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Reversible sporicidal action of cuprous ions
GC Rutherford and RE Marquis

Department of Microbiology and Immunology, University of Rochester School of Medicine and Dentistry, Rochester, NY
14642-8672, USA

At 10 mM, Cu * was highly protective against killing of spores of Bacillus megaterium ATCC 19213 by H,0,, while at
higher concentrations, from 15-100 mM, killing was augmented. In contrast, Cu 2* Fe?", Fe®', Co®* or Co*" ions acted
only protectively. Cu ~ itself was sporicidal in the absence of H ,0, or ascorbate, and its sporicidal action did not
depend on generation of highly reactive oxygen species. It appeared that killing involved either inhibition of germi-

nation or copper toxicity to germinated cells in that Cu *-inactivated spores did not germinate readily but chemical
decoating of the cells prior to plating on a solid medium resulted in reversal of the sporicidal effect.

Keywords: sporicides; bacterial spores; copper toxicity; oxidative damage

Introduction peroxide damage have been reported [3,10,11]. The work

. . o described here was undertaken to define more clearly the
Copper is well known to be toxic to living cells, and many nature of the sporicidal action of copper salts.

microorganisms can protect themselves against copper tox-
icity either by means of efflux systems to move the mineral
out of the cytoplasm or by production of copper-binding Materials and methods
proteins. The general topic of resistance to heavy metals o§ ores

environmental concern was reviewed recently by Ji and Sils P

- , 2 Bacillus megateriumATCC 19213 was grown in the
ver [2]. Itis generally considered that the toxicity of copper : . .
derives in part from its capacity to catalyze oxidative dam_medlum of Slepecky and Foster [12] at’8with shaking.

. . . The spores produced were purified by differential centrifug-
age through so-called Fenton reactions in which cuprous.. o ;
ion reacts with hydrogen peroxide to yield cupric ion,%‘t'on and stored as a pellet under 95% ethanol until used.

hydroxyl anion and the very damaging hydroxyl radical.
Copper bound to the exterior of cells, as well as that in th
cytoplasm, may be toxic. For example, Escherichia coli

copper associated with the outer membranes can b%
involved in redox cycling that mediates hydroperoxide tox-

Assays of sporicidal activity

eSuspensions of spores containing approximatel§ dd)-
ny-forming units per ml in water were used. They gener-
lly were diluted 1 : 5 to prepare the final mix, which con-
tained 1% Difco peptone and other ingredients for the

icity to the organism [4]. Presumably, in this situation, rad- e .
ica?/s produce% outsioge]of the cell o?/ at the cell surface car} pecific sporicidal assay. For nearly all assays reported, the
cause damage to cell membranes or possibly penetrate inPoH of the final mix was adjusted to 7, and the temperature

X : as maintained before and after mixing at60by use of
the cytoplasm. Of course, copper is needed in Sman<':1vheat block. Samples were taken at intervals and diluted

filg:ﬁr?gtifb)érggrsntezelI;r'o?engi\%e :gegg;ts g;tiggtif\% tggr;%%(gn 1% Difco peptone broth at room temperature. Addition
; : . of neutralizers such as sulfhydryl compounds for hydro-

such as superoxide dismutases or cytochrome oxidases. X : : !
Bacterial endospores have inherent resistance to hea eroxides or chelators of mineral ions did not enhance col

. . ) .dny counts when peptone solution was used as diluent.
metals by virtue of their protective coat structures and thelrSamloles (0.1 ml) of appropriately diluted suspensions were

dormancy. Basically, the cells do not produce hydroperox- L .

ides, and so Fenton reactions cannot occur, except of cour%%ﬁagolglr?;e?o r?r?a:irc))/rl?tlvcv as SO yc :r%?): e?endlrllngézztrz(lj igggy S
if hydroperoxides are purposely added to the cells. Cur- . : i o
rent)I/y P?y droperoxi desparg veri// widely used sporici desvere carried out at least twice to assess repeatability of

' . N . Yesults.

especially for aseptic packaging and processing. The his-
tory of use of copper as a sporicide was reviewed by Rus-

sell [5], and copper salts have recently been shown to b&esults
virucidal and sporicidal, primarily admixed with ascorbate
and hydroperoxides [6—-8]. These cidal actions are though

to involve oxidative damage following production of rad- :
: 7 .~ ATCC 19213 at 58C and pH 7 (Figure 1a). The D value
icals from hydrogen peroxide. However, contrary f|nd|ngs(time for killing 90% of th% sp(gregpopula)tion) was only

that copper ions can actually be protective against hydroébout 20 min during the first hour of exposure to*Ga a

concentration of 50 mM. Killing of spores by Cwas not
Correspondence: RE Marquis, Box 672, University of Rochester Medicalhlghly temperature sensitive, and the rate of kllllng at 4
Center, Rochester, NY 14642-8672, USA or 25°C was basically the same as that afG(data not
Received 12 July 1996; accepted 3 November 1996 shown). Cd was not sporicidal at a concentration of

poricidal potency of Cu* ions
t 15 to 50 mM Cu is cidal for spores oB. megaterium
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Figure 1 Sporicidal action of Ctifor spores ofB. megateriumATCC 19213 and effects of copper ions on killing by hydroperoxide. Data are shown
for (a) spores treated at 80 and pH 7 with 15 mM [{d), 25 mM (@) or 50 mM (@) CuCl; (b) for spores treated with 0.1%,8, alone O) or 0.1%
H,0, plus 50 mM FeSQ(x) or 50 mM CuC}-2H,0 (d) or 50 mM CuCl @); (c) for spores treated with 0.1%.,8, alone O) or 0.1% HO, plus
10 mM (A), 50 MM (@) or 100 mM () CuCl; and (d) for spore killing at S€ and pH 7 by 5 mM ascorbateAj, 0.03% HO, (O) or 50 mM Cu

().

10 mM but, as shown in Figure 1, D values of, respectively, Ascorbate is commonly added to enhance lethality of
75 and 25 min were achieved with 15 and 25 mM*Cu mixtures of HO, and a reduced transition metal ion.
Ascorbate alone at a concentration of 0.1% (5 mM) had a
Augmentation of killing by hydroperoxide slight sporicidal effect, possibly due to a low level of oxi-
Addition of 50 mM Cu to 0.1% (32.6 mM) HO, resulted  dative cycling with radical production (Figure 1d)0kl
in enhanced sporicidal activity (Figure 1b). The average D(0.03%) also had an expected mild sporicidal activity at the
value for the HO, alone was some 30 min, while the mix-  experimental temperature°@.8&hen the ascorbate and
ture had an average D value over the first hour of killinghydroperoxide were combined, the killing was essentially
of about 16 min, or only slightly less than the value the same as that of fbe &fone. As shown, 50 mM Cu
obtained when 50 mM Cuwas used alone. 50 mM Feor  was again toxic, and addition of 0.1% ascorbate, 0.03%
Cuw* both acted to protect the spores against the lethal ,O,lr a combination of the two did not enhance the tox-
action of HO, (Figure 1b). Similar protection occurred icity of Cu* (data not shown because the killing curves were
with Fe*", Co**, or Cc" at concentrations ranging from 10  all nearly identical).
to 100 mM.
Results of further titration of the capacities of ‘Cto  Effects of decoating
augment HO, Kkilling of B.megaterium spores are Spores of B. megateriuminactivated with Ct did not
presented in Figure 1c. Again, the D value for killing by  undergo germination after heat activation and exposure to
0.1% H,0, alone was about 30 min during exponential kill- 1 mM r-alanine and 1 mM inosine, as indicated by no
ing. Addition of 50 mM Cud resulted in more rapid killing, change in light absorbance and no loss of refractility visible
with a D value of some 16 min, while addition of 100 mM in the phase microscope. However, they could be decoated
Cu’ reduced the D value by some 10 min indicated by a by the procedure of Aronson and Horn [1] involving
six-log reduction in log N/N after 1 h of exposure; the D exposure to 50 mM dithiothreitol, and 0.8% sodium dode-
value in this experiment for 100 mM Cwas some 11 min. cyl sulfate at pH 10.3 andGor 90 min. The decoated
In contrast, addition of 10 mM Cueffectively protected the spores were largely recovered on plates of tryptic-soy agar
spores against killing by 0,, as found previously [11]. (Table 1). Plate counts of spores exposed‘t@ar@lthen
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Table 1 Recovery of spores inactivated by cuprous ion is enhanced byreduction reactions, while Gudoes not. The protective
decoating effects of transition metal ions against hydroperoxide dam-
age have not been interpreted mechanistically, although

E:mwM) Decorﬁggggbefore /?\éeFrSgr?ﬂf)om they could depend on the ions being excluded by the spore
and then reacting externally with hydroperoxides before

15 No 5.0 £2.4) x 10° they can penetrate through the coat-outer-membrane com-

15 Yes 2.6 £1.2) x 10° plex into the spore.

25 No 6.3 ¢4.7) x 10? The finding that decoating can reverse the lethality of

25 Yes 3.141.7)x10° Cu* suggests that the ion is bound to the coats. Removing

o R the coats then removes the copper. Thus, the spores are

_aThe average initial count was 1.%(Q(.8) x 10° CF.U_ mi™. The numbers n}ade superdormant by CuMoreover, if the spores do ger-

in parentheses are standard errors of the mean; in all cases the number of. h in th L f th . d I

separate determinations, run on separate days, was four, and spores W&Enate' the copper In the vicinity 0 the germmaFe .Ce

treated with Ctifor 3 h at pH 7 and 5TC. may prevent outgrowth. Clearly, Ginduced lethality is
reversible, and this reversibility, along with concerns about

nvironmental problems, may limit wide use of *Cas a

decoated were always somewhat lower than those og oricide

untreated spores, possibly because of damage durin
decoating or losses during manipulation, but it was clear
that Cu killing of spores could be reversed by decoating Acknowledgements
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