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A 10 mM concentration of Zn2+ decreased the survival of Escherichia coli;
enhanced the survival of Bacillus cereus; did not significantly affect the survival
of Pseudomonas aeruginosa, Nocardia corallina, and Ti, T7, P1, and 480
coliphages; completely inhibited mycelial growth of Rhizoctonia solani; and
reduced mycelial growth of Fusarium solani, Cunninghamella echinulata, As-
pergillus niger, and Trichoderma viride. The toxicity of zinc to the fungi,
bacteria, and coliphages was unaffected, lessened, or increased by the addition of
high concentrations of NaCl. The increased toxicity of zinc in the presence of
high concentrations of NaCl was not a result of a synergistic interaction between
Zn2+ and elevated osmotic pressures but of the formation of complex anionic Zn-
Cl species that exerted greater toxicities than did cationic Zn2+. Conversely, the
decrease in zinc toxicity with increasing concentrations of NaCl probably reflected
the decrease in the levels of Zn2+ due to the formation of Zn-Cl species, which
was less inhibitory to these microbes than was Zn2". A. niger tolerated higher
concentrations of zinc in the presence of NaCl at 37 than at 25°C.

Anthropogenic pollutants emitted by indus-
trial and domestic activities and deposited into
the environment may have an adverse impact
on the activity, ecology, and population dynam-
ics of the indigenous microbiota (e.g., see refer-
ence 5). The influence of the physicochemical
factors of the environment into which a pollu-
tant is deposited on the toxicity of that pollutant
to the microbiota has often been neglected in
environmental studies (9). For example, the tox-
icity of cadmium towards bacteria and fungi was
reduced in the presence of the clay mineral
montmorillonite (7, 8) but was potentiated at
alkaline pH values, presumably as a result of the
formation of the hydroxylated species CdOH+
which was more toxic than divalent Cd2+ (6, 8,
9).
The studies reported herein further demon-

strate that the anionic composition of the envi-
ronment influences the toxicity of heavy metals
(i.e., zinc) to microbes and viruses. As a model
system, Zn2+ and Cl- ions were selected as the
cationic heavy metal and anion, respectively.
Several studies have demonstrated interactions
between Zn2+ and other divalent cations (e.g.,
Cd2+, Mg2+, Cu2+) and their combined effects on
bacteria (1, 43), fungi (2, 35), and unicellular
algae (11). However, there is little information
on whether and how the inorganic anionic com-
ponents of the environment influence the toxic-
ity of divalent cations.

Zinc is a micronutrient and is essential for

maximal growth of microbes and other cells.
Zinc is a component or activator of some en-
zymes (e.g., alcohol dehydrogenase, aldolase
[55], DNA-dependent RNA polymerase of T7
coliphage [19], RNA-dependent DNA polymer-
ase of avian myeloblastosis virus [4]); maintains
the integrity of ribosomes (44), biological mem-
branes, the double helix of DNA (18), and the
cell wall of gram-negative bacteria (20); is re-
quired for growth and subtilin production by
Bacillus subtilis (21); is a component of the cell
wall of Escherichia coli and is involved in the
penetration of T2 and T4 coliphages into the
host cells (33); and is required for growth of
Helminthosporium sativum (42) and Verticil-
lium albo-atrum (50), for aflatoxin production
by Aspergillusparasiticus (37), and for sclerotia
production by Whetzelinia sclerotiorum (53).
However, elevated concentrations of Zn may

be inhibitory or toxic to cellular activities and
growth, with the specific inhibitory concentra-
tion being dependent on the activity or cell being
investigated. For example, zinc chloride (ZnCl2)
at 0.08 mM stimulated and at 0.5 mM inhibited
growth of E. coli (57). Zinc has been shown to
inhibit respiration (39) and growth (48) of fungi,
germination of fungal spores (49), growth of
unicellular algae (11) and protozoans (15, 47),
bacterial conjugation (40), nitrification in soil
(56), and replication of rhinoviruses (32) and to
block adsorption of M13 coliphage to its host
bacterium (52).
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Concentrations of Zn above ambient back-
ground levels in the environment result primar-
ily from anthropogenic activities. High concen-
trations of Zn were present in fresh waters re-
ceiving effluents from strip mines (41); in sedi-
ments from marine coastal regions receiving dis-
charges from domestic sewers (12); and in soils
near highways (36), coal-burning power plants
(31), and smelters. For example, some soils
within 9.7 km from a smelter in British Columbia
contained 1,394 jig of Zn per g (27), and some
soils within 1 km of a smelter complex at Pal-
merton, Pa., contained 135,000 jig of Zn per g
(13). Soils surrounding industrial and smelter
complexes that emit metal oxides, including
those of Zn, exhibited reduced rates of organic
matter decomposition (46), soil respiration (17),
and phosphorus mineralization (51), as well as
reductions in the numbers of bacteria, including
actinomycetes, fungi (28), and lichens (38). Dep-
osition of heavy metals, including Zn, on the
surfaces of leaves resulted in an alteration in the
composition and species diversity of the phyllo-
plane microbiota (23).
Once a heavy metal is deposited into a specific

environment, its chemical form, mobility, and
availability for uptake by the biota are depend-
ent on the physicochemical factors of that envi-
ronment. For example, Zn2+ complexes with Cl-
and, depending on the Ct- concentration, forms
ZnCl+, ZnCl2, ZnCl3-, and ZnCl42- (25). Divalent
Zn2+ and these Zn-Cl species may exert differing
toxicities on the microbiota.

In soil, Cl- is mobile, and its concentration is
dependent on the porosity of the soil and the
extent of leaching. Additional amounts of Cl-
may be introduced into soil by the application
of salt (primarily a mixture of 95% NaCl and 5%
CaCl2) to remove ice and snow from roadways.
Salt, mainly as CaCl2, is also used as a dust
palliative on unpaved roads (54). In saline and
saline-sodic soils, the Cl- concentration of the
soil solution ranges from 42,600 to 103,000 yg/g,
and the Cl- concentration in seawater is about
20,000 ,tg/ml (25).

MATERLALS AND METHODS
Source and maintenance of microorganisms

and viruses. Microorganisms and coliphages were
obtained from the culture collection of the Laboratory
of Microbial Ecology at New York University. Bacte-
ria were grown and maintained on nutrient agar
(Difco) amended with 1% glucose: E. coli and Pseu-
domonas aeruginosa were grown at 37°C, and Bacil-
lus cereus and Nocardia corallina were grown at
25°C. Cunninghamella echinulata, Aspergillus niger,
Rhizoctonia solani, Fusarium solani, and Tricho-
derma viride were grown and maintained on Sabour-
aud dextrose agar (Difco or Scott Laboratories) at
25°C. Purified Tl, T7, P1, and ,80 bacteriophages of

E. coli were prepared as described elsewhere (10).
Description of experiments. (i) Fungi. Fungi

were grown on petri dishes containing approximately
15 ml of Sabouraud dextrose agar (pH 5.6). After
incubation for several days at 25°C, circular fungal
plugs (3 to 5 mm in diameter), made with a sterilized
metal cork borer, were transferred, with the fungal
growth up, to the center of new dishes containing the
same agar unamended or amended with 0.01, 0.1, 1, or
10 mM ZnSO4. 7H20. After at least 1 day of equilibra-
tion and after various periods of incubation at 25°C,
the diameters of mycelial growth, in four directions,
and the radial growth rates (in millimeters per day)
were determined (6). Mycelial growth was measured
on days 2 and 3 after inoculation for T. viride and C.
echinulata, on days 2, 3, and/or 4 for A. niger, and on
days 3 and 4 for R. solani and F. solani; however,
longer time intervals were required for measurement
of growth on agar containing inhibitory concentrations
of Zn2+. Growth rates were also determined for fungi
on agar amended with 0, 1, or 10 mM Zn2+ and 0, 0.1,
0.5, or 1 M NaCl, to provide different ratios of the Zn-
Cl species ZnCl+, ZnC12, ZnCW3-, and ZnC42- (25).
Similar studies with some Zn-NaCl concentrations
were also conducted at 37°C. To differentiate between
the effects of a possible synergistic interaction between
Zn2+ and Cl- or between Zn2' and elevated osmotic
pressures, 0.5 M NaCl or NaNO3 or 1 M glucose or
xylose (to give theoretically equivalent osmotic pres-
sures [22]) were added to agars with and without Zn2+.
Three petri dishes were used for each concentration
of Zn2+ and all other permutations, and each experi-
ment was repeated at least once.

(ii) Bacteria. Preliminary studies demonstrated
that growth of representative bacteria was unaffected
in agar medium supplemented with up to 1 mM Zn2+
and was reduced at 10mM Zn2+. Thus, a concentration
of 10 mM Zn2+ was employed to study the influence of
Zn2+ in the absence and presence of NaCl on the
survival of bacteria in a non-nutrient medium.

Bacteria were grown for approximately 18 h at 25
or 37°C in nutrient broth (Difco) amended with 1%
glucose. The cells were then washed twice with phthal-
ate buffer (hydrogen phthalate-sodium hydroxide, pH
6), resuspended in phthalate buffer, and refrigerated
at 4°C. All experiments were performed at pH 6 to
avoid the formation of hydroxylated Zn species (25).

Portions (0.2 ml) of the bacterial suspensions were
inoculated into tubes (13 by 100 mm) containing 1.8
ml of phthalate buffer amended with 10 mM
ZnSO4.7H20 or MgSO4.7H20 and with either 0, 0.1,
0.5, 1, or 5 M NaCl to yield a total volume of 2.0 ml.
Divalent Mg2+ served as the control because it does
not form complex Cl--containing species. The tubes
were agitated on a Vortex-Genie for 5 s and placed in
a rotating drum (36 rpm) at 25°C for 3 h; portions
were removed; 0.1 ml of serial dilutions in
tris(hydroxymethyl)aminomethane (Tris) buffer (1
mM Tris-1 mM MgSO4.7H20-1 mM NaCl, adjusted
to pH 7 with HCl) was inoculated into petri dishes; 8
ml of molten nutrient agar (1% glucose-0.8% nutrient
broth-0.7% agar [Bacto; Difco]) was added; the dishes
were inverted and incubated at 25 or 37'C; and bac-
terial colonies were counted after 2 to 4 days. The
small amount (i.e., 8 ml) of this soft agar was em-
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ployed, because preliminary studies showed that
greater quantities of medium or a larger percentage of
agar delayed colony development. Two tubes were
used for each concentration of NaCl in combination
with Mg2+ or Zn2+, and each experiment was repeated
at least twice.

In other experiments, 0.2-ml portions of a suspen-
sion of E. coli were inoculated into tubes containing
1.8 ml of phthalate buffer amended with 10 mM Zn2+
or Mg2' and either 1 M NaCl, 1 M NaNO3, 2 M
glucose, or 2 M xylose. Survival of the bacteria was

determined as described above. Two tubes were used
for each combination, and the experiments were re-

peated twice.
(iii) Coliphages. Portions (0.2 ml) of the coliphage

suspensions were inoculated into tubes containing 1.8
ml of phthalate buffer amended with 10 mM Mg2+ or

Zn2+ and with either 0, 0.1, 0.5, 1, or 5 M NaCl. The
tubes were agitated on a Vortex-Genie for 5 s and then
placed in a rotating drum (36 rpm), housed in a 25°C
incubator, for 3 h. Portions (0.5 ml) were then removed
and serial dilutions were performed in Tris buffer (pH
7); 0.1-ml portions were inoculated into 4.5 ml of an

overlay agar medium (1% tryptone-0.5% yeast ex-
tract-0.5% NaCl-0.7% agar [Bacto]), which was then
seeded with 0.4 ml of E. coli strain B. The underlay
agar (10 ml) consisted of nutrient agar containing 1%
glucose. The plates were inverted and incubated at
37°C, and plaques were counted after 18 h. Two tubes
were used for each concentration of NaCl with either
Zn2+ or Mg2 , and each experiment was repeated at
least three times.
The data were calculated as the arithmetic mean
standard error of the mean, and Student's t test was

performed to determine the significance of the varia-
tion between control and experimental mean values;
P of 0.05 or less were considered significant.

RESULTS

Fungi. Concentrations of Zn2+ up to 1 mM

did not significantly inhibit the growth of fungi.
However, 10 mM Zn2+ significantly decreased
the mycelial growth rates of F. solani, C. echin-
ulata, A. niger, and T. viride and completely

inhibited growth of R. solani (Table 1).
In both the absence and presence of Zn2+,

growth rates of A. niger were greater at 37 than
at 25°C, and more abundant sporulation was
noted in cultures incubated at 37°C. At both 25
and 37°C, concentrations of Zn2+ up to 1 mM
did not significantly decrease growth rates, but,
at 10 mM, rates were reduced to approximately
50% of the control (i.e., no Zn2+) at both temper-
atures (Table 2).
The effect of different concentrations of NaCl

on the toxicity of Zn to mycelial growth was
variable. In the absence of Zn2+, 0.5 M NaCl
greatly reduced and 1 M NaCl completely in-
hibited growth of R. solani. In the absence of
NaCl or with 0.1 M NaCl, a concentration of 1
mM Zn2+ did not significantly influence growth.
However, with 0.5 M NaCl, growth of R. solani
was greater in the presence of 1 mM Zn2+ than

TABLE 2. Effect of temperature on the toxicity of
zinc to A. niger

Growth rate
Zn concn' (mM)

25°C 370C

None 9.6 + 0.56b 10.6 ± 0.51
(100 ± 5.9)c (100 ± 4.8)

0.01 9.3 ± 0.57 11.2 ± 0.46
(100 ± 5.3) (105 ± 2.0)

0.1 9.2 ± 0.55 10.4 ± 0.49
(96 ± 1.4) (93 ± 2.3)

1 8.9 ± 0.63 10.4 ± 0.52
(92 ± 1.8) (98 ± 1.7)

10 4.1 ± 0.23d 5.6 ± 0.64d
(44 ± 1.2) (51 ± 4.1)

a Zn, as ZnSO4. 7H20, added to Sabouraud dextrose
agar (Difco).
'Mean radial growth, in millimeters per day, ±

standard error of the mean.
c Mean percent of control ± standard error of the

mean.
d Significant difference at P = 0.001.

TABLE 1. Effect of zinc on growth offungi
Growth rate

Zn concn' (mM)
R. solani F. solani C. echinulata A. niger T. viride

None 7.8 ± 0.34b 4.6 ± 0.13 10.0 ± 0.08 9.6 ± 0.56 16.0 ± 0.39
(100 ± 4.3)c (100 ± 2.8) (100 ± 0.7) (100 ± 5.9) (100 ± 2.4)

0.01 7.8 ± 0.32 4.7 ± 0.14 9.7 ± 0.23 9.3 ± 0.57 15.9 ± 0.16
(100 ± 4.1) (103 ± 3.0) (97 ± 2.3) (100 ± 5.3) (99 ± 1.0)

0.1 7.7 ± 0.28 4.6 ± 0.20 9.8 ± 0.11 9.2 ± 0.55 16.0 ± 0.36
(99 ± 3.6) (100 ± 4.5) (98 ± 1.1) (96 ± 1.4) (100 ± 2.2)

1 7.1 ± 0.19 4.4 ± 0.20 10.3 ± 0.30 8.9 ± 0.63 17.6 ± 4.90
(91 ± 2.5) (96 ± 4.5) (103 ± 3.0) (92 ± 1.8) (110 ± 3.0)

10 od 0.6 ± 0.12d 2.1 ± 0.17d 4.1 ± 0.23d 7.2 ± 0.39d
(0) (13 ± 2.6) (21 ± 1.6) (44 ± 1.2) (45 ± 2.5)

Z Zn, as ZnSO4. 7H20, added to Sabouraud dextrose agar (Difco).
Mean radial growth, in millimeters per day, ± standard error of the mean.
Mean percent of control ± standard error of the mean.

d Significant difference at P = 0.001.
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in the absence of Zn2" (Table 3).
In the absence of Zn2+, growth of F. solani

was initially reduced at 0.1 M NaCl and pro-

gressively decreased as the concentration of
NaCl was increased to 1 M. These concentra-
tions of NaCl did not significantly alter the
response of the fungus to 1 mM Zn2+ added to
the various concentrations of NaCl (Table 3).
The growth ofA. niger, in the absence of Zn2+,

was initially reduced by 0.5M NaCl, with greater
reductions occurring at 1 M NaCl. In the absence
of NaCl, 1 mM Zn2+ did not adversely influence
growth, but, in the presence of 0.5 or 1 M NaCl,
A. niger was progress,ively sensitive to Zn. At 10
mM Zn2+, growth rates were decreased and, as

the concentration of NaCl increased, the toxicity
of Zn increased until growth was totally in-
hibited at 1 M NaCl (Table 3).
Although 0.1 M NaCl slightly enhanced the

growth of C. echinulata in the absence of Zn,
higher concentrations of NaCl reduced growth.
The extent of inhibition by 10 mM Zn2+ was not
affected by concentrations of NaCl to 1 M. For
example, at 0 or 1 M NaCl, a 10 mM concentra-
tion of Zn2+ reduced growth to approximately
20% of the controls (i.e., no Zn + no NaCl and
no Zn + 1 M NaCl, respectively) (Table 3).

In the absence of Zn2+, growth of T. viride
was initially reduced at 0.5 M NaCl, with a

greater reduction occurring at 1 M NaCl. In the
absence of NaCl, 10 mM Zn2+ significantly re-

duced growth, but the tolerance to Zn increased
as the concentration of NaCl increased. For ex-

ample, in the absence of NaCl, 10 mM Zn2+

reduced growth to 36% of the control (i.e., no Zn
+ no NaCl), whereas in the presence of 1 M
NaCl, an equivalent concentration of Zn reduced
growth only to 72% of the control (i.e., no Zn +
1 M NaCl) (Table 3).
The influence of temperature on the sensitiv-

ity ofA. niger to varying concentrations of Zn in
the absence and presence of 0.5 M NaCl was

also studied. At 25°C, mycelial growth was ini-
tially reduced at a concentration of 0.1 mM Zn2+
in the presence of 0.5 M NaCl, whereas in the
absence of NaCl toxicity was initially evident
only at 10 mM Zn2+. At 37°C, reductions in
growth were initially evident at 10 mM Zn2+,
regardless of the absence or presence of NaCl,
although toxicity was significantly greater in the
presence of NaCl (Table 4).
Bacteria. The influence of increasing concen-

trations of NaCl on the survival of bacteria in
phthalate buffer after a 3-h exposure to 10 mM
Zn2+ or Mg2+ was studied. Because Mg2" does
not form complex coordination complexes with
Cl-, differences in bacterial survival with in-
creasing concentrations of NaCl in the presence

of Mg2+ probably reflected the influence of in-
creased osmotic pressure.

In the presence of Mg2+, the addition of 0.1 M
NaCl reduced survival of E. coli to about 15% of
the control (i.e., Mg2+ + no NaCl), and at higher
concentrations of NaCl, survival was reduced to
2% or less of the control. In the absence of NaCl,
10 mM Zn2+ decreased the survival of E. coli to
about 20% of the control (i.e., Mg2` + no NaCl);
however, in the presence of 0.1 M NaCl, the

TABLE 3. Effect of different concentrations of sodium chloride on the toxicity of zinc to growth of fungi
Growth rate Growth rate

Treatmenta Treatment
R. solani F. solani A. niger A. niger C. echinulata T. viride

No NaCl, no 7.6 ± 0.31b 5.0 ± 0.25 9.3 ± 0.19 No NaCl, no 9.3 ± 0.19 9.4 ± 0.29 14.6 ± 0.70
Zn Zn

No NaCl, 1 6.9 ± 0.31 4.3 ± 0.36 9.9 ± 0.08 No NaCl, 10 5.1 ± 0.24d 1.8 ± 0.19d 5.3 ± 0.52d
mM Zn (90 ± 4.1)c (85 ± 4.6) (106 ± 0.8) mM Zn (54 ± 2.5) (20 ± 2.0) (36 ± 3.6)

0.1 M NaCl, 6.1 ± 0.36 3.8 ± 0.36 9.7 ± 0.09 0.1 M NaCl, 9.7 + 0.09 10.2 ± 0.21 14.4 ± 0.77
no Zn no Zn

0.1 M NaCl, 6.1 ± 0.25 3.7 ± 0.46 9.6 ± 0.12 0.1 M NaCl, 3.3 ± 0.73d 1.5 ± 0.25d 7.2 ± 0.90d
1 mM Zn (100 ± 4.1) (97 ± 3.2) (98 ± 1.2) 10 mM Zn (34 ± 7.5) (15 ± 2.4) (50 ± 6.3)

0.5 M NaCl, 0.8 ± 0.15 2.5 ± 0.10 8.4 ± 0.09 0.5 M NaCl, 8.4 ± 0.09 7.7 ± 0.40 9.8 + 0.49
no Zn no Zn

0.5 M NaCl, 1.9 ± 0.06d 2.4 ± 0.26 6.9 ± 0.11d 0.5 M NaCl, 0.3 ± 0.16d 1.0 ± 0.12d 6.6 ± 0.57d
1 mM Zn (231 ± 6.9) (96 ± 7.6) (82 ± 1.4) 10 mM Zn (5 ± 2.7) (13 + 1.6) (68 ± 5.9)

1 M NaCl, no 0 1.9 ± 0.23 6.2 ± 0.15 1 M NaCl, no 6.2 ± 0.15 3.1 ± 0.15 5.0 ± 0.30
Zn Zn

1 M NaCl, 1 0 1.5 ± 0.20 3.8 ± 0.12d 1 M NaCl, 10 od 0.6 ± 0.08d 3.6 ± 0.35e
mM Zn (0) (79 ± 4.3) (61 ± 1.9) mM Zn (0) (18 ± 3.0) (72 ± 7.0)

a Zn, as ZnSO4- 7H20, and NaCl added to Sabouraud dextrose agar (Difco).
b Mean radial growth, in millimeters per day, ± standard error of the mean.
'Mean percent of control ± standard error of the mean (control = no Zn at equivalent NaCl concentration).
d Significant difference at P = 0.001.
'Significant difference at P = 0.01.
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toxicity of Zn was lessened, as survival was 60%
of the control (i.e., Mg2+ + 0.1 M NaCl). Above
0.1 M NaCl, the toxicity of Zn increased, with
survival being 20, 2, and 0% in the presence of
0.5, 1, and 5 M NaCl, respectively (Table 5).

In the presence of Mg2+, P. aeruginosa
showed no significant decreases in survival with
additions of NaCl up to 1 M, but survival was
greatly reduced at 5 M NaCl. A concentration of
10 mM Zn2+ was not toxic in the presence of 0,
0.1, 0.5, or 1 M NaCl, but, in the presence of 5 M
NaCl, Zn toxicity was enhanced, and survival
was only 13% of the control (i.e., Mg2+ + 5 M
NaCl) (Table 5).

Survival of B. cereus at 10 mM Zn2+ was
progressively increased by additions of NaCl to
0.5 M, but, thereafter, was progressively de-
creased as the NaCl concentration was increased
to 5 M. Compared with the control (i.e., Mg2"
+ no NaCl), 10 mM Zn2+ enhanced survival of
B. cereus; however, 0.1 M NaCl decreased this
enhancement, and, at higher NaCl concentra-
tions, survival in the presence of Zn was approx-
imately equivalent to that with Mg2" (Table 5).

N. corallina was not sensitive to 10 mM Zn2+
either in the absence or presence of NaCl (Table
5).
Coliphages. The influence of increasing con-

TABLE 4. Influence of temperature on the toxicity of zinc in the absence and presence of sodium chloride on
growth ofA. niger

Zn concna 250C 370C
(mM) No NaCl 0.5 M NaCl No NaCl 0.5 M NaCl
None 7.9 ± 0.35b 6.3 ± 0.07 9.0 ± 0.35 4.3 ± 0.08

(100 ± 4.4)C (100 ± 1.1) (100 ± 3.9) (100 ± 1.9)
0.01 7.5 ± 0.23 5.7 ± 0.47 9.6 ± 0.25 4.0 ± 0.12

(96 ± 2.4) (91 ± 7.5) (106 ± 2.2) (93 ± 4.4)
0.1 7.5 ± 0.20 5.7 ± 0.23d 8.9 ± 0.15 4.1 ± 0.27

(96 ± 2.8) (90 ± 3.6) (99 ± 2.5) (97 ± 4.5)
1 7.1 ± 0.10 4.8 ± 0.16e 8.7 ± 0.15 3.9 ± 0.26

(91 ± 3.6) (76 ± 2.5) (97 ± 2.8) (94 ± 5.2)
10 3.5 ± 0.70e oe 4.6 ± 0.11 0.2 ± 0.03e

(44 ± 1.9) (0) (51 ± 3.1) (4 ± 0.1)

aZn, as ZnSO4. 7H20, added to Sabouraud dextrose agar (Scott).
bMean radial growth, in millimeters per day, ± standard error of the mean.
' Mean percent of control ± standard error of the mean (control = no Zn at an equivalent NaCl concentration

and temperature).
d Significant difference at P = 0.05.
eSignificant difference at P = 0.001.

TABLE 5. Effect of different concentrations of sodium chloride on the toxicity of zinc to bacteria
Colony-forming units (x 10W) per 0.1 mlh

Treatmenta
E. coli P. aeruginosa B. cereus N. corallina

10 mM Mg, no NaCl 35.53 ± 1.919 2.86 ± 0.405 13.13 ± 2.164 37.00 ± 3.055
10 mM Zn, no NaCl 7.22 ± 0.964C 2.77 ± 0.297 58.13 ± 0.125' 39.00 ± 3.512

(20 ± 2.7)d (98 ± 4.2) (490 ± 9.8) (106 ± 9.0)
10 mM Mg, 0.1 M NaCl 4.95 ± 0.444 2.78 ± 0.265 26.00 ± 3.201 31.00 ± 3.500
10 mM Zn, 0.1 M NaCl 2.99 ± 0.641e 3.11 ± 0.333 48.38 ± 6.728e 34.33 ± 1.965

(60 ± 9.5) (112 ± 4.8) (188 ± 20.7) (112 ± 6.7)
10 mM Mg, 0.5 M NaCl 0.61 ± 0.223 2.55 ± 0.240 45.25 ± 6.537 40.83 ± 2.186
10 mM Zn, 0.5 M NaCl 0.08 ± 0.025e 2.34 ± 0.326 57.00 ± 2.102 40.67 ±_2.728

(20 ± 5.6) (91 ± 6.2) (134 ± 19.5) (100 ± 6.4)
10 mM Mg, 1 M NaCl 0.66 ± 0.142 2.14 ± 0.210 16.28 ± 2.571 27.00 ± 3.691
10 mM Zn, 1 M NaCl 0.01 ± 0.007e 2.21 ± 0.256 17.48 ± 2.208 25.13 ± 3.561

(2 ± 1.7) (103 ± 5.8) (112 ± 16.0) (93 ± 5.6)
10 mM Mg, 5 M NaCl 0.02 ± 0.006 0.56 ± 0.108 0.46 ± 0.054 34.83 ± 2.455
10 mM Zn, 5 M NaCl 0 0.08 ± 0.004f 0.38 ± 0.056 36.00 ± 0.764

(0) (13 ± 4.7) (83 ± 9.6) (104 _ 7.1)
'Mg added as MgSO4. 7H20; Zn added as ZnSO4 . 7H20.
b Mean bacterial titer ± standard error of the mean after 3 h of incubation.
c Significant difference at P = 0.001.
d Mean percent of control ± standard error of the mean (control = Mg at an equivalent NaCl concentration).
'Significant difference at P = 0.05.
f Significant difference at P = 0.01.
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centrations of NaCl on the toxicity of Zn to
coliphages was also studied, with Mg2e again
serving as the control. In the presence of 10 mM
Mg2+, increasing the concentration of NaCl to 5
M did not significantly affect survival of Ti, T7,
and P1, but survival of 480 was slightly enhanced
at 5 M NaCl. As compared with the controls
(i.e., Mg2e + equivalent NaCl concentrations),
10 mM Zn2+ in the presence of 0, 0.1, and 0.5 M
NaCl did not significantly reduce survival of the
coliphages, but at higher NaCl concentrations
Zn was toxic (Table 6).
Mechanism. Experiments were performed to

determine whether the enhanced toxicity of Zn
in the presence of NaCl was the result of a
synergistic effect between Zn2+ and the elevated
osmotic pressures or of the fornation of the
various Zn-Cl species (ZnCl+, ZnCl2, ZnCl3,
ZnC42-) that may exert greater toxicities than
divalent Zn2+. A. niger and E. coli were selected
as the test organisms, as previous studies had
demonstrated that the toxicity of Zn towards
these microbes was enhanced by high NaCl con-
centrations; as a control, experiments were also
performed with C. echinulata, the tolerance of
which to Zn was independent of the NaCl con-

centration (Tables 3 and 5). The organisms were
exposed to the inhibitory concentration of Zn in
the presence of NaCl, NaNO3, glucose, or xylose.

In the absence of Zn, NaCl and NaNO3 were
more inhibitory towards growth of A. niger and
C. echinulata (Table 7) and decreased survival
of E. coli to a greater extent (Table 8) than did
glucose and xylose at equivalent theoretical os-
motic pressures. These differences in microbial

response may have resulted either from differ-
ential sensitivities to high levels of these solutes
or from utilization of the sugars as a source of

TABLE 7. Influence of different salts and sugars at
equivalent calculated osmotic pressures on the

toxicity of zinc to growth offungi
Growth rate

Treatmenta
A. niger C. echinulata

0.5 M NaCl, no Zn 6.6 + 0.17" 7.2 ± 0.17
(100 ± 2.5)' (100 ± 2.4)

0.5 M NaCl, 10 mM Zn od 0.6 ± 0.02d
(0) (8 ± 0.3)

0.5 M NaNO3, no Zn 4.0 ± 0.17 4.3 ± 0.26
(100 ± 5.6) (100 ± 5.9)

0.5 M NaNO3, 10 mM Zn 0d 0.4 ± 00.9d
(0) (9 1.9)

1 M glucose, no Zn 8.2 ± 0.31 6.5 ± 0.15
(100 ± 3.7) (100 ± 2.3)

1 M glucose, 10 mM Zn 1.5 ± 0.11d 0.5 0.07d
(18 ± 1.3) (4 ± 1.0)

1 M xylose, no Zn 9.1 ± 0.23 4.8 0.13
(100 ± 2.5) (100 ± 2.7)

1 M xylose, 10 mM Zn 2.6 ± 0.3d 0.7 ± 0.08d
(28 ± 2.9) (14 ± 1.7)

Zn, as ZnSO4. 7H20, added to Sabouraud dextrose
agar (Scott).
bMean radial growth, in millimeters per day, +

standard error of the mean.
c Mean percent of control ± standard error of the

mean (control = no Zn + equivalent molar concentra-
tion of osmotic agent).

d Significant difference at P = 0.001.

TABLE 6. Effect of different concentrations of sodium chloride on the toxicity of zinc to coliphages
Plaque-forming units (x10) per 0.1 mlb

Treatmenta
Ti T7 080 P1

10 mM Mg, no NaCl 4.80 ± 0.338 0.96 ± 0.201 0.76 ± 0.150 3.61 ± 0.267
10 mM Zn, no NaCl 5.17 ± 0.695 0.79 ± 0.203 0.77 ± 0.128 3.19 ± 0.195

(107 ± 9.9)c (82 ± 4.4) (104 ± 6.3) (89 ± 3.4)
10 mM Mg, 0.1 M NaCl 5.05 ± 0.791 1.03 ± 0.135 0.79 ± 0.127 4.35 ± 0.470
10 mM Zn, 0.1 M NaCl 4.51 ± 0.753 0.98 ± 0.130 0.77 ± 0.106 3.71 ± 0.350

(89 ± 3.3) (95 ± 2.7) (99 ± 3.6) (88 ± 11.6)
10 mM Mg, 0.5 M NaCl 4.83 ± 0.451 1.38 ± 0.324 0.83 ± 0.093 4.10 ± 0.194
10 mM Zn, 0.5 M NaCl 4.57 ± 0.321 1.09 ± 0.271 0.08 ± 0.083 3.66 ± 0.286

(96 ± 4.0) (80 ± 8.1) (106 ± 2.1) (89 ± 5.6)
10 mM Mg, 1 M NaCl 5.89 ± 0.784 1.11 ± 0.309 0.99 ± 0.079 4.35 ± 0.236
10 mM Zn, 1 M NaCl 3.34 ± 0.897 0.50 ± 0.087 0.64 ± 0.070d 2.80 ± 0.500e

(58 ± 15.1) (50 ± 8.1) (68 ± 8.0) (64 7.9)
10 mM Mg, 5 M NaCl 6.18 ± 1.450 1.43 ± 0.221 1.01 ± 0.213 5.73 ± 0.512
10 mM Zn, 5 M NaCl 4.03 ± 0.510 0.35 ± 0.101f 0.50 ± 0.100d 1.65 ±0.215

(65 ± 8.5) (23 ± 4.8) (50 ± 3.6) (30 ± 5.5)

'Mg added as MgSO4. 7H20; Zn added as ZnSO4. 7H20.
bMean coliphage titer ± standard error of the mean after 3 h of incubation.
c Mean percent of control ± standard error of the mean (control = Mg at an equivalent NaCl concentration).
d Significant difference at P = 0.001.
e Significant difference at P = 0.05.
f Significant difference at P = 0.005.
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TABLE 8. Influence of different salts and sugars at
equivalent calculated osmotic pressures on the

toxicity of zinc to E. coli

Treatment" Colony-forming unitsTreatment ~~~(x10') per 0.1 ml"

1 M NaCl, 10 mM Mg 8.3 2.57
1 M NaCl, 10 mM Zn 0.7 ± 0.32'

(11 ± 4.7)"
1 M NaNO3, 10 mM Mg 2.5 0.41
1 M NaNO3, 10 mM Zn 0.5 ± 0.05

(18 ± 4.0)
2 M glucose, 10 mM Mg 28.0 ± 2.40
2 M glucose, 10 mM Zn 19.0 ± 3.50'

(65 ± 8.2)
2 M xylose, 10 mM Mg 36.0 ± 5.50
2 M xylose, 10 mM Zn 17.0 ± 3.10'

(49 ± 4.4)
a Mg added as MgSO4. 7H20; Zn added as

ZnS04. 7H20.
"Mean bacterial titer ± standard error of the mean

after 3 h of incubation.
Significant difference at P = 0.02.

d Mean percent of control ± standard error of the
mean (control = Mg + equivalent molar concentration
of osmotic agent).

'Significant difference at P = 0.001.
f Significant difference at P = 0.01.

substrate. However, these differences did not
interfere with the interpretation of the influence
of these osmotic agents on Zn toxicity, as each
experimental value was compared with the a-
propriate control (e.g., with E. coli, 10 mM Zn +
+ 1 M NaNO3 was compared with 10 mM Mg2+
+ 1 M NaNO3).
A concentration of either 0.5 M NaCl or

NaNO3 enhanced the toxicity of Zn to A. niger
to a greater extent than did 1 M glucose or
xylose, which gave equivalent calculated osmotic
pressures (Table 7). Similarly, the toxicity of Zn
to E. coli was enhanced to a significantly greater
extent in the presence of 1 M NaCl or NaNO3
than in the presence of 2 M glucose or xylose
(Table 8). The toxicity of Zn to C. echinulata
was approximately equivalent in the presence of
0.5 M NaCl or NaNO3 and of 1 M glucose or
xylose (Table 7).

DISCUSSION
A concentration of 10 mM Zn2+ decreased the

survival of E. coli, enhanced that of B. cereus,
but did not affect that of P. aeruginosa and N.
corallina after 3 h of incubation in buffer. Dif-
ferential sensitivities to Zn2+ were also noted
with fungi, the sequence of sensitivity being R.
solani > F. solani > C. echinulata > A. niger,
T. viride. In comparison with other divalent
heavy metals, such as Cd2", Pb2+, or Hg2" (9), a
relatively high concentration of Zn2+ was re-
quired to inhibit growth rates of fungi and to

reduce survival of bacteria. This greater toler-
ance to Zn2+ may have reflected the differential
sorption of Zn2+ to ionogenic sites on the surface
of cells, as studies with frog kidney cells and
normal lymphoid and transformed Burkitt lym-
phoma cell lines demonstrated that Zn2+ sorbed
to surface ionogenic sites different from those
that bound Ca2", Cd2+, and Pb2+ (29, 30). The
greater tolerance to Zn2+ may have also resulted
from the requirement of Zn2+ as a micronutrient.
For example, both A. niger and P. aeruginosa
were comparatively tolerant of high Zn con-
centrations, and Zn2+ is required for growth of
A. niger (58) and for maintaining the integrity
of the cell wall of P. aeruginosa (20). The mech-
anism responsible for the enhancement of sur-
vival of B. cereus in the presence of Zn2+ is
unknown, but Zn2+ is an essential micronutrient
for growth (21) and sporulation (26) of Bacillus
species. Low concentrations of Zn2+ are appar-
ently required by all bacteria, including actino-
mycetes, and fungi (3, 14, 24). However, the
mechanisms responsible for the toxicity of ele-
vated concentrations of Zn2+ are essentially un-
defined (45), although it has been suggested that
excess Zn2+ may interfere with the metabolism
of Mg2" (1, 35).
The survival of Ti, T7, P1, and 480 coliphages

was not adversely influenced after 3 h of incu-
bation in the presence of 10 mM Zn2+, in agree-
ment with other studies that have shown that
10 mM Zn2+ [as Zn(NO3)2] did not affect the
viability of T2 coliphage (33).
Depending on the anionic composition of the

environment, divalent Zn2+, similar to Cd2 ,
Pb2+, and Hg2+, forms a variety of complex ionic
and molecular coordination complexes. In these
studies, experiments were performed at pH 6 or
below to avoid the formation of hydroxylated Zn
species. In the absence of competing anions but
in the presence of 0.1 M NaCl, about 75% of the
Zn occurs as Zn2+, 20% occurs as ZnCl+, and 5%
occurs as ZnCl2. In the presence of 0.5 M NaCl,
approximately 40% of the Zn occurs as Zn2+, 35%
occurs as ZnCl+, 20% occurs as ZnCl2, and 5%
occurs as ZnCl3-. The concentration of divalent
Zn2+ becomes insignificant as the concentration
of Cl- is further increased. Thus, with 1 M NaCl,
about 5% of the Zn exists as Zn2+, 20% exists as
ZnCl+, 30% exists as ZnCl2, 30% exists as ZnCl3 ,
and 15% exists as ZnCL2-. At 5 M NaCl, the
anionic Zn-Cl species predominate, because
there is no Zn2+ and about 5% of the Zn occurs
as ZnCl+, 10% occurs as ZnCl2, 30% occurs as
ZnCl3-, and 55% occurs as ZnCl42- (25). These
different forms of Zn may exert differing toxici-
ties to microbes and viruses.
The microbes and viruses were grouped into

three categories depending on their response to
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Zn in the presence of increasing concentrations
of NaCl. The first category included those mi-
crobes whose response to Zn was unaffected by
the concentrations ofNaCl tested: the inhibition
by Zn of the mycelial growth of F. solani and C.
echinulata and of the survival of N. corallina
was independent of NaCl. The second group
included those microbes and viruses whose sen-
sitivity to Zn increased as the concentration of
NaCl increased: the mycelial growth ofA. niger;
the survival of P. aeruginosa and of the coli-
phages, Ti, T7, P1, and 080; and the enhance-
ment of survival of B. cereus by Zn were reduced
by increasing the concentration ofNaCl. In these
systems, the anionic Zn-Cl species were appar-
ently more toxic than was Zn2+. The third cate-
gory included those microbes whose sensitivity
to Zn decreased as the concentration of NaCl
increased: the toxicity of Zn for the mycelial
growth of T. viride and R. solani was lessened
as the concentration of NaCl increased, indicat-
ing a greater sensitivity to Zn2+ than to the
anionic Zn-Cl species.
There appear to be few studies in the litera-

ture that evaluate the influence of Cl- or of the
inorganic anionic environment in general on the
toxicity of Zn2+ or other heavy metal pollutants
to microbes and viruses. Studies with T2 col-
phage showed that, although Zn2+ did not affect
viability of the virus, anionic Zn-cyanide com-
plexes [i.e., Zn(CN)3 and Zn(CN)42-] at equiv-
alent concentrations ofZn were toxic, apparently
by rupturing thiol ester bonds in the bacterio-
phage tail (34). However, other studies have
shown that Cd2+ was more inhibitory to growth
of a "mixed microflora" from activated sludge
than was Cd(CN)42- (16) and that greater tox-
icities towards growth of bacteria and fungi were
exerted by CdOH+ than by comparable concen-
trations of Cd2+ (6, 7, 8).
The toxicity of Zn2+ to A. niger was approxi-

mately equivalent at 25 and 37°C, but, in the
presence of 0.5 M NaCl, A. niger was more
sensitive to Zn at 25 than at 37°C. The greater
tolerance to Zn in the presence of NaCl at 37°C
may have reflected the enhanced physiological
state of the fungus, because in the absence of
NaCl or Zn2+ both mycelial growth and sporu-
lation were greater when the fungus was grown
at 37 than at 250C.
The increased toxicity of Zn in the presence

of NaCl was most probably the result of a syn-
ergistic interaction between Zn and Cl- (i.e., the
formation of Zn-Cl species) and not of a syner-
gism between Zn2+ and elevated osmotic pres-
sures. The toxicity of Zn to A. niger and E. coli
was increased to a greater extent with concen-
trations of NaCl or NaNO3 that would result in
anionic Zn-Cl or Zn-NO3 species than in the

presence of concentrations of glucose or xylose
calculated to yield equivalent osmotic pressures
and where Zn would exist only as Zn2+. The
sensitivity of C. echinulata to Zn was independ-
ent of high concentrations of NaCl or of the
other osmotic agents, indicating that the anionic
Zn-Cl complexes and Zn2+ exerted similar tox-
icities.
Although this model system focused on Zn,

the results of these investigations have implica-
tions for the toxicity to microbes and other
biological systems of other heavy metal pollu-
tants, particularly those heavy metals that form
complexes with Cl- at concentrations lower than
those required for Zn2+. For example, in seawater
with an average Cl- concentration of 0.56 M, Cd
exists mainly as CdCl2 and CdC13 , and Hg exists
as HgCl3 and HgCL4- (25). Thus, the form and
resulting toxicity of a heavy metal pollutant
depend, in part, on the anionic composition of
the environment into which the pollutant is
deposited. In assessing the toxicity of pollutants
to the biota, attention must therefore be focused
on the specific physicochemical abiotic factors
of the recipient environment, which may me-
diate or potentiate the toxicity of the contami-
nant (9).
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