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CHAPTER4 

Understanding Heavy Metal Resistance in Acinetobacter 

juniiBB1A 

4.1. Introduction 

The term heavy metal has been variously described as (i) metals with atomic number 23 onward except 

Rb, Sr, Y, Cs, Ba and Fr; (ii) metals with density greater than 5 g/cm3
; and (iii) metals \Vhich are toxic to 

man and other life forms when found in the environment. The heavy metals are commonly encountered 

in polluted environments. Common sources of heavy metal pollution inciude discharge from industries 

such as electroplating, manufacturing, fertil producing plants and wastes left after mining 

and metallurgical processes (Zouboulis et aL, 2004). The eight most common heavy-metal pollutants 

listed by the environmental protection agency are: (Athar and 

Vohora, 1995). 

All living organism requires metal as an important constituent of their metabolic process. Some 

the heavy metal are essential trace as cobalt, 

zinc etc., and are required as micronutrients by the organisms (Bruins et al., 2000). They are 

redox processes, in order to stabilize molecules through electrostatic as 

enzymatic reactions, and as an osmoregulator (Nies, 1999; I--Iussein et al., 2005). On the other hand non

essential metals like cadmium, mercury, and lead have absolutely no biological function and have 

unfavorable effect on the organisms even at very low concentration. At high levels both of 

non essential metals become toxic to all forms of life including microbes. humans 

Heavy metals generally exert an inhibitory action on microorganisms blocking 

groups, displacing essential metal ions or modifying the active conformations of biological molecules 

(Doelman et al., 1994; Gadd and Griffiths, 1978; Wood and Wang, 1983) and thus they can affect 

growth, biochemical activities, and diversity of microbial populations (Roane and Pepper, 2000). 

4.1.1. Heavy metal resistance mechanism in bacteria 

In order to survive under metal stressed conditions, bacteria have developed several resistance 

mechanisms against toxic metal ions. Rough et al. (1995) has categorized these mechanisms under five 

groups: (i) Intracellular sequestration, (ii) Efflux transport, (iii) Reduced permeability, (iv) Extracellular 

sequestration, and (v) Extracellular detoxification. 
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Microbial resistance mechanisms: cell interacting with metals or metal ions (M or M2+) 

uses different strategies to cope with heavy metal stress. 

4.1.1.l.Intracellular sequestration 

Intracellular sequestration of metals requires the production of metal-binding proteins within the 

cytoplasm of resistant organism. Yeast cells have two types of cystein rich, metal-binding peptides; the 

phytochelatins and the rnetallothioneins, which stores and detoxifies excessive concentration of metals 

(Van de Weghe and Ow, 2001; Hall, 2002). Bacterial cells have been recently shown to express the 

metal-binding protein; the metallothioneins, like the cynobacterial SmtA and BmtA and zinc ion binding 

protein in Pseudomonas aeruginosa and P. putida (Blinndauer et al., 2002). In addition to metal binding 

proteins, intracellular phosphates can also bind metals by ionic interactions. Sar et al. (200 1) has 

reported the intracellular accumulation of nickel as phosphide and carbide crystals in P. aeruginosa. 

4.1.1.2. Efflux Transport systems 

Efflux transport systems involving the efflux proteins are common in microorganisms. They generally 

confer resistance against antibiotics and antibacterial drugs; however certain efflux transporters have 

been implicated to metal resistance (Saidijam et al., 2006; Eitinger and Mandrand-Berthelot, 2000). 
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These transporters include A TP-binding cassatte (ABC), Major facilitator superfamiy (MFS), drug 

metabolite transporter family (DMT) (Saidijam et al., 2006) etc. Most metal efflux pumps, like nickel 

transporters, belong to the class of ABC superfamily (Nik system in E.coli), Ptype ATPases 

(Helicobacter pylori) and transition metal permeases (HoxN in Ralstonia eutropha) (Eitinger and 

Mandrand-Berthelot, 2000). 

4.1.1.3. Extracellular sequestration 

Extracellular metal binding via polysaccharides or proteins are known to immobilize metals and thereby 

prevent the cells from metal toxicity by complex formation. The most commonly used protein to 

accumulate iron is the production of siderophores. These are low-molecular weight compounds possess 

a high affinity and selectivity for iron (Hider and Kong, 2010; Rajkumar et al., 2010), but also can bind 

other metals (Dimpka et al., 2009). 

Extracellular substances (EPS) produced by many bacteria has been recently recognized 

as an in biosorption of heavy metals. Within a biofilm it has been 

found specifically the polysaccharide components, binds heavy metals (Kaplan et al., 1987; 

Kazy eta!., 2002; Kim et al., 1996). EPS contains negatively charged phosphate, sulfate, and carboxylic 

groups 

functional groups 

it to sequester heavy metals. lon exchange, complexation with 

negatively charged, adsorption and precipitation are the known mechanisms 

biosorption onto EPS (Zhang et a!., 2006). Decho (1994) has observed that some 

bacteria can raise their EPS production in the presence of toxic metals as a defense mechanism. Kazy et 

al. (2002) observed an increase in the EPS production by P. aeruginosa in presence of copper. 

4. 1.1.4. Extracellular detoxification 

Extracellular complexation, precipitation and crystallization can result in detoxification. Microorganism 

produces diverse type of metabolic end product, some of which are able to bind and /or react with the 

metal species leading to precipitation of metal complex outside the cell. The sulphide produced within 

the biofilm of sulphate reducing bacteria can complex with Cu, Zn, Ni, Cd, and Pb, resulting in the co

precipitation of metals (Beyenal & Lewandowski, 2004). 

4.1.2. Role of Quorum Sensing 

Bacterial quorum sensing (QS) has been widely studied and is primarily a mechanism for cell-cell 

signaling within a population of cells. In general, quorum sensing involves the secretion of specific 

signal molecules which mount a response when its concentration reaches to a threshold leveL Secretion 
132 



Chapter 4 

of QS Signal molecule between spatially separated bacterial subpopulations may also transmit 

information about their physiological state, their numbers, and the specific environmental conditions 

being encountered. 

There are several classes of QS signal molecules that have been described; they are many times 

termed as autoinducer since in many systems the signal positively regulates its own synthesis. In general 

they are grouped in five main classes of compounds that are oligopeptides, N-AHLs (N-Acetyl 

homoserine lactones), quinolones, gamma-butyrolactones and furanones. QS is known to regulate 

diverse types of biosynthetic pathways in bacteria including the synthesis of EPS and biofilm formation 

(Ruiz et al., 2008; Rivas et aL, 2005; Hooshangi and Bentley, 2008; Miller and Bassler, 2001; Hall

Stood ley an.d Stoodley, 200 l) and might be involved in biofilm susceptibility to metal toxicity. In 

various environments, QS systems are known to play significant role in biofilm formation and/or 

development (Shrout et aL, 2006; Kirisits and Parsek, 2006), During biofilm formation by P, 

aeruginosa, a large number of QS regulated genes are upregu!ated. three of them, Mn-cofactored 

superoxide dismutase Fe-cofactored superoxide dismutase (sodB) and Catalase (katA) are known 

to be upregulated during the of planktonic Y aeruginosa to high concentrations Cu (Teitzel 

et al., 2006). In E. coli, the expression of SodA and SodB contributes to the resistance against Cd, Ni, 

(Geslinet 200l;Inoaokaetal. 1999). 
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4.2. Materials and Methods 

4.2.1. Reagents, Chemicals and Biosensor strains 

Metal salt solution: De-ionized double distilled water -and analytical grades of metal salts 

(ZnS04.7H20, CuS04.SH20, CoCh.6H20, HgCh, CdCb.H20, and NiCh.6H20) were used to prepare 

100 mM stock solutions, which were filter sterilized using membrane filter disc (pore size 0.2 11m 

marketed by Sartorius Ltd. Bangalore, India) before use. 

Brain heart infusion broth (BHI): Composition: calf br<Jin infusion from, 200 g/ !; beef heart 

from., 250 g/ I; proteose peptone, 10 g/ l; glucose, 2 g/l; NaCI, 5 g/l; and Na2HP04, 2.5 g/ l 

distilled water at pH 7.4±0.2. 

Luria-Bertani (LB): 

pH 7.4±0.2. 

0 5 NaCI, 10 g/1 1000 distilled water at 

AB minimal medium (Matthysse, 2006): Composition-Nal-hP04 , l KH2P04, 3 0.15 g/l; 

1 g/1; CaCh, 0.005 gil; FeS04 .7I-h0, 0.0025 gil; MgS04 .7H20, 0.3 g/L The AB minimal medium 

was supplemented yeast extract (2 g/l) and glucose (2 g/1). 

AHL-Biosensor strains: All the acyl-homoserine lactone biosensor strains (kind gift from Prof. 

Stephen K. Farrand, Dept. of Crop Science and of Microbiology, University of Illionois) were grown in 

minimal medium described by Chilton et al. (1974) at temperature not higher than 28°C. 

The strain Agrobacterium tumefaciens NTL4 (pTiC58.accR) contains a trd' Ti plasmid and 

constitutively synthesizes Agrobacterium autoinducer (AAI); and the supernatant, obtained after 

pelleting the cells from the culture, had AAI activity. 

The strain A. tumefaciens NTL4 lacking Ti plasmid unable to produce any acyl-HSL (acyl

homoserine lactone) detectable with the assay system was used as a negative control. 

The strain A. tumefaciens NTL4 (pZLR4) is the acyl-HSL indicator strain; does not make its own 

acyl- HSL; consequently, the lacZ reporter fusion is not expressed unless an exogenous active acyi-HSL 

is added. pZLR4 is a clone containing inserts from pTiC58 that encode i) tra::lacZ fusion and ii) tra R. 

the vector confers resistance to gentamycin (30 11g/ml) and carbenicillin ( l 00 !lg/ml). 
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Preparation and use of 4-Nitropyridine-N-oxide (4-NPO): 4-NPO (Aldrich, USA) is a synthetic 

quorum sensing inhibitor. 100 mM stock solution of 4-NPO was prepared in sterile distilled water; filter 

sterilized, and stored at 4 oc in dark. From this stock solution, calculated volume was added to the 

growth medium so that required final concentration was attained. 

4.2.2. Effect of metals on cell growth 

The effect of metals on cell growth was determined by growing A. junii BB 1 in AB minimal 

The strain was grown in presence and absence of different concentration of metal salts (ZnS04. 7H20, 

CuS04.SH20, CoCh.6H20, HgCb, NiCb.6H20, and CdCh.H20). 

BB l A was pre-incubated in 10 ml AB medium at 30 oc until the final 0.0600 at 

ntn) becomes O.l. of this culture was then transferred into 

flask to test a of concentration (0-1 0 mM). AB medium without any supplementation 

ions but inocu!ums 1-vas used as control. The culture were on a 

rotary shaker (GenNei, Bangalore, [ndia) at 30 with shaking at 100 rpm for 24 h. Samples ml) 

were at 6 h and growth was monitored as opticai density at 600 nm (OD6oo) using 

spectrophotometer (Varian, Agilant technologies, Germany). Similar experiments were performed using 

BHl medium. Growth profile was obtained by using graph of absorbance versus time. 

4.2.3. Determination of minimal inhibitot)' concentrations (MICs) for different metals 

Toxicity testing in liquid medium 

Minimum [nhibitory Concentrations (MICs) ofCu, Zn, Cd, Hg, Ni and Co in AB minimal medium was 

determined by broth dilution method (Andrews, 2001) using 96 well microtitre plates. Different 

concentrations (0-l 0 mM) of filter sterilized metal salt (ZnS04 . 7H20, CuS04.SH20, CoCl2.6I-h0, 

HgCb, NiCb.6I-b0 and CdCb.H20) were prepared separately by diluting appropriate volume of stock 

metal solution in sterile fresh media. The metal amended medium was inoculated with 2% (v/v) of 

exponentially growing culture (00600 of 0.1) prepared in the same medium. 200J.il of respective 

inoculated media supplemented with different concentration of metal salt were transferred to individual 

well of microtitre plate. Growth controls containing no metal and a sterile control without inoculum 

\vere also included. The microtitre plate was then incubated and MIC was determined as the lowest 
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concentration of metal that completely inhibited any visible growth after 48 h of incubation at 30 oc f 

under static condition. Each experiment was replicated thrice to confirm the MIC values. Similar 

experiments were performed using BHI broth. 

Toxicity testing in solid medium 

Since most MIC determination nowadays are done by agar dilution technique (XinCai et al., 2006), it 

'\Vas necessary to determine the MIC using metal supplemented solid media. Solid medium was prepared 

adding agar-agar (15 gil) to the AB minimal medium and sterilized by autoclaving at 121 oc for 15 

min. The medium was cooled down to 50 oc and required amount of metal ions from sterile stock 

solution of metal salts (ZnS04.7I-h0 or CuS04.5H20 or CoCh.6I-h0 or HgCh or NiCh.6HzO or 

was added to prepare plate(s) of different concentrations (1-JO mM). Exponentially growing 

cells of A. junii BB 1 A was used to streak on individual AB agar plates (supplemented separately with 

salts) and incubated at for 48 h. Metal deficient AB agar plate, 

streaked was kept MIC \Vas determined as the lowest concentration of metal that 

completely inhibited the formation ofsll'lgle colony. Sim experiments were also performed in BHl 

agar. 

Effect of metals on EPS production 

In order to determine the effect various metal on the production EPS, BB 1 A cells were grown 

in 250 ml Erlenmeyer tlask containing 50 m! of media (AB or BI-11) supplemented with or without 

different concentration (0-10 mM) of metal salts (ZnS04.7H20, CuS04.SH20, CoClz.6l-h0, HgCh, 

and CdChJ-hO). The culture broth \Vas incubated at 30 oc for 48 h, after which both 

E \Vas determined .. The I growth was determined by measuring absorbance at 600 nm 

(00600) of homogenized culture broth and the amount EPS was determined by taking the dried weight 

of EPS (EPS extracted by the method described in chapter 2). Briefly, the culture broth was centrifuged 

and the supernatant was precipitated with double volume of ice-cold 95% ethanol, dialyzed against 

distilled \Vater and lyophilized. The lyophilized sample was weighed in a balance (Sartorius, Germany, 

Model BP 12 J S ). Experiments were performed in triplicate. 
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4.2.5. Protein profile of EPS (EPS extracted from A. junii BBlA grown in presence and absence of 

metal salts subjected to SDS-Polyacrylamide Gel Electrophoresis. 

EPS was extracted from 24 h old culture grown in AB medium supplemented with or without copper 

ions. The concentrations of the copper ions was selected from its MTC values as obtained by agar 

dilution technique (MTC or Maximum tolerable concentration is defined as the highest concentration of 

metal ion that do not inhibit the formation of single colonies after 24-48 h of incubation at 30 oc ). 
Reagents: 

• 4 X stacking gel buffer (0.5M Tris-HCl at pH 6.8) 

• 4 X resolving gel buffer ( I.5M Tris-HCl at pH 8.8) 

• IO X running buffer (30 g ofTris base, 144 g of glycine, and 10 g ofSDS in 1000 ml ofH20, 

pH 8.3) 

• 2 X SDS-PAGE sample buffer (2 ml of 4X stacking gel buffer, 1.6 ml of glycerol, 3.2 ml of 

10% SDS, 0.8 ml of2-mercaptoethanol, 0.4 ml of 1 %bromophenol blue) 

• Methanol 

• 1.5 M Tris HCl (pH 8.8): Tris base, 9g; distilled water, 30m!; pH adjusted to 8.8 with 6 N 

HCI and make it to 50ml with distilled water. 

• I M Tris HCl(pH 6.8): Tris base, 6 g; distilled water, 30 ml; pH adjusted to 6.8 with 6 N HCI 

and make it to 50 ml with distilled water. 

• 0.5 M Tris HCI (pH 6.8): Tris base, 3 g; distilled water, 30 ml; pH adjusted to 6.8 with 6 N 

HCI and make it to 50ml with distilled water. 

• Ammonium persulfate solution (10 %, freshly prepared each time) 

• TEMED 

• SDS (10 %) stock solution 

• 30% Acrylamide mix: Dissolve 29.22 g of acrylamide and 0.78 g ofbisacrylamide in 50 ml 

water and made up to 100 ml with water). Stock solution was filter sterilized through 

Whatman filter paper and stored at 4 °C. 

Preparation of 12 % resolving gels (1 0 ml): 

• dH20, 3.3 ml; 30 % acrylamide mix, 4.0 ml; I.5 M Tris (pH 8.8), 2.5 ml; I 0 % SDS, 0.1 ml; 

10 %ammonium persulfate, 0.1 ml; and TEMED, 0.005 mi. 

Preparation of 5 % stacking gels (3 ml): 
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• dH20, 2.1 ml; 30% acrylamide mix, 0.5 ml; 1.0 M Tris (pH 6.8), 0.38 ml; 10% SDS, 0.03 

ml; 10% ammonium persulfate, 0.03 ml; and TEMED, 0.003 mi. 

Casting the slab gel: 

• Glass plates were cleaned and the gel-casting unit was assembled. 

• The glass plate was marked at a level ~1.0- 1.5 em below the bottom ofthe comb teeth. 

• Appropriate resolving gel mixture was prepared and the solution was mixed properly before 

the addition ofthe TEMED. 

• The mixture was poured into the glass plate and sandwiched up to the marked level. 

• The gel was carefully overlaid with a ~2 mm deep layer of H20. 

• After completion of the polymerization ( ~30 min), overlaying water was poured off and any 

remaining liquid was carefully removed using filter paper. 

• The stacking gel was poured over the resolving gel until the height of the stacking gel was 

~2.0- 3.0 em. 

• A Teflon comb was inserted into this solution, leaving 1.0 - 1.5 em between the top of the 

resolving gel and the bottom of the comb. Care was taken so that no air bubble was trapped. 

• The stacking gel mixture was allowed to polymerize for ~2 hrs. 

• The sample comb was removed carefully from the stacking gel and the cassette was 

assembled in the electrophoresis apparatus. 

• At first the top reservoir was filled with running buffer and then the bottom tank. 

Preparation of samples: 

• EPS sample for protein profiling was prepared by solubilizing 0.4 mg (dry weight) EPS 

(extracted from cell grown in presence or absence of copper ions) in 100 111 of distilled water 

separately (in 1.5 ml microcentrifuge tube). To each of the sample 100 111 of2 X SDS-PAGE 

samples buffer was added and heated at 100 oc in water bath for 15 min. 

• The samples were cooled at room temperature. Insoluble materials were removed by 

centrifugation. 

Electrophoresis: 

• 15 Jll of each sample (EPS sample from culture grown in presence and absence of metal salt 

and sample containing intracellular proteins) was loaded into the bottom of the wei!. 

• A constant voltage of I 00 V was maintained at room temperature for 2 -- 4 hrs. 

• Proteins were visualized using coomassie blue staining method. 

Coomassie Blue Staining 
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Reagents: 

• Coomassie Brilliant Blue (CBR-250) stain:- 500 ml of methanol, 100 ml of acetic acid and 1 

g of CBR-250 was added to 400 ml of H20. 

• Destaining solution:- 120 ml of methanol and 70 ml of acetic acid was added to 810 ml of 

H20. 

Procedure: 

• After electrophoresis was complete, the gel was placed in the plastic container containing 

enough CBR-250 stain to cover the gel. 

• The gel was gently rocked for I h at room temperature. 

• Excess CBR-250 stain was discarded. 

• Destaining solution was added to bleach excess dye until a suitable background was 

achieved. The gel was stored in 5 % acetic acid and photographed. 

4.2.6. Antibiotic susceptibility testing 

Antibiotic susceptibility of BB lA strain was tested against 32 different antibiotics (Octo Disc, 3mm in 

diameter, purchased from HiMedia, India; Table 4.1). The susceptibility to antibiotics was examined 

with the disk diffusion method (Bauer et al., 1966). Cells were grown in the LB liquid medium at 30 oc 
for 12 h. 0.1 ml culture (at an 0.0600 ofO.l) was spread onto Mueller Hinton Agar (HiMedia, India) 

plates. The antibiotic disc were placed on these plates and incubated at 30 oc for 48 h. The strain was 

classified as sensitive or resistant to a specific antibiotic by the presence or absence of inhibition zone of 

growth around that antibiotic disc. 

Table4.1: List of antibiotics used in the experiment. 

Autibiotics Conce11tratio11 A11tibiotics Conce11lration A11tibiotics Conce11tratio11 ill 
i11 pgl disc i"-EJ:! disc pf!/ disc 

Amikacin (Ak) 10 Ciprofloxacin (Ct) 30 Nitrofuranton (Nt) 300 

Ampicilin (A) 10 Colistin sulphate (Cl) 25 Nortloxacin (Nx) 10 
Augmentin (Au) 30 Co-Trimoxazole (Co) 25 Otloxacin (Of) 5 
Azireonam (Ao) 30 Furazolidone (Fr) 50 O~tetracycline (0) 30 
Ceftazidime (Ca) 30 Gentamicin (G) 10 Piperacillin (Pc) 100 
Cephalexin (Cp) 30 Imipenem (I) 10 Streptomycin (S) 10 
Cephalothin (Ch) I Kanamycin (K) 30 Sulphamethoxaole 25 

(Sx) 
Cephotaxime (Ce) 30 Mecillinam (Me) 33 Sulphatriad (Cl) 200 
Cephoxitin (Cn) 30 Nalidixic acid (Na) 30 Tetracydine (T) 25 
Chloramphenicol (C) 30 Netillin (Nt) 30 Ticarcillin (Ti) 75 

Tobramycin (Tb) 10 
Trimethoprim (Tr) 1.25 
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4.2.7. Dete<:tion of plasmid DNA in A. junii BBlA 

It is thought that the bacterial resistance to metals and antibiotics are often correlated (Enne et al., 2001) 

because of the possibility of co-existence of resistance genes for both metal and antibiotic on the same 

plasmid (Smith et al., 1993; Rasmussen and Sorensen, 1998). Therefore plasmid isolation was 

performed. The methods used for isolating plasmid from BB lA were lysis method (Sambrook et al., 

2001) and the method described previously by Kado and Liu (1981 ). 

Reagents: 

• Solution l: 

• Solution H: 

• Solution III: 

50 mM glucose 

25 mM Tris-Cl (pH-8.0) 

10 mM EDT A (pH-8.0) 

Sol. I was prepared from standard stocks in batches of a I 00 ml; it 

was autoclaved for !5 min, at 15 Psi on liq-cyc!e and stored at 4 

0.2 N NaOH (freshly diluted) 

I% (w/v) SDS 

lt was prepared freshly and stored at room temperature. 

5 M CH3COOK 60.0 ml 

CI-hCOOH: 11.5 ml 

H20: 28.5 ml 

The resulting solution was stored at 4 oc. 
• TE Buffer (Tris-EDTA): 10 mM Tris-HCJ, 1 mM EDTA, pH 8.0 

• SOX T ButTer (Tris-Acetate-EDTA): Tris base (242 g), Acetic Acid (57.! ml), 0.5 M 

( 100 ml). Add ddH20 to l liter and pH was adjusted to 8.5 using KOH. 

• 6 X loading dye (Glycerol and bromophenol blue): 3 ml glycerol (30%), 25 mg 

bromophenol blue (0.25%), dH20 to I 0 mi. 

Isolation a,[ plasmid DNA (Mini preparation): A. junii BB lA was grown overnight in LB medium at 37 

°C. 1.5 ml of this culture was taken in a microcentrifuge tube and centrifuged at 5000 rpm for 5 min. The 

pellet was suspended in 100 f!l of solution I, followed by 200 !ll of solution II. The suspension was 

mixed by inverting the tubes and was incubated at room temperature for 5 min for complete lysis. 

Chilled solution III (150 !11) Yvas added to the tubes and mixed gently. Tubes were chilled on ice for 10 
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mm followed by centrifugation at l 0,000 rpm for 15- 20 min at 4 °C. The clear supernatant was 

transferred to the fresh tubes and double volume of isopropanol was added. It is then centrifuged at 

10,000 rpm for 20 min at 4 °C. Pellet was rinsed with 70 % alcohol, air-dried and suspended in 30 ).ll of 

TE buffer (pH 8.0). The presence of DNA was checked on 0.8% agarose by gel electrophoresis. E. coli 

Sl7-l containing plasmid pSUP5011 was used as control. 

Agarose gel electrophoresis: 0.8% agarose (or less based on the increasing size of DNA fragment to be 

resolved) in 1 X T AE buffer was melted in a microwave and then cooled to 50-60 °C. rt was then 

supplemented with 1 ~tg/ml ethidium bromide. The melted agarosc was then poured in a casting 
0 

fitted with a Teflon comb forming wells. DNA loading dye (1 X) was mixed to the sample DNA to 

loading in the wells. Electrophoresis was performed in horizontal electrophoresis tank using !X 

buffer for l-2 h. Existence of plasmid DNA band, if any, was directiy visualized on a UV 

transilluminator. 

4.2.8. Detection of AHL based quorum sensing phenomena in A. junii BBlA 

tumefaciens NTL4 (pZLR4) was used to detect AHL based quorum sensing signal molecule in A. 

BBIA. strain NTL4 is the acyl-HSL indicator strain; does not make its own acyl- HSL and 

carries the plasmid pZLR4, contains a fusion and traR. [n the presence of external 

AHLs the TraR protein is activated, transcription of the traG::lacZ fusion is turned on, and LacZ ((3-

galactosidase) activity can be used as a reporter of\ traG transcription (Cha et a!., 1998). AHL-Iikc 

molecules in BB 1 A strains was detected by the method of Farrand et a!. (2002). Cell free filtrate (150 

).ll) from stationary phase culture of BB 1A grown in basal salt medium (AB minimal medium) was 

mixed with !50 !Jl of stationary phase culture of A. tumefacien'>· NTL4 (pZLR4) and the resulting 

was spotted on plate containing AB minimal medium supplemented with 0.5% glucose. 40 !Jl of 

2% X-gal solution was spread on each plate before use. The presence of autoinduceri cross-feeding of 

the biosensor were determined by observing change in color to blue over the course of two days at 28 

°C. Only sterile medium in place of cell-free filtrate of BB l A was used to rule out any non-specific 

autoinduction. As positive control, spent culture supernatant of A. tumefaciens NTL4 (pTiC58DaccR) 

was used to cross feed A. tumejaciens NTL4 (pZLR4). A. tumefaciens NTL4 was used as negative 

control in this assay system. 
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4.2.9. Effect of Quorum sensing inhibitor (4-NPO) on growth of BBlA in presence of metal ions. 

A. junii BB 1 A was grown in 250 ml Erlenmeyer flasks containing 50 ml AB broth or BHI broth 

supplemented with different concentration(s) of 4-NPO at pH 7.2 ( incubated at 30 °C for 48 h under 

static condition) and compared with growth data in the same medium without 4-NPO. EPSs were 

quantified from all 48 hold cultures, grown under the same conditions, following the method described 

in chapter 2. The threshold concentration of 4-NPO was determined as the minimum concentration 

which completely inhibited the production of EPS but allowed persistent growth of the cells compared 

to growth in absence of 4-NPO. 

In order to determine the role of EPS in metal tolerance, threshold concentration of 4-NPO was 

used to create EPS deficient growth condition. Growth, EPS production and MlC (MIC of Cu, 

f-Ig, Ni, and Co) AB or BHI broth was then determined in presence and absence of 4-NPO (Threshold 

concentration). growth production EPS were quantified 250 ml Erlenmeyer 

50 supplemented with different concentration (0-10 mM) of metal 

or or CoCh 6H20 or HgCh or NiC!z.6H20 or CdCb.H20). Growth was 

measured 48 h by reading absorbance at 600 nm. EPS was extracted from each 48 h old culture 

medium by the method described in chapter 2. 

4.2.10. Demonstration of metal binding properties of EPS by Energy dispersive X-ray 

spectroscopy 

An aliquot of 400 ~d each of ZnS04.7H20 or CuS04.5H20 or CoCh.6H20 or HgCh or CdCh.H20 stock 

solution (I 00 mM) was mixed separately with 1 mg/ml EPS solution in a test tube with a final volume of 

4m I (initially 2m! of EPS solution containing 4mg EPS was mixed with 1.6 ml of distilled water). The 

m was then incubated for equilibration at room temperature for 30 min. Double volume of ice-cold 

ethanol (95%1) was added to metal-EPS solution to precipitate the EPS. The precipitate was washed 

twice with 8 ml ethanol (95%) to remove unbound metal, thereafter dried under vacuum. Preparation of 

the control EPS was identical as described except addition of metal salt solution was excluded. 

Elemental analysis of both dried precipitate(s) (control and metal salt treated EPS) was done using a 

scanning electron microscope coupled with energy dispersive X-ray spectroscopy (SEM-EDX) (FEI 

Quanta 200MK2). 
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4.3. Results 

4.3.1.Effect of different metals on cell growth in liquid media 

Growth of BB 1 A in absence and presence of different concentrations (0-1 0 mM) of different metal ions 

(Zn2
+ or Cu2

+ or Co2
+, Hg2+ or Ni2+ or Cd2+) was initially determined in AB minimal media (Fig. 4.2 a to 

f). Growth was monitored as optical density at 600 nm (OD600). No lag phase was noticed during first 6 

h of incubation in presence of 1 mM each of Cu2+, Ni2+, Zn2+, 0.1-0.2 mM Cd2
+, and in presence of 2 

~tM Hg2
+. In presence of2-3 mM Cu2

+, 2 mM Ni2
+, 2 mM Zn2

+, 1-2 mM Co2
+, 4-8 ~M Hg2

+, and 0.3-0.2 

mM Cd2
+ growth ·was slow during the first 6 h of incubation, however growth in terms of increase in 

optical density was noted till 24 h of incubation. It seems that the cell requires certain density (O.D6oo of 

O.l) to overcome the metal stress in AB medium. At high concentration of Zn2
+ (3 mM), Cu2\4 mM), 

M) H 7+,.0 M) d . "' ·' 1 l I . h'h' J H 2+ m , g·· t 1 m , an miVl), me growtn \Nas comp,ete.y m .. Llteu. _ .g 

\Vas to most metal to BB 1 A since growth was completely inhibited at concentration 

order to determine the effect of growth media, BB lA was grmvn in nutrient rich BHI broth 

supplemented with different concentrations (0-1 0 mM) of metal ions (Zn2
+ or Cu2

+ or Co2
+ or Hg2

+ or 

N or is sho\vn in 

, and 

(Fig.4.2 g to 1). Cell growth remained unaffected 

(up to 0.3 mM) and achieved OD600 >0.1 within initial 6 

h of growth, moreover BB l A cells can grow in presence of metal concentration higher than that 

observed in AB medium. Here also the Hg2
+ was found to be most toxic metaL 
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and f) are 

I '+ and I- g-

respectively. g), and !) are the growth curves obtained in BHI media in presence 

4.3.2.Determination of minimal inhibitory concentrations (MICs) of metals 

In Liquid media 

Sensitivity of A. junii BB 1 A towards the metals was tested in both AB minimal medium and BHI broth. 

Table 4.2 shows the M!Cs of metals in mM during the growth ofA.junii BBlA in AB minimal medium, 

and in BHI broth. Generally the MIC values were found to be higher in BHI broth than in AB medium. 

The order of sensitivity in AB and BHI broth was Hg2
+> Cd2

+> Zn2+ = Co2
+> Ni2+ = Cu2

+ and Hg2
+> 

Cd2+ C ?+ N·?+ 7 2+ C 2+ . I > o- = ~~ > ,__n > u respective y. 
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Table 4.2: Minimal inhibitory concentration (MICs) in mM of the metal ions durin& growth of A. junii 

BB lA culture in AB minimal broth (supplemented with Yeast extract, 2 g/l; glucose, 2 g/1) and Brain 

heart infusion (BHI) broth. 

Metal ion 

Cu + 

Cd2+ 

Ni2+ 
Zn2+ 

Co2+ 

In AB minimal broth 
4.0 
0.5 
4.0 
3.0 
3.0 

0.010 
Data are the means of three independent experiments. 

In Solid media 

MICs in mM 
In Brain heart infusion (BHI) broth 

9.0 
0.8 
5.0 
7.0 
5.0 

0.018 

Sensitivity 8B IA towards metals was tested both AB minimal agar and BHI agar. 

Table shows the MICs of metals in mM during the growth of junii BB lA on AB minimal agar 

and BHI agar. The 

and Hg2+> Cd2+> 

m agar and BHI agar was Hg2+> 

respectively. 

concentration (MICs) in mM of the metal ions during 

BB !A culture on AB minimal agar (AB) and Brain heart infusion (BHI) agar. 
----------------------------------

Metal ion 

---------Cu~+ 

Cd2
' 

Nf" 
zn2i 

Co2+ 

AB agar 
2.0 
0.3 
2.0 
2.0 
l.O 

0.004 
Data are the rneanc,· qf'three independent experiments. 

MICs in mM 
BHI agar -----

4.0 
0.4 
3.0 
4.0 
4.0 
0.01 

A. 
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4.3.3.EPS production in presence of metal salts 

It was observed that the amount of EPS produced by BB lA cell gradually increased with increasing the 

concentration of metal and reached a maximum at its tolerable metal concentration (Table 4.4). 

Table4.4: Effect of tolerable metal ion concentrations on EPS production. 

Metal ion 

No metal added 
Cu2+(l mM) 
Cd2\0.! mM) 
Ni2+(1 mM) 
Zn2\l mM) 

1 mM) 

Metal ion 

No metal salt 
Cu2\3 mM) 
Cd2+(0.3 mM) 
Ni2+(2 mM) 
Zn2+(3 mM) 
Co2+(3 mM) 
Hg2+(0.008 mM) 

In AB broth 
Growth at 48 h of incubation 

( O.D6oo) 
0.24 
0.21 
0.19 
0.20 
0.22 
0.10 
0.20 

EPS precipitated from 48 h 
old culture ( mg/1) 

10 
20 
20 
20 
20 
20 
10 

In BHI broth 
Growth at 48 h of incubation 

( O.D6oo) 
0.60 
0.60 
0.54 
0.60 
0.55 
0.55 
0.45 

EPS precipitated from 48 h 
old culture (mg/1) 

--- 110 

200 
100 
210 
200 
100 
90 

Data are the means of'three independent experiments. 

4.3.4.Visualization of identical Protein bands in EPS extracted from A. junii BBlA grown with or 

without supplementation of copper ions 

The protein profile of EPS extracted from both the metal exposed and metal unexposed cells were 

identical (Fig. 4.3), supporting the fact that protein constituent in EPS is necessarily the same be the case 

that the cells were grown in presence of added metal ions or not. The variation is observed in the yield 

of EPS; in cells exposed to metal ions the yield of EPS was more compared to the cells grown in media 

without supplementation of metal ions. 
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Fig 4.3: SDS-PAGE of protein obtained from EPS (extracted from A. junii BB 1 A grown 

absence of metal salt). Lane l EPS protein profile from cells gro·wn in AB medium without copper 

Lane 2 EPS protein profile from cells AB supplemented with copper ions. 

4.3.5.Antibiotic susceptibility 

strain BB IA was found to be susceptible to all the 32 antibiotics tested (the antibiotics have been 

tisted in Table 4.1 ). Clear zone of more than 5 mm was observed around the antibiotic disc (Fig. 4.4) 
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4.3.6.Detection of AHL based quorum sensing phenomena in A. junii BBlA 

The observation that the cell grew rapidly after achieving a cell density (O.D6oo > 1.0) in presence of 

metal ions (observed both in AB and BHI medium), has prompted to study the cell density dependent 

phenomena i.e. quorum sensing in A. junii BB lA. This phenomenon was demonstrated by using AHL

Biosensor strain A. tumefaciens NTL4 (pZLR4). Culture supernatant from BBlA induced blue 

colouration of the spot [containing BBlA cell free filtrate mixed with A. tumefaciens NTL4 (pZLR4)] 

(Fig. 4.5). This result strongly suggested that BBlA possess quorum sensing system and produces a 

signaling molecule functionally similar to an AHL molecule having autoinducer activity. 

Fig. 4.5: Detection of AHL-like mo]ecules using A. tumefaciens NTL4 (pZLR4) as biosensor strain. 

Culture supernatant from BBlA induced blue coloration in the growth spot [containing BBlA cell free 

t1ltrate mixed with A. tumefaciens NTL4 (pZLR4)]. 

4.3. 7. Metal resistance by EPS-deficient A. junii BB lA cells 

Threshold concentration of 4-NPO that prevented production of EPS but allowed normal growth (quanta 

of growth nearly identical to cells grown in AB or BHJ medium without any supplementation) was 

determined (Fig. 4.6 a, b and c). 
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Fig 4.6: Effect of varied concentration of 4-NPO (4- Nitro pyridine N-oxide) on growth and production 

of EPS by A. junii BB 1 A. Growth curve of A. junii BB !A in AB (a); and BHI medium (b) in absence 

presence of 4-NPO. in absence of 4-NPO; in presence of 0.05 mM 4-NPO; in presence 

of 0.1 mM 4-NPO; (x), in presence of 0.15 mM 4-NPO; (*), in presence of 0.2 mM 4-NPO; and (•), in 

presence of 0.25 mM 4-NPO. Where, (c) shows EPS production by A. junii BB lA in absence and 

presence of different concentrations of 4-NPO in AB (o), and BHI (£..) media. EPS was extracted from 

48 h old culture broth. Values are means of triplicate independent measurement. 
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• In presence of 0.05 mM 4-NPO (threshold concentration in AB medium) or 0.1 mM 4-NPO (threshold 

concentration in BHI medium), BBlA was found to become sensitive to all the metals tested as revealed 

by the decrease in MIC (Table 4.5 a and b). This result should be compared with the growth and MIC 

values obtained with the cells grown in the same medium without 4-NPO. 

Table 4.5: a) Effect of threshold concentration of 4-NPO (0.05 mM) on MIC, growth and EPS 

production in AB liquid medium. 

Metal In AB broth 
MIC (in mM) Growth at 48 h of EPS precipitated from 48 

incubation ( O.D Goo) hold culture (mgll) 
- 4 NPO +4NPO - 4NPO +4NPO - 4 NPO +4NPO 

No metal NA NA 0.24 0.21 20 <10 
added 
Cu2

' 4.0 LO 0.21 0.21 40 <10 
Cd2

' 0.5 0.! 0.20 0.10 40 <10 
Ni2+ 4.0 2.0 0.20 0.22 40 <10 

3.0 l.O 0.22 0.20 40 <10 
c 2+ 0 3.0 0.5 0.10 0.10 20 <10 

0.01 0.002 0.10 0.20 10 <10 

means a,/ three independent experiments. 

(O.l on M and 

in BHI broth. 
--- --~----------------------------------

Metal In BHI broth 
------·--------·---~~--

MIC Growth at 48 h of EPS precipitated fmm 48 
incubation ( O.D 6oo) h old culturej __ I!_l_~--

- 4NPO +4NPO - 4NPO +4NPO - 4 NPO +4 NPO 
-----·------------ ----

No metal NA NA 0.6 0.55 llO <10 
added 
c 2+ 
~u 9.0 3.0 0.60 0.60 200 <10 

Cd2+ 0.8 0.1 0.54 0.55 100 <jQ 
N.7, 

!"" 5.0 2.0 0.60 0.60 210 <10 
Zn2.,. 7.0 l.O 0.55 0.50 200 <10 
Co2+ 5.0 1.0 0.55 0.50 100 <10 
Hgz+ 0.018 0.004 0.45 0.42 90 <10 

Data are the means of three independent experiments. 

4.3.8. Demonstration of metal binding properties of EPS by Energy dispersive X-ray spectroscopy 

EDS spectra of EPSs exposed to 10 mM of each metal salt solution (ZnS04. ?H20 or CuS04.SH20 or 

CoCh.6I-h0 or HgCh or CdCh. H20), showed the presence of prominent corresponding peaks (Fig.3.l3 

a to f, Chapter 3), which were absent in the control (Fig. 3.13 g, Chapter 3), and have confirmed the 

sorption of these metal ions by the EPS of A.junii BB lA. 
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4.4. Discussion 

Although some heavy metals are essential as trace element for microorganism, but all heavy metals are 

toxic in micromolar or millimolar concentrations due to their ability to block various functions and 

replace vital metals in enzymes. However, certain bacteria are capable of growing in presence of heavy 

metals. For defining metal resistance, Nieto (1987) considered those isolates that could grow in 10 mM 

As, 1 mM each of Cd, Co, Cu, Ni, Pb, Zn and Cr, and 0.1 mM Hg to be resistant. In this study, the strain 

BB I A was capable of growing in presence of heavy metal (Zn2+, Cu2+, Co2+, and Ni2+) at a 

concentration greater than I mM in both liquid and solid medium, an ability that may be important with 

regard to the capacity of this bacterium to survive in polluted environment with elevated levels of heavy 

metal ions. The resistance to the metals was found to be dependent on the type of growth media used; 

the minimum inhibitory concentration (MIC) was higher when determined in nutrient rich BHI as 

compared to AB minimal medium. Differences in MIC values on agar (solidified medium) and liquid 

medium are probably caused by entirely different environment. In liquid medium having metal 

complexing agents, the interaction with free metal ions is more intense leading to lesser bioavailability 

which in turn enhances the MIC values. Again EPS production is directly related to growth. The 

availability of nutrients being uniform in suspension (liquid form), bacteria grow much faster to attain 

the critical cell density to switch on the quorum induced production of EPS that provides protection 

against the metal assault. Hence, higher concentrations of metal ions are required to inhibit the growth in 

- liquid media. Variations in MICs of heavy metals influenced by the media composition were reported 

earlier (Nieto et a!., 1989; Raja et a!., 2008). Components like peptone, yeast extract, tryptone and 

casamino acids (present in commonly used media) can bind to metals and therefore cause variations in 

M!Cs evaluated in different media (Gadd and Griffiths, 1978; Babich and Stotzky, 1980). 

It was observed that the production of EPS by A. junii BB 1 A increased with increasing concentration 

of added metal ions (Zn2
+, Cu2

+, Co2
+, and Ni2+); attaining maximum (two- fold increase; Table 4.5 a 

and b) at the tolerable concentration in both AB and B~I medium. This phenomenon of enhanced 

production of bacterial EPS in the presence of toxic metals was ascribed as a defense mechanism against 

toxicity (Decho, 1994; Fang et al., 2002). Recently, Ordax et al., 20 I 0 has demonstrated the role of 

amylovoran (the main component of EPS) in the survival of Erwinia amylovora in copper stress 

environment. Similar results were obtained with a Cr (VI) resistant strain, Stenotrophomonas sp. JD1, 

which tolerated 1 mM Cr (VI) to the maximum extent that allowed growth, produced highest amount of 

EPS in presence of 0.33 mM and to lesser extent when grown without Cr (VI) or with 0.67 mM or 1 mM 

in tryptone-yeast extract (TY) broth (Morel et al., 2008). Kidambi et al. (1995) observed an increase in 
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the EPS synthesis by a subset of P. syringae strains on mannitol-glutamate medium containing CuS04. 

Stimulated production of EPS was also been reported in presence of Cr (VI), Cu2
+ , Cd2

+ during the 

growth of Enterobacter cloacae, P. aeruginosa copper-resistant strain, and cadmium-resistant Ralstonia 

sp. TAKl respectively (Kazy et al., 2002; Iyer et al., 2004; Watcharamusik et al., 2008 ). 

To further confirm the role of EPS in the resistance against heavy metal ions, EPS deficient 

condition was created by treating BB lA cells with threshold concentration (0.05 mM in AB medium and 

0.1 mM in BHI medium) of 4-NPO (a quorum sensing inhibitor) that prevented production of EPS but 

allovved normal growth. In presence of 0.05 mM or 0.1 mM 4-NPO (Table a and b), the sensitivity 

of BB 1 A cells tested against all metals was significantly increased. This result should be compared with 

the growth and MlC values obtained with the cells grown in the same medium without 4-NPO (Table 

4.5 a and b). By creating conditions where EPS synthesis was blocked by 4-NPO the cells became 

vulnerable to metals at . in the study it was show-n that the synthesis of EPS is 

sensing phenomenon; \Vhen EPS is not produced, cells become susceptible to toxic 

it is concluded that EPS produced A. junii BB lA provide significant advantage on its 

survival the presence of toxic metal ions. 

The resistance mechanism is generally known to be chromosomally encoded or, more often, 

ditTerent showing 

(Piotrowska-Seget et al., 2005). 

capacities are known to be carriers of metal resistance 

this study, plasmid was not detected in A_ junii BB l A; and therefore 

the possibility genes responsible for heavy metal resistance might be present on its chromosome. The 

strain was also found to be sensitive to all of the antibiotics tested. It is well known that the genes 

conferring resistance to an antibiotic generally resides on plasmid. The antibiotic sensitivity of this strain 

further supports the possible absence of any plasmid. Belliveau et al. (1987) reported the absence of 

plasmid in a Pseudomonas sp. isolated from polluted sediment and suggested that lead, tin, and multiple 

antibiotic resistances noted in the bacterial species was probably not encoded by plasmid. BB 1 A is 

therefore an important model for studying resistance to heavy metals. 

One potential mechanism of increased resistance to metal ions is the complexation and sequestration 

of divalent metal ions by the EPS. It has been previously shown in many bacteria that the EPS or the 

polysaccharide component have the ability to bind metal ions (Kaplan et al., 1996; Kim et al., 1996; 

McLean et a!., 1990). EDS spectra of EPS (extracted from A.junii BB 1 A biofilm) treated with different 

metal salts revealed the sorption of respective metals --_:vhich explained the underlying mechanism of 

rendering tolerance to heavy metals. Overall, the benefits that EPS provide to A_ junii under metal stress 

provide a new insight into survival strategies developed by this bacterium. 
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