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ABSTRACT 

 

Bacteria exist as colonial organisms, that utilize signaling system for 

communication. Quorum signaling is a cell-density dependent cell-to-cell bacterial 

communication which regulates several phenotypes such as biofilm formation, 

pigmentation, and virulence. Chromobacterium violaceum is a gram-negative, facultative 

anaerobic bacterium dwelling in the soil and water of tropical environments. Quorum 

signaling is responsible for the C. violaceum biofilm formation and deep purple pigment 

(violacein) production. Several organic and biological molecules have been identified as 

quorum signaling inhibitors. As well, recent studies showed that sub-lethal concentrations 

of heavy metals such as cadmium and nickel also inhibited C. violaceum quorum 

signaling resulting in reduced violacein production, virulence, biofilm formation, and 

quorum-regulated gene expression. In the current study, I showed that cobalt inhibited 

suspended cell aggregation (floc biofilm formation) in both aerobic and anaerobic 

conditions but did not affect surface-attached biofilm. Also, cobalt inhibited expression 

of several genes involved in quorum signaling. This study is the first report of the effects 

of heavy metal on quorum signaling inhibition of C. violaceum in anaerobic condition. 
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1. INTRODUCTION 

  Bacteria utilize quorum signaling as a density-dependent cell-cell 

communication. Bacteria secrete different signaling molecules called autoinducers (AIs) 

to their surrounding environment which results in communication between either same 

genus or in mixed-culture bacteria. In gram negative bacteria AIs include 

diketopiperazines (DKPs), N-acyl homoserine lactones (AHLs) and AI-2 type signals [1]. 

Gram positive bacteria utilize a specialized transport system to secrete oligopeptide AIs 

[2]. Quorum signaling was first described in the bioluminescent marine bacterium Vibrio 

fischeri which utilizes Lux system, in which the LuxI protein (gene product of luxI) 

synthesizes the AHL signal, N-(3-oxohexanoyl) homoserine lactone (3-o-C6 HSL), and 

the LuxR protein (gene product of luxR), functions as a transcriptional regulator in 

response to a critical threshold of AHL signal. Other AHL quorum signaling systems 

have analogs to luxI and luxR [3] with the AHL signals having species-specific 

differences in the acyl moiety. Two other AHL-based quorum systems are the Las and 

Rhl systems in Pseudomonas aeruginosa in which the luxI/R homologs are lasI/R and 

rhlI/R respectively and the AHLs being N-3-oxo-dodecanoyl homoserine lactone (3-o-

C12 HSL, for the lasI/R system) and N-butanoyl homoserine lactone (C4-HSL, for the 

rhlI/R system) [2].  

Quorum signaling and expression of AIs is responsible for virulence, 

pigmentation, motility, and genes regulation of biofilm formation [4]. Quorum signaling 

is known as a positive feedback loop, because when the LuxR transcriptional protein 

interacts with AHL signals, it binds to the luxI promoter and therefore increases luxI 

expression and AHL signal production [5]. Positive feedback in V. fischeri happens when 
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exogenous increase of 3-o-C6 HSL (signal) activates the promoter of LuxI by LuxR 

which results in increase expression of LuxR [5]. Both gram positive and gram negative 

bacteria exploit quorum signaling through positive feedback loop, thus signals called 

“autoinducers” [2]. 

Chromobacterium violaceum is a gram negative bacterium commonly found in 

soil and water in tropical region. C. violaceum employs N-hexanoyl (C6 HSL) and N-

decanoyl-L-homoserine lactone (C10 HSL) AHLs, as quorum signals [6] [7]. C. 

violaceum produces the purple pigment, violacein, in response to C6 HSL [8]. In this 

case, quorum signaling regulates by LuxI/R homologue, CviI/R, and controls biofilm 

formation [9], virulence, and violacein production [10], a dark purple tryptophan 

derivative [11]. Since the complete genome sequence of C. violaceum ATCC 12472 has 

been revealed and violacein production is a quantitative quorum-regulated phenotype 

[12], this bacterium is used as a model for gram negative QS characterization. Chitinase 

is a virulence factor in C. violaceum that is regulated by quorum signaling [13]. C. 

violaceum has several genes that encode chitinase [14] and utilizes chitinase to degrade 

chitin as a carbon source [15].  

The term, biofilm, refers to a community of microorganisms in which cells stick 

to a surface or to each other. Cells within biofilms produce an extracellular matrix mostly 

composed of polysaccharides or other molecules. Proximity of organisms within biofilms 

results in quorum signaling, hence cells can survive biological and chemical 

antimicrobial agents [16]. Generally, the term biofilm is frequently related to a liquid-

solid interface microbial community. Microbial flocs also exhibit similar features to 

biofilm groups on surfaces [17]. Bacterial flocs are suspended aggregates of EPS 
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encapsulated bacteria that are scattered in aquatic environments [18]. Most bacteria are 

motile by means of flagella, that plays an important function in biofilm formation. It has 

been shown that mutant Escherichia coli lacking flagella are unable to initiate the first 

few steps of biofilm formation (Figure 1)[19]. Based on the previous study, Vibrio 

harveyi QS positively regulates motility by affecting the expression of flagellar genes 

[20]. It has been shown that C. violaceum have at least 67 flagellar genes controlled by 

flagellar-motor supramolecular complex [21]. Thus, it is essential to investigate the link 

between QS and motility which affects biofilm formation. It has been shown that C. 

violaceum ATCC 12472 also is able of cellulose biosynthesis [22]. Cellulose production 

helps bacterial quorum signaling and adhesion in biofilm formation [23]. 

 

 
               Figure 1: Biofilm formation steps. First and second steps are attachment, bacteria can adhere to   
               each other and to a solid surface. Third and fourth steps are maturation, biofilm grow and produce    
               extracellular polymeric matrix and become antibiotic resistant. The fifth step is release, bacteria  
               release from the biofilm in the environment in planktonic form [24]. 
 
       

Several organic and biological molecules have demonstrated quorum signaling 

inhibition. Biological QS inhibitors have found in many plant extracts [25] [26]. Several 

gram positive bacteria produce lactonase and acylase enzymes that inactivate AHLs [27]. 

Organic inhibitors such as aspirin [28], furanones that destabilize LuxR [29] [30], and 

LuxI binding site inhibitors, autoinducer analogs [31] [32] have also been described. 
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Studies of heavy metal-based QS inhibition is more recent. In one study, low 

concentrations of Ni2+ and Cd2+ had inhibitory effects on biofilm formation and reduced 

transcription of the luxI/R homologues, bmuI/R in Burkholderia multivorans [10]. In 

another study [4], cadmium salts caused QS inhibition in C. violaceum resulting in a 

decrease of bacterial motility, biofilm formation, chitinase production, and violacein-

pigmentation. 

High concentrations of heavy metals are toxic for biological systems. It has been 

shown that binding of heavy metals such as cobalt ions to DNA terminate gene 

replication and inhibits growth of microorganisms [33]. Bacteria exploit different 

detoxification mechanisms, such as eliminating the metal ions from the cytoplasm [34], 

integration of metals to organic compounds [35], and hydrogen sulfide production which 

causes precipitation of otherwise toxic metal ions as insoluble metal sulfides [36]. 

Several studies have demonstrated the effects of anaerobic condition on bacterial QS. The 

presence of oxygen is vital for biofilm formation of laboratory strains of Escherichia coli 

[37]. Quorum signaling in Salmonella enteritidis was induced by AI-1 under anaerobic 

condition, resulting in biofilm formation [38]. To date, metal-based QS inhibitors of C. 

violaceum in anaerobic condition have not been extensively tested. This study 

investigates the first explanation of anaerobic heavy metal based quorum sensing 

inhibition in C. violaceum. In this regard, to attain more information on the relation 

between quorum sensing and molecular structure, we tested the effects of cobalt chloride 

susceptibility in aerobic and anaerobic conditions on quorum signaling by using RT-

qPCR with C. violaceum.  
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2. MATERIALS AND METHODS 

Strains and culture conditions 

The bacterial strain used was C. violaceum ATCC 12472. Culture of C. violaceum 

was grown on Luria Bertani (LB) at 30 º on shaking incubator at 150 RMP for 24 hours. 

Plate culture of C. violaceum was grown on LB agar at 30 º. Cobalt chloride salt was 

added at concentrations 0.01 mM, 0.1 mM, 0.2 mM, 0.3 mM, 0.4 mM, and 0.5 mM. 

Cobalt chloride stock solution was made by dissolving it into 1 L of high resistance 

“Milli Q” water (18 MΩ/cm2) at concentration of 40 mM and filter sterilized through 0.2 

µm pore-size filter. 

 

Confocal Microscopy 

 Wilde type C. violaceum streaked on LB agar and grown overnight at 30º. Then, 

the individual colonies were grown in 5 ml LB and incubated at 30º in shaking incubator 

at 150 RPM for 24 hours. Then, C. violaceum culture was transferred to 5 ml LB as a 

control and LB plus 0.01 mM and 0.1 mM cobalt chloride. All samples were grown at 30º. 

Similar experiments were conducted in an anaerobic chamber. Confocal microscopy was 

performed using BacliteTM live/dead gram stain kit. 5 µl of each sample was mixed with 

0.5 µl of dye (cyto 9 and propidium) on the microscope slide. 

 

Motility 

C. violaceum was assayed for motility by using inoculating needle to stab 5 ml 

motility agar containing cobalt chloride [39]. C violaceum culture was prepared as 

explained before. Motility media was prepared by mixing 0.4 agar, LB, and TTC. Cobalt 
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chloride in different concentrations 0.1 mM, 0.2 mM, 0.3 mM, 0.4 mM, and 0.5 mM were 

added to the tubes. Then, all inoculated media were incubated at 30º for 20-22 hours. 

 

AHL Supplementation 

  Overnight C. violaceum colonies grown on LB agar at 30º were transferred to 5 

ml LB broth and incubated at 30º in shaking incubator at 150 RPM for 24 hours. 

Dissolved signals in ethyl acetate were added to tubes and incubated overnight at 37º to 

allow the evaporation of ethyl acetate, according to Hidalgo-Romano et al. Motility agar 

was prepared as explained before. Then, tubes were filled with 5 ml motility agar, 10 mM 

and 100 mM of C6 and C10. In addition, different concentrations of cobalt chloride (0, 

0.1, 0.2, 0.3, 0.4, and 0.5 mM) were added to the tubes. Each tube was stabbed with 

overnight culture of C. violaceum and incubated at 30º for 20-22 hours. 

 

Biofilm Assay 

Fresh C. violaceum cells were streaked on LB agar and incubated overnight at 30º. 

Following the incubation, single colonies from the plate were inoculated in 5 mL of LB 

broth and incubated at 30º for 24 hours. Microtiter plates containing LB, cobalt chloride 

was inoculated with C. violaceum overnight culture. Microliter plate culture then grown in 

shaking incubator at 150 RPM at 30º for 24 hours. The second microliter plate culture was 

grown in an aerobic chamber at 30º for 20-22 hours. Planktonic cells were shaken out of 

the plates and the plates were washed with sterilized PBS. Then, biofilms were stained with 

225 µl 1% crystal violet and incubated at room temperature for 10 minutes [40]. Unbound 

stain was removed using sterilized PBS three times and biofilms were eluted with 30% 
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acetic acid. Each well was filled with 150 µl deionized water and 50 µl cells. Then, plates 

were read on plate reader at 550 nm. 

 

TEM 

  Overnight culture of C. violaceum was inoculated in 5 mL LB broth and 

incubated at 30º in shaking incubator at 150 RPM for 24 hours. After the initial 

incubation time, cultures were streaked in LB agar and different concentration of Cobalt 

chloride (0 and 0.3 mM) at 30º incubator for 20-22 hours. The same procedure was done 

for anaerobic samples in the anaerobic box. We did negative staining [41], 10 Pl of 2% 

uranyl acetate was mixed with a loopful of each samples on a parafilm and sat for 1 

minute. Then, the mixture was transferred on the TEM grid and sat for 2 minutes. 

Furthermore, each sample was observed using TEM. 

 

RT-qPCR  

Overnight culture of C. violaceum inoculated onto 5 ml LB broth and incubated at 

30º in a shaking incubator at 150 RPM for overnight. Following incubation, all cultures 

were diluted to the fresh LB broth and 0.3 mM cobalt chloride and incubated in shaking 

incubator for 8 hours. The same procedure was conducted in anaerobic chamber. Total 

RNA was stabilized using RNAprotect Bacterial Reagent (Qiagen1018380) and extracted 

using RiboPure Bacterial Kit (Invitrogen AM1925). RNA was converted to cDNA using 

High Capacity cDNA Reverse Transcription Kit (Applied Biosystems 4368814) utilized 

lysozyme lysis and Proteinase K. qPCR was performed using PrimeTime Gene Expression 
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Master Mix (IDT 1055772) [39]. All primers/Probes used are shown in Table 1. Agarose 

Gel then performed with 5 µl samples and 2% agarose gel in TAE.  

 

        Table 1: Primers/Probes sequences used for RT-PCR. 
Genes 
Name 

Gene 
Function 

Sequence 

bscC Cellulose 

synthase 

Forward: 5'-GTCCAACTTCGCCTACCAG-3' 

Probe: 5'-CTTGCGGTTGCTGTCCACGTTC-3' 

Reverse: 5'-CAGAAATTGACGGTGTTGACG-3' 

fliG1 Motor switch 

protein 

Forward: 5'-ATCCAGGACAAGATGTTCGTG-3' 

Probe: 5'-ACCGCTCGATCCAGACCATCC-3' 

Reverse: 5'-TTTCCTTCAGATCGGTGCTG-3' 

fliC2 Flagellin Forward: 5'-CCAGCAACCAGATATCCGTG-3' 

Probe: AGGTTGGCGTTATAGCTGTTCAGGC-3' 

Reverse: 5'-GGTGATGTCTATCGTCTTGGTG-3' 

flgM Regulator Forward: 5'-CTACAGCACCCAGAGCAAG-3' 

Probe: 5'-CTCGTGCCTCGTCCAGTTCCAG-3' 

Reverse: 5'-TTCACGCTGTCATCCTTGG-3' 

vioA Violacein  Forward: 5'-TTCAAGAGCCATGTCCAG-3' 

Probe: 5'-ACTCGTTCATCGCCCGCTTCAG-3' 

Reverse: 5'-TGACGAACTGGAGAAAGG-3' 

chiA Chitinase Forward: 5'-AGTCTTGCCCCAATAACG-3' 

Probe: 5'-CATCGTGCAAACGCCTTACGCC-3' 

Reverse: 5'-CCCTTGAACACATTGCTG-3'  
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        Table 1. Continued. 
cviI LuxI family 

AHL synthase 

Forward: 5'-CAAGGTGGACTGGTACTG-3' 

Probe: 5'-ACTAAGCTGCGACAGTTGTGGGC-3' 

Reverse: 5'-CGGAAGATTCTGTGACGG-3' 

cviR LuxR family 

transcriptional 

regulator 

Forward: 5'-ACATTGCTGGAGTGGATTC-3' 

Probe: 5'-CGCCCTCGGTTTCGATATGCCC--3'  

Reverse: 5'-ATTCTCTGGATCTGATTCTGG-3' 

pykF Pyruvate 

Kinase, 

Housekeeping 

Forward: 5'-TGCTGGATGAAACGGAAG-3' 

Probe: 5'-ACCCGGAAGCGTTCGAGGC-3' 

Reverse: 5'-GTCGTTCACCAGGATCAG-3' 
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3. RESULTS 

 

Confocal Microscopy 

As we expected, C. violaceum can growth in both aerobic and anaerobic 

environments but prefer aerobic condition. Confocal images demonstrated that there was 

more biofilm formation in aerobic condition with no cobalt chloride than anaerobic 

condition with no cobalt chloride (Figure 2, a and d). In case of 0.01 and 0.1 mM cobalt 

chloride, there were more biofilm in aerobic condition (Figure 2, b, c, e, and f). Confocal 

images showed that cobalt chloride inhibits C. violaceum flocs biofilm formation in 

either condition. Also, Cobalt chloride has dose dependent effects on C. violaceum. 

  

 
Figure 2: Confocal images. Showing Cobalt induced inhibition of biofilm formation   in 
C. violaceum. a) control aerobic, b) 0.01 mM CoCl2 aerobic c) 0.1 mM CoCl2 aerobic, d) 

control anaerobic, c) 0.01 mM CoCl2 anaerobic, and e) 0.1 mM CoCl2 anaerobic. Red 
color indicates dead cells and green color indicates live cells. (60x objective) (n = 3) 
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Motility 

Motility in C. violaceum was reduced in the high concentration of cobalt chloride 

(0.4 and 0.5 mM). Motility is indicated by red radiation away from the needle inoculation 

and growth is indicated by cloudy media. Organism growing in the motility media reduce 

colorless TTC to red-colored Formazan and indicated motile bacteria. In addition, reduced 

agar concentration makes the medium semi- solid, so organism can move freely. In control 

sample, the media was cloudy and there was an obvious red radiation away from the needle 

line compare to 0.5 mM sample that was less cloudy and limited red radiation was observed 

(Figure 3). As the cobalt chloride concentration is increased, the red radiation was limited 

above the needle line and media was less cloudy, this indicated that C. violaceum prefer 

oxygen.  

 

 

 
Figure 3: Motility test. From test. left to right: Motility is reduced by adding different 
concentration of cobalt chloride. In control, there is red radiation around the needle line 
and the media is cloudy due to C. violaceum growth. In the tube with 0.5 mM cobalt 
chloride, the red radiation is only observed above the needle line and the media is less 
cloudy compare to the control. 
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AHL Supplementation 

As motility is a quorum-regulated phenotype in C. violaceum, we added signals 

back to the motility media to see if the inhibition is through competitive binding between 

AHLs and cobalt. Addition of 10 mM C10 HSL to C. violaceum culture with different 

cobalt chloride concentrations (Figure 4) had the same pattern as without AHL with 

cobalt (Figure 3). However, addition of 100 mM C10 HSL showed less growth and 

motility compare to samples without C10 HSL indicating competitive inhibition between 

cobalt and C10 HSL. However, addition of 10 and 100 mM C6 HSL did not restore the 

pattern as seen for the no AHL condition. In the sample with 100 mM C6 HSL and 0.5 

mM cobalt chloride no growth was detected (Figure 4f). Thus, C6 HSL might increase 

toxicity of cobalt chloride. 
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Figure 4: AHL supplementation by C. violaceum. Effect of AHL supplementation with 
two concentrations (10 mM and 100 mM) of C6 and C10 HSLs on CoCl2 treatment of C. 
violaceum. Growth is shown by cloudiness of media and motility is shown by red radiation 
away from the stab line. a) Control no CoCl2, b) 0.1 mM CoCl2, c) 0.2 mM CoCl2, d) 0.3 
mM CoCl2, e) 0.4 mM CoCl2, f) 0.5 mM CoCl2.  
 
 
 
Biofilm Assay 

As we expected, crystal violet staining indicated that there are notable differences 

in attached biofilm formation between anaerobic and aerobic conditions (Figure 5) (Table 

2). C. violaceum can grow in the absence of oxygen but prefer aerobic condition. Also, 

based on the results shown in Figure 4, cobalt has no effect on attached biofilm formation 

of C. violaceum in either conditions (Table 2). However, aerobic sample with 0.2 mM 

CoCl2 showed a difference in biofilm formation, p = 0.058 (Figure 5). 
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Figure 5: Quantification of biofilm formation. There is a notable difference (Table 2) in 
attached biofilm formation between aerobic and anaerobic conditions, while there are no 
significant differences (Table 2) with and without cobalt in both aerobic and anaerobic 
conditions. Difference marked with an asterisk (*) is statistically significant, p = 0.058. 
Error bars represent standard deviation. 
 
 
 
 
Table 2: Statistical significance of biofilm formation. Under anaerobic and aerobic 
conditions. p < 0.05 (Dunnett’s Test) are significantly different. This table shows the 
comparison between control and different concentration of cobalt chloride. 
 CoCl2 

concentrations 
t df Significance 

A 
E 
R 
O 
B 
I 
C 

0.1 mM -0.36479 8 0.7247 
0.2 mM -2.2143 8 0.05769 

0.3 mM -1.0086 8 0.3427 
0.4 mM -0.7447 8 0.4778 
0.5 mM 0.20489 8 0.8428 

A 
N 
A 
E 
R 
O 
B 
I 
C 

0.1 mM -1.3861 8 0.2031 

0.2 mM -1.183 8 0.2708 

      0.3 mM -0.033 8 0.9745 

0.4 mM 0.14198 8 0.8906 

0.5 mM -1.0227 8 0.3364 

Aerobic 

Anaerobic 
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Table 2. Continued. 

AEROBIC vs  
ANAEROBIC 

Control 2.7553 9.3609 0.02151 

0.1 mM 3.8173 8.8636 0.004224 

0.2 mM 2.429 10.491 0.03446 

0.3 mM 2.5749 8.5348 0.03121 
0.4 mM 2.8182 8.803 0.02054 

0.5 mM 3.6658 8.3721 0.00587 
 
 
 
 
TEM 

TEM images showed that samples treated with 0.3 mM cobalt chloride had shorter 

flagella than control (Figure 7, B and D). Also, aerobic samples had more flagella compare 

to the anaerobic ones (Figure 7, A and C). In some anaerobic treatment samples pili were 

observed (Figure 6). 

 

 

 

Figure 6: TEM image of C. violaceum, anaerobic with 0.3 mM cobalt chloride. 
Anaerobic samples with cobalt treatment showed shorter flagella and more pili 
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Figure 7: TEM images of C. violaceum in aerobic and anaerobic condition. The length 
of the flagella of C. violaceum is shorter in samples containing cobalt chloride. A) aerobic 
control, B) aerobic with 0.3 mM CoCl2, C) anaerobic control, D) anaerobic with 0.3 mM 
CoCl2. 
 
 
RT-qPCR  
 

We got lots of variable results, so the RT-qPCR results were inconclusive. 

However, we saw significant differences in gene expression with and without cobalt 

(Figure 8). Several genes are responsible in C. violaceum biofilm formation such as: cviI/R, 

bscC, vioA, flgM, fliC2, fliG1, and chiA. cviI/R are genes responsible for quorum signaling, 

cviI is signal inducer (AHLs) and cviR is a QS regulator. Cellulose production (bscC) helps 

bacterial quorum signaling by controlling diffusion of AHL signals as well as providing 
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adhesion in biofilm formation. Also, bscC product (cellulose) is a component of C. 

violaceum biofilm’s extracellular matrix [22]. Most bacteria are motile by means of 

flagella, that plays an important function in initiation of biofilm formation. Previous study 

has shown that 67 genes are involved in chemotaxis of C. violaceum [21]. Some of these 

genes are fliG1 is motor switch protein, fliC2 is flagellin protein, and flgM is regulator. C. 

violaceum produces violacein, a dark purple pigment, which regulates by vioA. C. 

violaceum has several genes that encode chitinase such as chiA. Chitinase is a virulence 

factor that is regulated by quorum signaling [13]. Based on the results there was a 

significance difference in gene expression, bscC and cviI/R, in anaerobic samples with 0.3 

mM cobalt. In case of flagella genes, fliC2 and flgM, there was a significance difference in 

aerobic samples without cobalt. Violacein gene expression, vioA, showed significance 

differences in both aerobic and anaerobic samples. 

The quantity of extracted RNA determined by the ratio of absorbance with values 

between 1.9-2.1 by using spectrophotometer. Additionally, the quality of extracted RNA 

was measured by electrophoresis. All samples had two bands representing the 16S and 23S 

ribosomal RNA fragments and were not degraded, which would have been indicated by a 

lack of bands (Figure 9). 
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Figure 8: Transcription levels of QS-related genes in C. violaceum. In the presence or 
absence of 0.3 mM Co2+. All expression levels are expressed as relative to pykF 
expression. Differences marked with an asterisk (*) are statistically significant from 
untreated samples (p < 0.05) (Dunnet test). 
 
 

 
Figure 9: Image of RNA quality used for q-RT-PCR. Separate biological replicates (n = 
3) of C. violaceum grown aerobically in LB, control (column 1), aerobically grown in LB 
+ 0.3 mM CoCl2 ( column 2), anaerobically grown in LB, control (column 3), and 
aerobically grown in LB + 0.3 mM CoCl2 (column 4). After extraction, total RNA was used 
for reverse transcription and qPCR tests. BioRad TM EZ imager was used to observe gel. 

 

Differences seen in: 
• Cellulose synthase 

(biofilm) 
• Quorum signaling 
• Flagella regulator 
• Flagellin 
• Violacein 
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4. DISCUSSION 

 
         Quorum signaling is a cell-to-cell communication that indicates the ability of 

bacteria to recognize and respond to chemical molecules, autoinducers. QS is a cell 

density dependent mechanism [42]. In Gram negative bacteria, signaling molecules are 

called AHLs. Here, R protein, transcriptional regulator, and I protein, autoinducer 

synthase, are involved in QS [43] [44]. Quorum signaling is responsible for biofilm 

formation, virulence, pigmentation, and motility. Biofilms are bacterial communities that 

are embedded in an extracellular matrix and have different phenotype compared to 

planktonic cells [45]. 

Heavy-metal based quorum signaling inhibitors have recently gained researchers’ 

attention and required extra work to completely understand the inhibition mechanisms. 

Generally quorum inhibitors are non-lethal, low molecular weight, and stable molecules 

that cannot be metabolized [31]. Also, quorum inhibitors must be exclusive for the 

specific regulator, LuxR homologue. It has been shown that sub-lethal concentrations of 

nickel and cadmium can inhibit LuxI homologue transcription [10] [4]. 

Characterization of some quorum regulated phenotypes in C. violaceum, such as 

violacein production, showed that quorum signaling inhibition occurs at the transcription 

level [4]. In this study, we showed that cobalt inhibits floc biofilm formation in C. 

violaceum. However, cobalt did not affect attached biofilm formation in C. violaceum. As 

we expected, there was a significant difference between biofilm formation in aerobic and 

anaerobic conditions. C. violaceum prefer oxygen, so there was more biofilm in aerobic 

condition. We used sub-lethal concentrations of cobalt chloride ( 0.1, 0.2, 0.3, 0.4, and 

0.5 mM) that did not have lethal effects on the cell population. 
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Motility in C. violaceum was reduced in high concentrations of cobalt chloride 

(0.4 and 0.5 mM). TEM images showed that C. violaceum flagella is shorter in samples 

treated with 0.3 mM cobalt chloride. Also, these images showed that there were more pili 

in anaerobic with 0.3 mM cobalt chloride samples compare to other samples. AHL 

supplementation test was done to see if the inhibition is quorum signaling related or it 

happens because of the competitive inhibition. Addition of C10-HSL restored the pattern 

of motility with cobalt, indicating competitive competition between AHL and cobalt. In 

both tests, red radiation was limited above the needle line which indicates that C. 

violaceum prefer oxygen. There was a significance differences between gene expression 

in samples with and without cobalt. vioA, associated with violacein production, showed 

cobalt-induced expression differences in both aerobic and anaerobic condition while 

cellulose synthesis (bscC), and genes involve in quorum signaling (cviI/R) showed 

differences only in aerobic samples with cobalt. Since these results were so variable, we 

cannot reach to a definite conclusion. 

Cobalt, cadmium, and nickel are inhibitors of enzyme function [46] [47] [48] 

[49]. It has been shown that cobalt, cadmium, and nickel are compete  with magnesium 

and calcium in DNA binding site [50] [33]. Cobalt and nickel are able to bind to DNA 

only in the presence of  specific ligands [51].  

Bacteria utilize several resistance mechanisms to heavy metal toxicity like 

metallothioneins, efflux pumps, and biofilm formation [52]. Metallothioneins are low 

molecular weight, cysteine-rich proteins that specifically bind to a single metal ion. 

Metallothioneins can be determined by the metal buffer concentrations which is required  

by the cells and by the Irving- Williams series [53]. Metallothioneins bind to multiple 
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metal ions such as cobalt [54] [55] [56], cadmium [57] [58] [59] [60], and nickel [61] 

[62]. Bacteria exploit efflux pumps to actively transfer toxic molecules out of the cell 

[63]. C. violaceum utilize several efflux pumps such as metal transporters like cobalt, 

nickel, and cadmium [64].  

Biofilm formation is one of the most important resistance mechanisms exploited 

by bacteria. Bacteria within biofilms are more resistant to toxic metal than planktonic 

form by acquiring several resistance mechanisms against toxic metal compounds [65]. 

Aside from the previously mentioned efflux pumps, the biofilm matrix can bind and slow 

metal ion penetration. As well, there are a number of biofilm-specific resistance genes 

that have been identified [65]. Several bacteria have shown biofilm resistance 

mechanisms to heavy metals such as Xylella fastitiosa and E. coli [65], and P. aeruginosa 

[66].  

Addition of heavy metals such as cobalt, cadmium, and nickel to drinking water 

systems are not advised due to toxicity to human body. However, these heavy metals can 

be added to non-potable water sources, to prevent biofilm formation and corrosion which 

results in reduction of maintenance costs of these systems. 

  This study is the first metal ion based report of quorum signaling inhibition in 

anaerobic condition in C. violaceum. 
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