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Summary 

Several strains of bacteria unusually highly resistant to mercury were isolated from seawater and 

marine sediment samples and identified by 16S rDNA sequencing and were also characterized 

by a battery of biochemical and morphological tests.  The bacterial isolates were identified to 

belong to the genera Pseudomonas, Alcaligenes, Brevibacterium and Bacillus. Many of the 

chosen isolates were tested for growth in the presence of different heavy metals and a variety of 

xenobiotics. Growth curves of all six bacteria highly resistant to mercury examined for growth at 

different concentrations of Hg exhibited prolonged lag phase, during which time necessary 

physiological adaptations to toxic milieu were undergone. All the strains tested for antibiotic 

resistance showed little to no effect of antibiotics on their normal growth. Results of this study 

demonstrate the occurrence of diverse groups of marine prokaryotes capable of high tolerance to 

mercury with a potential to degrade a variety of toxic heavy metals and xenobiotics. 
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1. Introduction 

Mercury is the most toxic of the heavy metals (Gerlach, 1981) and occupies the sixth position in 

the list of hazardous compounds (Nascimento and Chartone-Souza, 2003). Worldwide many 

areas contaminated with mercury pose threat to people and environment (Fukuda et al., 1999 and 

Horvat et al., 1999). Elemental mercury, its ore cinnabar and several of its compounds enter the 

aquatic environment through leaching and washing of soils, rocks, and the atmosphere by rain 

(Pahan et al., 1990). In addition, anthropogenic contributions through which high concentration 

of mercury can reach the aquatic environment include chloro-alkali production, instrument 

manufacturing, chemical laboratories and dentistry (Osborn et al., 1995). The dilution and 

dispersion of dissolved mercury is continuous and both natural and manmade causes lead to 

increased concentrations of mercury in the marine environment. Further, mercury has an affinity 

to bind with organics forming generally recalcitrant and highly toxic organomercurial complexes 

in marine sediments (Gerlach, 1981 and Misra, 1992) and is bioaccumulated through food chain.  

Certain environmental strains of bacteria have acquired highly specific resistance mechanisms 

for mercury. There is considerable evidence about mercury resistance among common microbial 

species (Canstein et al., 1999; Macalady et al., 2000 and Barkay et al., 2003). Mercury-resistant 

bacteria are extremely important in detoxifying the mercury compounds by two sequentially 

acting enzymes namely, organomercurial lyase that cleaves the carbon-mercury bonds of certain 

organomercurials and mercuric reductase, which reduces Hg2+ to volatile mercury (Nakamura et 

al., 1990). Some bacteria have broad-spectrum resistance, i.e., resistance to both Hg2+ and certain 

organomercurial compounds whereas some are resistant only to Hg2+. Under anaerobic 

conditions some bacteria are not harmed by mercury as it is changed directly into apparently 

nontoxic mercury sulfide (Gerlach, 1981).    

Although the plasmid-mediated resistance to Hg has been linked to resistance to antibiotics and 

also to 2,4-dichlorophenoxyacetic acid (Ka et al., 1994), few previous studies have examined 

mercury-resistant bacteria (MRB) and their potential to catabolize toxic xenobiotics (Barbieri et 

al., 1989, 1996 and De et al., 2003). In the recent years, there has been an unusual increase in the 

numbers of mercury-resistant bacteria (Ramaiah and De, 2003). In this study, we aimed at 

characterizing bacterial isolates that grew well in the presence of 25 ppm (≡125 µM) Hg. We 



 

have designated them as bacteria highly resistant to mercury (BHRM; De et al., 2003). We have 

also examined their ability to grow in a range of toxic heavy metals and xenobiotics. This was 

done mainly to evaluate their physiologic response and their potential to degrade an assortment 

of randomly chosen toxicants (which reach the marine environment through one or the other 

route) that have been reported to cause serious harm to biota including human. Presence of 

plasmids that may mediate Hg detoxification, confer antibiotic resistance and enable the BHRM 

to grow in presence of various heavy metals and xenobiotics were also checked.  

2. Materials and methods 

2.1. Bacterial isolates  

Mercury-resistant bacteria (MRB) in water and sediment complexes were isolated from various 

locations along the Indian coast during 1999-2002 using  seawater nutrient agar (SWNA: 5.0 g 

peptone, 1.5 g beef extract, 1.5 g yeast extract, 500 ml aged seawater, 500 ml deionised water 

and 15 g agar) amended with 10 ppm (≡50 µM Hg) HgCl2 (Merck, Germany). After enumerating 

MRB several single colonies were picked and streaked onto SWNA plates containing 25 ppm 

mercury for further purification. These isolates were found to have obligate requirement for 

sodium for their growth suggesting their marine origin (Baumann et al., 1972). Based on colony 

characteristics, 13 isolates originating mainly from coastal samples collected off Goa on the 

West Coast and off Chennai and Gopalpur on the East Coast of India were selected for 16S 

rDNA sequencing and further detailed experimentation were carried out involving some of the 

most potential isolates. 

2.2. 16S rDNA sequencing 

Overnight grown cultures were used for extraction of the genomic DNA and the extraction was 

done using the Necleospin Extract (Macherey Nagel, Germany) and the quality of the product 

was checked on 0.8% TAE agarose gel. The sequencing was done using forward primer (27f: 

5´AGAGTTTGATCCTGG CTCAG 3´; Weisberg et al., 1991) and reverse primer (1492r: 

5´GGTTACCTTACGACTT 3´; Reysenbach et al., 1992). The PCR was done in a thermocycler 

(PE, Applied Biosystem) using a cyclic program of 94 °C (1 min) followed by 35 cycles of 94 °C 

(0.10 min) 54 °C (0.20 min), 68 °C (1.30 min) with a final extension temperature of 68 °C (4.30 



 

minutes). The PCR products were electrophoresed on 0.8% TAE-agarose gel stained in ethidium 

bromide solution (1 µg/ml) and were photographed using a transilluminator. The PCR products 

were cleaned using the QIAquick purification kit (Qiagen, USA). The cleaned PCR products 

were extended further using big dye sequencing kit (version 1.1) in a thermocycler using a 

program of 95 °C  followed by 25 cycles of 55 °C (0.20 min) and 60 °C (3.30 min). The final 

extension products were cleaned further using ethanol-sodium acetate (EtOH-NaAc) and 

speedvac system. The sequencing was done using ABI sequencing instrument (ABI PRISOM 

model no. 3700).  The sequence was compared online, checked for the match using FASTA 

program (http://www.ebi.ac.uk) for identification and were submitted to the gene bank 

(accession numbers; DQ377441- DQ377468).  

2.3. Biochemical Characterization 

Several biochemical tests were carried out to characterize strains of BHRM.  Presence of various 

enzymes such as lipase, gelatinase, amylase, oxidase, catalase, urease, decarboxylases (arginine 

and ornithine), utilization of different carbon sources such as gluconate, pyruvate, citrate, 

cellobiose, glucose, sucrose, mannitol, arabinose, rhamnose, nitrate reduction, methyl red (MR), 

Voges-Proskauer (VP) reaction, H2S production and oxidation-fermentation were checked as 

described by MacFaddin (1980).  

2.4. Growth characteristics of BHRM 

The growth kinetics of BHRM in the presence and absence of mercury singly and in combination 

with DDT (Bayer, Germany) and phenol (Qualigens, India) was determined in seawater nutrient 

broth (SWNB). Twenty-four hour old cultures of six BHRM isolates (CH07: Pseudomonas; 

GP08: Bacillus pumilus; GO01, GP15, GP16, GP17: Alcaligenes faecalis) were inoculated in 

replicates of three SWNB flasks with Hg concentrations of 0, 10 and 50 ppm. The flasks were 

incubated on a rotary shaker (maintained at 180 RPM) at room temperature (28 °C) for 120 h. 

The growth from all the flasks was monitored at a regular interval and log transformed cell 

counts (number ml–1) were plotted to draw growth curves. The growth patterns of two isolates 

(CH07 & GP16) capable of tolerating either 75 ppm Hg in SWNA, 100 ppm DDT in SWNB or 

1000 ppm phenol in SWNB individually were determined in SWNB with 20 ppm Hg + 20 ppm 

Phenol + 10 ppm DDT in combination.  



 

2.5. Mechanism of detoxification of mercury 

Eleven BHRM isolates viz. GP15 (A. faecalis), CM10 (Bacillus sp.), CH07 (P. aeruginosa), 

GP08 (B. pumilus), GP13 (B. iodinium), GO02 (A. faecalis), GP16 (A. faecalis), GP17 (A. 

faecalis), GP14 (A. faecalis), GP06 (A. faecalis), CH13 (B. pumilus), 3C (B. pumilus; an MRB 

but not BHRM), one mercury-sensitive (unidentified) and P. putida KT2442::mer73 (positive 

control; Deckwer et al., 2004) were grown in marine broth for 24 hours and the cells from 2 ml 

broth culture were pelleted by centrifugation at10, 000 rpm. The cells were washed with 

phosphate buffer and placed in wells of microtitre plates. Mercury stock solution was added to 

the phosphate buffer to a final concentration of 10 ppm and then 1 ml mercurated phosphate 

buffer was added to wells containing the cells. The whole plate was covered with Kodak XAR 

film and the plate was incubated at 30° C in dark for 4 hours. After incubation, the XAR film 

was removed and developed.  

2.6. Resistance of BHRM to other toxicants 

The ability of BHRM to grow in the presence of different toxic xenobiotics was tested by adding 

these chemicals at different concentrations into the growth media. Cultures were incubated at 28 

ºC for a maximum of 14 days and inspected regularly for growth. The presence of growth was 

confirmed by streaking a loopful of liquid culture on to SWNA as in some cases growth could 

not be discerned due to turbidity produced by some xenobiotics in SWNB. The changes in 

growth of BHRM in presence of different toxicants were monitored. A reference strain, 

Photobacterium leognathi (ATCC 25521: PL3; Ramaiah, 1989) unable to grow in medium 

containing ≥ 1.0 ppm Hg was included as a control to ascertain the Hg tolerance of 

environmental isolates studied. 

2.7. Antibiotic sensitivity 

Sensitivity of all the BHRM to kanamycin, streptomycin, chloramphenicol, neomycin, 

tetracycline and ampicillin was examined by antibiotic disc sensitivity assay. The isolates were 

determined to be sensitive or resistant to antibiotics based on the sensitivity chart supplied by the 

manufacturers (Himedia, India) beside of comparing to an E.coli strain. Results are shown for 

three strains of Alcaligenes faecalis (GP06, GP15 and GP16) and one Pseudomonas aeruginosa 



 

(CH07) which showed comparatively higher resistance to toxic heavy metals and xenobiotics 

and were used in more detailed experiments. Antibiotic sensitivity of all three isolates after 

plasmid curing assays was also examined to investigate whether the antibiotic resistance was 

associated with any plasmid that might confer mercury resistance in these strains.  

2.8. Detection of Plasmids  

DNA was extracted from all the BHRM and checked for plasmid using Nucleospin Plasmid 

isolation kit (Macherey Nagel, Germany) and agarose gel electrophoresis. To further confirm the 

presence/absence of plasmid, two different plasmid curing assays were performed to note the 

loss, if any, of mercury resistance (for details please see De et al., 2003). In brief, three strains of 

BHRM (CH03, CH07 and CH12) were subjected to two different plasmid curing assays 

involving very high nutrient rich (four-strength) SWNB and acriflavine (final concentration of 

2.5 µg ml-1). The treated cells were checked for their resistance to different heavy metals and 

xenobiotics after the curing experiments. 

3. Results 

3.1. Identification 

Seven isolates (GO01, GO02, GP06, GP14, GP15, GP16 and GP17) were identified as 

Alcaligenes faecalis, three isolates (GP08, CH13 and S3) as Bacillus pumilus and one each of 

Pseudomonas aeruginosa (CH07), Brevibacterium iodinium (GP13) and Bacillus sp. (CM10) 

from 16S rDNA sequencing (Table 1). Biochemical characteristics of the BHRM i.e., those 

capable of growth in SWNB with 25 ppm Hg are listed in Table 2. 

3.2. Growth characteristics 

Growth curves of six isolates of BHRM, including one representative of all the genera identified 

during this study, suggest that there is a prolonged lag phase in the presence of Hg (Figure 1). 

Once cells enter the log phase, in some cases a steep increase follows a long gap (e.g. GP16); in 

others there is exponential growth without any lag (e.g. GP17); in others there is initial rise in 

numbers. Generation times were far lower in the presence of 50 ppm Hg than 10 ppm Hg at least 

in the initial 48 h. For example, in the case of isolate GP16, an Alcaligenes faecalis, there was 



 

only one doubling during the first 48 h whereas stationary phase was attained within 48 h in the 

flasks without added Hg. Growth of a pseudomonad isolated from Chennai harbor (CH07) was 

much faster i.e., two generations within the first 6 h at 50 ppm Hg concentration. After a minor 

lag, its generation was rapid and attained nearly 161 generations between 54 and 72 h before 

entering stationary phase at 108 h. One of the Alcaligenes faecalis GP15 had the slowest growth 

rate in the SWNB with 50 ppm Hg. The growth patterns of the two isolates tested in the presence 

of Hg, DDT and phenol also showed similar trend. When compared their growth in SWNB with 

50 ppm Hg, the growth rate of both the strains was lower in the SWNB containing all three 

toxicants (Figure 1).  Analyses of variance (ANOVA) showed F values far above the tabulated 

values at p=0.001 level indicating that the effect of Hg or other toxic chemicals on the growth 

rate of bacteria were highly significant. 

3.3. Detoxification of Hg 

The foggy areas on the XAR plate denoted the reaction of silver (Ag) reduction by the Hg vapor 

as seen in the photograph (Figure 2).  All isolates tested during this study (viz. GP15, CM10, 

CH07, GP08, GP13, GO02, GP16, GP17, GP14, GP06 and CH13) volatilized mercury from the 

assay medium. The negative control showed no indication of Hg vapour (Figure 2).  

3.4. Resistance of BHRM to other toxicants 

The ability of the BHRM to grow in the presence of various toxic chemicals was highly variable 

(Tables 3 & 4). For example, not all isolates of Alcaligenes faecalis were able to grow in SWNB 

containing 100 ppm DDT or 1000 ppm phenol or 10% (v/v) trichloroethane (TCE). Similarly, 

there were differences in the growth response of these Alcaligenes faecalis towards toxic 

pesticides (for example, in case of penconazole). All three plasmid-cured isolates were able to 

grow in 100 ppm DDT. None of the strains of BHRM tested during this study was able to 

tolerate and grow in the presence of formaldehyde (final concentration, 2% v/v) or formic acid 

(2% v/v). However, two of the Alcaliagenes faecalis isolates could grow in the presence of 10% 

TCE. 



 

3.5. Antibiotic sensitivity 

All the BHRM strains (tested along with a known sensitive strain E.coli) examined for antibiotic 

sensitivity were resistant to most of the antibiotics tested. Except for GP15 all other isolates were 

sensitive to gentamicin. CH07 was sensitive also to kanamycin and chloramphenicol whereas 

GP06 was sensitive to neomycin besides being sensitive to gentamicin as evidenced from the 

inhibition zone (Table 5). All three isolates subjected to plasmid curing assay were able to grow 

in the presence of chloramphenicol and neomycin before and after the curing assays. 

 3.6. Absence of plasmid  

No plasmid was detected from DNA of any BHRM. In the overall, there was no indication of 

loss of resistance in any of the three strains tested owing probably to the absence of plasmids. 

Also, resistance to antibiotics and the capability to grow in SWNB containing several other 

toxicants tested during this study was not lost in any of these strains.  

4. Discussion 

Many bacterial species have been shown to develop resistance to mercury and other heavy 

metals (Silver and Phung, 1996; Osborn et al., 1997; Nies, 1999 and Barkay et al., 2003). Several 

genera have been reported to possess resistance to mercury mostly at 10 ppm or lower levels 

(Robinson and Tuovinen, 1984; Baldi et al., 1989; Osborn et al., 1997 and Nascimento and 

Chartone-Souza, 2003). During this study we have found four different genera (Pseudomonas, 

Alcaligenes, Bacillus and Brevibacterium). Microorganisms in the marine environment are 

suggested to undergo selection pressures in the presence of toxic pollutants and develop 

resistance (Hideomi et al., 1977). Such organisms become important in continuing the basic 

biological processes in contaminated habitats.  Although the pathways of Hg modifications have 

not completely been understood, the isolates of BHRM investigated during this study have many 

unique characteristics.  

The BHRM strains studied during this investigation exhibited resistance to variety of toxic heavy 

metals and xenobiotics.  Such environmental strains are of practical interest to microbiologists 

not only to revalidate present concepts of Hg resistance by native microflora but also to 

understand the evolution and significance of Hg resistance. Further, from the samples collected 



 

from Chennai harbour area for this study, Hg concentrations (determined by cold vapor atomic 

absorption spectrophotometer) ranged from 100 to 2100 ng l-1 in seawater and from 110 to 230 

ng g-1 in sediment (De et al., 2003). It is interesting to note that all the examined strains were 

resistant to much higher concentration of mercury than the in situ concentrations. Environmental 

factors responsible for such high levels of mercury resistance need to be identified for a better 

understanding of the ecology of MRB including the BHRM described in this study.  

Unlike the mercury and arsenic resistance systems that are highly homologous in all bacteria 

studied, other resistance systems have evolved several times (Silver and Phung, 1996). In 

addition, many moieties of chromosomal DNA have been shown to be important in resistance to 

heavy metals. For example, Cánovas et al. (2003) reported that the genome sequence of 

Pseudomonas putida KT2440 has 61 open reading frames (ORFs) involved in different metal 

tolerance/resistance. Pain and Cooney (1998) reported that most of the TBT-resistant bacteria are 

also resistant to six heavy metals (Hg, Cd, Zn, Sn, Cu, Pb), which suggest that resistance to many 

types of toxicants may be present in the same organism. Moreover, the combined toxicity from 

different toxicants may adversely affect the growth rates of native bacteria. Environmental 

isolates of BHRM that grew in the presence of 50 ppm Hg, due probably to genetically conferred 

resistance, were also able to grow at very high concentrations of other heavy metals like Cd, Pb, 

Zn, Cu and xenobiotics including TCE (considered as an environmental hormone), DDT or other 

pesticides, phenols and PCBs warrants further detailed studies on the mechanism of multiple 

resistance at the molecular level. 

From the results on plasmid curing it is most likely that mercury resistance is chromosomally 

encoded in these tested strains. Thus, the resistance to Hg and the potential to tolerate a variety 

of xenobiotics and various antibiotics is possibly conferred chromosomally or by transposable 

elements in all the bacteria examined in this study.  Further, from this study it is evidenced that 

there are many natural isolates with inherent capacities to tolerate toxic heavy metals and 

xenobiotics. 

5. Conclusion: 

We aimed at characterizing environmental isolates and their resistance potential to mercury and 

several other deleterious xenobiotics. We find that these isolates comprise a valuable assemblage 



 

for testing for strains degrading pollutants in the presence of high concentrations of mercury, 

which can be used in bioremediation of mixed wastes. Moreover, these BHRM strains when 

grouped together showed differences in their biochemical characteristics, which warrant a close 

look at their detailed genetic make up for a clearer understanding of mercury-resistance in 

marine bacteria. Such environmental strains are of practical interest to microbiologists not only 

to revalidate present concepts of Hg resistance by native microflora but also to understand the 

evolution and significance of Hg resistance.  
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 Table 1. 16 S rDNA identity of BHRM (compared with FASTA):   

Code Sequence match (%)-
forward strand 

Sequence match (%)-
reverse strand 

Identity on the basis of 16S 
rDNA sequences 

GO02 99.59 100 Alcaligenes  faecalis 

GP06 99.58 99.78 Alcaligenes  faecalis 

GP08 100 99.74 Bacillus pumilus 

GP13 98.54 99.02 Brevibacterium iodinium 

GP14 98.94 100 Alcaligenes  faecalis 

GP15 99.56 99.79 Alcaligenes  faecalis 

GP16 99.65 100 Alcaligenes  faecalis 

GP17 99.56 100 Alcaligenes  faecalis 

CH07 100 100 Pseudomonas aeruginosa 

CH13 100 99.75 Bacillus pumilus 

CM10 96.08 99.48 Bacillus sp. 

S3 99.77 99.77 Bacillus pumilus 

GO01 100 100 Alcaligenes faecalis 

 



 

Table 2. Biochemical characteristics of BHRM  

*Identity of isolates derived from 16S rDNA sequencing.  AF, Alcaligenes faecalis; PA, 

Pseudomonas aeruginosa;  BI, Brevibacterium iodinium; BP, Bacillus pumilus; BS, Bacillus sp.; 

A, acidic reaction; AL, alkaline reaction; O, oxidative; F, fermentative; VP, Voges Proscaeur; 

MR, Methyl red; NR, no reaction; ND, not done; +, growth; -, no growth 

 

Identity* AF PA BI BP BS 

Code  GO01 GO02 GP06 GP14 GP15 GP16 GP17 CH07 GP13 GP08 CH13 S3 CM10 

Gelatinase + - + - - - - + + - - + + 

Lipase - - + + + + + - + - + - - 

Amylase - - + - - - - + + + - - + 

Arginine - + - - - - - + - - - - - 

Ornithin - - - - - - + - + - - - - 

Oxidase - + + - - - - - + + - - + 

NO3
-2 redn + - + + - + + + + - - + - 

Catalase - + + + + + + ++ + + ++ + +++ 

Urease - + + - + + + + + + - + + 

VP - + - - - - - - - - - - - 

MR - - + - - - - - + - - + - 

H2S - - - + + + + - - - + - - 

Indole + + + + + + + - - + + - - 

OF NR NR F O O O F NR F F NR NR NR 

Utilization 

of 

             

Citrate - + + + - + + + - - + - - 

Gluconate - + - - - - - ND - + ND ND ND 

Pyruvate - + + - - - - ND - + ND ND ND 

Cellobiose - + + - - - - ND - - ND ND ND 

Sucrose NR AL A A A A A AL A A NR A NR 

Mannitol AL AL A AL AL AL A A A A NR A A+ 

Rhamnose AL AL AL AL AL AL AL AL+ AL A NR A A 

Arabinose AL A AL AL AL AL AL A AL A AL AL+ NR 



 

 Table 3. Growth response of BHRM in presence of heavy metals 

Isolates groups PA AF BI BP 

Heavy 
metals 

Conc. 
(ppm) a 

CH07 GO01 GO02 GP06 GP14 GP15 GP16 GP17 GP13 GPO8 

Mercury 
 

25 + + + + + + + + + + 

Mercury 
 

50 + + - - + + + + + - 

Mercury 
 

55 - - - - - - - - - - 

Mercury 
 

75b + NT NT NT + + NT NT + - 

Cadmium 
 

100 + - + + + + + + + - 

Copper 
 

100 + + + + + + + + + + 

Zinc 
 

100 + + + + + + + + + + 

Lead 
 

100 + + + + + + + + + + 

  

aparts per million (µg. ml-1) spiked concentrations; +, positive growth; -, no growth; NT, not tested; 

PA, Pseudomonas aeruginosa; AF, Alcaligenes faecalis; BI, Brevibacterium iodinium; BP., 

Bacillus pumilus.; bin SWNA; in all other cases it was in SWNB.  



 

Table 4. Growth response of BHRM in presence of xenobiotics 

Isolate groups PA AF BI BP 

Code  Conc 
(ppm) a 

CH07 GO01 GO02 GP06 GP14 GP15 GP16 GP17 GP13 GPO8 

DDTb 100  + + - - + + + + - - 

Penconazoleb 93  - - - - + + - + + - 

Propiconazoleb 95  + + + + + + + + + + 

Metolachlorb 95  + + + + + + + + + + 

Pretilachlorb 96  + + + + + + + + + + 

Profenofosb 91  + + + + + + + + + + 

Phenol 50 + - + + + + + + + + 

Phenol 1000 NT NT NT + NT NT - NT + NT 

Phenanthrene UN + - + - - - - - - - 

Benzene UN + - + - - - - - - - 

Crude oil UN + - + - - - - - - - 

TCE 10% NT NT NT NT + NT + NT NT NT 

 
aparts per million (µg. ml-1) spiked concentrations;   bstock solutions prepared using hexane +, 

positive growth; -, no growth; NT, not tested; UN, unknown concentration; PA, Pseudomonas 

aeruginosa; AF, Alcaligenes faecalis; BI, Brevibacterium iodinium; BP, Bacillus pumilus;  



 

Table 5. Response of BHRM to antibiotics in terms of inhibition zone in mm diameter 
 
Antibiotics Conc. 

(μg/disc) 
Sensitivity 
limit 

Isolates of BHRM Reference 
culture 

   CH07 GP06 GP15 GP16 E. coli 
 

Kanamycin 
 

30 18 22 (S) 17 16 11 20 (S) 

Streptomycin 
 

10 15 13 15 12 14 20 (S) 

Neomycin 
 

30 17 12 20 (S) 15 16 19 (S) 

Tetracycline 
 

30 19 7 11 9 6 21 (S) 

Ampicillin 
 

10 17 14 10 14 15 18 (S) 

Chlorampheniol 
 

10 18 19 (S) 17 13 14 29 (S) 

Nalidixic acid 
 

30 19 17 17 11 18 19 (S) 

Gentamicin 
 

10 15 22 (S) 25 (S) 12 16 (S) 28 (S) 

Penicillin G 
 

10 U 29 0 11 4 6 20 

 

(S), sensitive; rests are resistant 

 

 
  



 

Figure 1. Growth curves of different bacteria highly resistant to mercury (BHRM) in seawater 
nutrient broth (SWNB) with no added Hg (open circles); 10 ppm Hg (open triangles) and 50 ppm 
Hg (open squares). The isolates are Pseudomonas aeruginosa (CH07); Alcaligenes faecalis 
(GP15, GP16, GP17 and GO01); Bacillus pumilus (GP08). Isolates with asterisks represent the 
growth curves (filled triangles) when Hg (20 ppm), phenol 20 ppm and DDT 10 ppm were added 
together to SWNB.    
 

Time (h)

L
og

 c
el

l n
o 

(m
l-1

)

GO01 (A. faecalis )
6

8

10

12

0 36 72 108

GP08 (B. pumilus )

0 36 72 108

 GP15 (A. faecalis )
6

8

10

12

0 36 72 108

 GP16 (A. faecalis )

0 36 72 108

CH07 (P. aeruginosa ) 

0 36 72 108

 GP16 (A.faecalis )*

0 36 72 108

GP17 (A. faecalis )

0 36 72

 CH07 (P. aeruginosa) *

6

8

10

12

0 36 72 108



 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Mercury volatilization by different bacteria highly resistant to mercury (BHRM) as 
visualized on Kodak XAR film. Upper row (from left to right): GP15 (A. faecalis); CM10 
(Bacillus sp.); CH07 (P. aeruginosa); GP08 (B. pumilus); +ve control (P. putida 
KT2442::mer73); Middle row: GP13 (B. iodinium); GO02 (A. faecalis); GP16 (A. faecalis);  
GP17 (A. faecalis); GP14 (A. faecalis); Lower row: mercurated PBS used in the experiment, non 
MRB isolate(-ve control), 3C (B. pumilus), GP06 (A. faecalis), CH13 (B. pumilus). 


