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The susceptibility of six spiroplasma strains to heavy-metal salt was character-
ized in terms of minimal inhibitory concentrations and minimal biocidal concen-
trations in broth tube dilution tests. The strains were most susceptible to mercuric
chloride and silver nitrate; less susceptible to copper sulfate, cobalt chloride, lead
nitrate, and cadmium sulfate; and least susceptible to nickel chloride and zinc
sulfate. Spiroplasma citri strains Maroc R8A2 and C189 were the most susceptible
to five of eight heavy-metal salts, and honeybee spiroplasma strain AS576 and
Spiroplasma floricola strain 23-6 were generally the least susceptible. The
difference between the minimal biocidal concentrations and the minimal inhibitory
concentrations was greater for certain heavy-metal salts than for others.

Spiroplasmas are motile, helical, cell wall-free
procaryotes which have been classified as Molli-
cutes (14). Subsequent to their discovery in 1972
in association with stunted corn plants (12), they
have been shown to induce some diseases of
plants and insects, to induce disease experimen-
tally in suckling rodents, and to be associated
with apparently healthy plants, insects, and
ticks (23, 27, 29). The ability to cultivate these
organisms in vitro permitted a dramatic increase
in research on taxonomy, habitats and distribu-
tion, growth conditions, vector relations, antibi-
otic sensitivities, and morphological, biochemi-
cal, and physiological properties (26-28).
Taxonomic studies have shown that spiroplasma
strains can be separated into distinct groups and
subgroups (6, 10, 16, 17), and it has been sug-
gested (9) that major groups as well as some
distinct subgroups could be designated as sepa-
rate species of the genus Spiroplasma. Three
species, Spiroplasma citri, Spiroplasma flori-
cola, and Spiroplasma mirum, of this genus have
been described thus far (11, 22, 25).
Nothing is known about the nature of inheri-

tance in spiroplasmas, and little is known about
the genome except for guanosine + cytosine
contents (3, 5, 16, 17, 22), molecular weight (3,
17, 22), and the presence of plasmids in some
strains (1, 21). Basic knowledge of spiroplasma
genetics necessitates the development of a ge-
netic system, which in turn requires a stock of
mutant strains that provide genomic markers to
follow and quantify movement and recombina-
tion of the genome.

t Scientific Article A-3246, Contribution 6317 of the Mary-
land Agricultural Experiment Station.

At the time this study was begun, no defined
medium was available for the growth of spiro-
plasmas and for modification for selection of
auxotrophic mutants. It was therefore desirable
to obtain other genetic markers in addition to
antibiotic resistance markers already obtained
by ourselves (unpublished data) and others (18;
S. A. Field, 68th Annu. Rep. John Innes Inst.
1977, p. 106). In the present study, we deter-
mined the susceptibilities of spiroplasmas to
heavy-metal salts (HMSs) as a prelude to at-
tempts to select heavy-metal-resistant spiroplas-
ma mutants in six spiroplasma strains represent-
ing four major serogroups. Because the
concentration of HMS to be used for the selec-
tion of resistant mutants is in the range between
the lethal and the inhibitory concentrations of
the HMS, we determined the minimal biocidal
concentrations (MBCs) and minimal inhibitory
concentrations (MICs) of the HMSs for these six
spiroplasmas.

MATERIALS AND METHODS
Mkrorganims. Information on the strains used in

this investigation is given in Table 1. Strains were
triply cloned (7) before these experiments and were
stored in medium at -80°C.
Medum. A modified DSM4 medium (pH 7.2) (11)

containing 1.5% (wt/vol) PPLO broth (Difco Labora-
tories, Detroit, Mich.), 6.5% (wt/vol) sucrose, 1.5%
(wt/vol) HEPES (N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid) buffer (Calbiochem-Behring
Corp., La Jolla, Calif.), and 10%o (vol/vol) horse serum
(GIBCO Laboratories, Grand Island, N.Y.) was used.
The agar medium contained 1.5% (wt/vol) PPLO
broth, 8.0o (wt/vol) sucrose, 0.5% (vol/vol) phenol
red solution (GIBCO), 10% (vol/vol) horse serum, and
1.0o (wt/vol) agar.
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TABLE 1. Spiroplasma strains

Strain Serogroupl Source of original ATCC Reference
Strain Sem~~~~~~~oup0~~isolation no.bRernc

Maroc R8A2 (S. citri) I (A) Diseased citrus 27556 22
C189 (S. citri) I (A) Diseased citrus 27665 22
AS576c I (B) Diseased honey bee 29416
23-6 (S. floricola) II Tulip tree flowers 29989 11
PPS1 III Powder puff flowers 33450 19, 20
brevid V Tulip tree flowers 33474

a According to Davis and Lee (9). Serological subgroups are in parentheses.
b ATCC, American Type Culture Collection, Rockville, Md.
c R. E. Davis, J. F. Worley, T. B. Clark, and M. Moseley, Abstr. Proc. Am. Phytopathol. Soc. 1976, p. 304.
d Strain brevi was isolated from the surface of a tulip tree flower during work reported previously (7, 8) and

represents a distinct major serogroup offlower-inhabiting spiroplasmas (R. E. Davis and I.-M. Lee, unpublished
data).

Susceptibility tests. The HMSs employed were mer-
curic chloride (HgCl2), silver nitrate (AgNO3), copper
sulfate (CuSO4), lead nitrate [Pb(NO3)2], nickel chlo-
ride (NiCl2 * 6H20), cobalt chloride (CoCl2 * 6H20),
cadmium sulfate (3CdSO4 * 8H20), and zinc sulfate
(ZnSO4 * 7H20). Susceptibility was determined by
broth tube dilution tests. Reaction tubes contained 1.8
ml of liquid medium to which 0.1 ml of the appropriate
HMS dilution and 0.1 ml of diluted spiroplasma cul-
tures were added. HMSs were weighed, dissolved in
sterile distilled water, and diluted in a twofold series.
The highest concentration of HMS tested was deter-
mined from preliminary experiments on strain suscep-
tibility to each HMS or by the limits of solubility of the
HMS. All stock HMS solutions were prepared on the
day of use. Spiroplasmas from 1- to 2-day-old late-log-
phase cultures were diluted in 10 mM sodium phos-
phate buffer (pH 7.5) containing 10%/ (wt/vol) sucrose
and were added to the reaction tube solution to
provide a final concentration in the reaction tubes of
approximately 107 colony-forming units per ml. The
generation time of the slowest-growing spiroplasma
strain used (Maroc R8A2) necessitated the relatively
high inoculum concentration to give a susceptibility
test that could be completed within 3 days. In each
experiment, the inoculum concentration was estimat-
ed by counting colonies growing from 0.1-ml samples
of serial 100-fold dilutions of the inoculum placed on
agar plates. The plates were incubated at 31°C for 7
days, and the developing colonies were stained with
Dienes' stain (13) before counting. HMS-free cultures
of the strains and non-inoculated tubes containing
HMS served as controls. Each strain was incubated at
31°C for a period of time equal to that required for the
particular strain to reach late log phase in the HMS-
free control tube. At the end of the incubation period,
the titers of the spiroplasmas in the reaction tubes
were determined (as described above), and the pH of
each culture was determined. The MBCs and MICs of
HMSs were determined from a comparison of the final
titer in the reaction tubes with the initial titer. The
MBC was defined as the lowest concentration ofHMS
which killed 99.9% of the spiroplasma population. The
MIC was defined as the lowest concentration of HMS
in which viable (i.e., able to produce colonies on agar

medium) but inhibited (i.e., no increase in number
over the initial inoculum level) spiroplasmas were
present after incubation in the presence of HMS.

These definitions are based on those used in antimicro-
bial susceptibility testing (2). All tests were conducted
in duplicate and repeated at least twice.

RESULTS AND DISCUSSION
The broth dilution test method was used be-

cause determination of the MBC required that,
after incubation, the spiroplasma suspension in
the reaction tube be diluted sufficiently to
achieve a HMS concentration below the inhibi-
tory level. This dilution was necessary to esti-
mate titers of surviving spiroplasmas.
The results are presented as ranges which

encompass those values obtained in two to three
repetitions of the experiments (Table 2). The
MBC and MIC for each HMS varied somewhat
from experiment to experiment. Of the MICs or
MIC ranges reported for the 48 strain-HMS
combinations, 90% differed from experiment to
experiment by three steps in the twofold dilution
series, 8% differed by four dilution steps, and
2% differed by six steps. All of the 48 MBCs or
MBC ranges differed from experiment to experi-
ment by three dilution steps. Addition of certain
concentrations of acidic HMS lowered the pH of
the culture medium. For lead nitrate and copper
sulfate only, addition of a high concentration
([Pb] = 80 x 10-4 M; [Cu] = 64 x 10-4 M) of
HMS lowered the pH to 6.5 to 7.0 such that part,
but certainly not all, of the inhibition in five
MICs cQuld possibly be attributed to this nonop-
timal growth condition. The problem of heavy-
metal precipitation at certain pH's (15) preclud-
ed in some cases adjustment of the pH of the
medium to 7.2.

Generally, the spiroplasma strains were most
susceptible to mercuric chloride, silver nitrate,
and cadmium sulfate and were least susceptible
to nickel chloride and zinc sulfate. Although no
single spiroplasma strain was found to be the
most or least susceptible to all eight HMSs, a
least- or most-susceptible strain was determined
for most of the HMSs. For five HMSs, strains
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Maroc and C189, members of the same sero-

group and subgroup, were the most susceptible.
Strains AS576 and 23-6 were the least suscepti-
ble, even though strain AS576 is in the same

serogroup as strains C189 and Maroc. All strains
were nearly equally susceptible to silver nitrate
and lead nitrate. A greater difference between
the MBCs and MICs was found for certain
HMSs than for others independent of the spiro-
plasma strain tested. For example, for cadmium
sulfate, the MBCs were on the average 35 times
as great as the MICs, whereas for copper sul-

fate, the MBCs were on the average 1.9 times as

great as the MICs.
For some HMS-spiroplasma strain combina-

tions, the MIC equaled the MBC (e.g., for
CuS04 and S. floricola 23-6, the MBC and MIC
equaled 64 x 10-4 M). Strains for which this
phenomenon is observed could be tested at
HMS concentrations differing by smaller incre-
ments than twofold dilution steps; this experi-
ment might reveal that the MIC is actually lower
and not equal to the MBC. On the other hand,
the similarities between some MICs and MBCs
observed here may reflect the nature of the
HMS inhibitory and biocidal effects. The con-

centration of HMS necessary to inhibit the spir-
oplasmas of a particular strain may also kill a

majority of the organisms.
To provide a perspective for considering the

MIC of certain HMSs for spiroplasmas (Table 2)
with those for other procaryotes, we note that
the reported MIC of mercuric chloride for a

strain of Escherichia coli is 0.1 X 10-4 M (24),
compared with 0.0006 x 10-4 to 0.8 x 10-4 M
for spiroplasmas in our work, and that the
reported MIC ofcadmium chloride for a strain of
Staphylococcus aureus is 0.1 X 10-4 M (4),
compared with the MIC of cadmium sulfate of
0.2 x 10-4 to 6.4 x 10-4 M for spiroplasmas.
Because the MICs for these different organisms
were obtained under different test conditions,
direct comparisons of the data may not be

o appropriate, but it is interesting that the MICs
x for spiroplasmas were in the range of the MIC
(A observed previously for some bacteria.

Susceptibilities are reported for the salts of
heavy metals rather than for the heavy-metal
cation alone because the anions may have an
inhibitory effect (unpublished data). For exam-

ple, we found that the salts caused varying
u

degrees of inhibition of spiroplasma growth de-
C-) pending on the anion and on the strain of the

spiroplasma tested. However, it is apparent that
differences in activity observed among HMSs

rA with the same anions in equimolar concentra-
00 tions (see Table 2) can be due to the heavy-metal

cations and not anions. For example, since the
anion was the same in mercuric chloride, cobalt
chloride, and nickel chloride and was used in
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equimolar concentrations in tests with these
salts, the differences in effect on spiroplasmas
among these salts are presumed to be due to the
heavy-metal cations themselves.
The present work is the first study of the

susceptibility of spiroplasmas to HMS. The re-
sults contribute to the basic knowledge of spiro-
plasmas and provide MBCs and MICs that can
be used as guides in future attempts to select
heavy-metal-resistant spiroplasma mutants.
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