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Selection for Cu-Tolerant Bacterial Communities with Altered
Composition, but Unaltered Richness, via Long-Term Cu Exposure
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Toxic metal pollution affects the composition and metal tolerance of soil bacterial communities. However, there is virtually no
knowledge concerning the responses of members of specific bacterial taxa (e.g., phyla or classes) to metal toxicity, and contradic-
tory results have been obtained regarding the impact of metals on operational taxonomic unit (OTU) richness. We used tag-
coded pyrosequencing of the 16S rRNA gene to elucidate the impacts of copper (Cu) on bacterial community composition and
diversity within a well-described Cu gradient (20 to 3,537 pg g~ ') stemming from industrial contamination with CuSO, more
than 85 years ago. DNA sequence information was linked to analysis of pollution-induced community tolerance (PICT) to Cu, as
determined by the [*’H]leucine incorporation technique, and to chemical characterization of the soil. PICT was significantly cor-
related to bioavailable Cu, as determined by the results seen with a Cu-specific bioluminescent biosensor strain, demonstrating a
specific community response to Cu. The relative abundances of members of several phyla or candidate phyla, including the Pro-

teobacteria, Bacteroidetes, Verrumicrobia, Chloroflexi, WS3, and Planctomycetes, decreased with increasing bioavailable Cu,
while members of the dominant phylum, the Actinobacteria, showed no response and members of the Acidobacteria showed a
marked increase in abundance. Interestingly, changes in the relative abundances of classes frequently deviated from the re-
sponses of the phyla to which they belong. Despite the apparent Cu impacts on Cu resistance and community structure, bioavail-
able Cu levels did not show any correlation to bacterial OTU richness (97% similarity level). Our report highlights several bacte-
rial taxa responding to Cu and thereby provides new guidelines for future studies aiming to explore the bacterial domain for

members of metal-responding taxa.

S oil is an extremely complex environment where bacteria,
which commonly adhere to surfaces of minerals and organic
matter, have to cope with continuously changing chemical and
physical conditions. As a consequence of the many niches and the
spatial isolation of bacterial populations created by this complex-
ity, soil probably harbors the highest species-level bacterial diver-
sity on earth (10), with one gram of soil containing at least several
thousand species (44) and perhaps up to millions of species (18).

Knowledge of the composition of the soil bacterial community
has improved considerably during recent years, initially due to the
study of 16S rRNA gene clone libraries (23), but the more recent
emergence of pyrosequencing technology has greatly expanded
our ability to investigate soil microbial communities (38). Several
studies report that members of the phyla Acidobacteria, Actinobac-
teria, Proteobacteria, Bacteriodetes, and Firmicutes dominate soil
bacterial communities but that their relative contributions differ
(17, 32). Recent studies have identified pH as an important driver
for changes in community structure at both the continental and
local scales (11, 25, 33), and the availability of carbon sources also
seems to shape bacterial communities, in particular, the balance
between copiotrophs and oligotrophs (17). However, the envi-
ronmental factors that determine the abundance and distribution
of soil bacteria are still far from being fully understood.

Toxic metals represent soil chemical factors with a high poten-
tial to affect soil bacterial communities. Indeed, soil bacteria are
generally considered highly sensitive to metal pollution (19), al-
though some bacteria have developed a range of metal resistance
mechanisms that may be carried on mobile genetic elements (30).
Copper (Cu) is an essential metal which is toxic at high concen-
trations. It has frequently been used as a source of perturbation in
studies addressing the resistance and resilience of bacterial com-
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munities with respect to chronic stress (7, 20), but Cu is also an
important environmental pollutant. In soil, Cu pollution may
arise from mining and smelting activities and from industrial ac-
tivities such as wood impregnation (45) but also from current
agricultural practices such as the use of Cu-containing pesticides
(24) and amendments with manure containing Cu (4).

The use of rRNA gene-based fingerprinting techniques has re-
vealed that Cu can influence the structure of bacterial communi-
tiesinsoil (7, 12, 26,43). In those studies, however, Cu caused only
small differences in community fingerprints. In contrast to those
results, Gans and coworkers provided evidence for a more than
1,000-fold reduction in bacterial diversity even in moderately
metal-polluted soil based on the recalculation of DNA reassocia-
tion data from a previous study (18, 35).

The objective of the current study was to explore the long-term
effects of Cu on soil bacterial composition and diversity across a
Cu pollution gradient. We used tag-coded pyrosequencing of 16S
rRNA genes to obtain a detailed survey of the soil bacterial com-
munities in 16 soil samples along the Cu gradient. Thereby we
were able to test the hypothesis that Cu exposure leads to a reduc-
tion of bacterial diversity in soil and explore specific taxonomic
groups for their potential to serve as Cu impact indicators. DNA
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sequence information was further related to analysis of the corre-
sponding pollution-induced community tolerance (PICT) to Cu,
as the PICT response is one of the most sensitive specific indica-
tors of a community response to this pollutant (7). Finally, we
determined whether total Cu, water-extractable Cu, or bioavail-
able Cu, as determined by a whole-cell bacterial biosensor, consti-
tuted the optimal descriptor of the observed Cu effects.

MATERIALS AND METHODS

Soil sampling. In June 2010, 32 soil samples were collected (0 to 15 cm
depth) at the well-described 60- by 120-m Cu-polluted field site in
Hygum, Denmark. The contamination stems from the usage of CuSO, at
a wood impregnation plant that was active between 1911 and 1924. The
area was cultivated until 1993 and has since been maintained as a fallow
field in order to conserve the unique soil Cu gradient for research pur-
poses (40).

Samples were taken every 4 m in a straight line along the transversal
0-m coordinate. An additional sample was taken at the highly polluted
transversal 32-m and longitudinal 48-m coordinates. Reductions in plant
cover, biomass, and species richness at the most contaminated part of the
Hygum Cu gradient have been described previously (40). To minimize
indirect effects of plant cover on microbial communities, our sampling
protocol emphasized sampling of bulk soil rather than rhizosphere soil by
removal of roots and adhering soil. The sampled soils were air dried for 24
h at room temperature to facilitate subsequent sieving (2-mm mesh size)
and mixing in plastic bags before use.

Soil characterization. Total Cu, water-extractable Cu, pH, organic C,
and total N were determined for soil samples as described previously (5).
In brief, water-extractable Cu was determined from 1-g soil samples that
were extracted with 5 ml of demineralized water (Milli-Q; Millipore) for 2
h at 200 rpm on a rotary shaker. Samples were centrifuged at 10,000 X g
for 10 min before analysis of Cu in the soil extracts (supernatants) by
graphite furnace atomic absorption spectrometry. Further data on soil
characteristics can be found elsewhere (3, 40). Bioavailable Cu was deter-
mined by the use of Cu-specific bioluminescent whole-cell biosensor
Pseudomonas fluorescens strain DF57-Cul5 (42) as described previously
(5). Hence, bioavailable Cu was operationally defined as the water-ex-
tractable copper species (see above for extraction protocol) able to induce
reporter gene expression (bioluminescence). Levels of bioavailable Cu in
soil extracts, and in dilutions thereof, were determined in duplicate with
reference to external standard dilutions of CuSO,, (0.005 to 1.25 uM). On
the basis of data for bioavailable Cu, 16 samples evenly distributed over
the Cu gradient were chosen for further analysis.

Assay for detection of pollution-induced community tolerance.
PICT to Cu was determined by applying a [*H]leucine incorporation-
microcentrifugation method to bacteria extracted from soil (1) with mod-
ifications as described in reference 8. The water-extractable bacteria are
assumed to be representative of the total bacterial community with regard
to Cu tolerance (3, 7, 13, 14). Importantly, bacterial community toler-
ancewas measured in pH-buffered solutions to avoid pH-dependent Cu
speciation artifacts during PICT detection (K. K. Brandt, unpublished
results) and to ensure that the investigated soil bacterial suspensions were
not acidified following Cu addition.

In brief, soil samples were preincubated for 24 h at 22°C before bacte-
ria were extracted with MES buffer (4-morpholineethanesulfonic acid, 20
mM, pH 5.9; soil/buffer ratio of 1:10) for 15 min on a rotary shaker (250
rpm, 22°C). Following centrifugation (1,000 X g 10 min, 22°C), soil bac-
terial suspensions (supernatants) were exposed to CuSO, at a final con-
centration of 0 or 10 wM for 30 min at 22°C before an incubation for 2 h
with [*H]leucine (Amersham) (2.59 TBq mmol ', 35 MBq ml~ ') and
nonlabeled L-leucine to give a final leucine concentration of 200 nM and
radioactivity of 6 kBq per assay. Incubations were stopped by adding
ice-cold 50% trichloroacetic acid (TCA). Finally, [*H]leucine incorpo-
rated into TCA-precipitated protein was separated from nonincorporated
[*H]leucine through a series of washing and centrifugation steps (1) and
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quantified by scintillation counting. Soil bacterial suspensions amended
with TCA prior to addition of leucine served as killed control samples. The
tolerance index for each soil sample was calculated as the mean value of
leucine incorporation in triplicate samples performed with 10 uM Cu
divided by the mean value of leucine incorporation in the corresponding
triplicate samples without Cu.

16S rRNA gene pyrosequencing of bacterial communities. DNA
from 0.50-g soil subsamples was extracted using a FastDNA Spin Kit for
Soil (MP Biomedicals) according to the manufacturer’s instructions. Py-
rosequencing of the 16S rRNA gene was performed as described previ-
ously using amplified DNA from three pooled PCRs (27). The primers
used for pyrosequencing were 341F (5'CCTACGGGRBGCASCAG-3')
and 806R (5'GGACTACNNGGGTATCTAAT-3’) flanking the V3 and V4
regions of the 16S rRNA gene and have previously been reported to target
both bacteria and archaea but with a higher average matching efficiency
for bacteria (50). Sequence analysis of the V4 (and V3) region of the 16S
rRNA gene has previously been reported to provide an appropriate esti-
mate of operational taxonomic unit (OTU) richness compared to several
other regions of the16S rRNA gene (47, 48). The amplified fragments with
adapters and tags were quantified using a Qubit fluorometer (Invitrogen)
and mixed in approximately equal concentrations (4 X 10° copies wl™")
to ensure near-equal representations of all samples. A two-region 454
sequencing run was performed on a GS FLX Titanium PicoTiterPlate
using a GS FLX pyrosequencing system according to the manufacturer’s
instructions (Roche).

Data analysis. Obtained DNA sequences were quality checked, in-
cluding elimination of chimeras, sorted, and trimmed using the Qiime
pipeline (http://qiime.org/) at settings of length = 250 bp and quality
score = 25 as sequence quality criteria and trimming the amplification
primers and sequencing adapters. The RDP Classifier at the RDP’s Py-
rosequencing Pipeline Pipeline (http://rdp.cme.msu.edu/) was subse-
quently used to assign 16S rRNA gene sequences to phylogenetically con-
sistent higher-order bacterial taxonomy with a confidence threshold of
80%. A random subset of 6,538 sequences from each tag was processed
with the following RDP services: Pyrosequencing Aligner (29), Complete
Linkage Clustering, and Rarefaction (97%). The number of operational
taxonomic units (OTUs) in the subset formed the basis for calculation of
total species richness as predicted by the Chao 1 index (9), the diversity as
estimated by the Shannon diversity index (H'), and the Simpson’s even-
ness index (E), by the RDP service Shannon Index and Chaol estimator.
Principal component analyses (PCA) of the normalized pyrosequencing
data at a taxonomic level of class were processed with the “prcomp” func-
tion in R version 2.9.1 (R Development Core Team, 2009). Linear corre-
lations were calculated using the “lm” function, while nonlinear correla-
tions were analyzed with the nonparametric Spearman rank correlation
test using “cor.test” with the option method = “spearman” in R version
2.9.1 (R Development Core Team, 2009).

Nucleotide sequence accession numbers. The 16S rRNA gene se-
quences derived from pyrosequencing have been deposited at NCBI un-
der accession number SRA051283.2 (Hygum Cu gradient). Partial 16S
rRNA gene sequences of each of the 16 different soil samples have been
deposited at NCBI under accession numbers SRX131849 to SRX131864.

RESULTS

Soil characterization. Initially, 16 soil samples from the Hygum
Cu gradient were analyzed for total Cu, water-extractable Cu (i.e.,
Cu in aqueous soil extracts), and bioavailable Cu (biosensor) in
aqueous soil extracts (Table 1). This was done to determine the Cu
exposure levels and, ultimately, to be able to identify which of
these descriptors optimally reflects Cu impacts on bacterial com-
munities. Total Cu ranged from 20 to 1,611 pg g~ ' of soil in
samples taken along the Hygum site transversal 0-m coordinate
(samples 1 to 14 and sample 16), where sample 1 represents non-
polluted soil. The sample corresponding to the highly polluted
transversal 32-m and longitudinal 48-m coordinates (sample 15)
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TABLE 1 Determined Cu exposure descriptors and chemical
characteristics of 16 Hygum soil Cu gradient samples”

c N, Culugg™®
pH organic  total Water

Sample (H,0) % % Total  extractable  Bioavailable
1 6.6 4.0 0.30 20 0.062 0.006
2 6.4 5.9 0.41 363 0.47 0.052
3 6.7 5.6 0.42 511 0.63 0.12
4 6.4 6.1 0.46 487 0.82 0.14
5 6.2 5.5 0.44 439 0.58 0.18
6 6.2 4.9 0.39 479 0.76 0.19
7 6.1 4.3 0.32 346 0.53 0.21
8 5.9 5.0 0.37 557 0.90 0.28
9 6.0 6.0 0.45 853 1.45 0.44
10 6.1 4.6 0.35 1,069  1.74 0.54
11 6.1 3.6 0.28 870 1.16 0.57
12 5.7 6.0 0.43 1,160 2.13 1.10
13 5.8 4.2 0.32 1,196  2.38 1.42
14 5.8 5.0 0.39 1,434 2.79 1.46
15 5.8 4.5 0.31 3,537 3.82 1.81
16 5.5 4.6 0.40 1,611  2.99 1.90

“ Soils were ranked (numbered) according their contents of bioavailable Cu as
quantified by measurements with a Cu-specific whole-cell Pseudomonas fluorescens
biosensor strain.

contained as much as 3,537 pg g~ '. Extractable Cu ranged be-
tween 0.062 and 3.82 pg g~ ' of soil, while bioavailable Cu ranged
between 0.006 and 1.90 pg g~ ' of soil. All Cu descriptors were
strongly correlated to each other (see Fig. S1 in the supplemental
material; linear correlation; all P < 4.87 X 10~ °), even though Cu
bioavailability (expressed as the concentration of bioavailable Cu
divided by the concentration of water-extractable Cu) increased
from 9.7% in the control soil to 63.5% in the sample with the
largest amount of bioavailable Cu.

Table 1 also presents data for soil pH, organic C, and total N
content of the Cu gradient soil samples. The soil pH ranged be-
tween 6.7 and 5.5 and was significantly correlated to the Cu con-
tent of the soil regardless of the Cu descriptor chosen (see Fig. S1
in the supplemental material; linear correlation; all P < 0.0119).
In contrast, neither the organic C nor the total N content of the
soils was correlated to any of the Cu descriptors.

PICT to Cu. The tolerance of the bacterial communities to Cu

generally increased with increasing Cu exposure (Fig. 1). An anal-
ysis of the relation between the PICT response (Cu tolerance in-
dex) and total Cu, water-extractable Cu, and bioavailable Cu
showed that PICT had strong linear correlations to the logarithms
of the concentrations of bioavailable Cu (P = 3.23 X 10~ %) and
water-extractable Cu (P = 4.44 X 10~ %), while the correlation to
the logarithm of total Cu concentration was weaker (P = 1.16 X
107°). The measurement of bioavailable Cu relies on the response
of one specific bacterial biosensor strain. Interestingly, our data
show that bioavailable Cu was a valid descriptor of Cu impacts on
the soil bacterial community as reflected by PICT, and we conse-
quently used this descriptor for comparisons of Cu exposure levels
and changes in bacterial community compositions in the remain-
ing part of the current study.

Sequence analysis and bacterial diversity. We obtained in the
range of 6,538 to 34,754 16S rRNA gene sequences from the 16 soil
samples across the Cu gradient. The average length of sequences
used for phylogenetic analysis was 428 nucleotides (data not
shown). Between 68% and 85% of the sequences were able to be
classified at the 80% level in the RDP Classifier. Due to the higher
matching efficiency of the primers for bacteria, archaeal sequences
accounted for less than 0.01% of the total sequences and the re-
maining analyses consequently focus on the bacterial community
only. The numbers of different bacterial OTUs at the 97% simi-
larity level ranged between ca. 3,000 and 4,500 OTUs per sample
(calculated at 6,538 randomly selected sequences per sample) but
did not show a significant linear correlation to bioavailable Cu
(Fig. 2; P = 0.12). Neither the diversity indices H' and E nor the
Chao 1 estimate of OTU richness was correlated to bioavailable
Cu (data not shown).

The rarefaction curves, showing the relation between the num-
ber of sequences and the number of unique OTUs at the 97%
similarity level, did not reach an asymptote at either 6,538 se-
quences (see Fig. S2 in the supplemental material) or 34,754 se-
quences (data not shown) in accordance with the presence of
highly diverse soil bacterial communities in all soils. High diver-
sities were also reflected by the fact that the individual samples
shared only in the range of 2.1% to 9.3% of the OTUs (see Fig. S3
in the supplemental material). Hence, there were no indications
that the Cu contamination negatively affected the OTU richness of
the bacterial communities.

Cu Tolerance Index

0.0

1
0 1000 2000 3000 0 1

Total Cupg g™’

Water-extractable Cu ug g’

2 3 40 1 2
Bioavailable Cu ng g’

FIG 1 Correlation plots showing Cu tolerance index for the bacterial community as measured by the leucine incorporation method (mean values; n = 3) versus
total Cu (left panel), water-extractable Cu (middle panel), and bioavailable Cu (right panel) measured using the Pseudomonas fluorescens DF57-Cul5 biosensor.
Data for Cu are mean values (n = 3). Curves represent best fits using a logarithmic model.
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FIG 2 Bacterial diversity expressed as the number of unique operational tax-
onomic units (OTUs) defined at the =97% sequence similarity level for a
sampling effort using 6,538 randomly selected 16S rRNA gene sequences ver-
sus bioavailable Cu in the 16 Hygum Cu gradient soil samples.

Community composition. Fig. 3 provides an overview of the
bacterial community composition in the nonpolluted soil (sample
1). The Actinobacteria and Proteobacteria were the dominant
phyla, representing about 40% and 25% of the bacterial se-
quences, respectively. The Acidobacteria accounted for ca. 12% of
the sequences, while the Bacteriodetes, Firmicutes, Gemmatimon-
adetes, and Verrucomicrobia each represented 1% to 3% of the
sequences. All other phyla accounted for less that 1% of the total
bacterial sequences, and 21% of the sequences could not be as-
signed to known bacterial taxa.

Cu contamination had a distinct impact on the bacterial com-
munity composition. A PCA of the sequence data at the taxo-
nomic class level revealed that principal component 1 (PC1) and
PC2 accounted for 34% and 11% of the variation in community
composition, respectively. PC1 had a strong linear correlation
(P < 0.001) to bioavailable Cu as shown in Fig. 4. Neither PC2 nor
PC3 correlated with bioavailable Cu (data not shown).

Figure 5 shows the relative abundances of the 10 most abun-
dant phyla across the Cu gradient. Relative abundances of mem-
bers of the most abundant phylum in the control soil, the Actino-
bacteria, and of the Firmicutes remained unaffected. Acidobacteria
and the Gemmatimonadetes increased in relative abundance with
increasing bioavailable Cu, while the relative abundances of all
other phyla had negative correlations to bioavailable Cu (see Fig. 5
for significance levels).

Interestingly, changes in the relative abundances of classes fre-
quently deviated from responses of the phyla to which they belong
(Fig. 6). In members of the dominant phylum Actinobacteria,
which overall did not respond to increasing bioavailable Cu, the

ctinobacteria

Firmicutes
Bacteroidetes

Gemmatimonadetes
Other Proteobacteria

S-proteobacteria
B-proteobacteria

Other bacteria

Acidobacteria

a-proteobacterial y-proteobacteria

FIG 3 Relative abundances of dominant bacterial taxa in nonpolluted soil
(sample 1) from the Hygum Cu gradient.
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FIG 4 Bioavailable Cu as the explanatory variable plotted against the first
principal component (PC1) accounting for 34% of the variation in a principal
component analysis using 16S rRNA gene sequence data at the taxonomic level

of class as the input for ordination. The linear relationship between bioavail-
able Cu and PC1 was statistically significant (***, P =< 0.001).

two classes Acidimicrobidae and Rubrobacteridae were negatively
correlated (Fig. 6A and B). Within the Proteobacteria, relative
abundances of the Beta-, Gamma-, and Deltaproteobacteria were
negatively correlated to bioavailable Cu (Fig. 6C, D, and E) and
only the Alphaproteobacteria remained unaffected (see Fig. S4 in
the supplemental material). The Acidobacteria were represented
by several classes and subgroups, which responded differently to
bioavailable Cu, as the relative abundances of subgroups 1, 2, and
3 were positively correlated whereas those of subgroups 6, 17, and
22 were negatively correlated to bioavailable Cu (Fig. 6F to K). The
remaining subgroups 4, 7, and 16 remained unaffected (see Fig. S4
in the supplemental material). For the less abundant phyla Bacte-
roidetes, Verrucomicrobia, and Firmicutes, the responses of mem-
bers of their respective subphyla or classes (Flavobacteria, Sphin-
gobacteria—Verrucomicrobiae, subdivision 3—Bacilli, Clostridia)
agreed with the responses at the phylum level (Fig. 6L to O; see also
Fig. 54 in the supplemental material).

Some bacterial groups, including the pseudomonads and the
rhizobia, have been proposed as particularly sensitive indicators of
metal or Cu pollution (6, 19). In the current study, the relative
abundance of the genus Pseudomonas showed a significant, nega-
tive correlation to bioavailable Cu (Fig. 7) whereas the genus Rhi-
zobium (data not shown) was too poorly represented to permit
conclusions to be made. Further, the relative abundance of the
genus [lumatobacter within the class Actinobacteria showed a
highly significant negative correlation with increasing Cu level
(Fig. 7).

DISCUSSION
Cu effects on bacterial community tolerance. The Hygum site,
where soil texture has previously been reported to be highly uni-
form (37), was solely polluted with Cu due to the industrial use of
CuSO, as a wood preservative (3, 40). The site therefore provides
a unique possibility to study the long-term effects of Cu contam-
ination ranging from background Cu levels to severe Cu contam-
ination without significant interference from other toxic elements
or organic contaminants commonly used by the wood preserva-
tion industry (3, 45).

PICT development to Cu was evident even in the weakly con-
taminated part of the Cu gradient, with negligible differences in
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FIG 5 Relative abundances of the most abundant phyla and candidate phyla plotted against bioavailable Cu in the 16 Hygum Cu gradient soil samples.
Correlation between the abundance of an individual taxa and bioavailable Cu was determined by the Spearman rank correlation test, and statistically significant
correlations are indicated with NS (not significant), * (P = 0.05), or ** (P = 0.01).

soil pH, indicating a specific response of the bacterial community
to the elevated Cu levels. Our results are in line with previous
studies showing that Cu has selected for tolerant populations of
ammonia-oxidizing prokaryotes within the Hygum Cu gradient
(16, 28) and with previous work showing that PICT development
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serves as a sensitive indicator for both short-term and long-term
Cu impacts on soil microbial communities (7, 14).

We assessed multiple Cu exposure descriptors for their abilities
to explain the overall Cu impact within the soil bacterial commu-
nity as revealed by PICT. The strengths of the correlations between
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FIG 6 Relative abundances of the most abundant Cu-affected classes plotted against bioavailable Cu in the 16 Hygum Cu gradient soil samples. A and B, phylum
Actinobacteria. C to E, phylum Proteobacteria. F to K, phylum Acidobacteria. L and M, phylum Bacteriodetes. N and O, phylum Verrucomicrobia. Correlation
between the abundance of an individual taxa and bioavailable Cu was determined by the Spearman rank correlation test, and statistically significant correlations
are indicated with NS (not significant), * (P =< 0.05), ** (P < 0.01), or *** (P =< 0.001).

PICT and the logarithm of Cu concentration decreased in the
order bioavailable Cu > water-extractable Cu >=> total Cu. Hence,
our results support previous studies showing that water-extract-
able Cu provides a better predictor of Cu impacts than total soil
Cu does (34, 39). Importantly, our report demonstrates that bio-
available Cu, as determined using a P. fluorescens biosensor strain,
is a robust predictor of PICT development by the entire bacterial
community. This novel finding adds further credibility to the use
of Cu-specific bacterial biosensors for environmental monitoring
(5, 7). The levels of bioavailable Cu observed to induce a PICT
response in the current study corresponded to the lowest observed
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effect concentrations for previous field experiments where PICT
responses were observed at bioavailable Cu levels of 0.16 to 0.20
ng g~ ! as determined using the P. fluorescens biosensor (see com-
pilation of results in reference 21). However, for those previous
experiments, the Cu exposure time was between 21 and 60 months
whereas, in the current experiment, the bacterial community
studied had been influenced by Cu for more than 85 years. Al-
though Cu tolerance may develop within a few days following Cu
amendment to soil (7, 13), complete community adaptation to
toxic Cu levels may take years to develop (13, 16). Further, bio-
available Cu levels decrease with aging (7, 41). In case of the
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FIG 7 Relative abundances of selected genera plotted against bioavailable Cu
in the 16 Hygum Cu gradient soil samples. Correlation between the abundance
of an individual taxa and bioavailable Cu was determined by the Spearman
rank correlation test, and statistically significant correlations are indicated
with ** (P < 0.01) or *** (P < 0.001).

Hygum soils, we thus assume that the soil bacteria had previously
been exposed to higher levels of bioavailable Cu than the current
measured levels and that the bacterial communities had ample
time to adapt to the prevailing Cu level.

Cu effects on diversity and composition of the soil bacterial
community. Our report marks the first attempt to study toxic
metal impacts on soil bacterial communities based on high-
throughput DNA sequencing of the 16S rRNA gene. Covering at
least ca. 6,500 sequences per soil sample, it represents what was by
far the deepest sequencing effort for studies of soil bacterial com-
munities challenged by Cu toxicity. Previously, the most compre-
hensive study to date compared only 104 and 114 16S rRNA gene
sequences from a Cu-impacted soil and a corresponding control
soil, respectively (46). The bacterial communities present in the
Hygum Cu gradient soils were dominated by members of phyla
reported to be of major abundance in other soils worldwide, al-
though the Bacteriodetes species were less abundant than seen in
some other studies (49).

Our results did not demonstrate any significant correlation
between bioavailable Cu and bacterial OTU richness; hence, our
initial hypothesis that Cu reduces bacterial diversity in soil was not
supported. A few previous studies employing rRNA gene-targeted
community fingerprinting have reported specific Cu effects on
bacterial diversity (22, 46). In the most comprehensive of those
studies, Wakelin and coworkers used denaturing gradient gel elec-
trophoresis (DGGE) to study effects of Cu concentrations com-
parable to those of the current study (46). Those authors reported
an initial increase of bacterial diversity with increasing Cu fol-
lowed by a steep decrease at total Cu levels above 560 pg g~ " of soil
nearly 6 years after Cu amendment. However, those studies, and
others before them, estimated community diversity based on
rRNA gene-based community fingerprinting techniques that offer
limited taxonomic resolution and suffer from serious drawbacks
for quantification of species richness and evenness of complex
bacterial communities (2). Further, the time aspect may be impor-
tant and we speculate that Hygum soil bacterial diversity was ini-
tially reduced by Cu during the period in which Cu contamination
occurred (1911 to 1924) and that Cu-adapted bacterial commu-
nities may have recovered their full diversity during the subse-
quent 85 years.

Although we could not detect a significant impact of Cu on
OTU richness, our report demonstrates marked impacts of Cu on
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bacterial community composition. Members of a number of rel-
atively high-abundance classes of the Actinobacteria and Proteo-
bacteria were negatively influenced by increasing Cu levels, as were
those of the less-abundant phyla and candidate phyla Bacte-
roidetes, Verrucomicrobia, Chloroflexi, WS3, and Planctomycetes.
Several previous studies relying on cultivation-independent com-
munity fingerprinting methods such as automated ribosomal in-
tergenic spacer analysis (ARISA), terminal restriction fragment
length polymorphism (T-RFLP) analysis, and denaturing gradi-
ent gel electrophoresis (DGGE) have reported changes in commu-
nity composition caused by short-term or long-term Cu pollution
(7, 11, 12, 26, 43). However, only one previous study reported
significant impacts of Cu on the abundance of specific taxonomic
groups (46). At the taxonomic level of phyla, Wakelin and co-
workers found a quite dramatic decrease of populations of Acido-
bacteria together with an increase in Firmicutes 6 years after a
single Cu application. Although the total Cu concentration in
their study was comparable to the highest Cu concentration
within the soil Cu gradient of our study, we did not find compa-
rable changes.

Only a few studies have addressed the changes in ecosystem
functions caused by increasing Cu levels in the Hygum gradient.
Hence, Sauvé (36) found inhibition of soil organic matter decom-
position, while Mertens et al. (28) reported decreasing potential
nitrification rates but unaltered functional resistance and resil-
ience with respect to a range of environmental stressors. Hence, it
is difficult to link changes in bacterial community composition to
changes in ecosystem processes at the current time, but more re-
search on this topic is obviously required. Among the Gammapro-
teobacteria, species of the genus Pseudomonas perform several
beneficial functions in soil, including the suppression of plant
pathogens as outlined in reference 6. Consistent with previous
studies employing cultivation-dependent techniques (6, 15), we
observed a reduced relative abundance of Pseudomonas rRNA
gene sequences with increasing Cu level; therefore, this ecosystem
service might be at risk in Cu-contaminated soils. The current
report also highlights the more abundant actinobacterial genus
Ilumatobacter, which might serve as an even more sensitive indi-
cator of Cu impacts, but the significance of this genus for commu-
nity function is unknown.

The development of PICT to Cu indicates that differential lev-
els of Cu exposure have caused direct selection of bacterial com-
munities across the Hygum gradient. However, it is possible that
some of the observed Cu impacts on community composition
have occurred due to indirect Cu effects. Cu salt amendment re-
duces soil pH, which is known to be a strong driver of changes in
soil bacterial community composition (11, 25, 33). However, soil
pH ranged only between 5.5 and 6.7 within the Hygum Cu gradi-
ent, while there was a more than 300-fold difference in levels of
bioavailable Cu across the gradient, leading to a Cu-specific PICT
response even in the weakly contaminated part of the Cu gradient
with negligible differences in soil pH. Rousk and coworkers stud-
ied an extreme pH gradient (4.0 to 8.3) in a pyrosequencing study
comparable to the current one (33). In the pH range between ca
5.5 and 6.7, those authors primarily observed differences in the
abundance of Acidobacteria subgroups. Also, data from a recent
study of long-term Cu and pH impacts on soil microbiota indicate
the significance of pH (range 4.0 to 6.1) for the abundance of
Acidobacteria but not other dominant soil bacterial groups.
Hence, it is possible that the changes in relative abundance, in
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particular of Acidobacteria and some of its subgroups, are partly
caused by indirect Cu effects on pH.

Plant cover, biomass, and species richness have also been
shown to be affected by Cu in the studied soil Cu gradient (40).
Although we omitted rhizosphere soil from our analysis, we can-
not entirely rule out the possibility that some of the observed Cu
impacts on bacterial community composition were mediated by
Cu-induced changes of plant-microbe interactions rather than di-
rect Cu toxicity. In line with several other researchers studying the
Hygum Cu gradient site (3, 16, 28, 31, 36, 40) and the discussion
above, we find it safe to conclude that differential Cu exposure was
the dominant selective force affecting soil biota.

In conclusion, our data demonstrate that long-term Cu expo-
sure may select for Cu-tolerant soil bacterial communities with
changed community composition without affecting OTU rich-
ness at the relatively crude taxonomic level associated with studies
of 16S rRNA gene fragments. Two plausible mechanisms may un-
derlie our results: competitive exclusion of metal-sensitive strains
by Cu-resistant strains and horizontal transfer of Cu resistance
determinants carried on mobile genetic elements from resistant to
sensitive strains (30). We predict that the first mechanism leads to
reduced strain-level OTU richness in Cu-impacted soil, whereas
the second mechanism does not. We therefore propose that future
studies of Cu impacts on bacterial communities should focus on
the strain and species levels. More detailed studies along these
lines are also needed in order to understand the dominant mech-
anisms explaining Cu-induced coselection for antibiotic resis-
tance in soil bacterial communities (3).
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