Construction of a Whole‐Cell Biosensor for Detection of Cadmium in Water Solution
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Abstract: The best choice for evaluating the bioavailable deduction among thousands of toxic and hazardous pollutants is whole-cell bacterial biosensors. Major advantage of biosensors in detection of environmental contaminants is real-time perception and on-site monitoring. In bacterial biosensors reporter gene are located alongside of promoter that is sensitive to specific pollutant. Pollutant- responsive promoter in the presence of target through biochemical pathways within the cell cause the reporter gene is expressed. The activation of reporter gene can be created a detectable and measurable response. An effort has been made to construct the whole-cell biosensors by using cadR gene and its related promoter/operator from Pseudomonas aeruginosa strain PAO1, gfp gene as the reporter, plasmid pET28a and genetic engineering technique that is be able to clearly show the presence of cadmium in water samples. Cadmium detection by using this biosensor was done by means of microscopy and fluorometry techniques. Our results demonstrate that there is a strong positive correlation between the number of fluorescent cells and concentration of cadmium in samples. Constructed biosensor could be used successfully as a device to determine the biologically relevant concentrations of cadmium in contaminated wastewater.
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1. Introduction
Contamination of drinking water with toxic heavy metals has become one of the most fundamental problems along with industrial progress. Due to the unique physical and chemical properties, toxicity at low levels and accumulation in the food chain, cadmium has been one of the most significant environmental pollutants [1-3]. Natural sources of cadmium emissions mainly consist of sedimentary rocks, active volcanoes, excavating activities, lakes and forest fire. Man-made sources that release from industries including consumer products of cadmium such as nickel–cadmium batteries, plastics, ceramics, glass, paints, and cadmium stabilizers used to process Polyvinyl Chloride (PVC) and ferrous or non ferrous cadmium coatings products. Metallurgical industries wastes like iron and steel, cement, gypsum, zinc, lead, copper, their alloys and remains of fossil fuels, use of sewage sludge and phosphate fertilizers in agricultural fields and burning of fossil fuels are causes of soil cadmium pollution [4]. The cadmium cation by means of binding to essential respiratory proteins [5] and oxidative damage is toxic to most microorganisms [6]. Cadmium damaging depends on many factors such as cadmium forms, the amount of cadmium intake and the ways in which cadmium entry into the body. The most common effects of cadmium exposure in human health are abdominal pain, fragile bones, immune system deficiency, mental  disorders, possible damage to DNA and cancers of the lungs, prostate, pancreas and Kidneys [7]. Maximum permissible of cadmium in drinking water, based on daily average consumption equivalent 2.5 liter, for human weight of 70kg, is 0.005 mg/lit [8]. According to what was mentioned above, it is clear that detect the presence of cadmium in municipal, agricultural or industrial water supplies and prevent the excessive exposure of various life forms to these metal has a great importance.
Conventional techniques to analyze metals include: ion exchange, chemical precipitation, chelation, membrane separation [9, 10] and inductively coupled plasma mass spectrometry, cold vapour atomic adsorption spectrometry, UV visible spectrometry and X-ray absorption spectroscopy [11]. This methods are more expensive, time-consuming and dependent of specific skills. In addition, lack of ability to give knowledge on the bioavailability of the metal ions and the toxicity join with them makes these methods less interesting for monitoring environmental pollutants. So easy and low cost, as well as detection speed of cadmium in sample (especially in water) are highly desirable and important.
For this purpose, whole-cell biosensors are used that consists of live cells which have been genetically manipulated [12]. Unicellular organisms, especially bacteria, are used as whole-cell biosensors. Large and diverse population, rapid growth, low cost, easy maintenance and its unique ability to genetic manipulation has made these organisms the ideal choices for use in biological assays. Use of bacterial whole-cell biosensors besides the two features of high selectivity and sensitivity have another advantages such as getting quantitative and/or qualitative data and bioavailability of target analyte, as it not only gives more precise information respecting the risk that the contaminated site poses to human health, but also controls the productiveness of potential bioremediation procedures [13].
Biosensors are analyzer device that consists of two key parts: [1] analyte–sensitive biological section which could include of intracellular elements such as nucleic acids (especially DNA) or proteins (enzymes, non-enzymatic purified protein or antibodies). [2] Converter section which convert signal generated from the interaction between the analyte and biological part into detectable and measurable signal. In bacterial biosensors reporter gene are located alongside of promoter that is sensitive to target pollutant (cadmium). Sensitive region in the presence of cadmium through biochemical pathways within the cell cause the reporter gene is expressed. The activation of reporter gene can be created a perceivable response [14].
Construction of whole-cell biosensors to evaluate the environmental pollution was conducted in 2004 by Gu, M.B; Mitchell RJ [15]. Bacterial biosensors for detection of cadmium based on lux and lac Z reporter genes have been reported by Corbisier et al.1993 [16]; Tauriainen et al. 1998 [17] and Shetty et al. 2003 [18]. Lin TJ, Chung Mf in 2008 used the optical fibers in the manufacture of cadmium diagnostic biosensor [19]. In 2009 Cindy et al. with using a gene conversion circuit and Joe et al. in 2011 based on pigment designed whole-cell biosensors for cadmium detection [20, 21].
In this project we are producing whole-cell biosensors by using cadR gene and its related promoter/operator from Pseudomonas aeruginosa strain PAO1, gfp gene as the reporter, plasmid pET28a and genetic engineering technique that is be able to clearly show the presence of cadmium in water samples. MerR family response regulator with unusual signal structure (promoters with long spacer regions (19 bp) and inverted repeat sequences) is one of the transcriptional factors which regulate bacterial metal resistance systems [22]. cadR gene from this family confers cadmium inducibility on cadA promoter [23]. Expression of the cad promoter is substrate-dependent and host-specific. The promoter for cadA (PcadA) is responsive to Cd(II), Zn(II) and Pb(II), whilst the promoter for cadR (PcadR) is responsive only to Cd(II) [24]. A crucial part of the activation mechanism, as in the mer, will involve the torsional deformity of the operator/promoter region to produce an advanced substrate for RNA polymerase action [22].
Green fluorescent protein (GFP) Originated from the jellyfish Aequorea victoria consists of 238 amino acid residues (26.9kDa). When this proteins are placed in the range of blue to ultraviolet lights emits green fluorescence color [25].
Materials and methods
Bacterial strains and plasmids: 
Original sequences were isolated by PCR amplification/cloning from Pseudomonas aeruginosa PAO1. Bacterial strains and plasmids are listed in Table 1. All strains were cultured in Luria broth and media were supplemented with antibiotics at standard concentrations.
Plasmid construction: 
Plasmid DNA propagation, restriction enzyme treatment, ligation, and transformation were performed by “Molecular cloning, A laboratory manual” [26]. The O/P region and the entire CadR coding region were amplified from P. aeruginosa PAO1 genomic DNA by using PCR primers CadR F (5’CGTCGCGGATCCTCAGCCATGCCGGCGGTGCA-3’) and CadR R (5‘-TGACCGGAATTCGGAAACAATTCCCG.
TTTGA3’) which contain BamHI and EcoRI sites, respectively. The resulting 608 bp fragment was digested with BamHI and EcoRI enzymes and ligated with T4 DNA ligase (Fermentas) into pET 28a (previously digested with the same enzymes). The recombinant plasmid (pETcadR) was transformed into the E.coli DH5α (replicating host) and E.coli BL21(DE3) (expressing host). PIVEX-GFP was used as the PCR template to amplify the gfp gene. The oligonucleotide primers used for PCR were GFPF(5‘GTCGCGAATTCATGAGTAAAGGAGAAGAAC-3') and GFPR(5‘-ACGTAGCGGCCGCTTATTTGTATAGTTCATCCATGCCATG -3') which consist of EcoRI and NotI restriction sites, respectively.
The amplified product was digested with these enzymes and then reintroduced next to cadR in EcoRI and NotI digested E.coli pETcadR. After ligation, recombinants were transformed into E. coli BL21. The colonies were selected on LB agar plates supplemented with 100 μg/ml of kanamycin. 


Table 1 Bacterial strains and plasmids in this study
	Strain / plasmid 
	 Relevant phenotype/ genotype 
	 Source 

	plasmids
	
	

	 pET28a
	 Expression vector, kanR gene
	Pastaur institute

	 pIVEX-GFP
	 Source of gfp gene, ampR gene
	Pastaur institute

	 pETCadR
	 pET28a:Pcad-cadR
	This study

	 pETCadRGFP
	pET28a:Pcad-cadR-gfp
	This study

	Strains
	
	

	P. aeruginosa PAO1
	 Heavy metal resistance
	Shahed university 

	 E. coli DH5α
	supE44lacU169[Φ80lacZM15] hsdR17recA1endA1gyrA96thi- 1relA
	 Razi institute

	 E.coli BL21
	 F- ompT hsdSB[rB- mB-] gal dcm [DE3]
	Cinnagen




Culture and Cadmium assay conditions:
An overnight culture of E. coli strain BL21(DE3) harboring pETCadRGFP was grown in LB broth supplemented with 100 μg/ml of kanamycin at 37°C was reactivated by diluting the culture in a ratio of 1:100 with fresh LB supplemented with 100 μg/ml of kanamycin and incubated at 37°C in an orbital shaker at 220 rpm until the optical density at 600 nm reached 0.6. Standard solutions of cadmium chloride were prepared.
Assay mixtures contained 900 μL of this bacterial suspension and with 100 μL of standard solutions of cadmium chloride were incubated in a shaker at 37 °C for a period of 3 h. Culture samples were centrifuged at 10,000 rpm for 5min, and the supernatant was removed. The cell pellet was washed 2 times with 100 mmol L-1 phosphate buffer and suspended in an appropriate amount of phosphate buffer saline (PBS) (pH 7.5) [18].
Microscopy:
One microliter of cell suspension was transferred to a microscope slide, and the fluorescence of individual cells was determined by epifluorescence microscopy. E.coli BL21(DE3) containing plasmid pET28a was used as negative control. Also E.coli strain BL21(DE3) which was harboring pIVEX-GFP was used as the positive control by using IPTG as the inducer for promoter T7 and expression of gfp.
Fluorometry: 
100 μL of assay mixtures were diluted to a volume of 2 mL and then put in the fluorometer for fluorescence measurement. The excitation and emission wavelength of the spectrofluorometer were set at 470 nm and 505 nm, respectively [18]. 
Results and discussion
cadR gene was isolated from chromosome of P. aeruginosa PAO1 by performing colony PCR and confirmed in agarose gel electrophoresis (Fig. 1a). In the next part PCR product was digested with BamHI / EcoRI and then 608 base pairs(bp) released fragment was reintroduced into BamHI/EcoRI digested pET28a expression vector. Following plasmid purification the plasmid was subjected to restriction endonuclease analysis with BamHI and EcoRI enzymes. As it is shown in figure (Fig. 1b) there were two fragment which were about 596 bp and 5369 bp(5.4 kbp).
In the present study, GFP was amplified from pIVEX-GFP plasmid by using PCR and identified product size was 740 base pairs. Recombinant plasmids were constructed from EcoRI/NotI digested pETcadR plasmid and EcoRI/NotI digested GFP gene (amplified DNA). PETcadRGFP plasmid was subjected to PCR with CadR and GFP forward and reverse primers (Fig. 1c).
 Quantity of cadmium ions present in a sample can be determined by monitoring the alteration in the fluorescence intensity of the GFP produced by the bacteria. Optimal wavelengths for carrying out the fluorescence measurements were 470 nm and 505 nm as the wave-lengths for maximal excitation and emission, respectively, for all fluorescence measurements performed with the bacterial sensing system.
By adding different doses of cadmium chloride to bacteria, we are be able to draw concentration-dependent diagram. Number of fluorescent bacteria and the intensity of produced fluorescent were increased due to rise of cadmium chloride concentrations in the sample. 10-8 mol L-1 is minimum detectable concentration of the cadmium ions. At concentrations lower than 10-8 mol L–1 GFP gene is not expressed and fluorescent light is not visible. The main justification for this event is binding of CadR to the cad O/P sequence causes repression of gfp gene transcription and translation. Cause of severe drop in the intensity of produced fluorescent at concentrations 10-5 mol L–1 is saturation of CadR by cadmium ions and the cytotoxicity of cadmium to the bacterial cells (Fig. 2).





Fig. 1 (a) Amplification of cadR . Lane M = 100 bp ladder and Lanes1=PCR products.(b) Double digestion analysis of pETcadR plasmid by using BamHI and EcoRI enzymes. Lane M= 1kb DNA ladder and Lane 2=contained two fragments. (c) Agarose gel electrophoresis for PCR products. Lane M=100 bp ladder, Lane 3=PCR product which amplified by using CadR forward and CadR reverse primers. Lane 4=amplified product of PCR that was done by using GFP forward and GFP reverse primers. Lane 5=PCR product with using of CadR forward and GFP reverse primers.

In order to verify biosensor selectivity by cadmium, bacterial cells with standard solution of zinc, manganese and copper ions were incubated for 3 hours. The result from measuring emitted fluorescence of these metal ions compared with control samples did not show significant changes (Fig. 3).
Bacterial cells were visualized by using an epifluorescent microscope after 3 hours exposure to various concentrations of cadmium chloride. The results of microscopy can be seen in Figure 4.





Fig. 2 Dose–response curve obtained for cadmium ions after E.coli BL21(DE3) cells harboring plasmid pETcadRGFP were incubated with standard solutions of cadmium chloride for 3 h at 37 °C. Fluorescence intensity was measured at 505 nm after excitation at 470 nm. The fluorescence signal has been corrected with respect to the blank.


Fig. 3 Selectivity of the bacterial sensing system employing E.coli BL21(DE3) cells harboring the plasmid pETcadRGFP.

 



Fig. 4 Fluorescence of biosensor exposed to various concentrations of cadmium chloride.
A=Negative control, B=10-8M, C=10-7M, D=10-6M,  E =10 -5M, F =10-4 M, G=Positive control.


Conclusion:
Nowadays detection of environmental contaminant toxicity, bioavailability and bioremediation is one of the most important applications of biosensor [12]. The major advantage of biosensors in detection of environmental contaminants are real-time detection and on-site monitoring. The present results demonstrate that there is a strong positive correlation between the number of fluorescent cells and concentration of cadmium in samples and as a result the constructed biosensor could successfully be used as a device to determine the bioavailability of cadmium in contaminated wastewater. The future aspect of this study is to increase the accuracy of the obtained biosensor for advanced quantitative evaluation, development of its capabilities for using in clinical diagnosis and industrial fields, production of portable kits for testing water samples on site and even more, besides detection, it will be able to remove cadmium contamination from environment.
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