
Tolerance to various toxicants by marine bacteria highly resistant to mercury. Jaysankar De, N. 
Ramaiah, A. Mesquita and X. N. Verlekar. Marine Biotechnology. Vol. 5, pp. 185-193, 2003. 
 

 

Tolerance to various toxicants by marine  

bacteria highly resistant to mercury   

 
 
 
 
 
 
 
 
 
 

Jaysankar De*, N. Ramaiah, A. Mesquita and X. N. Verlekar 

 

National Institute of Oceanography, Dona Paula, Goa 403 004, India 

 
 
 
RUNNING TITLE: Bioremediation potential of mercury resistant bacteria 

 

KEY WORDS: Mercury resistant bacteria, xenobiotics, plasmid curing, toxicity assays, 

Pseudomonas, marine pollution bioremediation 

 

 

            

*Corresponding author.  National Institute of Oceanography, Goa-403004, India.  

Tel: 91 832 221322 Fax: 91 832 223 340; email: jayde@darya.nio.org 



 2

SUMMARY 

 

Bacteria highly resistant to mercury (BHRM) isolated from seawater and sediment samples were 

tested for growth in the presence of different heavy metals, pesticides, phenol, formaldehyde, 

formic acid and trichloroethane to investigate their potential for growth in the presence of a 

variety of toxic xenobiotics. We hypothesized that bacteria resistant to high concentrations of Hg 

would have potential capacities to tolerate or possibly degrade a variety of toxic materials and 

thus would be important in environmental pollution bioremediation. The MRB were found to 

belong to Pseudomonas, Proteus, Xanthomonas, Alteromonas, Aeromonas and 

Enterobacteriaceae. All these environmental bacterial strains tolerant to mercury used in this 

study were capable of growth at far higher concentration (50 ppm) of mercury than previously 

reported. Likewise, their ability to grow in the presence of toxic xenobiotics, either singly or in 

combination, was superior to those bacteria incapable of growth in media containing 5 ppm Hg.  

Plasmid curing assays done in this study ascertained that resistance to Hg, antibiotics and toxic 

xenobiotics is mediated by chromosomally borne genes and/or, transposable elements rather than 

by plasmids. 
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INTRODUCTION 

Among the nineteen heavy metals, arsenic, cadmium, mercury and lead have no known essential 

biological function (Gadd, 1992) and are extremely toxic (Hideomi et al., 1977). Residual effects 

of most of these heavy metals on aquatic biota are long lasting and highly deleterious as they are 

not easily or rapidly eliminated from these ecosystems by natural degradative processes. These 

metals tend to accumulate in sediment and move up the aquatic food chain ultimately reaching 

human beings where they produce chronic and acute ailments  (Förstner and Wittmann, 1979) 

including a number of DNA mutations (De Flora et al., 1994). The harmful effects of these 

heavy metals in the environment therefore tend to be permanent. 

Elemental mercury, its ore cinnabar and a variety of its compounds enter the aquatic 

environment through natural leaching and washing of soils, rocks and atmosphere by rain (Pahan 

et al., 1990) as well as by anthropogenic chloro-alkali production, instrument manufacturing, 

chemical laboratories and dentistry (Osborn et al., 1995). In marine environments, addition and 

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

increased concentrations. Mercury can bind to organics leading to formation of generally 

recalcitrant and highly toxic organomercurial complexes in marine sediments (Gerlach, 1981; 

Misra, 1992). 

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

and to 2,4-dichlorophenoxyacetic acid (Ka et al., 1994), previous studies have not examined the 

potential of MRB (Hgr) to catabolize toxic xenobiotics. Barbieri et al. (1989, 1996) demonstrated 

a link between mercury resistance and degradation of aromatic compounds by an array of 

pseudomonad species. Although such indications have been available, the potential of MRB 

isolated from the marine environment to tolerate/degrade many classes of toxicants has not been 

examined. Many heavy metals and their derivatives of industrial importance, varieties of 

pesticides and insecticides such as dichloro diphenyl trichloroethane (DDT), dichloro diphenyl 

dichloroethane (DDD), dichloro diphenylethylene (DDE), polychlorinated biphenyl (PCB), 

pentachlorophenol (PCP) reach the sea through various anthropogenic activities. The native 

microbial flora that primarily recycle all the biologically essential elements play an important 
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role in mitigating toxicities associated with pollutants reaching the sea. This study was aimed at 

examining the ability of several isolates of marine bacteria highly resistant to mercury (BHRM; 

Hgr+) to grow in the presence of a range of toxic xenobiotics with a view to evaluate their 

potential to degrade these pollutants. In addition, the presence/absence of plasmid(s) that may 

mediate Hg detoxification, confer antibiotic resistance and enable the BHRM to grow in the 

presence of various xenobiotics was also checked.  

MATERIALS AND METHODS 

Bacterial Isolates  

Bacterial isolates used in this study were isolated from the coastal marine environment. All 

isolates highly resistant to mercury (i.e., those capable of growth in seawater nutrient agar with 

25 ppm Hg2+) were used in this study and hereafter designated as bacteria highly resistant to 

mercury (BHRM). Their biochemical characteristics have been studied for proper identification 

(De & Ramaiah, unpublished data). Seawater nutrient agar (SWNA) used in this study had the 

composition l-1: peptone 5.0g, beef extract 1.5g, yeast extract 1.5g, agar 15.g, aged seawater 750 

ml and deionised water 250 ml (final pH 7.5).  

Tolerance of BHRM to Toxic Xenobiotics 

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

these chemicals at different concentrations. Seventeen BHRM strains isolated from samples 

collected off Goa and Gopalpur were grown in seawater nutrient broth (SWNB, composition l-1: 

peptone 5.0g, beef extract 3.0g, aged seawater 750 ml and deionised water 250 ml; final pH 7.5) 

containing xenobiotics either individually or in combination. Since Hg including Hg2+ is known 

for rapid volatilization from water, we did confirm the Hg concentrations in seawater nutrient 

broth before proceeding with the experiments. There was no detectable change in the mercury 

concentration in the uninoculated SWNB medium even five days after adding the Hg to SWNB. 

Cultures were incubated at 28 ºC for 14 days and inspected regularly for growth. The absence of 

growth was confirmed by streaking a loopful of liquid culture on to SWNA in cases where 
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visible growth was not evident or could not be discerned due to turbidity produced by some 

xenobiotics in SWNB. 

Resistance Induction   

An experiment was done to check whether mercury tolerance could be induced in mercury 

sensitive (Hgs) bacterial strains by growing them in close proximity to strains of BHRM (Hgr+) 

on SWNA in the presence of mercury (10 ppm). Pure cultures of those found unable to grow on 

SWNA in the presence of mercury, as well as three known Hgr+ strains were inoculated 

alternately, as depicted in Fig 2 (left side), onto SWNA plates containing 10 ppm Hg that were 

divided into 30-35 squares of ca. 1 cm2. All plates were incubated at 28 ±2ºC for 48-72 h. As 

many as 25 previously sensitive strains that grew along with BHRM were individually 

transferred onto SWNA with 10, 25 and 50 ppm mercury to confirm their acquiring the ability to 

grow in the presence of Hg. All plates were incubated at 28 ºC and occurrence/absence of visible 

growth recorded after 72 h.  

Growth Characteristics of BHRM 

The growth rate of many strains of BHRM in the presence and absence of mercury alone and 

combination with DDT and phenol was determined in SWNB. A twenty-four hour old culture of 

Pseudomonas isolate (GP16) was inoculated into SWNB in three flasks with Hg concentrations 

of 0, 10 and 50 ppm. The flasks were incubated on a rotary shaker (180 RPM) at room 

temperature (28 ± 2°C) for 48 h. The OD660 of the culture was measured every 6 h.  Cell 

numbers were calculated from OD660 by spread plating aliquots of 12 h old culture with a 

corresponding OD660 SWNB. It was determined that one unit of OD corresponds to ca.1x1010 

cells ml-1. A similar experiment with two strains capable of tolerating either 75 ppm Hg in 

SWNA, 100 ppm DDT in SWNB or 1000 ppm phenol in SWNB individually was done in 

SWNB with 20 ppm Hg + 20 ppm Phenol + 10 ppm DDT in combination. In all cases, log values 

were plotted to draw growth curves.  



 6

Plasmid Curing  

Two different plasmid curing assays (Fig. 1) were performed on many strains to check whether 

Hg resistance was plasmid mediated. The BHRM strains grown in two- strength (2S) SWNB 

(composition l-1: peptone 10.0g, beef extract 6.0g, aged seawater 750 ml and deionised water 250 

ml; final pH 7.5) with 10 ppm Hg were transferred to 2S SWNB (without Hg) and were allowed 

to grow for 24 h.  After this, they were transferred to four-strength (4S) SWNB and allowed to 

grow for 12 h. A third transfer was done in to a fresh set of 4S SWNB tubes and allowed to grow 

for six hours before inoculating into media containing different xenobiotics. At the time of each 

transfer a 50 µl inoculum was added to 5 ml of the next experimental medium. After every 

transfer, 15μl aliquots were spread plated on SWNA containing 0, 10 and 50 ppm Hg to note the 

frequency of loss if any, of mercury resistance. Acriflavine, a plasmid curing agent (Liu et al., 

1988; Axelsson et al., 1988; Kim et al., 1990), was added to 2S SWNB at a concentration of 2.5 

µg ml-1. Changes in counts of colony forming units as well as their growth in the presence of 

different toxicants were monitored. 

RESULTS 

Tolerance of BHRM to Toxic Xenobiotics 

The isolates showed variation in resistance to different xenobiotics (Table 1). Three (GP12, 

GP14 and GP16) of the eight Pseudomonas sp., one isolate each of Aeromonas sp. (GP15) and 

Enterobacteriaceae (GP17) grew in the presence of 50 ppm mercury in the SWNB.  All other 

isolates did not grow in SWNB with 50 ppm mercury. All isolates of Pseudomonas sp. grew in 

the presence of 100 ppm Cd. The isolate identified as Aeromonas sp. as well as the 

Enterobacteriaceae isolate and all isolates of Proteus sp. also grew in SWNB with 100 ppm Cd. 

However, an unidentified isolate, GO01 did not grow in presence of 100 ppm Cd. Only two of 

the Pseudomonas sp., GP12 and GP14, one each of Proteus sp. GP13, the Aeromonas sp. GP15, 

and Enterobacteriaceae GP17, were capable of growing in presence of Penconazole. Two strains 

of Pseudomonas sp., four of Xanthomonas sp. did not grow in the presence of 100 ppm DDT. 

When various toxicants were added together, growth of almost all isolates was very poor or 
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absent (Table 2) suggesting that the tolerance levels of BHRM is affected when many 

xenobiotics are present simultaneously.  Isolate GP16 (Pseudomonas sp.) could grow in medium 

containing a combination of 20 ppm Hg, 20 ppm phenol and 10 ppm DDT (Table 2).  Most 

isolates were able to grow in the presence of 1000 ppm phenol in SWNB. Among the five 

isolates (GO03, GP12, GP14, GP16, GP17) tested, three (GP12, GP14, GP16,) grew in presence 

of 10% trichloroethane (TCE). None could tolerate 25% of TCE in the growth medium. 

Formaldehyde (final concentration, 2% v/v) and formic acid (2% v/v) did not allow the growth 

of any of the strains tested during this study.  

Induction of Mercury Resistance  

In all, 37 of the 120 isolates tested were found to be extremely sensitive to Hg as discerned by 

their inability to grow in SWNA containing Hg. Of these 37 strains, 25 were able to grow in the 

proximity of BHRM on SWNA plates. All these 25 isolates were confirmed to have acquired 

mercury resistance as all of them subsequently grew on SWNA containing 10 and 25 ppm Hg. 

Fifteen of these 25 strains grew even in 50 ppm Hg within 72 h. Figure 2 is a schematic 

representation of a SWNA plate with 50 ppm Hg  (left side) indicating the growth of sensitive 

strains (right side,+ indicates growth; -, no growth) along with BHRM.   

Growth Characteristics 

Growth curves of seven BHRM isolates, including at least one representative from each genus 

identified during this study, suggest that there is a prolonged lag phase in the presence of Hg 

(data not shown). Once cells entered the log phase, all isolates exhibited a diauxic phase. 

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, a Pseudomonas strain, there was only one 

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

without added Hg (Fig. 3). The specific growth rate (μ) was calculated using increments in cell 

counts ml-1 between the samplings as derived from the relationship of OD and bacterial cell 

numbers (one unit of OD660 =9.98 x 109 ml-1). It was quite evident from the growth curves and 

the specific growth rates that the growth in presence of mercury and combined toxicants was 

diauxic in nature. The growth rate (μ) was vigorous between 54-72 hours in SWNB with 10 ppm 
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Hg, in between 90-96 hours with 50 ppm Hg.  In the presence of combined toxicants, it reached 

the maximum in between 84-96 hours.  

Plasmid Curing 

There was no indication of loss of Hg resistance after the plasmid curing experiment in any of 

the three strains tested (Table 3). This may be because mercury resistance is chromosomally 

encoded in these strains.  Also, resistance to antibiotics and the capability to grow in SWNB 

containing DDT and several other toxicants was not lost in any of these strains. Thus, resistance 

to Hg, to various antibiotics and xenobiotics is possibly conferred chromosomally or by 

transposable elements in all the Gram-negative bacteria examined in this study.  

DISCUSSION 

The highest concentration of mercury reported in which bacterial growth has occurred was for 

E.coli transformants, which were capable of growing in the presence of more than 40 ppm HgCl2 

(Shiratori et al., 1989). To our knowledge, there have been no reports on marine aerobic 

heterotrophic bacteria capable of growth in liquid medium containing 50 ppm Hg (=68 ppm of 

HgCl2) or more. Two isolates from an area with intense shipping traffic were capable of colony 

formation on SWNA with 75 ppm Hg. Furthermore, all the Gram-negative isolates tested in this 

study are far more resistant than Gram-positive strains reported by Ravel et al. (1998a, 2000a). 

Such environmental strains are of practical interest to microbial ecologists not only to revalidate 

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

significance of Hg resistance.  

The strains described in this study exhibit the greatest resistance to mercury of any gram-

negative environmental isolates. Furthermore, from the samples collected from Chennai harbor 

area for this study, Hg concentrations determined by a cold vapor atomic absorption 

spectrophotometric method were 285±15.7 at #1, 128±7 at #2S, 141±9.2 at #2B, 2100±72.6 at 

##3S2, 100±6.5 ng l-1 in the water and, 280±8 at #1, 237±13.6 at #2, 338±19.5 ng g-1 sediment. 

In the polluted environs off Chennai, cadmium (Cd) concentrations range from 70 to 770 ng l-1, 
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Lead (Pb) from 120 to 1520 ng l-1, biological oxygen demand (BOD) from 0.81 to 3.13 ml l-1 and 

primary production rates from 0.12 to 14.90 mg C m-3 h-1 (Ramaiah et al., 2002). It is interesting 

to note that all the examined strains were capable of resistance 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 BHRM.  

The combined toxicity from different toxicants (Table 2) may adversely affect the growth rates 

of BHRM as was evidenced during this study. Environmental isolates 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 xenobiotic toxicants including TCE, DDT or other pesticides, heavy 

metals and phenols. However, in the combined presence of Hg, phenol and DDT, only a few 

isolates were able to grow. This suggests that most strains were unable to tolerate the additive 

toxicity of many toxicants in combination. Nonetheless, results of this study for the first time 

have demonstrated the potential capability of MRB to exhibit resistance to several other 

toxicants. It is possible that genes responsible for mercury resistance are linked to those that 

confer resistance to xenobiotics under natural conditions. 

Some of the heavy metal resistant bacteria are shown to possess specific plasmids (Nies, 1992; 

Osborn et al., 1997). Meinhardt et al. (1997) and Ravel et al. (1998a, 2000b) have shown that 

several linear plasmids are linked with specific phenotypes, including restriction and 

modification systems, antibiotic production, heavy-metal resistance, and the ability to break 

down xenobiotics. By transferring log phase cultures to 4S and to 2SA SWNB within short 

incubation intervals, we facilitated a rapid curing of plasmids if present in any of the three strains 

studied. The counts of colony forming units of all three BHRM strains remained more or less 

similar before and after curing assays. Also, none of them showed any change in their response 

to grow in the presence of antibiotics and other toxicants following curing steps. It thus appears 

that these gram-negative environmental bacteria may have acquired chromosomally borne genes 

either through lateral gene transfers or through transposable elements that confer resistance to 

heavy metals, antibiotics and a variety of xenobiotics. Although molecular methods were not 

employed in this study to detect the presence and type of transposon (s), it is possible that they 

may be similar to those (e.g., Tn21 and Tn501) previously described (Misra, 1992; Osborn, 
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1995). Through a very simple experiment, this study for the first time has demonstrated the 

induction of resistance in Hgs strains by growing them in the vicinity of BHRM that may 

volatilize/transform Hg rather rapidly. Once the Hg concentrations fall below inhibitory levels to 

the sensitive ones, at least one to a few cells begin acquiring cellular mechanisms to tolerate Hg.  

It must be mentioned that before growing them in the vicinity of BHRM, none of the Hgs isolates 

was able to grow on SWNA with 10 ppm Hg. The fact that 15 of the 25 sensitive isolates grew 

independently on SWNA with 50 ppm Hg after their exposure to Hg alongside BHRM ascertains 

the induction of resistance. This gives rise to an interesting ecological question as to whether 

such slow volatilization/transformation of Hg brings about changes at DNA level in nascent 

environmental strains. In any case, the BHRM examined in this study appear to transform Hg 

ions rapidly and accelerate its volatilization. Further, the possibilities that transposable elements 

are laterally transferred, despite the absence of cell-cell contact and that most MRB possess 

multiple metal, pesticide and antibiotic resistance require further investigations including those at 

molecular level.  

Bacterial resistance mechanisms to - and intracellular uptake of - trace metals from seawater has 

been shown to follow different pathways (Robinson et al., 1990; Misra, 1992). Many bacterial 

species have been shown to develop resistance to mercury and other heavy metals (for example, 

Silver and Phung, 1996; Osborn et al., 1997; Ravel et al., 1998a; 1998b; 2000a; 2000b Nies, 

1999). In addition, 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 are important in continuing the basic biological processes in contaminated habitats. 

The MRB can reduce Hg2+ to elemental Hg0 that volatilizes out of the system due to its high 

vapor pressure (Summers and Silver, 1978). Further, some bacteria can detoxify mercury 

compounds by the action of organomercurial lyase that cleaves carbon-mercury bonds 

(displaying broad-spectrum mercury resistance) of certain organomercurials and, mercuric 

reductase that reduces Hg2+ to volatile mercury (Nakamura et al., 1990; Brown et al., 1991, 

Rouch, 1991). Some aquatic bacteria can convert Hg2+ to methyl and dimethyl mercury (Wood et 

al., 1968). Although the pathways of Hg modifications have not yet been understood, the BHRM 

investigated during this study have many unique characteristics.  
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As mentioned earlier, we aimed at checking out whether environmental isolates capable of high 

resistance to Hg were able to detoxify many other, deleterious xenobiotics. As already well 

known, such environmental isolates might also transform inorganic mercury (Hg2
 

+to Hg0), 

methylate it (Hg2+
 to MeHg) and/or demethylate methyl mercury ions in the water column, 

sediment-water interface and subsurficial sediment of aquatic ecosystems (Jobling et al., 1988).  

As more numbers of BHRM tolerated the xenobiotics, it can be inferred that their capacity to 

grow in the presence of toxicants when single or combined is better than the Hgs strains. 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.  
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Table 1 

Growth of mercury-resistant bacteriala isolates in the presence of heavy metal/xenobiotic 

Heavy metal/ 
xenobiotic 
 

Conc. (ppm)b Pseudomonas 
(8)c 

Proteus 
(5) 

XN 
(1) 

EN 
(1) 

AM 
(1) 

UN 
(1) 

Mercury* 25  + + + + + + 
 

Mercury 50  - [3+] d - + + + + 
 

Mercury 55  -  NT - - - - 

Mercury 75@  - [3+] NT + + - - 
 

Cadmium* 100 + + [2-]  - - + + 
 

Copper* 

 100 + + + + + + 
 

Zinc* 100 + + + + + + 
 

Lead* 100 + + + + + + 
 

DDT** 100  + [2-]  - [1+] + + - + 

Penconazole** 93  - [2+] - [1+] + + - - 
 

Propiconazole** 95  + + + + + + 
 

Metolachlor** 95  + + + + + + 
 

Pretilachlor** 96  + + + + + + 
 

Profenofos** 91  + + + + + + 
 

Phenol* 50  + + + + + - 
 

Phenol 1000  + [1-] 2 e + 3 e NT NT NT NT 
 

ain this study, all strains capable of tolerating 25 ppm Hg are considered as BHRM; 
bparts per million (µg. ml-1) spiked concentrations;  cnumber of isolates checked from each genus 
are in parenthesis; dno of isolates showing deviation from the result shown by the maximum no 
of isolates; eno of isolates checked from the respective genus; +, positive growth; -, no growth; 
NT, not tested; AM, Aeromonas; EN, Enterobacteriaceae; UN, unidentifiable; XN, 
Xanthomonas; *from Qualigens (Glaxo) Fine Chemicals, stock solutions prepared using 
sterilized distilled water; **from Novartis, stock solutions prepared using hexane; @in SWNA; in 
all other cases it was in SWNB.  
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Table 2 

 

Growth responses of selected strains of 50 ppm Hg resistant bacteria to different combinations of 

toxic substances 

Toxicants in 
combinationa 

Cumulative 
conc. 
(ppm) 

Pseudomonas  
 

[8]c 
 

Xanthomonas 
 

[5] 

Enterobacteriaceae 
 

[4] 

 
M 2b + D 13 + P 10 

 
25 

 
+ 

 
+ 

 
+ 

M 5 + D 10 + P 10  
 

25 + + + 
 

M 10 + D 5+ P 10   25 + + + 

M 20 + D 10+P 20 50 - (1+)d - - 

  

aM, mercury; D, DDT; P, phenol; bconcentration of M, D and P within each combination are in 

ppm; cnumber of strains tested; +, positive growth as confirmed both by turbidity in the liquid 

media followed by visible growth on SWNA upon streaking a loopful of liquid culture; -, no 

growth, absence of turbidity and colony formation on SWNA subsequent to streaking;  d 

exception from most responses 
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Table 3 

Average plate counts (number ml-1) of mercury resistant bacteria from plasmid curing assays. 

                                                Growth medium  

 
SWNA with no Hg 
 

 
SWNA with 10 ppm Hg 

 
SWNA with 50 ppm Hg 

Isolates >> CH 03* CH 07 CH 12 CH 03 CH 07 CH 12 CH 03 CH 07 CH 12 

Assay 

2S SWNB without mercury 

I transfer 3360 
±84.8 

10496 
±362.1 

4224 
±169.7 

3360 
±56.6 

6144 
±116 

3840 
±178.2 

3256 
±79.2 

12096 
±517.6 

3024 
±178.2 

4S SWNB without mercury 

II transfer  7680 
±362 

8320 
±905.1 

16896 
±794.8 

6656 
±461 

12544 
±4344 

11904 
±373.4 

3584 
±370.5 

4440 
±1742 

8960 
±602.5 

III transfer (0 h) 6720 
±518 

6080 
±1358 

3840 
±181 

4160 
±226 

5760 
±3620 

2560 
±181 

4352 
±461 

2512 
±939 

6912 
±362 

III transfer (6 h) 4608 
±45.3 

7936 
±3982 

10368 
±594 

2560 
±48.1 

7760 
±792 

5952 
±175.4 

3552 
±121.6 

6912 
±4242 

2944 
±181 

 
2S SWNB with acriflavine, without mercury 
 
I transfer 5760 

±232 
15872 
±509 

3520 
±181 

5568 
±238 

4992 
±175.4 

3456 
±362 

5632 
±913.6 

8192 
±213.5 

2880 
±79.2 

II transfer  8640 
±453 

14720 
±1991 

10112 
±526.1 

7680 
±175 

10176 
±2987 

6528 
±645 

5760 
±489 

1324 
±164 

2260 
±221 

III transfer (0 h)a 3040 
±56.6 

4144 
±792 

5248 
±461 

4096 
±50.9 

4440 
±1867 

3840 
±215 

2880 
±325.3 

2664 
±758 

4800 
±354 

III transfer (6 h) 4128 
±122 

7680 
±1991 

7680 
±181 

5632 
±192 

6432 
±1747 

5120 
±175.4 

3456 
±36.77 

2733 
±1204 

3072 
±178.2 

  

*isolates, CH03 and CH12 belong to Enterobacteriaceae and CH07 is a Pseudomonas. aPlating 

was done immediately following the III transfer (0 h) and after six hours of incubation. Please 

refer Fig. 1 for details. 

 



 17

LEGENDS TO FIGURES 

 

Fig 1: Detailed legend included in the flow chart itself. 

 

Fig 2. Schematic presentation of Hg resistance induction in sensitive (S) bacterial strains. Spot 

inoculation of all isolates was done such that the Hg resistant (R) strains surrounded sensitive 

isolates. The resistant isolates belonged to Pseudomaonas (R1), Aeromonas (R2) and 

Enterobacteriaceae (R3). Ten unidentified sensitive isolates were spot inoculated per plate. 

Isolates that became resistant to Hg are indicated with a + sign.   

 

Fig 3: Growth curves of a mercury resistant strain of Pseudomonas (GP16) in SWNB with no 

added Hg (circles); 10 ppm (or 50μM) Hg (open triangles) and 50 ppm (or 250μM) Hg 

(squares).  In the right panel, growth curves of the same strain are shown for SWNB with no 

added toxicant (circles) and for a combination of 10 ppm (or 28.2 μM) DDT, 20 ppm (or 212.6 

μM) phenol and 20 ppm (or 100 μM) Hg (filled triangles). Optical densities (OD660) from a 

minimum of three replicates from each growing condition were measured and used for 

calculating cell numbers. One unit of OD660 corresponded to 9.98x109 cells ml-1. The log 

transformed cell numbers are plotted. Over seventeen generations occurred in control flasks 

(SWNB alone) before the first generation could occur in flasks with 10 or 50 ppm Hg and, in 

flasks with DDT + Hg + phenol combination. 

 



 18

 

 

 

 

 

 

 

 

Fig 3. De et al. 
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FIG.1. Experimental protocol for plasmid curing assays. Cultures of CH 03, CH 07 and CH 12 
were grown initially in two-strength seawater nutrient broth (2S SWNB) containing 10 ppm Hg. 
The first transfer into 2S and 2SA (A denotes acriflavine) was done after 24 h growth. Mercury 
was not added to any culture tube beginning from I transfer. While the growth was allowed for 
24 h after I transfer, it was allowed only for 12 h after II transfer and for 6 h after the III transfer. 
At each transfer stage, plate counts were determined by spreading 15 μl of culture on to SWNA 
with 0, 10 and 50 ppm Hg. After incubating for 6 h, cultures from III transfer sets were 
inoculated into appropriate media to check for resistance to mercury, pesticides and antibiotics. 
 

Fig.1. De et al. 
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Fig 2. De et al. 
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