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Numerous stressing agents, of physical and chemical nature, could
have effects on envirommental microorganisms and cause modifica-
tion in some biological syntheses (i.e.proteins, peptidoglycans,
DNA and RNA) and membrane functions (i.e. membrane transport),and
so, the exposed cells, not necessarily killed, would result physio
logically damaged with a consequent lower ability to adapt to an
adverse enviromment than the uninjured cells (Sjogren and Gibson
1981). This last point, apart from its theoretical implications,
is very important in some practical applications, such as recove-
ry of sanitary indicator organisms from polluted or chlorinated
waters and in the food-processing industry (Bissonette et al.1977;
Tobin and Dutka 1977; Zaske et al. 1980a,b). Although injury to
bacteria, particularly to E.coli, has been observed as a conse-
quence of salinity, heat treatment, freezing, irradiation, pHE, ex-
posure to some toxic compounds, etc. (Przybylski and Witter 1979;
Anderson et al. 1979), little attention has been given to injury
by heavy metals which, at theixr lowest concentrations, could act
as stressors of water-borne indicator bacteria (Gadd and Griffiths
1978; APHA 1980; Mc Feters et al. 1982). The aim of the present
study, a follow up to a previous research, on the effects of suble
thal concentrations of metals on the growth and recovery of E.coli
(Morozzi et al. 1982), is to throw light on some of the aspects of
the viability and recovery of E.coli as well as changes in its
cell enzymatic activity when exposed to sub-lethal concentrations
of heavy metals. Total dehydrogenase was used since it is a measu
re of bacterial activity closely related to energetic metabolic
systems (Roller et al. 1980; Liu and Thomson 1983) and B-galacto-
sidase as a typical inducible enzyme in E.coli (Pardee et al.1959).
E.coli was chosen as the test organism, both on account of its
importance in public health (sanitary indicators) and for the in-
formation available (biochemical and genetic properties) on it.
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MATERIALS AND METHODS

Escherichia coli (NCTC 9001) was used in all experiments. The test

cultures were grown overnight in 50 ml nutrient broth (approximate
ly 10 bacteria per ml). Before each experiment the bacteria were
resuspended in a medium as described below.

Mercury and cadmium, respectively from Merck (Germany) and BDH
(England), were used as chloride salts and zinc and copper, respec
tively from Riedel De Haen AG (Germany) and Carlo Erba (Italy),as
sulphate salts. The metal doses tested were in the following
ranges: Hg 1-10 uM; Cd 40-80 pM:Zn 3.12-25 uM and Cu 25-200 juM.
The concentrations for stress study and GAL-assay were chosen re-
ferring to TDH test results (metal concentrations which produce mo
re than 50% TDH-inhibition).

Viability and degree of injury in cells exposed to heavy metals
were tested, as described by Przybylski and Witter (1979) and
Zaske et al. (1980a), using Trypticase soy agar supplemented with
0.5% glucose and 0.3% yeast extract (TSYA) as a non-selective me-
dium, and Violet red bile agar (VRBA) as a selective medium. Dilu-
tions were made with 0.1% Peptone water, just before testing. The
survival (S) and injury (I) percentages at time 't' were obtained
respectively from the colony forming units on indicated media, by
the following equations:

s (%)=(TSYAt/TSYAO) 100 ; I, ()=(1 - VRBAt/TSYAt) 100
All cultures were grown in duplicate.

The recovery capacity of cells which had previously been exposed
for 30 min to heavy metals was tested in Trypticase soy broth (TSB)
recovery medium (10 cells/ml), with and without recovery inhibi-
tors. The concentration of exposed cells was 10  cells/ml in Tris-
buffer pH 7. Results were obtained comparing, at different time
intervals, colony forming units in TSYA and VRBA media. D-cyclose-
rine (Sigma) at 750 pg/ml was used as in inhibitor to peptidogly-
cans or cell wall synthesis and 2,4-Dinitrophenocl (Sigma) at 100
pg/ml as an uncoupler of the respiratory chain (Przybylski and
Witter 1979).

Total dehydrogenase activity (TDH) was determined according to
Roller et al. (1980). Overnight cells were washed with O.06M
Phosphate~-buffer pH 7 and finally concentrated 10 times in 0.0O5M
Tris-buffer pH 8. Two ml of the whole or sonicated cell suspen-
sions were added to 0.2 ml of TTC-glucose reagent (0.2 Triphenyl
tetrazolium chloride and 1.5% Glucose) The suspensions were incuba
ted at 37°C for 15 min in closed tubes, then the reaction was stop
ped by adding 7.8 ml ethanol and the optical density of the reduc-
tion product. Triphenyl formazan measured at 490 nm.
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B-galactosidase activity (GAL) measurement was carried out accor
ding to the Pardee et al. (1959) o-nitrophenyl-B -galactopyranosi
de (ONPG) method. Induction of enzymatic activity in the cells was
obtained by resuspension of overnight sediments in the same volume
of 0.5% Lactose broth for 150 min. The cells were then concentra-
ted 5 times in 0.01M Tris-buffer pH 7.4 containing 0.1M MgSO .7H_O
and 0.05M NaCl as described by Anderson et al. (1979) and stored
at -20°C. Dilutions (1/10 ml) of this suspension with an added
drop of toluene, were blended in a Vortex mixer and incubated at
37°C for 30 min. Then 0.2 ml of M/75 ONPG was added and the mixtu-
re incubated at 37°C. The reaction was stopped after 20 min, by
adding 0.5 ml of 1M Na_CO_ and the amount of o-nitrophenol (ONP)
related was termined at 420 nmm by reference to a calibration curve.

RESULTS AND DISCUSSION

TDH-activity, as a measure for energetic metabolic systems, of
E.coli cells in the presence of different heavy metal concentra-
tions specifies the range of dose-response relationship. From the
results it is possible to define the order to metal toxicity. The
50 percent inhibition of TDH-activity was: 7.7, 10, 30, 50 pM,
respectively for Hg, Zn, Cd and Cu. With respect to previous grow-
th studies (Morozzi et al. 1982) the TDH-inhibition assay shows a
marked increase in the effect of Zn when compared to results obtai
ned with other metals tested. However, mercury remains the most
active ion (Table 1).

The experiments carried out on the disrupted cells indicated that
TDH-inhibition, at the same metal concentrations, was generally
higher for whole than disrupted cells. The differences were not
significant if Zn and the highest Hg concentration were excluded.
TDH-activity of disrupted cells in the presence of Zn was indepen-—
dent of metal concentrations. It was observed that the inhibition
of TDH-activity, occurring in the presence of the metal ions tes-
ted, was always completely removed by extending incubaction time
over 60 minutes (data not shown).

To explain the TDH results, experiments were carried out to define
some characteristics consequent to biological damage by heavy me-
tals to the total cell population. Table 2 indicates that the
tested concentrations of Hg and Cu markedly inhibit growth in TSYA
medium, while the viability of cells treated with C& and Zn re-
mains constant in the same medium. In VRBA-medium the number of
colony forming units from Cd and Zn treated cells decreases sligth
ly,while with Hg and Cu the decrease in cell numbers,after 60 min,
can be estimated as more than one logarithm. unit. Table 3 shows
that the reduction of the total number of viable cells, consequent
to Hg exposure for 60 min, can be ascribed both to death (17%) and
injury (14%). For Cu a 27% death and 18% injury rate was observed.
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Table 1. TDH of whole and disrupled E.coli cells in presence of
heavy metals. Percent of control withouth metals.

METAL Final concn % of Control o
(uM) whole cells disrupted cells
o a
Mercury 1 113 (3)~ 94 (3) 1.86
89 (2) 94 (6) 0.88
10 7 (3) 20 (3) 3.16*
Cadmium 20 .52 (3) 90 (3) 1.96
40 24 (3) 51 (5) 1.38
80 10 (3) 18 (3) 0.43
Zinc 3.12 94 (3) - -
6.25 79 (3) 103 (3) 3.88%%
12.5 35 (3) 94 (5) 4.58%%
25 4 (3) 93 (3) 10.03**
Copper 25 55 (1) 54 (1) -
50 37 (3) 44 (3) 0.72
100 21 (3) 18 (3) 0.82
200 16 (3) 14 (3) 0.49

éNumber of replicates. Cell concentration was about log/ml.

TDH mean values, + SD of controls, TF(ug)/proteins(mg) were

33.1 + 10.3 for whole and 24.7 + 11.1 for disrupted cells.
*, p< 0.05; *¥*, p<0.01

Table 2. Effect of heavy metals on E.coli viability. Comparison
between growth in complete (TSYA) and selective (VRBA)
medium after different exposure times.

Final concn

METAL Medium time {min)
()
[¢] 30 60

Control - TSYA 9.417  9.11  9.50

VRBA 8.59 8.97 8.92
Mercury 10 TSYA 9.34 8.17 7.70

VRBA 8.97 6.95 6.65
Cadmium 80 TSYA 9.04 9.08 9.00

VRBA 8.78 8.59 8.36
Zinc 25 TSYA 9.14 9.14 9.48

VRBA 9.08 8.53 9.08
Copper 200 TSYA 9.17 6.90 6.70

VRBA 8.84 5.97 5.47

a
—Logarithms of colony forming units/ml are given. All plating
with the respective media were done in duplicate.
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Table 3. Survival and injury % fr‘ac:tiongii of E.coli cells exposed
for different times to heavy metals. Initial cell con-
centration was 10 /ml.

Final concn .
METAL Survival (%) Injury (%)

(part) : A ; -
30 min 60 min 30 min 60 min

Control - 97 100 1 6
Mercury 10 88 83 15 14
Cadmium 80 100 99 5 7
Zinc 25 100 100 7 4
Copper 200 75 73 13 18

Z5ee Material and methods

Regards Cd and Zn the cells maintain their viability and the
slight percentage of injury (Cd 7%, Zn 4%) does not vary much
from the control test. This indicated that treatment with Cd and
Zn unlike that observed for Hg and Cu, did not cause metabolic
injury to E.coli.

In order to define the type of injury caused by the studied metals,
tests were carried out in the presence of selected metabolic inhi-
bitors. Figure 1 shows that recovery from damage caused by the
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Figure 1. Recovery of metal-injured E.coli in TSB. Inoculum on
TSYA (-~0-), on VRBA (~e-), on VRBA plus D-CY (-4-) and
on VRBA plus DNP (-m-). See text.

cations Hg and Cu (Cd and Zn do not injure) occurs, as early as

30 min after incubation in TSB medium especially when inhibitors
are not present. The figure clearly shows that the recovery from
Hg is higher than from Cu after 120 min. In the presence of 2,4-
Dinitrophenol recovery diminishes. Recovery was completely blocked,
in all cases, by D-cycloserine.

Since the toxic effects of Hg and Cu treatment can in part be de-
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fined as metabolic injury, and therefore a recoverable damage,
their effect is mainly on inducible enzymes, such as B -galactosi
dases, rather than on constitutive enzymes of E.coli. According

to this hypothesis Zn and Cd, metals which don't produce injury,
could not interact with inducible enzymes. In this connection both
the induction and preformed enzymatic activity of GAL, in the pre-
sence of the four heavy metals tested, was studied. The results
emphasize that all tested metals interact with GAL-activity. Table
4 shows that the inhibitory effect is higher for the Hg and Cu
ions, than for those of Cd and Zn. It also appears that Zn has no
effect on GAL-biosynthesis, while the induction of this enzyme is
diminished by Cd, Hg and Cu.

Table 4. Influence of heavy metals both on B-galactosidase induction
and activity.

Final concn

METAL Influence on a b % S.A.
(pM) E.U.— S.A.™
c
Control— - Induction 43.2 929 100
Activity 86.4 882 100
Mercury 10 Induction 7.5 202 21.7
Activity 7.5 76 8.6
Cadmium 80 Induction 15.3 365 38.3
Activity 27.9 285 32.3
Zinc 25 Induction 43.1 1002 107
Activity 52.6 537 60.8
Copper 200 Induction 1.0 24 2.6
Activity 3.6 37 4.2

One Enzymatic Unit (E.U.) was defined as the amount of enzyme
producing 1 nmol of o-nitrophenocl in 1 min.

Specific Activity (S.A.) expressed as E.U./Proteins (mg).
Control data represent E.U.sand S.A.s in the absence of metal.

oo

The results described above on the behaviour of E. coli cells in
the presence of the four heavy metals (Hg,Cd,Zn,Cu) tested as re-
gards some enzymatic activities (TDH and GAL), viability and inju
ry and recovery or repalr can be summarized as follows. TDH-inhi-
bition is probably the result of both the direct interation of
metal with the enzymatic activity and of the metal's ability to
bind the cellular envelope. The relatively low toxicity of the Zn
ion, as deduced from growth studies (Morozzi et al. 1982), is
strongly enhanced in TDH-assay. This is probably due to the much
higher ability of the Zn ion, with respect to other ions tested,
to bind the bacterial cell envelope. At chemical analysis the cel-
lular envelope fraction revealed among other components the pre-
sence of succinic dehydrogenase (Beveridge and Kowal 1981).
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Moreover TDH-activity in the presence of heavy metals, generally
lower in whole cells than in disrupted cells, could indicate that
the membrane bound enzymes are more sensitive than the cytoplasmic
enzymes. Only in the case of zinc are the differences (between
whole and disrupted cells) significant (p <« 0.01) in all doses
tested. In addition for the zinc ion, TDH-activity of disrupted
cells is independent of metal concentration. This is probably due
to the slight metal incorporation in cell envelopes disrupted by
sonication. In the case of the copper ions TDH-activity is unchan-
ged for whole and disrupted cells, perhaps owing to its high affi-
nity for cytoplasmic particles.

Neither Zn nor Cd ions, at the same dose which causes a strong
TDH-inhibition, influence viability. This could indicate that al-
ternative metabolic pathways are possible in the presence of the
above mentioned ions. In fact, as discussed by Roller et al. (1980)
the dehydrogenation of sugar substrates could be essential to the
life of the cells if no shunt pathway replaces it.

Contrary to the results of Mitra et al. (1975), for celils exposed
to Cd, neither Zn nor Cd produces injury or death in E.coli, so
there is only a bacteriostatic effect. On the contrary Hg and Cd
produce metabolic stress in E.coli. There are, some hypothesis on
the causes of this stress. Sjogren and Gibson (1981), for instance
indicate a strong dependence of the stress due to a dilute envi-
ronment on energy yielding processes, our data support the opinion
that the cellular interaction with Hg and Cu is chiefly expressed
at the peptidoglycans and cell wall synthesis level. Metal-injured
cells, in fact, exhibit an inability to recover in the presence of
D-cycloserine, while a certain degree of recovery is shown when
2,4-Dinitrophenol is present. In this connection it was found that
the heavy metals Hg and Cu, which produce injury in E.coli stron-
gly interact with both the biosynthesis and enzymatic activity of
the pB-galactosidase, of the same microorganism, while a lower
inhibitory effect on the B-galactosidase activity was observed
for Zn and Cu ions which do not produce injury.

The data presented in this study, in which pure E.coli cultures
were used, underlines the complexity of metal-bacteria interactio-
ns. The results therefore emphasize that the binding of heavy me-
tals to bacterial envelopes may play an important role in environ-
ments polluted with heavy metals. Consequently the possibility of
an understimation of load determined by direct plating in selecti-
ve media should be taken into account every time the enumeration
of organisms occurs in the presence of heavy metals.
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