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Resistance to mercury was evaluated in 356 rapidly growing mycobacteria belonging to eight taxonomic
groups. Resistance to inorganic Hg>* ranged from 0% among the unnamed third biovariant complex of
Mycobacterium fortuitum to 83% among M. chelonae-like organisms. With cell extracts and 2> Hg(NO,), as the
substrate, mercuric reductase (HgRe) activity was demonstrable in six of eight taxonomic groups. HgRe
activity was inducible and required NADPH or NADH and a thiol donor for optimal activity. Species with
HgRe activity were also resistant to organomercurial compounds, including phenylmercuric acetate. Attempts
at intraspecies and intragenus transfer of HgRe activity by conjugation or transformation were unsuccessful.
Mercury resistance is common in rapidly growing mycobacteria and appears to function via the same inducible
enzyme systems already defined in other bacterial species. This system offers potential as a strain marker for
epidemiologic investigations and for studying genetic systems in rapidly growing mycobacteria.

Bacteria that were resistant to inorganic and organic
mercury were first isolated from mercury-contaminated soil
in Japan in the late 1960s. Since that time, mercury resis-
tance has come to be recognized as widespread among
procaryotic species isolated from human and environmental
sources (4, 14, 23). In some areas (especially Japan), resis-
tance to heavy metals such as mercury is as common as or
more common than resistance to antibiotics (10-12, 14).

The mechanism of mercury resistance has been studied
extensively (14). Two types of resistance have been de-
scribed. Narrow-spectrum resistance is due to the presence
of the cytoplasmic enzyme mercuric reductase (HgRe),
which confers resistance to inorganic mercury, merbromin,
and fluorescein mercuric acetate (FMA) by converting Hg?*
to the volatile Hg®. Broad-spectrum resistance involves a
second enzyme, organomercurial lyase, which confers resis-
tance to organomercurial compounds such as phenylmercu-
ric acetate (PMA) by disrupting the carbon-mercury linkage.
The majority of mercury-resistant isolates of Escherichia
coli contain only the HgRe enzyme (narrow-spectrum resis-
tance), whereas all isolates of Staphylococcus aureus con-
tain both enzymes (broad-spectrum resistance) (14, 25).

Many of the mercury resistance determinants in both
gram-positive and gram-negative bacteria appear to be on
transposons and, as such, are capable of inserting into
plasmids of numerous sizes and compatibility groups and
into the chromosome (27). More recently, DNA sequencing
has been performed on the mercury resistance operon from
both gram-positive and gram-negative bacteria (3, 7). The
extensive nature of prior studies into mercury resistance, its
widespread prevalence among environmental species, and
knowledge that the resistance is plasmid mediated suggests
that mercury resistance would be an excellent genetic sys-
tem to study in species of rapidly growing mycobacteria.

We have therefore undertaken to assess the prevalence of
mercury resistance among eight taxa of rapidly growing
mycobacteria and to demonstrate the presence of HgRe and
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organomercurial lyase as the mechanism of mercury resis-
tance. Additionally, we have attempted to partially charac-
terize the HgRe enzyme of rapidly growing mycobacteria.

(This work was presented in part at the Twenty-Second
Annual Meeting of the American Society for Microbiology,
Miami Beach, Fla., May 1988 [19a].)

MATERIALS AND METHODS

Organisms. Clinical isolates of rapidly growing mycobac-
teria submitted to the Mycobacteria/Nocardia Laboratory of
the University of Texas Health Center at Tyler for antimi-
crobial susceptibility testing between 1982 and 1987 were
randomly chosen. In addition, isolates obtained from surgi-
cal infections after augmentation mammaplasty (24) and
cardiac bypass surgery (21) as previously reported were also
included. Only single isolates were reported from apparent
epidemics.

The control strains were E. coli AB1133 (mercury suscep-
tible), E. coli AB1133(pR100) (narrow-spectrum mercury
resistant), S. aureus ATCC 25923 (mercury susceptible), S.
aureus RN860 (kindly provided by the Pasteur Institute;
mercury resistant), Mycobacterium scrofulaceurn W262C
(mercury susceptible), and M. scrofulaceum W262 (mercury
resistant). The last two isolates were kindly provided by J.
Falkinham and were described previously (8).

Clinical isolates of rapidly growing mycobacteria were
identified to species and appropriate subgroups by standard
methods, many at the Mycobacterial Reference Section of
the Centers for Disease Control (Atlanta, Ga.) (1, 18, 22).

Mercury susceptibility testing. Susceptibility testing to
inorganic and organic Hg was performed by a disk diffusion
method on Mueller-Hinton agar (MHA) plates (23). Samples
of 20 ul of the solution of each compound were added to
separate 6-mm paper disks. Mercury compounds tested
included HgCl, (1 x 1072 M), merbromin (5 X 1073 M),
para-chloromercuribenzoate (pCMB) (5 X 1073 M),
thimerosol (2.5 X 107> M), PMA (5 x 10> and 1 X 107> M),
and FMA (5 X 103 M). Zones of inhibition were measured
after 72 h of incubation. Resistant and susceptible break-
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points were <20 and =25 mm, respectively, for HgCl,,
thimerosol, PMA, and FMA. For pCMB and merbromin the
resistance breakpoint was <15 mm and the susceptibility
breakpoint was =20 mm.

HgRe activity. HgRe was obtained by using whole-cell
extracts of acetone-treated cells as previously described (2,
13). Briefly, organisms were grown in Mueller-Hinton broth
(MHB) on a shaker at 140 rpm at 35°C for 3 to 7 days. HgCl,
in a final concentration of 10, 25, or 100 uM was added as an
inducer after 24 h of incubation. Cells were spun down,
washed twice with acetone, and evaporated to dryness at
4°C. The cells were suspended in modified 0.05 M phosphate
buffer (pH 7.0) (8) for 5 to 7 days at 4°C for extraction of
HgRe. For organomercurial lyase extraction, the concentra-
tion of EDTA in this buffer was increased from 0.5 to 5.0 mM
as recommended by Schottel (16) and Williams and Silver
(26). The cells were then removed by centrifugation, and the
supernatant (cell extract) was used as the enzyme source.

HgRe activity was determined by measuring the loss of
radioactive 2°>Hg from an assay mixture containing modified
0.05 M phosphate buffer (pH 7.0), 1 mM B-mercaptoethanol
(B-ME) or 0.5 mM L-cysteine, 200 pbM NADPH or NADH,
and 0.5% 2-octanol. The 1.0-ml final volume contained 450
ul of enzyme preparation. Hg?* (4 uM) as HgCl, and
203Hg(NO,), (5 wCi/ml) was added as a substrate. Room air
was slowly bubbled through the mixtures, which were held
at 37°C in a water bath. Duplicate 25-pl samples were
removed at timed intervals and added to 4.0 ml of scintilla-
tion counting fluid (BioSafe II; Research Products Interna-
tional Co., Mt. Pleasant, Ill.). The radioactivity remaining in
the samples was then assayed by liquid scintillation spec-
troscopy on an LKB Rack Beta scintillation spectrometer
(Pharmacia LKB Biotechnology, Inc., Piscataway, N.J.).
Assays were repeated an average of three to four times for
each strain; some strains were assayed up to 11 times (range,
2 to 11 assays per strain).

For organomercurial lyase activity, we used a similar
assay involving the same 0.05 M phosphate buffer modified
by increasing the EDTA concentration to S mM. The sub-
strate in this assay was 2°*Hg-labeled PMA at a concentra-
tion of 4 pM. The 1.4-ml reaction mixture included 0.5 mM
L-cysteine, 200 phM NADPH, and 1.183 ml of cell extract as
an enzyme source. At timed intervals, duplicate 100-pl
samples were removed and added to 4.0 ml of scintillation
counting fluid and assayed as noted above.

Protein concentrations in the enzyme preparations were
measured by using the bicinchoninic acid reagent (Pierce
Chemical Co., Rockford, Ill.) (19) on a Diode Array Spec-
trophotometer with the ‘‘Quant I’ software package
(Hewlett-Packard, Avondale, Pa.). Enzyme activity was
expressed as nanomoles of mercury volatilized per minute
per milligram of protein.

HgRe heat stability. Replicate 450-pl samples of each
enzyme were held on ice and then exposed individually to
designated temperatures for 10 min and replaced on ice. All
samples were then held at —70°C until assayed for HgRe
activity. Results are expressed as percentages based on the
activity of the 22°C controls.

Conjugation and transformation studies. Conjugational
transfer of mercury resistance was attempted with strains of
Mpycobacterium fortuitum biovar. fortuitum and M. chelo-
nae-like organisms by using the membrane filter methods of
Sasaki et al. (15). Recipient strains selected were doxycy-
cline resistant (Doxy") and mercury susceptible (Hg®),
whereas donor strains were Hg" and Doxy?®. Cell suspensions
of donor (approximately 1.5 x 107 CFU/ml) and recipient
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TABLE 1. Incidence of HgCl, resistance among 356 clinical
isolates of eight taxonomic groups of rapidly growing
mycobacteria

Species and subgroup No. tested No. resistant % Resistant

M. chelonae
Subspecies chelonae 20 6 30
Subspecies abscessus 45 9 20
M. chelonae-like organisms 84 70 83
M. smegmatis 25 2 8
M. fortuitum
Third biovariant complex 35 0 0
Biovariant peregrinum 25 7 28
Biovariant fortuitum
Breast strains 24 11 46
Cardiac bypass strains 33 3 9
Other strains 64 11 17

Unidentified species 1 1 100

strains were mixed in ratios of 1:1, 1:5, and 1:10 in 2 ml of
0.05 M phosphate buffer (pH 7.0) and collected on a 0.22-
pm-pore-size membrane filter (Milipore Corp., Bedford,
Mass.). The cells were washed and placed on MHA plates
and incubated at 30°C for 24 h. The filter membranes were
then placed in test tubes, and the cells were washed free of
the filters. Samples (100 pl) of each cell suspension were
spread on triplicate MHA plates containing 10 mM HgCl,
plus 10 pg of doxycycline per ml, 10 mM HgCl, alone, or 10
ng of doxycycline per ml alone. Recipient and donor cells
were spread on plates of selective media like those used for
spontaneous mutation controls.

For transformation studies, donor and recipient strains
were cultured in MHB. After 24 to 72 h, glycine was added
to M. fortuitum cultures to a final concentration of 1%, and
D-cycloserine was added to M. chelonae-like organism cul-
tures to a final concentration of 0.1 mg/ml. Cultures were
incubated an additional 24 h, and the cells were harvested by
centrifugation.

Donor Hg" and Doxy® cultures were used as sources of
DNA, which was prepared as described by Shoemaker et al.
(17). Recipient Hg® and Doxy" cultures were converted to
spheroplasts for transformation as described by Jacobs et al.
(6). After the transformation procedure, 100-ul samples of
treated recipient spheroplasts were spread on triplicate
plates of MHA, MHA supplemented with 100 pM HgCl,,
and MHA supplemented with 10 pg of doxycycline. Plates
were evaluated for transformants after 7 days of incubation
at 35°C.

RESULTS

Susceptibility testing. Three hundred fifty-six isolates be-
longing to eight different taxa were tested for susceptibility
to inorganic mercury (HgCL,). Resistance was identified in
35% of the isolates, with a range from 0% among the isolates
of the unnamed third biovar complex of M. fortuitum to 83%
among the isolates of M. chelonae-like organisms. The
findings are summarized in Table 1. Results for 53 of the
isolates of M. fortuitum biovar. fortuitum and the third
biovariant complex have been previously reported (23). In
addition, the results for the sternal isolates and 50 of the
control strains (‘‘other strains’’ in Table 1) were reported in
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FIG. 1. Comparison of disk zone sizes with HgCl, and five
organomercurial compounds of mercury-susceptible and -resistant
strains of M. fortuitum biovar. fortuitum. Merb, merbromin; Thim,
thimerosol.

an epidemiologic study of mycobacterial cardiac bypass
surgical infections (21) and the results from the isolates from
breasts in an epidemiologic study of augmentation mamma-
plasty surgical infections (24).

Twenty-nine strains that were resistant to inorganic mer-
cury and 34 strains that were susceptible were tested for
susceptibility to organic mercury compounds. Neither iso-
late of Mycobacterium smegmatis resistant to HgCl, was
resistant to the organomercurial compounds. Of the remain-
ing 27 mercury-resistant strains of six different taxa, all were
resistant to organomercurial compounds, with a similar
pattern that included resistance to PMA. None of the 34
strains susceptible to HgCl, were resistant to organomercu-
rial compounds. A comparison of zone sizes for resistant and
susceptible strains of M. fortuitum biovar. fortuitum is
shown in Fig. 1.

HgRe activity. Enzyme activity in mercury-resistant con-
trol strains was associated with a volatilization rate of at
least 0.2 nmol of Hg per min per mg of protein, whereas
susceptible strains had activities of 0.1 nmol of Hg per min
per mg of protein or less. Intermediate activities between
these two values were seen in susceptible strains only when
the protein concentration was very low.

With this definition, 17 of 17 strains of M. fortuitum
biovar. fortuitum that were resistant to mercury by disk
diffusion had HgRe activity comparable to that of the mer-
cury-resistant bacterial control strains (mean mycobacterial
volatilization rate of 0.48 nmol with a range of 0.2 to 1.27
nmol of Hg volatilized per min per mg of protein). Fourteen
(82%) of these strains had activities that exceeded 0.3 nmol
of Hg per min per mg of protein. Four strains susceptible to
mercury by disk diffusion had enzyme activity of less than
0.1 nmol of Hg per min per mg of protein.

Similar results were obtained with most of the other
species. Enzyme activity was detected in all 4 resistant
strains of M. fortuitum biovar. peregrinum, all 4 strains of
M. chelonae subsp. chelonae, all 4 strains of M. chelonae
subsp. abscessus, the strain of unidentified rapidly growing
mycobacteria, and all 10 strains of M. chelonae-like organ-
isms.
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TABLE 2. Comparative rates of > Hg?* volatilization by whole-
cell extracts of cultures grown in the presence (induced) or
absence (uninduced) of 25 or 100 uM HgCl, as an inducer

Rate of 2°>Hg volatilization®

Species and strain (nmol/min/mg of protein) I:l: r:::e
Uninduced Induced (fold)
Escherichia coli
AB1133
Hg" (plasmid 0.015 * 0.007 0.69 + 0.21 46
pR100)
Hg® 0.02 + 0.0 b
Staphylococcus
aureus
Hg" (RN860) 0.02 + 0.02 0.32 = 0.06 16
Hg® (ATCC 25923) 0.085 + 0.007 b
M. scrofulaceum
Hg" (W262) 0.0 £ 0.0 1.04 = 0.68 >104
Hg® (W2620C) 0.07 = 0.06 b
M. fortuitum biovar.
Sfortuitum
Hg" (Mff250) 0.015 + 0.02 0.59 + 0.31 39
Hg® (TMC 1529) 0.12 + 0.02 b
M. fortuitum biovar.
peregrinum
Hg" (Mfp394) 0.0 £ 0.0 0.50 + 0.17 >50
Hg® (Mfp33) 0.04 = 0.01 b
M. chelonae-like
organisms
Hg" (Mo50) 0.01 = 0.002 0.68 + 0.08 68
Hg® (Mo32) 0.02 + 0.002 -t
M. chelonae subsp.
chelonae
Hg" (Mcc269) 0.03 = 0.02 0.61 = 0.13 20
Hg® (Mcc244) 0.02 = 0.02 b
M. chelonae subsp.
abscessus
Hg" (Mca99) 0.04 = 0.02 0.71 = 0.10 18
Hg® (Mca375) 0.0 £ 0.0 b
Unidentified species 0.03 + 0.01 0.22 + 0.10 7

(Hg")

2 Initial volatilization rate (mean * standard deviation) after 5 min of
exposure to the substrate in the presence of 200 uM NADPH and 1.0 mM
B-ME.

5 Unable to grow under inducing conditions, because the concentrations of
HgCl, (25 to 100 uM) used for induction killed the cells.

HgRe activity could not be demonstrated in the two
mercury-resistant isolates of M. smegmatis. These strains
differed from mercury-resistant isolates of the other species
in that they were not resistant by disk diffusion to any of the
organomercurial compounds.

HgRe activity was inducible in all mycobacterial strains,
as it was in the bacterial and M. scrofulaceum control
strains. Essentially no activity was evident when the organ-
ism had not been grown in the presence of mercury. Vola-
tilization rates with and without induction for mercury-
susceptible and -resistant strains of the three control species
and the six taxonomic groups of rapidly growing mycobac-
teria with HgRe activity are shown in Table 2. The enzyme
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TABLE 3. Need for cofactors for Hg reductase activity in whole-cell extracts of M. scrofulaceum W-262 and strains of M. fortuitum
biovar. fortuitum with and without predialysis of the enzyme?

Reaction rate (nmol of 2°>Hg?* volatilized/min/mg of protein)

Addition to enzyme M. scrofulaceum W262

M. fortuitum Mff250 M. fortuitum Mff267

Dialysis No dialysis Dialysis No dialysis Dialysis No dialysis
Nothing <0.01 0.11 0.14 0.43 0.03 0.38
1.0 mM g-ME <0.01 <0.01 0.08 0.51 0.22 0.35
200 pM NADH 0.07 1.11 0.62 0.47 0.60 1.02
200 uM NADPH ) 0.03 1.48 0.51 0.41 0.22 0.45
200 pM NADH and 1.0 mM B-ME 0.64 1.80 0.70 0.61 3.79 1.34
200 oM NADPH and 1.0 mM B-ME 1.36 2.59 0.05 0.47 0.11 0.45

“ With dialysis, one of the two strains of M. fortuitum (Mff267) and M. scrofulaceum W262 required both B-ME and an NAD hydrogen donor for optimal

activity.

activities in all of the mercury-resistant strains were compa-
rable.

HgRe activity in the rapidly growing mycobacteria gener-
ally required an electron donor (NADH or NADPH) and a
thiol donor for activity, although dialysis of the cell extracts
was often needed to show this requirement. With strain
Mf250, e.g., the enzyme activity of nondialyzed cell ex-
tracts was the same whether NADPH and B-ME were added
or not. After dialysis, however, enzyme activity was seen
only after the addition of the electron donor. Similar results
were seen with strain Mff267, but with the need for both
NADH and B-ME for optimal activity. These results are
compared with those for the control strain M. scrofulaceum
W262 in Table 3. L-Cysteine gave similar results to -ME
when used as the thiol donor.

HgRe heat stability. To further characterize the HgRe
enzymes of rapidly growing mycobacteria, the heat sensitiv-
ity range was studied. The pattern of heat stability of these
mycobacterial HgRe resembles that of other gram-positive
bacteria (e.g., S. aureus) in that it is relatively heat labile,
although it exhibits some species differences. This activity
differed from that of the HgRe of the gram-negative bacte-
rium E. coli, which is heat stable and has activity at 80 to
90°C (12) (Table 4).

Conjugation and transformation studies. Both intergeneric
and intrageneric matings between one Hg" strain of M.
Sfortuitum biovar. fortuitum (Mff284) and two Hg" strains of
M. chelonae-like organisms (Mo63 and Mo71) with five
mercury-susceptible, doxycycline-resistant recipient strains

TABLE 4. Heat stability patterns of mycobacterial and bacterial
mercuric reductase®

% Enzyme activity

Temp

€O A B c D

22 100 100 100 100
50 86 96 98 92
60 2 93 100 98
70 0 4 72 100
80 0 0 0 39
90 0 0 0 13

“ Enzyme activity is defined as nanomoles of Hg volatilized (given here as
percentages of 22°C control values) after 10 min of incubation at the indicated
temperature. Organisms showing pattern A enzyme activity were S. aureus
RN860, M. fortuitum biovar. fortuitum Mff244, and M. fortuitum biovar.
peregrinum Mfp394. Those showing pattern B activity were M. scrofulaceum
W262 and M. chelonae subsp. abscessus Mcal39. M. chelonae-like organism
strain Mo50 showed pattern C activity, and E. coli AB1133(pR100) showed
pattern D activity.

of the same species by the membrane filter technique failed
to provide any stable recombinants. A small number of
colonies grew on the doxycycline-mercury plates, but on
repeat transfer to the same selective medium these colonies
either failed to grow or grew minimally. Transfer to nonse-
lective medium resulted in recovery of rapidly growing
doxycycline-resistant, mercury-susceptible colonies.
Transfer of mercury resistance by transformation to mer-
cury-susceptible recipient spheroplasts was unsuccessful.

DISCUSSION

These results demonstrate that mercury resistance in
rapidly growing mycobacteria, with the exception of that in
strains of M. smegmatis, appears to be due to the presence
of HgRe. This enzyme is inducible and generally requires an
electron donor and a thiol donor for optimal activity. These
HgRe enzymes also exhibit a trimodal heat sensitivity pat-
tern, with loss of activity between 60 and 80°C. Thus the
mechanism of mercury resistance appears to be the same as
has been defined in numerous other gram-positive bacterial
species (12, 16). '

All of the isolates of rapidly growing mycobacteria with
HgRe activity exhibited broad-range resistance to organo-
mercurial compounds, including PMA, FMA, pCMB, mer-
bromin, and thimerosal. This suggested that these strains
also contained organomercurial lyase. Efforts to demon-
strate Hg® volatilization from the organomercurial com-
pound PMA were equivocal; hence the mechanism of orga-
nomercurial detoxification is not known. Strains of E. coli
that contain only HgRe are resistant to merbromin and FMA
but are unable to volatilize organomercurial compounds.
Strains of Pseudomonas aeruginosa with only HgRe are
resistant to merbromin and FMA as well as pCMB but are
also unable to hydrolyze them (20). The mechanism for this
resistance is unknown. No bacterial isolates with HgRe
activity only (narrow-spectrum resistance) have been shown
to be resistant to PMA. Resistance to PMA in the rapidly
growing mycobacteria suggested that organomercurial lyase
activity was also present.

Because of the location of the mercury resistance genes on
plasmids or transposons, mercury resistance among most
bacterial species is readily transferable. However, we were
unable to transfer mercury resistance among strains of M.
fortuitum or M. chelonae-like organisms. The resistance
appears to be highly stable, since all attempts to produce loss
of this determinant by multiple passaging or with curing
agents have been unsuccessful (23).

Previous attempts at mating of auxotrophs of M. smegma-
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tis with presumed chromosomal determinants have been
done by Mizuguchi et al. (9). However, they noted several
mating types, and only recombinant experiments between
compatible strains were successful. It is not known whether
similar mating types are present in M. fortuitum and M.
chelonae-like organisms and what effect this would have on
attempted conjugal or transformational DNA exchange.

Mercury resistance is clinically important, since mercury-
containing compounds (e.g., merbromin) are still used as
topical antiseptics and at least one nosocomial outbreak of
M. chelonae disease has been reported due to a contam-
inated solution of merbromin used in presurgical care (5).

Epidemiologic studies of rapidly growing mycobacteria for
a given species have suffered from a lack of phenotypic
markers. Epidemic nosocomial disease involving sternal
wound infection (21), augmentation mammaplasty (24), and
respiratory tract disease and dialysis (1) has been reported
for M. fortuitum, M. chelonae, and M. chelonae-like organ-
isms. The variable incidence of mercury resistance (approx-
imately 20%) for the first two species makes it a potentially
useful phenotypic marker in epidemiologic studies, and it
has helped in the separation or clustering of strains involved
in such outbreaks. Isolates from the large 1976 North Caro-
lina sternal wound outbreak involving M. chelonae subsp.
abscessus were all mercury resistant, strongly suggesting
that a single strain was involved in the outbreak (21).

Mercury resistance in rapidly growing mycobacteria ap-
pears to be mediated by HgRe, which thereby can serve as a
phenotypic marker in epidemiologic studies of outbreaks of
rapidly growing mycobacterial infections.
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