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Abstract. Mercury resistance of  Clostridium cochlearium T-2P 
was found to be controlled by a different mechanism from 
those reported so far since no mercury-reducing activity was 
detected in this strain. 

The H~S generating ability as well as the demethylating 
activity of  this bacter ium was eliminated by the treatment with 
acridine dye and recovered by the conjugation of  the cured 
strain with the parent  strain. In addition, the strain which lost 
their abilities to generate H2S and to decompose methylmer- 
cury, showed higher sensitivity to mercurials than the parent  
strain. F rom these results, the genes conferring both the 
activities seemed to reside on the plasmid and the mechanism of  
mercury resistance was probably  based on a detoxification 
mechanism involving methylmercury decomposit ion and in- 
activation of  the inorganic mercury with H2 S. 
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The mechanism ofp lasmid-de termined  mercury resistance has 
been reported in many species of  bacteria (Smith 1967; Novick  
and Roth 1968; Summers and Silver 1972; Kondo  et al. 1974; 
Schottel et al. 1974; Summers and Sugarman 1974; Clark et al. 
1977; Izaki 1977; Weiss et al. 1977; Olson et al. 1979). The 
biochemical basis of  resistance are due to enzymatic de- 
gradat ion of  organomercurials  and reduction of  inorganic 
mercury ion to elemental mercury which subsequently volati- 
lized from the culture medium (Komura  and Izaki 1971; 
Nelson et al. 1973; Schottel et al. 1974; Summers and Silver 
1972; Tezuka and Tonomura  1976; Clark et al. 1977; Weiss et 
al. 1977; Schottel 1978). 

Recently we found that  the b io t ransformat ion  of  mercury 
compounds by a strain of  Clostridium cochleariurn T-2 toward  
the opposite directions, methylat ion and demethylation,  could 
be managed by a single strain depending on the absence or 
presence of  the transferrable plasmid (Pan-Hou et al. 1980). 

Offprint requests to. N. Imura 
Abbreviations." MMC=methylmercuric chloride; RiP=sensitive to 
rifampin; Rf r = resistant to rifampin; MMC + = methylmercury- 
decomposing activity plus; MMC- = methylmercury decomposing 
activity minus 

The plasmid of  C. cochlearium T-2P, the strain having 
methylmercury decomposing activity, seemed to determine 
mercury resistance beside the decomposing activity, but 
mercury-reducing activity which has generally been considered 
to play an impor tant  role in the mercury resistance, was not  
detected in this strain. Thus, the biochemical basis for mercury 
resistance of this strain remained to be elucidated. During the 
characterization of  the strain cured by acridine dye, we found 
that the hydrogen sulfide forming abili ty was also eliminated by 
the curing along with the plasmid DNA.  This suggested that  
hydrogen sulfide might play an impor tant  role in the expression 
of  mercury resistance of  C. cochlearium T-2P (Pan-Hou et al. 
1980). 

We present in this paper  convincing evidence that  two 
genetic factors conferring the methylmereury-decomposing 
activity and hydrogen sulfide-forming ability, which are prob-  
ably located on the same plasmid, determine mercury re- 
sistance by virtue of  these activities. 

Materials and Methods 

Organism and Medium 

Clostridium cochlearium T-2P carrying a mercury-resistant plasmid which 
confers the activities to decompose methylmercury and to generate 
hydrogen sulfide, was used as parent strain. The mercury sensitive cured 
strain T-2C, the rifampin resistant mutant strain T-2C* from the cured 
strain and the medium used in this study were the same as those previously 
described (Pan-Hou et al. 1980). 

Preparation of Cell Suspension 

The organisms grown in the presence of I BM CH3HgC1 were harvested by 
centrifugation at their late exponential growth phase and washed twice with 
20 ml of Tris-HCl buffer (pH 7.5). The washed cells were suspended in the 
same buffer (1 g cells/10 ml) and employed as a cell suspension. 

Determination of Susceptibility to Metal Compound 

The level of metal resistance was determined in liquid cultures according to 
the method of Clark et al. (1977). Minimum inhibitory concentration is 
defined as the minimum concentration of metal compound which inhibits 
increase of cell densities after 24h incubation. 

Assay for Methylmercury Decomposition 

The demethylating activity in the cell suspension was assayed in the 
following reaction mixture; 50raM Tris-HC1 buffer (pH 7.5), 10raM 
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glucose, l mM sodium thioglycolate, l gM [3H]-CH3HgC1 (sp. act. 100 
105mCi/mmol) or [Z~ (sp. act. 4mCi/mg Hg) and cell - 
suspension (final concentration 0.8 mg/ml). Aliquots (50 Itl) of the reaction 
mixture were withdrawn and put on the paper disk at the time intervals. ,9, z 
After drying, the radioactivity on the disk was measured by a liquid 
scintillation spectrometer (Aloka, Japan) for [3H]-CHaHgC1 and by an 
Auto Well gamma system (Aloka, Japan) for [2~ The ~ 50 
decomposing activity was measured by following the loss of radioactivity _~ 
from the reactior~ mixture during the incubation at 30~ The reduced 
mercury (Hg ~ treated in the same way was vaporized from the paper disk. o 

Test for Hydrogen Sulfide Production o 

Generation of hydrogen sulfide was detected by formation of heavy black 
precipitates in a Triple Sugar Iron agar medium (Eiken, Japan) as described 
by Lautrop et al. (1971). 

Hydrogen sulfide forming ability was assayed by formation of 
methylene blue in the oxidation of hydrogen sulfide by dimethyl-p- 
phenylenediamine sulfate and a ferric salt as described by Lorant (1929). 
The organisms were grown anaerobically in 50 ml of nutrient broth at 
30 ~ C. The culture chambers were connected with two traps by glass tubing. 
Each trap consisted of 10 ml of a solution [0.5 % ZnSO~, 0.6 % NaOH, 7 % 
( N H 4 ) 2 S O  4 and 5 % glycerol] to absorb hydrogen sulfide. At the time 16 
indicated the cultures were bubbled for 15 min with purified nitrogen gas. 
The solutions in two traps were combined and hydrogen sulfide fixed by 
ZnSO 4 was determined as methylene blue by adding 2 ml of 0.2 % dimethyl- 
p-phenylenediamine sulfate in 10N H2SO4 and 1 ml of 0.5% FeC13. 
Methylene blue formed was determined by measuring absorption at 
680 nm. 

Transfer of Plasmid 

C. cochlearium T-2P (MMC +, H2S +, RiP) and the cured strain (MMC , 
H z S - ,  Rig) were used as donor and recipient, respectively. The method for 
plasmid transfer applied in the present experiment was as described 
previously except for using thioglycolate agar medium (Difco) instead of 
GAM agar medium (Pan-Hou et al. 1980). Colonies on the selective 
medium were checked for methylmercury-decomposing activity and hy- 
drogen sulfide-forming ability. 

Binding Experiment 

Binding of [2~ to the cells was measured in the reaction mixture 
containing 50 mM Tris-t-IC1 buffer (pH 7.5), 10 mM glucose, 1 mM sodium 
thioglycolate, 1 gM [2~ (sp. act. 1 mCi/mg Hg) and 0.8 mg/ml 
of cells. After incubation at 30 ~ C, aliquots (0.5 ml) of the reaction mixture 
were removed and filtered on the membrane filters (Milipore Crop, pore 
size 0.3 tam) and the filters were washed twice with 3 ml of Tris-HC1 buffer 
(pH 7.5). The radioactivity on the paper was counted by Auto Well gamma 
system. 

R e s u l t s  

W h e n  the cells (Clostridium cochlearium T-2P) were incuba ted  
in the presence o f  i ~tM [3H]-CH3HgC1, the radioac t iv i ty  in the  
react ion mixture  d isappeared  very rapidly.  However ,  no  detect- 
able loss o f  the radioact iv i ty  o f  Z~ was observed  when  
[2~ was used instead [3I-I]-CH3HgC1 (Fig. 1). 
These observa t ions  suggested that  the l inkage be tween  mercury  
and  ca rbon  in me thy lmercury  was c leaved resul t ing in for-  
m a t i o n  o f  inorganic  mercury  bu t  no t  o f  e lementa l  mercury.  

The  hydrogen  sul f ide-forming ability as well as the 
me thy lmercu ry -decompos ing  act ivi ty o f  the o rgan i sm was 
e l imina ted  f rom the pa ren t  strain by the t rea tment  wi th  acridine 
orange  (Fig. 2). This  result  suggests tha t  the ability to fo rm 
hydrogen  sulfide is corre la ted  wi th  the presence o f  the plasmid.  
To  prov ide  fur ther  evidence tha t  the methy lmercury-  
decompos ing  activity and  the hydrogen  sul f ide-forming ability 
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Fig. l. Decomposition of radioactive methylmercury by Clostridium coch- 
learium T-2P. Assay conditions are as described in Materials and Methods, 
Symbols; [3H]-CH3HgC1 (O), [2~ (O) 
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Fig. 2. Formation of hydrogen sulfide by the parent strain and the cured 
strain of Clostridium coehlearium. Formation of HzS by the parent strain 
(T-2P) (�9 and the cured strain (T-2C) (n) was measured according to the 
method indicated in the text. Growth of the parent strain (T-2P) (e) and the 
cured strain (T-2C) (11) was monitored by spectrophotometer at 540 mn 

Table 1. Pattern of metal resistance of the parent strain and the cured strain 
of Clostridium cochlearium 

Strain Minimum inhibitory concentration (raM) 

Cd 2 + HgZ + Cu2 + pb 2 + Zn z + Cr 3 + 

Parent T-2P 1.67 2.95 6.67 13.33 106.67 3.33 
Cured T-2C 0.11 0.07 0.21 6.67 13.67 3.33 

are associated with mercury  resistance in this bacter ium,  
t ransfer  o f  these abilities were tr ied by bacter ia  conjugat ion .  
The  abilities o f  methy lmercury  decompos i t ion  and hydrogen  
sulfide p roduc t ion  were t ransferred f rom the donor  strain (T- 
2P) to the recipient  strain (T-2C*)  at a f requency of  9.5 
x 1 0 - S / d o n o r  cell and the con jugan t  showed similar mercury  
resistance as that  of  pa ren t  strain (T-2P). 

The  cured strain (T-2C) showed higher  sensitivity than  the 
pa ren t  strain (T-2P) to Cd 2 +, Cu  2 +, Zn  2 +, and Hg  2§ which 
have generally been considered to be reactive with hydrogen  
sulfide (Table 1). 

N o  significant  difference in the binding of  the mercury  was 
observed  be tween  the cured strain (T-2C) and the paren t  s train 
(T-2P) as shown in Fig. 3. 
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Discussion 

We have recently repor ted that  the conjugative plasmid of  
Clostridium cochlearium T-2P which confers the abilities to 
decompose methylmercury and to form hydrogen sulfide was 
able to be eliminated by the treatment with acridine dye and the 
cured strain (T-2C) became sensitive to mercury compounds  
compared  with its parent  strain (Pan-Hou et al. 1980). These 
observations suggested that  mercury resistance of  this bac- 
terium might be mediated by the plasmid. 

The volatil ization of  mercurials has been considered to be a 
general mechanism of  mercury resistance as repor ted so far. A 
difference in the binding or uptake of  the mercurials between 
the resistant and sensitive strain have also been put  forward as 
one of  the mechanism of mercury resistance (Greenaway 1972; 
Kondo  et al. 1974). In the case of  C. cochlearium T-2P, the 
experimental  results suggest that  the mercury resistance of  this 
bacter ium is ascribed to neither the enzymatic volati l ization of  
mercury (Fig. 1) nor the depression of  mercury binding or 
uptake (Fig. 3). 

After  curing with acridine orange, the organism lost its 
ability to form hydrogen sulfide (Fig. 2). However, hydrogen 
sulfide-forming abili ty thus removed, was recovered by the 
conjugat ion of  the cured strain with the parent  strain at a 
frequency of  9.5 x 10-5 /donor  cell. In addition, the hydrogen 
sulfide-forming ability in the conjugant,  which was resistant to 
mercury and rifampin, appeared to be derived from the same 
plasmid as that  for the demethylating activity, since they were 
always t ransmit ted together. No  segregation of  demethylating 
activity and hydrogen sulfide-forming ability was observed 
among the conjugant  formed on the selective agar medium. 
F rom these results the genes conferring both activities seem to 
reside on the plasmid harbored  by the parent  strain (T-2P). 

Plasmid mediated format ion of  hydrogen sulfide has been 
repor ted in many microorganisms (Layne et al. 1971; 0 r s k o v  
and Orskov 1973; Burkardt  et al. 1978; Briaux et al. 1979). By 
use of  the electron microscopy, Ashida  and his coworkers 
reported that  precipi tat ion of  cupric sulfide was found in the 
copper resistant cells, Saccharomyces ellipsoideus, and specu- 
lated that hydrogen sulfide might be required for acquiring the 
copper resistance (Ashida et al. 1963; Ashida  1965). 

The minimum inhibitory concentrat ion of  Cd 2 +, Zn 2 +, 
Cu 2+, and  Hg 2+ for the parent  strain of C. cochleariurn were 
significantly higher than those for the cured strain T-2C 
(Table I). These metal ions have been considered to be very 
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Fig. 3. Binding (or uptake) of mercuric chloride by the parent strain and the 
cured strain of Clostridium cochlearium. Symbols; Parent strain (T-2P) (e), 
Cured strain (T-2C) (10 

reactive with hydrogen sulfide to form insoluble metal sulfides. 
These experimental results appeared to prove that  hydrogen 
sulfide, by virtue of  its reactivity to inactivate mercuric 
mercury, might play an impor tant  role in the expression of  
mercury resistance. Because the reaction product  of  organo- 
mercury decomposit ion in the mercury resistant strain is in- 
organic mercury which is still considered to be toxic for the 
organism and no mercury-reducing activity to form volatile 
elemental mercury from inorganic mercury has yet been 
detected in this bacterium. 

The results presented above lead us to conclude that  in the 
parent  strain of C. cochtearium, resistant to mercury com- 
pounds,  enzymatic degradat ion of  organomercu ry to inorganic 
mercury and subsequent inactivation o f  the inorganic mercury 
with hydrogen sulfide to an insoluble mercuric sulfide, confer 
the bacter ium resistance to mercury compounds .To our knowl- 
edges this is the first case on the plasmid-mediated mercury 
resistance that involves organomercury decomposit ion and 
hydrogen sulfide formation. 
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