 RLU (mixture of
m-CT and m-toluate) (Figure 6A). Overall, the observed
bioluminescence appeared in the range of 4-810% (average
80.4%) of the expected bioluminescence intensity depending
on the combinations. Regarding Student’s t-test, statistically
significant differences were observed between P(E) and P(O)
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Comparisons of the P(E) and P(O) of the binary mixtures of inducers based on the total bioluminescence produced during 2.5 h incubation
periods of KG1206: (A) labels show the combinations of the binary mixtures and (B) correlation between P(O) and P(E).

in all the tested combinations (p-values ranging from 0.0001 to
0.5226). Among these binary mixture combinations, 27 out of
40 combinations indicated antagonistic activity, ranging from 3%
to 83% of the expected activity (0.0001 < p < 0.0391). Among the
40 combinations tested, synergistic and additive activities were
observed with seven and six combinations, showing in the range
of 143-811% (avg. 300%) (0.0001 < p < 0.0037) and 38-146%
(avg. 96%) (0.0643 < p < 0.5226) of expected activity, respectively.
This suggests that the effects of binary mixtures of inducers on
the bioluminescence activity may have antagonistic effects
because of various characteristics on the environmental
conditions and type of inducers. The regression coefficient
(R*) of the correlation relationship between P(O) and P(E)
was 0.7704 (Figure 6B). The P(O)-to-P(E) ratios were in the
range of 0.034-8.109 (avg. 0.804; p = 0.0001-0.5226) under the
tested concentration ranges. However, four out of five binary
mixtures with the direct inducer benzoate showed synergistic
activity, and the one remaining combination showed an additive
activity. In the case of binary mixture with p-NT, nine out of ten
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combinations exhibited an antagonistic activity; the remaining
combination showed an additive activity. Different test
organisms showed different modes of toxic action in previous
studies. Mainly synergistic (67%) and additive (67%) effects have
been observed in bacterial bioluminescence and algal growth
tests, respectively, whereas both additive (50%) and synergistic
(47%) effects on seed germination have been observed (Ko et al,
2017, 2018). As shown in these results, the effects of inducer
mixtures on the bioluminescence activities of recombinant
strains can be affected by many factors, such as the
conformational changes of the related proteins and different
binding affinities of inducers. In general, the activity of
bioluminescence production of P,,-lux recombinant strain can
be affected by the binding affinities of the inducers to inactive
proteins, as well as by other factors with the presence of toxic
chemicals, cell growth status, and membrane-perturbing organic
solvents (Bundy et al., 2003; Trogl et al., 2010). All these factors
affecting the bioluminescence activity should be considered to
evaluate the effects of the mixture properly, particularly based on
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quantifying the expressed protein levels due to the different levels
of active processes.

Conclusion

The bioluminescence characteristics of individual CT and
NT inducers and the effects of binary mixtures of eleven inducers
on the bioluminescence activity were studied using the P,,-lux
recombinant strain. Depending on the inducer types (CTs and
NTs) and initial concentrations, different bioluminescence
activities were observed. The bioluminescence activity of
KG1206 was particularly stimulated in the presence of CTs,
rather than NTs. The high affinity (low value of half-
saturation constant K;) on bioluminescence activity was also
observed with CTs. Exposure to binary inducer mixtures strongly
affected the bioluminescence activity, showing 65% antagonistic
effects of the tested combinations.

The bioluminescence activity may display large variability
under various field conditions because of its reactivity with
additional
interdisciplinary and more systematic studies have to be

environmental constituents. Therefore,
performed to assess the real-time effects of inducer chemicals
in environmental systems. Although this study provides
information on the potential environmental impact of exposed
inducer chemicals, future studies at the molecular level of the
bioluminescent processes will be needed to provide more clear

additional information about the responses.
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