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In this study we evaluated the short-term effects of copper, cadmium, and mercury, added singly or in
combination at different doses, on soil bacterial community structure using the bacterial automated
ribosomal intergenic spacer analysis (B-ARISA) fingerprinting technique. Principal-component analysis
of B-ARISA profiles allowed us to deduce the following order of impact: (Cu + Cd + Hg) >> Hg = Cd >
Cu. These results demonstrated that there was a cumulative effect of metal toxicity. Furthermore, the
trend of modifications was consistent with the “hump-backed” relationships between biological diversity
and disturbance described by Giller et al. (K. E. Giller, E. Witler, and S. P. McGrath, Soil Biol. Biochem.

30:1389-1414, 1998).

Among the heavy metals, cadmium (Cd), mercury (Hg), and
copper (Cu) are known to have deleterious effects on the
density, activity, and diversity of soil microflora (8, 11, 16).
However, most of the experiments dealing with the impact of
metals on soil microorganisms have been field experiments in
which there has been polymetal contamination, generally as-
sociated with inorganic nutrients and organic matter, which has
made it difficult to distinguish the effect of one metal from the
effect of another (3, 7, 14, 17). In this context, Renella et al.
(12, 13) performed a short-term laboratory experiment to eval-
uate the impact on soil microorganisms of different metals (Cu,
Zn, and Cd) added singly or in combination. They found that
soil respiration and microbial biomass were significantly af-
fected by Zn and Cu, respectively (12). In all cases, polymetal
contamination had a greater impact than single-metal contam-
ination, leading the workers to conclude that there were addi-
tive effects of metal toxicity (13). Here, we conducted a com-
plementary study by characterizing modifications in the genetic
structures of soil bacterial communities induced by different
doses of Cu, Cd, and Hg added independently or in combina-
tion (Cu + Cd + Hg).

The soil used for this study was a calcareous sandy luvisol
under a garden market (southwest of Paris, France). The pH
was 7.9 and the soil contained 83.5% sand, 7.9% silt, 8.6% clay,
2.5% CaCOs, 0.97% organic C, and 0.76% organic N. The soil
was not affected by any known metal contamination and had a
classical soil background (8 mg Cu - kg~*, 0.25 mg Cd - kg™ *,
0.07 mg Hg - kg~ ') (1). It was collected from the plowed layer
(depth, 0 to 20 cm) and was sieved with a 4-mm sieve.

Microcosms were set up by placing 10 g (dry weight) of soil
into 125-ml plasma flasks. Cu, Hg, and Cd were added as
aqueous chloride solutions at a level that was 80% of the
water-holding capacity of the soil. The low level of contami-
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nation (LC) corresponded to final total concentrations of Cu,
Hg, and Cd of 50, 2, and 2 mg - kg soil !, respectively. The
medium level (MC) corresponded to 150, 10, and 10 mg - kg
soil !, respectively, and the high level (HC) corresponded to
300, 20, and 40 mg - kg soil !, respectively. These concentra-
tions were chosen by compiling data from the literature dealing
with soil contamination and metal effects on the density and
diversity of soil microbial communities (5, 7, 8, 11, 12). In
parallel, control incubation mixtures were supplemented inde-
pendently with sterile water and with KCl at concentrations of
150 mg and 300 mg - kg soil ' to simulate addition of chloride
anions and with HCI at concentrations of 0.05 N and 0.1 N to
simulate soil acidification due to MC and HC metal spiking,
respectively. Metals were applied singly or in combination
(Cu + Cd + Hg) for each concentration. Soil was incubated at
20°C for 60 days, and triplicate microcosms were killed at zero
time and on days 10 and 60 for analyses.

The genetic structure of the bacterial community was char-
acterized by using the bacterial automated ribosomal inter-
genic spacer analysis (B-ARISA) fingerprinting approach for
soil DNA extract (10). This approach provided complex pro-
files with peaks ranging from 250 bp to more than 1,000 bp for
each sample studied (Fig. 1). B-ARISA profiles were analyzed
by principal-component analysis (PCA), which resulted in plot-
ting, on a factorial map, of the genetic structure of the bacterial
community based on similarities (Fig. 2 to 4). In Fig. 2 to 4,
statistical ellipses indicate (with 90% confidence) the replicates
of microcosms subjected to similar treatments. Overlapping of
statistical ellipses means that the genetic structures were not
significantly discriminated by PCA (10). The PCA of control
microcosms (supplemented with water, HCI, and KCI) dem-
onstrated that the genetic structure of the bacterial community
was not modified by these treatments during the incubation
period (data not shown). Except for Cd at LC, the three metals
added singly resulted in significant modifications of the bacte-
rial genetic structure at each level of contamination (Fig. 2A to
C). The changes induced by Cd increased with time during
incubation, whereas for Hg the modifications of the genetic
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FIG. 1. B-ARISA profiles obtained at day 60 with DNA extracted from triplicate microcosms treated with water (control) and with copper (Cu),
cadmium (Cd), mercury (Hg), and all three metals (Cu + Hg + Cd) at HC.

structure occurred between zero time and day 10 and after
day 10 remained stable. For Cu, shifts were observed be-
tween zero time and day 10 for LC and MC, but the mod-
ifications seemed to be resilient since the genetic structure at
day 60 was similar to that observed at zero time. For HC (300
mg Cu - kg soil '), the changes in the genetic structure grad-
ually increased with the incubation period. Other authors have
observed similar resilience of microbial communities (defined
as the speed with which a system returns to its predisturbance
level following a disturbance) with copper concentrations close
to LC and MC (16). Furthermore, our results were in agree-
ment with those of Frostegard and Baath (7), who found that
modifications in the microbial composition became irreversible
at Cu concentrations greater than 130 mg - kg soil '. The
trimetal treatments resulted in modifications which were more
marked than the modifications observed with the correspond-
ing single-metal treatments and were irreversible (Fig. 2D).
These findings were consistent with the findings of Renella et
al. (13), who demonstrated the additive effect on soil enzymatic

activities of polymetal contamination (Cu + Cd + Zn) com-
pared to the effect of each metal added singly.

At day 60 the magnitude of shifts was positively correlated
with the level of contamination for each metal added singly
or the metals added simultaneously (Fig. 3). This observa-
tion could suggest that there is stronger selection of adapted
populations with higher levels of metal (6). When we com-
pared the effects of Cd, Cu, and Hg added singly and in
combination, we observed distinct population structures de-
pending on the metal treatment (Fig. 4). Bacterial resistance
to Cd, bacterial resistance to Hg, and bacterial resistance to
Cu involved different physiological pathways and genetic
determinants (for example, czc, mer, and the cop operon,
respectively) (4). Consequently, our data are not consistent
with the studies which suggested that these genes were har-
bored by the same populations, which could be enriched by
different metal treatments (9, 15). However, such discrep-
ancy could be partly explained by the short-time of spiking
of soils that were not previously exposed to metal contam-
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FIG. 2. PCA ordination of the bacterial genetic structure for microcosms contaminated with copper (A), cadmium (B), mercury (C), and all
three metals (Cu + Hg + Cd) (D) at LC (panels I), MC (panels II), and HC (panels III). The statistical ellipses indicate 90% confidence for
replicates. Open ellipses, zero time (TO0); light gray ellipses, day 10 (T10); dark gray ellipses, day 60 (T60).
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ination and also by the fact that metal treatments could stressful element in the metal combination. Hg contamina-
select opportunist populations. For MC, the trimetal and tion seemed to select adapted populations that were also able
mercury treatments at day 60 selected similar bacterial ge- to survive in the presence of Cd and Cu (Fig. 4A). However,
netic structures (Fig. 4A), suggesting that Hg was the most these populations were not stimulated by the Cu and Cd treat-
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FIG. 3. PCA ordination of the bacterial genetic structure for the different levels of copper (A), cadmium (B), mercury (C), and trimetal
(D) contamination at day 60. The statistical ellipses indicate 90% confidence. Open ellipses, control microcosms (H,O); light gray ellipses,

LC; dark gray ellipses, MC; striped ellipses, HC.
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FIG. 4. PCA ordination of the bacterial genetic structure for control microcosms (open ellipses) and microcosms contaminated with copper
(light gray ellipses), cadmium (dark gray ellipses), mercury (black ellipses), and all three metals (striped ellipses) at MC (A) and HC (B) at day

60. The statistical ellipses indicate 90% confidence.

ments applied independently, since in these cases other pop-
ulations were selected. The HC trimetal treatment induced a
genetic structure which was easily distinguished from the ge-
netic structures resulting from independent Cu, Cd, and Hg
treatments (Fig. 4B). This observation confirmed the cumula-
tive effects of metal toxicity when metals are applied simulta-
neously and could be partially explained by the loss of domi-
nant populations, since in this case a dramatic reduction in the
B-ARISA profile complexity, in terms of the number of bands,
was observed (Fig. 1). Such drastic modification of the bacte-
rial community genetic structure has been observed previously
in other cases of deleterious chemical stress (2).

Altogether, we deduced from the various observations using
(i) the magnitude of modifications and irreversible effects ob-
served for each metal applied singly or simultaneously at the
three doses (as shown in Fig. 2) and (ii) the similarity of the
genetic structures induced by the treatments (as shown in Fig.
4) the following general order of impact: (Cu + Cd + Hg) >
Hg = Cd > Cu. Furthermore, most of the profile modifications
resulted in the appearance of new bands and/or an increase in
the intensity of preexisting bands, except for HC trimetal con-
tamination. Although B-ARISA did not allow estimates of
bacterial diversity, the modifications seemed to be consistent
with the “hump-backed” relationships between biological di-
versity and metal stress (8). This model hypothesized that for
the relationship between pollution stresses and genetic diver-
sity in microbial communities there was not a simple negative
correlation. It assumed that the increase in stress (from LC to
HC single-metal treatments and from LC to MC trimetal treat-
ments in our study) reduced the innate competitive exclusion
between populations and induced the enrichment and predom-
inance of other types of populations (as illustrated by increas-
ing band intensity), leading to possible higher diversity, fol-
lowed, when stress reached a critical high level (HC trimetal
treatment), by progressive extinction of organisms, leading to a
loss of diversity.
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