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Abstract
Deep-freezing process can be used practically for environmental monitoring. However, for the organism to be 

useful in environmental applications, the strain of bacteria exhibits a high intensity of activity following reconstitution 
after deep-freezing. An overall protocol for immobilization and reconstitution of recombinant bioluminescent bacteria, 
preserved by deep-freezing was investigated for future biomonitoring. Tested strain KG1206 has ability to produce 
bioluminescence in the presence of toluene analogs and those intermediates. Immobilization using glass beads 
with subcultured cells showed better results than other conditions, such as alginate beads or centrifuged cell 
pellets. Beads number, thawing time, and amount of reconstitution solution  influence on bioluminescence activity. 
Among tested conditions, followings were appeared as optimum conditions: working volume 15 mL of serum vials, 
approximately 20-30 glass beads per vial, 3 h thawing time, and 2-5 mL reconstitution solution. Potassium nitrate 
(KNO3) greatly stimulates the low bioluminescence activity of immobilized strain, preserved by deep freezing, in the 
range of 2.5 to 21 times of untreated one.

Keywords: Bioluminescence; Biomonitoring; Deep-freezing;
Immobilization; Recombinant

Significance and Impact of the Study
This study indicated that type of immobilization matrix, cell 

conditions (subcultured or centrifuged pellets), matrix (beads) 
numbers, volume of reconstitution solution, and thawing time are 
important factors on bioluminescence activity of reconstituted culture, 
preserved by deep freezing. Overall, this investigation demonstrated 
the ability of immobilized bacteria on glass beads, preserved by deep 
freezing, for the monitoring of a specific group of environmental 
pollutants using a stimulant KNO3, suggesting the potential method 
for preliminary application in a field-ready portable bioassay. 

Introduction
Petroleum hydrocarbons (PHCs) are one of the most widely used 

compound with huge amounts of them used for powering vehicles and 
heating. Leaking and spill accidents related to those compounds have 
become a rising problem that cannot be neglected. Petroleum consists 
of hazardous chemicals including benzene, toluene, ethylbenzene, 
xylenes and naphthalene which are very toxic not only to plants and 
animals, but also to humans [1-3]. As the number of reports on the 
pollution of soil and groundwater caused by PHCs has increased, 
the United States Environmental Protection Agency (USEPA), the 
Quebec Ministry of Environment (MENV), and the Organizations of 
Environment and Public Health around the world have treated PHCs 
as a significant contaminant [4].

Genetically engineered bioluminescent bacteria, such as 
Pseudomonas putida mt-2 KG1206, have shown a high feasibility for 
use as a tool for biomonitoring PHCs in environments [5]. The tested 
recombinant strain KG1206 has been shown to contain an intact TOL 
plasmid, Pm-lux fusion plasmid, and promoter Pm as the lower (meta) 
operon (13 genes) of the TOL catabolic plasmid pWW0, and it is 
responsible for producing bioluminescence in the presence of toluene 
analogs as well as their metabolites [6]. Intermediates of toluene 
analogs, such as benzoate and m-toluate, can activate XylS regulatory 

protein, whereas toluene, m-methyl benzyl alcohol (m-MBA), and 
isomers of xylene can activate XylR regulatory protein. Both XylS and 
XylR proteins positively regulate promoters. XylR controls the upper 
pathway promoter Pu as well as induces expression of the xylS gene, 
which is responsible for the production of XylS protein and regulating 
the lower pathway promoter Pm. For KG1206 strain, inducer chemicals 
bind to inactive XylS protein and induce a conformational change in 
the protein that results in enhanced interaction with the promoter 
site. This active protein then binds to the promoter Pm and produces 
bioluminescence from the Pm-lux gene in the recombinant strain [7].

There are many reports of using immobilization method for 
microorganisms and enzymes in biological technologies. Immobilization 
is done by the four different methods: carrier-binding, cross-linking, 
entrapping and combination of other three [8]. Alginate, carrageenan, 
polyacrylamide and glass beads are commonly used as a carrier for the 
cells [9,10]. Deep-freezing is a general method for preserving bacteria 
for extended periods [11], and can be used practically for the portable 
biosensor in the field. However, these processes can affect the activity 
of strains that have been reconstituted after deep-freezing. Therefore, 
for the organism to be useful in environmental applications, it is very 
important that the strain of bacteria used for monitoring exhibits a 
high intensity of bioluminescence that can be maintained following 
reconstitution after deep-freezing.
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The primary objective of this study is to determine a useful method 
for the immobilization of bioluminescence producing bioreporter strain 
in the presence of several inducer pollutants, and then subsequently 
evaluate the conditions for reconstitution of immobilized strains, 
preserved by deep-freezing, for future usages on biomonitoring. 

Materials and Method
Strain preparation and analysis

Pseudomonas putida mt-2 KG1206 were stored at -70℃ until 
needed, at which they were grown overnight in Luria-Bertani (LB) 
medium supplemented with 50 mg/L of kanamycin at 27℃ with 
shaking (130 rpm). Next, a 1:30 dilution was made using LB medium, 
and the culture was then allowed to grow until it had an optical density 
(OD600) of approximately 0.6. The LB medium consisted of 10g 
tryptone, 5g yeast extract, 5g NaCl and 0.5 mL 2.0 N NaOH per L of 
broth. 

The KG1206 strain produces bioluminescence in the presence of 
appropriate inducing compounds and is also capable of degrading 
analogs and catabolic intermediates of toluene, including m-toluate 
and benzoate. The bioluminescence of KG1206 was measured by 
luminometer 20/20 (Turner Design, USA). It shows relative light units 
(RLUs) which mean the sum of the bioluminescence released from a 
sample. The TD 20/20 had 110.3 RLU factory standard reading and 
51.5% sensitivity.

 Immobilization and deep-freezing protocol for the strain

Four procedures were compared to develop efficient immobilization 
protocol: (method 1) Glass beads (3mm diameter) were prepared in a 
vial and autoclaved. Equal volume of KG1206 culture (OD600=0.6) and 
24% sucrose were completely mixed and added to the vial containing 
beads, and continuously soaked over 20 min. After decanting the 
solution, the glass beads were stored at -70℃ until needed. (method 
2) The subcultured KG1206 (OD600=0.6) was centrifuged (3,000 rpm 
for 15min) and the supernatant was discarded (x 2). The pellet was re-
suspended in LB medium and equally mixed with 24% sucrose. This 
mixture was added to the vial containing glass beads and soaked (>20 
min). After decanting the liquid, glass beads were stored at -70℃ until 
needed. (method 3) The mixture of KG1206 culture (OD600=0.6) 
and 24% sucrose was added into an equal volume of 2% alginate. The 
mixture (2 mL) was injected into cold 0.1% CaCl2 solution (4 mL) to 
form alginate beads and left in a refrigerator for 2 h to allow strong 
bead formation. After decanting the CaCl2 solution, the alginate beads 
were stored at -70℃ until needed. (method 4) The equal volume of 2% 
alginate solution was added into mixture of resuspended pellet solution 
and 24% sucrose (1:1). The final mixture was injected into 0.1% cold 
CaCl2 solution (4 mL). After decanting the solution, the alginate beads 
were stored at -70℃ until needed. Following reconstitution of stored 
deep-freezing cells, the glass or alginate beads were amended with 
1mM of m-toluate for 3 h to determine bioluminescence activity of 
each method. 

Various conditions were further investigated. Firstly reasonable 
beads number for immobilization was determined at conditions of 
10, 20, 30, and 50 beads. The appropriate quantity of reconstitution 
solution was investigated at conditions of 2, 5, and 10 mL of LB 
medium by adding into the deep-freezed beads (-70℃). Reasonable 
reconstitution (thawing) time was determined at conditions of 0.5, 1, 
3, and 5 h. All tests were performed triplicates using 15 mL working 

volume of serum vials. Bioluminescence activity of each condition was 
evaluated in the presence of 1 mM of m-toluate. 

Effect of enhancer on bioluminescence activity of reconstituted 
beads 

Stimulating chemicals on bioluminescence activity of reconstituted 
beads were investigated. Immobilized beads stored in deep-freezing 
were reconstituted with LB medium for 3 h. KNO3 (0.04 g:20 g 
chemical/L) was added to a vial containing reconstituted immobilized 
beads. Effects on bioluminescence production were compared between 
sets of with and without stimulant, in the presence of inducer chemical. 
Following inducer chemicals were tested: 1 mM of m-MBA, toluene, 
three xylene isomers, and m-toluate).

Results and Discussion
Immobilization protocol of the recombinant strain

Protocols for immobilization and reconstitution of deep freezed 
immobilized strain KG1206 were investigated to conveniently use on 
site monitoring. KG1206 contains the intact TOL plasmid and a Pm-
lux fusion plasmid. Pm is the promoter of the lower or meta operon 
(13 genes) of the TOL catabolic plasmid, pWW0, and is responsible 
for producing bioluminescence in the presence of toluene analogs and 
their metabolites [6]. 

Bioluminescence activities of reconstituted strains, which were 
immobilized by different protocols, were measured in the presence of 
1 mM m-toluate, and the results were compared. For deep-freezing 
process, Surcose, known as a good cryprotectant, was used. Before 
being reconstitution, the vials containing immobilized strain were 
stored in a deep-freezer at -70℃ at least for 12 h. Effects of different 
immobilization methods on bioluminescence activity of reconstituted 
deep-frozen strain are shown in Figure 1. Method 1 and 2 (immobilized 
in glass beads) showed higher bioluminescent activity than that in 
alginate beads, indicating 1,536 ± 433.5 and 8,893 ± 340.8 RLU at 2 
h incubation for method 2 and method 1 (1.5-8.4 times of sets with 
alginate beads), respectively. Moreover, reconstituted strain in method 
1 (immobilization on glass beads with subcultured cells) showed great 
bioluminescence activity compared to others. Statistically significant 
differences were observed (p=0.0001) compared to others. This may 
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Figure 1: Effects of different immobilization methods on bioluminescence 
activity of reconstituted deep-frozen strain. method 1 (immobilization of 
subcultured KG1206 on glass beads); method 2 (immobilization of centrifuged 
KG1206 pellets on glass beads); method 3 (immobilization of subcultured 
KG1206 on alginate beads); method 4 (immobilization of centrifuged pellets 
KG1206 on alginate beads). 
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be caused by the different immobilization characteristics between 
two beads: attached on the surface for glass beads (3 mm), entrapped 
inside for alginate beads (less than 1 mm). Entrapped cells in alginate 
beads may have difficulty obtaining proper growing conditions, 
such as nutrient or inducers, etc. Also, sets of immobilization with 
centrifuged pellets showed lower bioluminescence activities than ones 
with subcultured cells, where used directly on immobilization without 
centrifugation. This could be considered due to cell loss, disruption, or 
nutrient loss during centrifugation or resuspension processes, possibly 
loss of the exponential growth activity. Therefore, for all following 
investigations, equal mixtures of KG1206 culture (OD600=0.6; without 
centrifugation) and 24% sucrose were completely mixed and added to 
the vial (15 mL working volume of serum vials) containing glass beads, 
and continuously soaked over 20 min (method 1). After decanting the 
solution, the glass beads were stored at -70℃ until needed. 

Of the tested chemicals, m-toluate is known to directly activate 
XylS protein, while the other compounds are activators of XylR, and 
converted to lower pathway inducers during catabolism. As expected, 
the reconstituted strain clearly produced less bioluminescence (weak 
expressions) compared to those found with the subcultured strain, 
but fully detectable bioluminescence did appear. It is possible that this 
decreased activity was due to cell damage during the deep freezing 
and reconstitution processes [12]. The magnitude of bioluminescence 
of reconstituted strain appeared in the following order: p-xylene ≈ 
m-toluate>toluene ≈ m-MBA>m-xylene>o-xylene. Different patterns 
were also observed with the subcultured (not immobilized) strain. 
In case of subcultured strain, generally, toluene was strong inducer, 
while p-xylene weak inducer. In this investigation, p-xylene, the 
weakest inducer in subcultured strain, appeared as the strongest one 
in reconstituted immobilized strain, preserved by deep-freezing. The 
cause of this contrary result is not clear at this point, and the cause of 
this result has to be investigated more specifically on a molecular basis, 
possibly.

Development of reconstitution and immobilization protocols 
of the recombinant strain

Reconstitution process of immobilized strain, preserved by deep-
freezing also can affect bioluminescence activity. Effects of different 
amount of reconstitution solution on bioluminescence activity were 
examined by adding 2 to 10 mL LB medium in vials containing 
immobilized strain, preserved by deep-freezing (Figure 2). As shown in 
Figure 2, vials amended with 2 and 5 mL, which showed similar results, 
produced considerably higher bioluminescence than that in 10 mL. At 
incubation time 2 h, sets amended with 2, 5, and 10 mL reconstituting 
medium produced bioluminescence 8,893 ± 340.8, 8,205 ± 2537.8, and 
2,050 ± 912.9 RLU, respectively. Bioluminescence activities of sets with 
2 or 5 mL reconstitution solution also showed statistically significant 
differences compared to set with 10 mL reconstitution solution (p value 
in the range of 0.002-0.017). 

Appropriate beads number and reconstitution thawing time for 
test also were investigated at following conditions: bead number 10, 
20, 30, and 50 glass beads, thawing time 0.5, 1, 3, and 5 h. As shown in 
Figure 3, sets with 10 beads showed low bioluminescence (<500 RLU), 
except 5 h thawing time. Sets with short thawing time (0.5 h) also 
produced low bioluminescence during incubation period compared 
to other conditions. In contrast, sets with 5 h thawing time produced 
too high bioluminescence to observed, showing >9,999 RLU (max. 

detection limit) after 2 h incubation time. Results indicated that sets 
with thawing time for 1 and 3 h with 20 to 30 beads provide high 
enough bioluminescence activity that is possible to be compared in 
different variations. For example, sets with 1 and 3 h thawing time 
with 20 beads showed 1,285 ± 858.2 and 6,322 ± 3003.0 RLU after 2 h 
incubation, respectively. Also, sets with 1 and 3 h thawing time with 30 
beads showed 833 ± 347.7 and 5,159 ± 385.4 RLU after 2 h incubation, 
respectively. In this study, the greater activities were generally observed 
at longer reconstitution time. Reconstitution time around 2 h or 3 h 
seemed as being reasonable to obtain proper bioluminescence intensity. 
Following reconstitution, at least 2 h exposure on samples was required 
to observe proper bioluminescence activity.

This investigation found out that the beads number and amount 
of reconstitution solution on each vial also affect on bioluminescence 
activity of the immobilized strain, stored by deep-freezing. Based on 
this experimental condition, numbers of 20-30 beads and 2-5 mL of 
reconstitution solution in 15 mL volume vials appeared as optimum 
settings to obtain proper bioluminescence activity for biomonitoring. 
Therefore, those parameters should be carefully determined depending 
on each experimental condition.

Effects of enhancer on bioluminescence activity of 
reconstituted beads 

The stimulation of the reconstituted strain, showing low 
bioluminescence activity, is necessary to use on environmental 
monitoring. In previous author’s investigation with various nitrogen 
compounds, greater stimulation by nitrate forms, KNO3 and NH4NO3 
was observed, while a complete inhibition was with KNO2. Also no 
significant effects were observed with other ammonium forms, such 
as (NH4)2SO4 and (NH4)2C2H4H2O (Kong 2010). In addition, better 
stimulation was mostly observed with KNO3 compared to other good 
stimulant, sodium lactate. Based on these results, the influence of 
addition of KNO3 on the reconstituted immobilized strain, stored by 
deep-freezing was investigated in the presence of various inducers. The 
reconstituted immobilized strain showed different bioluminescence 
activity, showing 796, 890, 94, 413, 3,108, and 3,098 RLU for m-MBA, 
toluene, o-, m-, p-xylenes, and m-toluate, respectively, at 3 h 
incubation time. Stimulations by KNO3 were within the range of 2.5-
21.0 (avg. 7.7 ± 7.22) times those of the control (Figure 4). Relative 
stimulation intensity varied depending on the inducer chemicals. The 
highest relative stimulation was observed with toluene and m-xylene, 
stimulated from 413 RLU and 8,653 (21 times) RLU at 3 h incubation 

Figure 2: Effects of volume of reconstitution solution on recovery of 
bioluminescence activity in KG1206 immobilized by method 1.
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time, respectively, but the highest bioluminescence activity was 
observed with p-xylene inducer, increased from 3,108 (control) to 
9,999 (with KNO3) RLU. In contrast, the lowest relative stimulation 
was observed with m-toluate, stimulated from 3,098 to 7,858 RLU (2.5 
times). Different order of bioluminescence intensity was appeared with 
addition of stimulant, showing in the order of p-xylene ≈ toluene>m-
xylene ≈ m-toluate>m-MBA>o-xylene.

The stimulating chemicals may have caused positive effects on the 
bioluminescence regulatory systems, such as the rpo-S gene or other 
unidentified regulatory systems [13]. A number of mechanisms could 
potentially bring about the stimulation and inhibition effects, ranging 
from changes in promoter DNA supercoiling, which may affect the 

gene expression in response to nutritional changes, to the specific RNA 
polymerase subunit, σ54, for transcription [14]. 

Based on all tested conditions, the following procedure was 
determined for future usages of the recombinant bioluminescence 
bacteria on in situ biomonitoring (Figure 5). These findings might 
be applicable to other recombinant bioluminescence strains for 
environmental monitoring. Overall, this investigation demonstrated 
the ability of immobilized bacteria on glass beads, preserved by deep 
freezing, for the monitoring of a specific group of environmental 
pollutants using a stimulant KNO3, suggesting the potential method 
for preliminary application in a field-ready portable bioassay.

Figure 3: Bioluminescence activities of immobilized KG1206 with different bead numbers and incubation times. The results are based on bioluminescence activity 
after 3 h (max.). “B” is abbreviation for beads. The range of error bars: ± standard deviation of bioluminescence (triplicate observation).

Figure 4: Effect of N source on bioluminescence activity of immobilized KG1206 with other toluene analogs; bioluminescence activity after 3 h (max.). The range of 
error bars: ± standard deviation of bioluminescence (triplicate observation).
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Add 20-30 glass beads in 15 mL serum vials and 

autoclave 

Soak glass beads with 2 mL of  

mixture culture solution (over 20 min) 

Decant solution in vials and store at -70℃ until 

needed 

Reconstitution for field application 

Add 2-5 mL of LB 

medium;  
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room temperature 

Add stimulant 

KNO3 (20 g/L) (if needed) 

Transfer vials for field application and apply 

environmental samples (soil or water) into vials 

Bioluminescence measurement 

Figure 5: Protocol for immobilization and reconstitution. OD600=0.6 
corresponds to 0.29 g-dry wt/L. All procedures were performed with a working 
volume of 15 mL in serum vials.
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