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Abstract

The presence of heavy metals in soils can lead to changes in microbial community

structure, characterized by the dominance of groups that are able to tolerate

contamination. Such groups may provide good microbial indicators of heavy-

metal pollution in soil. Through terminal restriction fragment length polymorph-

ism (T-RFLP) profiling, changes in the bacterial community structure of an acidic

forest soil that had been incubated with cadmium (Cd) for 30 days were

investigated. T-RFLP revealed, in particular, three operational taxonomic units

(OTUs) strongly dominating in relative abundance in the contaminated soil. By

cloning of the amplified 16S rRNA genes and partial sequencing of 25 clones, these

three dominant OTUs were phylogenetically characterized. One dominant OTU in

the cadmium-contaminated soil was derived from Betaproteobacteria, genus

Burkholderia, and the other two were from uncultured members of the class

Actinobacteria, closely related to the genus Streptomyces. To confirm T-RFLP data,

four primers were designed on the basis of this study’s dominant sequences,

targeting the OTUs corresponding to Burkholderia or Actinobacteria. Real-time

PCR showed that Burkholderia target sequences were more abundant in cadmium-

treated soil (7.8� 107� 3.0� 107 targets g�1 soil) than in untreated soil (4.0� 106�
8.9� 105 targets g�1 soil). It was concluded that the genus Burkholderia includes

species that may be particularly dominant under cadmium contamination.

Introduction

In recent decades, the continuous accumulation of heavy

metals (HMs) in terrestrial ecosystems has reached levels of

concern, and is a risk for human and environmental health,

owing to their toxicity and persistence in soil (Vig et al.,

2003; Sharma & Agrawal, 2005). The toxicity of HMs is

strongly related to their chemical forms in the soil, which

determine their bioavailability to the different receptor

organisms (Peijnenburg et al., 2007).

Investigation of the adverse effects of HMs on the soil

microbiota is of particular interest, given the well-furnished

array of tools for the analysis of both microbial activity

(Winding et al., 2005) and microbial community structure

(Smalla et al., 2007). Moreover, soil microorganisms are

sensitive to HM contamination. For example, HMs in soils

reduced microbial biomass (Hartmann et al., 2005) and

carbon mineralization (Lazzaro et al., 2006b), and led to

disturbances of enzymatic activities (Frey et al., 2006).

Microbial communities undergoing a HM stress also

tend to change structure and diversity (Pennanen, 2001;

Hartmann et al., 2005; Frey et al., 2006; Lazzaro et al.,

2006b). Several studies report a low bacterial diversity in

HM-impacted environments, as noted for example in the

denaturing gel electrophoresis profiles of mine soil (Hu

et al., 2007), or in the microbial composition near a copper

smelter (Wang et al., 2007). Decreased diversity due to the

effect of HMs was also observed within a single taxa, such as

with culturable members of the genus Pseudomonas (Brandt

et al., 2006). In general, it appears that HM contamination

leads to a rearrangement of the microbial communities, as

the HM-sensitive populations are reduced or disappear, and

are gradually replaced by other indigenous populations,

which can better tolerate and adapt to the disturbed

environmental conditions. This effect can be clearly assessed

in laboratory-based experiments, where soils are incubated

under exactly the same environmental conditions. The

influence of external factors on the microbial community
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structure can therefore be distinguished from the effects of

HMs, through comparison of the contaminated samples

with an uncontaminated control. Replacement of sensitive

bacterial phylotypes, and an increase in numbers of

Actinomycetales were shown, for example, in a microcosm

experiment with HM-treated soils (Nakatsu et al., 2005).

Adaptation mechanisms differ with the time of exposure

to the disturbance. In the short term, the intrinsically

tolerant populations survive the pollution. In the long term,

the surviving organisms may adapt to the disturbed envir-

onment using phenotypic or genetically based adaptation

mechanisms (Dı̀az-Raviña & Bååth, 1996; Oger et al., 2001).

Although individual genes coding for metal resistances have

been assessed (Naz et al., 2005), a detailed understanding of

the key indigenous organisms able to tolerate HM pollution

is still lacking.

In general, HM-polluted soils have been reported to be

enriched in Gram-positive bacteria such as Bacillus and

Arthrobacter and of Gram-negative bacteria such as Pseudo-

monas and Burkholderia (Kozdroj & van Elsas, 2001; Ellis

et al., 2003; Hèry et al., 2003). Proteobacteria seem to

represent a very important group in terms of resistance to

HM, as found, for example, in a cadmium (Cd)-contami-

nated activated sludge (Tsai et al., 2005). Among the

Proteobacteria, Betaproteobacteria appear to include

HM-sensitive groups (Tsai et al., 2005), although they are

also dominant in HM-impacted roadside soils (Park et al.,

2006) and in HM- and hydrocarbon-contaminated soil

(Joynt et al., 2006).

The capacity of certain bacterial groups to survive and

grow in extreme or disturbed environments, such as under

high levels of HM contamination, may be a useful feature

for risk assessment and bioremediation of polluted sites.

Molecular-based techniques have proven to be particularly

accurate and useful for the characterization of microbial

communities, including the analysis of unculturable popu-

lations. Terminal restriction fragment length polymorphism

(T-RFLP) of the 16S rRNA gene, for example, has success-

fully described complex bacterial communities in disturbed

soils at high resolution (Frey et al., 2006; Widmer et al.,

2006), allowing the identification of significant T-RFs,

which were particularly abundant under HM contamination

(Turpeinen et al., 2004; Frey et al., 2006). However, direct

assignment of single T-RFs to individual taxa appears to be

difficult and imprecise, as different bacterial groups may

often produce T-RFs of the same length (Marsh et al., 2000).

The main objective of the present study was to investigate

groups of the indigenous bacterial community of a forest

soil responding to a cadmium treatment in a short-term

microcosm experiment (Lazzaro et al., 2006a) as analysed by

T-RFLP. Cadmium is one of the most important toxic HMs

involved in atmospheric deposition and contamination

of forest ecosystems (Reinds et al., 2001; Starr et al., 2003).

T-RFLP profiling of the 16S rRNA gene was used to obtain a

wider overview of the general effects of cadmium on

bacterial community structure, including HM-sensitive and

HM-tolerant populations. The study was focused on the

identification and characterization of bacterial groups sur-

viving the cadmium stress, which could be important in

monitoring and bioremediation of HM-contaminated sites.

In the cadmium-contaminated samples, through molecular

cloning and sequencing, three dominant operational taxo-

nomic units (OTUs), representing possible candidate bioin-

dicators of cadmium contamination were observed and

identified. This study further attempted to design primer

sets for these key groups to verify the results of the T-RFLP

profiling and to analyse the abundance in the cadmium-

treated soil. The results contribute to the characterization of

adaptive responses of bacteria to HM stress.

Materials and methods

Soil sampling and microcosm experiment

The soil selected for this study derives from a natural forest

site (Lausanne), with a content of total (HNO3-extractable)

cadmium, which is below 0.01mg cadmiumkg�1 soil dry

weight. The soil is a dystric cambisol with a pH of 4.5, and

with a composition of 62% sand, 25% silt and 13% clay. The

soil sampling and microcosm set-up is described in detail in

Lazzaro et al. (2006a). Briefly, the microcosms were treated

with CdCl2 solution (Sigma-Aldrich, St Louis, MO), to

obtain 1900mg cadmiumkg�1 soil dry weight. This level of

cadmium was the highest in a series of cadmium additions

of the previous study (Lazzaro et al., 2006a), and was

necessary to obtain an effective water-soluble cadmium

concentration. Similar cadmium treatments have been used

in previous studies (Renella et al., 2003, 2005). Control

(untreated) microcosms received 10mL of MQ water (Milli-

pore) without cadmium. Untreated controls and cadmium-

treated microcosms were prepared in quadruplicate, and

incubated for 30 days at 20 1C under 50% external humidity.

This incubation length was optimal to visualize the first

bacterial responses to the cadmium treatment avoiding the

effects of carbon starvation in bulk soils.

Cadmium bioavailability

Bioavailability of cadmium was measured through water

(Blaser et al., 2000) and Lakanen (Lakanen & Erviö, 1971)

extractions, obtained through filtration of the soil samples

to remove particulate matter (Lazzaro et al., 2006a). Cad-

mium concentrations were measured by atomic adsorp-

tion spectroscopy using a spectrAA 300/400 (Varian, Palo

Alto, CA).
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Extraction of DNA, PCR amplification and T-RFLP
of the bacterial 16S rRNA gene

DNA extraction from each of the replicate microcosms was

performed using a modification of the bead-beating method

described by Frey et al. (2006) and Lazzaro et al. (2006a).

DNA was quantified using Pico Green (Molecular Probes,

Basel, Switzerland), and herring sperm DNA standards

(Invitrogen, San Diego, CA) as described by Hartmann

et al. (2005).

Before PCR, 5 ng mL�1 DNAwas pretreated with 3 mg mL�1

bovine serum albumin (BSA) for 2min at 95 1C (Lazzaro

et al., 2006a). This step was necessary to reduce the effects of

inhibitors on the subsequent PCR reaction. Ten to fifty

nanograms of pretreated DNA was then added to the PCR

reaction mix [1.5mM MgCl2-containing PCR buffer (Qia-

gen, Hilden, Germany), 0.5mM additional MgCl2, 400 mM
of dNTP mixture (Catalys, Wallisellen, Switzerland),

0.3 mgmL�1 BSA, 0.2 mM of each primer (Microsynth, Bal-

gach, Switzerland), 2U of HotStarTaq polymerase (Qiagen)]

in a volume of 50mL. The bacterial 16S rRNA gene was

amplified with forward primer 27F [50 labelled with 6-FAM

(6-carboxyfluorescein), Table 1] and reverse primer 1378R

(Heuer et al., 1999, Table 1). PCR was carried out in a

PTC-100 thermocycler (MJ Research, Waltham, MA), with

35 cycles under the conditions described in Table 1.

The PCR amplicon was digested for 3 h at 37 1C with an

equal volume of digestion mix [10U (each) HhaI and

HaeIII, 1% (v/v) Y1 Tango buffer (Fermentas, Burlington,

ON)]. Desalting of the digestions was performed with

Montage single-sample microspin columns (Millipore, Bill-

erica, MA), according to the manufacturer’s instructions.

Capillary electrophoresis was performed on 2 mL of the

digestion products in 11.9 mL of HIDI formamide (Applied

Biosystems, Foster City, CA) and 0.1 mL of ROX500

DNA fragment length standard (Applied Biosystems). The

samples were first denatured for 2min at 95 1C and

immediately chilled on ice. Electrophoresis was performed

for 30min at 60 1C with an ABI Genetic Analyzer 310

(Applied Biosystems).

Analysis of T-RFLP data

The sizes and relative abundances of T-RFs were quantified

with the GENESCAN version 3.1 and GENOTYPER Version 2.5

software (Applied Biosystems). OTUs were defined as peaks

with a size of x� 0.5 relative migration units (rmu) and a

height of at least 150 fluorescence units in all the four

replicate profiles of water control or cadmium treatment.

Relative abundance was assessed by converting the peak

height of each OTU into the percentage value of the total

peak heights in the profile. The average (n= 4) relative

abundances of each OTU in each cadmium treatment were

then compared for significant differences with the controls

by one-way ANOVA corrected with the Tukey post hoc test

(SYSTAT 10, Statsoft inc., Tulsa, OK).

Cloning of PCR-amplified products

Two pooled PCR products were ligated in the p-GEM T-easy

plasmid vector (Catalys, Wallisellen, Switzerland) according

to the manufacturer’s instructions. Libraries were screened

with colony PCR in 15mL of a PCR mix as described above

using 0.2mM of each vector-specific primer M13F and

M13R (Catalys) and 25 amplification cycles. The PCR

conditions are described in Table 1. The quality of the PCR

products was assessed by electrophoresis of 1.5 mL of the

Table 1. Sequences, probe match assignments and PCR conditions of the primers used in this study and of the specific primers designed

Primer combinations Target OTU

Primer description,

Probe Match no.

of hits� (affiliations) Primer sequence (50–30)

PCRw annealing

temperature Reference

Forward M13F Vector-specific CGCCAGGGTTTTCCCAGTCACGAC 48 1C

Reverse M13R Vector-specific TCACACAGGAAACAGCTATGAC 48 1C

Forward 1369F Real-time PCR CGGTGAATACGTTCYCGG 55 1C Smith et al. (2006)

Reverse 1492R Real-time PCR GGWTACCTTGTTACGGACTT Smith et al. (2006)

Forward 27F-FAM Universal primer AGAGTTTGATCMTGGCTCAG Heuer et al. (1997)

Reverse 1 1378R Universal primer CGGTGTGTACAAGGCCCGGGAACG 48 1C Heuer et al. (1999)

Reverse 2 522R Universal primer TACCGCGGCKGCTGGCA Widmer et al. (2006)

Reverse 3 Burk_484_Rev 214 15 (Burkholderiaceae) AACCCAGAGGTTTTCTT 51 1C This study

Reverse 4 Burk_225_Rev 214 82 (Burkholderiaceae) CCTGTAGCGGGAGGTCC 56 1C This study

Reverse 5 Acta_278_Rev 222/223 4406 (Firmicutes,

Actinobacteria)

GTCGCCTTGGTAGGCCG 56 1C This study

Reverse 6 Actb_279_Rev 222/223 287 (Actinobacteria/

Actinomycetales)

CAAAGCCTTGGTAGGCCAT 56 1C This study

�Probe match was performed over 205 165 published sequences of the RDP database.
wPCR conditions were as follows: 15min at 95 1C, 45 s at 94 1C, 45 s at X 1C and 2min 72 1C, where X is the annealing temperature specific for each

primer pair, and reported in the Table.
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PCR products on a 2% agarose gel and ethidium bromide

staining.

In order to identify clones yielding the fragments of

interest, a second PCR was performed. The PCR products

obtained with the M13F and M13R primers were first

purified with PCR clean-up microspin columns (Millipore).

One microlitre of the purified PCR products was ream-

plified with 15 cycles in 15mL PCR mix as described in

Table 1 using the fluorescently labelled universal eubacterial

primers 27F (50 labelled with HEX) and 1378R. Amplicons

were digested with HhaI and HaeIII, and prepared for

T-RFLP as described previously. In addition, before per-

forming T-RFLP, 1mL of digestions of the whole bacterial

community amplified previously with the FAM-labelled 27F

and 1378R primers were added to the samples. Capillary

electrophoresis and T-RF size can influence migration, and

assignment of a fragment to a precise size can be proble-

matic. By overlapping the whole community profile with the

clone profile, the clone could be assigned to a precise

fragment size category.

Sequencing reactions and analysis

Sequencing of the clones yielding the selected fragments of

interest was performed on both strands using two separate

sequencing reactions with the unlabelled universal eubacter-

ial primer 27F or internal reverse primer 522R (Widmer

et al., 2006, Table 1). Fifty to 100 ng of DNA, quantified

previously on a 2% agarose gel, was sequenced using the

BigDye Version 1.1 Terminator Sequencing Kit (Applied

Biosystems), containing 1.6 pmol of the primer, and HPLC

water to an end volume of 10 mL. Reactions were purified

through Sephadex G-50 (Sigma-Aldrich) columns accord-

ing to the manufacturer’s instructions and sequenced with

an ABI 310 automatic sequencer using POP6 as the running

polymer (Applied Biosystems) and running the samples for

45min at 50 1C.

Sequences were assembled with AUTOASSEMBLER (Version

1.4; Applied Biosystems). The resulting consensus sequences

were analysed with Chimera_Check of the Ribosomal Data-

base Project (Cole et al., 2003) in order to detect chimeric

sequences in the authors’s data. Sequences were matched

with the sequences in GenBank using the BLASTN program of

the National Centre for Biotechnology Information (Benson

et al., 2005). The program MULTALIN (Corpet, 1988) was used

to align the sequences obtained with similar sequences

retrieved from the database. Sequences of different length

were cut to obtain alignments of the same length. For the

phylogenetic analysis, sequences of c. 450 bp were finally

aligned. Neighbour-joining phylogenetic trees with Jukes–

Cantor distances were constructed with the TREECON pack-

age, version 1.3. (Van de Peer & De Wachter, 1994). One

hundred bootstrap replicate resampling datasets were gen-

erated. The sequences were deposited in the Genbank

database under accession numbers DQ646664–DQ646675.

Primer design and assessment

Specific PCR primers for the clone sequences of interest

were designed on the aligned sequences of each T-RF group

with the aid of BIOEDIT version 7.0.4.1. software (Hall, 1999).

PCR conditions were chosen with the aid of Biomath

calculator (http://www.promega.com/biomath/calc11.htm).

The reverse oligonucleotide primers designed were

first evaluated over the whole of the published ribosomal

sequences with the Probe Match facility of the RDP

database.

PCR was then performed on the replicate control and

cadmium-treated DNA samples and on the amplicons of

selected clones. Reactions were carried out by adding 5 ng of

DNA template or 1 mL of diluted (1 : 10 with HPLC water)

clone amplicon to a PCR reaction mix as described before,

to give an end volume of 25 mL, using the designed primers

in combination with the FAM-labelled 27F forward primer

(Table 1). PCR was performed with 35 cycles (Table 1).

Annealing temperatures were experimentally optimized to

maximize the specificity of PCR amplification. Amplicons

were digested with HhaI and HaeIII restriction enzymes,

and analysed by T-RFLP as described previously. The

specificity of both the reverse primers was further validated

by cloning the PCR products. The HhaI/HaeIII restriction

patterns of the transformed clones were examined first

through RFLP, by electrophoresis on a 2% agarose gel and

ethidium bromide staining, and subsequently through T-

RFLP. Selected colonies containing the T-RF of interest were

then sequenced as described above using the vector-specific

primers T7 and SP6.

Real-time PCR assay of Burkholderia target
sequences

Real-time quantitative (SYBR Green I) PCR was performed

in MicroAmp optical 96-well plates using the automated

ABI Prism 7700 sequence detector (Applied Biosystems).

Each 25-mL reaction contained the following: 0.5 mMof each

primer (27F/Burk484rev, see Table 1), 12.5 mL of SYBR

Green PCR master mix, including HotStar Taq DNA poly-

merase, Quanti Tec SYBR Green PCR Buffer, dNTP mix,

SYBR Green I, ROX and 5mM MgCl2 (QuantiTect SYBR

Green PCR Kit, Qiagen), 0.2mgmL�1 BSA, 11 mL of diluted

DNA corresponding to 2.5 ng of total soil DNA and RNase-

free water to complete the 25-mL volume. PCR conditions

were 15min at 95 1C, followed by 40 cycles of 95 1C for 15 s,

51 1C for 30 s (annealing) and 72 1C for 45 s (extension),

followed by a final data acquisition step at 80 1C. The 16S

rRNA gene was targeted for amplification using the follow-

ing primers described previously by Smith et al. (2006): Bact

FEMS Microbiol Ecol 63 (2008) 143–155c� 2007 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

146 A. Lazzaro et al.



1369F and Prok 1492R (see Table 1). The conditions for 16S

rRNA gene real-time PCR were the same as before, with an

annealing step at 55 1C for 30 s. Each plate included tripli-

cate reactions per DNA sample and the appropriate set of

standards. After the DNA amplification cycles, melting

curve analysis was performed to confirm that the obtained

signals were caused by the specific amplicon. The Ct values

for each PCR reaction were automatically calculated and

analysed by the ABI prism sequence detection systems

software (version 1.9). A plasmid standard containing the

target region was generated from sequenced clones

(Cd_Burk484_001 and Cd_Burk484_002). Plasmids were

isolated using the Wizard Plus SV Minipreps DNA Purifica-

tion System (Catalys) with DNA concentrations determined

by the PicoGreen assay (Molecular Probes). A standard

curve was obtained by plotting Ct values as a function of

log-transformed copy numbers. Tenfold serial dilutions of

the plasmid ranging from 101to108 copies were used as the

template, in triplicate, to determine the calibration curve.

There was a linear relationship between the log of the

plasmid DNA copy number and the Ct values across the

specified concentration range (r2 = 0.997) and a slope of

� 3.47 (data not shown), indicating a high amplification

efficiency of 94% (Smith et al., 2006). Data were presented

as the average copy number of targets per gram of soil

(dry weight).

Results

Bioavailable cadmium concentrations

After 30 days of incubation, the amount of cadmium

retrieved in the Lakanen extracts was 2060� 177mg

cadmiumkg�1 soil dry weight, and was not significantly

different from that added at the beginning of the experiment

(1900mg cadmiumkg�1 soil dry weight). In the water con-

trols, water-extractable cadmium was 0.01� 0.00mg cad-

miumkg�1 soil dry weight. In the cadmium-treated samples,

water extracts retrieved 562� 41mg cadmium kg�1 soil dry

weight, which corresponds to 29.5� 2.1% of the total

cadmium added.

T-RFLP analysis

As all the microcosms had been incubated under exactly the

same conditions, and as all the replicates within one treat-

ment had the same T-RFLP profile, the control microcosms

were used as a measure of the effects of time and nutrient

availability on the bacterial communities. In this way, the

community changes observed could be assigned to cad-

mium contamination and not to other external factors. The

T-RFLP profiles of the cadmium treatments appeared to be

profoundly modified and were different when compared

with the untreated controls (Fig. 1a and b). Overall, 76

OTUs were detected in the control samples, whereas in the

cadmium-treated soils the number of OTUs detected was

reduced to 64. Moreover, 33 OTUs significantly (Po 0.05)

decreased, and 12 OTUs significantly (Po 0.05) increased

in relative abundance in comparison with the control (data

not shown). In particular, a region of the fingerprint,

ranging from c. 190 to 240 rmu was identified, where a large

number of changing OTUs were observed. In this region, the

dominance of three specific OTUs of 214, 222 and 223 rmu

in the cadmium treatment was noticed (Fig. 1b). They all

had a relative abundance of 4 7% of the total profile.

16S rRNA gene clone designation and
phylogenetic profiles

As the replicate T-RFLP profiles were highly homogeneous,

and to maximize throughput, two different PCR amplifica-

tion products of replicate cadmium-treated samples were

pooled before ligation. The profiles of the clones screened

showed the presence of a dominant T-RF (peak), which had

a fragment length predictable from the T-RFLP profile of the

total bacterial community (Fig. 1c). More than 10% of the

screened clones corresponded to OTU 214. Eighty per cent

of the 25 partial sequences (400–500 nucleotides) analysed

showed at least 96% identity to known sequences in the

NCBI database (Table 2). The sequences corresponding to

OTU 214 appeared to be affiliated with members of the

Betaproteobacteria. Actinobacteria were represented by the

sequences corresponding to OTUs 222 and 223 (Table 2).

GENESCAN-predicted T-RF sizes differed from T-RF sizes

retrieved after sequencing from 3 to 6 bp for T-RF category

214, and from 0 to 3 bp for T-RF categories 222 and 223.

Phylogenetic analyses

Phylogenetic analysis of the Betaproteobacteria sequences

(Table 2, Fig. 2) revealed that OTU 214 was strongly
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Fig. 1. T-RFLP profiles of one representative replicate of the untreated

(a) and cadmium-treated (b) microcosm soil samples, overlapped with a

profile of a selected clone (CdL023_214) yielding T-RF 214 (c). OTUs

selected for analysis are labelled with the corresponding rmu values.

Ordinates represent fluorescence.
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associated with unculturable Betaproteobacteria (AJ292644),

related to members of the genera Burkholderiaceae (e.g.

DQ490295) and Burkholderia (e.g. AM086244). The phylo-

genetic tree derived from the Actinobacteria sequences (Fig.

3) showed that OTU 222, except for clone AL041_222,

formed two clusters. A first cluster (cluster 1, Fig. 3)

included clones belonging to the genera Streptomyces

(AY785161, AB245388) and Kitasatospora (AY189976), and

close to the genus Streptacidiphilus (e.g. AF074412). A

second cluster (cluster 2, Fig. 3) contained clones related to

uncultured soil bacteria (e.g. AY913402). Except for clone

CdL044_223, OTU 223 clustered (cluster 3, Fig. 3) close

to uncultured Actinobacteria (e.g. AB180773). Clones

CdL041_222 and CdL044_223 were not clearly associated

with defined genera. Moreover, although clone CdL041_222

was classified as a member of OTU category 222, it

appeared to be more closely related to members of OTU

category 223.

Assessment of group-specific primers and
real-time PCR

To verify and confirm the results obtained by T-RFLP

analysis, four reverse primers for the specific detection of

OTUs 214, 222 and 223 were designed (Table 1). Probe

Match search in RDP-II identified 15 of 205 165 published

sequences that matched the primer sequence Burk_484_Rev.

Thirteen of the 15 sequences belonged to the genus Burkhol-

deria and two to the genus Pandoraea, a member of the

family Burkholderiaceae. Ten sequences, all belonging to the

genus Burkholderia, gave theoretical T-RFs between 217 and

219 bp, all with a HaeIII restriction site. Among the hits

targeted, groups were observed to also appear in the BLAST

search, such as an uncultured eubacterium (AJ292644),

forest soil bacterium (AY043580) and Burkholderia species

(AJ704380, AJ704384). The second primer designed,

Burk_225_Rev, gave 82 hits, all belonging to the genus

Burkholderia and none to the genus Pandoraea, including

sequences with both HaeIII and HhaI restriction sites.

For PCR-based assays, each reverse primer with the FAM-

labelled 27F primer was used to obtain T-RF sizes compar-

able with those observed in the authors’ T-RFLP profiles.

PCR amplification of DNA from control and cadmium-

treated soil samples, together with PCR of clones containing

T-RF 214 (clones CdL023_214 and CdL025_214), yielded

results consistent with the results of the T-RFLP analysis. In

the T-RFLP analysis from the amplicon derived from the

primer combination 27F/Burk_484_Rev, a major peak of

size 214 rmu was visible in both untreated and cadmium-

treated samples. For the primer combination 27F/

Burk_225_Rev, a main peak with size 211 rmu appeared

instead in the T-RFLP profiling (data not shown).Ta
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Primers Acta_278_Rev and Actb_279_Rev designed to

target T-RFs 222 and 223 appeared to be much less accurate,

and, on the basis of the clone sequences, the authors were

not able to find a region that would produce fewer hits. The

primer Acta_278_Rev gave 4406 hits, belonging to different

phyla, in particular, Firmicutes (class Clostridia) and Actino-

bacteria. It was therefore considered to be insufficiently

specific to isolate the T-RFs of interest. The primer Act-

b_279_Rev gave 287 hits in the RDP database, belonging

mainly to Actinobacteria, Chlamidiae or unclassified bacter-

ia. This primer was designed observing a region distingu-

ishing five of the clones (CdL041_223, CdL043_223,

CdL044_223, CdL045_223, CdL046_223) from other simi-

lar published sequences. The primer combination 27F/

Actb_279_Rev, although producing different T-RFs, showed

one particularly dominant peak, corresponding to T-RF 224,

in the cadmium-contaminated samples (not shown). No

peak at 223 rmu was detected.

Cloning and sequencing of the PCR products derived

from the two primer combinations 27F/Burk_484_Rev and

27F/Actb_279_Rev revealed their efficiency in tracking the

organisms of interest. For primer Burk_484_Rev, RFLP

revealed an identical restriction pattern for all colonies. It

was therefore sufficient to analyse 24 out of 48 starting

colonies with T-RFLP profiling to identify the T-RF of

interest. All clones appeared to produce a T-RF of 214� 0.5

rmu, which overlapped the HEX-labelled 214-rmu peak of

the cadmium-treated environmental sample (data not

shown). Two clones were then selected for sequencing. They

revealed sequences, differing for two mismatches, with 98%

or 99% sequence similarity to unculturable Betaproteo-

bacteria (AJ292644, AJ292668), and to Burkholderia sp.

WBF5 [DQ777734; (Table 3)]. Given the high level of

efficiency in tracking OTU 214 with the Burk_484_Rev

primer, the abundance of the corresponding Burkholderia

target sequences in the cadmium-treated and control soils

was analysed using real-time PCR. An average of

7.8� 107� 3.0� 107 targets g�1 dry soil were detected in

cadmium-treated soils, which was significantly (Po 0.05,

t-test) higher than the 4.0� 106� 8.9� 105 targets g�1 dry

soil in untreated control soils (Table 4).

For primer Actb_279_Rev, the restriction patterns visualized

through RFLP were more variable, and screening of a larger

number of clones through T-RFLP profiling to detect the

T-RF of interest was required. Although a T-RF of 222 or of

223 rmuwas not detected, eight out of 96 clones showed a T-RF

of 224� 0.5 rmu overlapping the corresponding HEX-labelled

T-RF of 223 rmu of the cadmium-treated environmental

sample (data not shown). Sequencing of four of these clones

revealed (Table 3) that three had high similarities with a soil

Actinomycete defined as Streptacidiphilus carbonis (AF074412),

while one showed 99% sequence similarity to bacterium

Ellin5516 (AY234533). The clones similar to Streptacidiphilus

carbonis (AF074412) differed from clone CdL044_223 by

Fig. 2. Neighbour-joining phylogenetic tree

showing the relationship of clones belonging to

OTU category 214 with reference members of

Burkholderia and uncultured Betaproteobacter-

ia species. The horizontal scale represents 10%

sequence divergence. Bootstrap values are

shown for values that had 4 50% support in

100 resamplings.

FEMS Microbiol Ecol 63 (2008) 143–155 c� 2007 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

149Cadmium-tolerant Burkholderia sp. in soil



5–8bp. The clone similar to bacterium Ellin5516 (AY234533)

differed from clone CdL043_223 by 2bp.

Discussion

Cadmium is a toxic HM, which exerted in the short term a

strong stress on the bacterial communities of the forest soil

(Lazzaro et al., 2006a). The effects were evident at water-

extractable concentrations above 562mg cadmiumkg�1 soil

dry weight, which correspond to a relatively high level of

cadmium pollution. Water extracts may be considered as

providing a good estimation of bioavailable cadmium for

soil bacteria, as they have been shown to represent a good

approximation to the soil solution (Blaser et al., 2000).

Cadmium was also found to induce microbial community

changes at lower total cadmium concentrations (40mg

cadmium kg�1 soil) in a nonforest soil analysed by ribo-

somal intergenic spacer analysis (Ranjard et al., 2006),

and at water-extractable concentrations up to 196mg

cadmium kg�1 humus in forest humus analysed by phos-

pholipid fatty acid profiling (Fritze et al., 2000).

The comparison between the T-RFLP profiles of water

controls and cadmium-treated microcosms showed that

after 30 days of incubation, certain OTUs dominated in the

Fig. 3. Neighbour-joining phylogenetic tree

showing the relationship of clones belonging to

OTU categories 222 and 223 (dominant T-RFs in

the cadmium-treatment) with reference mem-

bers of Actinobacteria species. The horizontal

scale represents 10% sequence divergence.

Bootstrap values are shown for values that had

4 50% support in 100 resamplings. Numbers

near brackets indicate the main clusters formed

by the analysed clones. The number following

each clone name indicates the predicted T-RF

size for that clone.

Table 3. Phylogenetic assignment of clones deriving from cadmium-treated samples to the GenBank database entries

Clone� Closest relative

Sequence

Identity (%) Accession no.

Closest cultured

relative

Sequence

Identity (%) Accession no.

Cd_Burk484_001 Uncultured eubacterium 98 AJ292644 Burkholderia sp. WBF5 98 DQ777734

Cd_Burk484_002 Uncultured eubacterium 99 AJ292668 Burkholderia sp. WBF5 99 DQ777734

Cd_Actb279_001 Streptacidiphilus carbonis 97 AF074412

Cd_Actb279_002 Streptacidiphilus carbonis 99 AF074412

Cd_Actb279_003 Streptacidiphilus carbonis 99 AF074412

Cd_Actb279_004 Bacterium Ellin5116 99 AY234533

�Clones derive from the amplification of cadmium-treated samples with a combination of universal primer 27F and group-specific primers

Burk_484_Rev or Actb_279_Rev.
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cadmium-treated microcosms, and not in the water con-

trols. Such an observation suggests that only certain bacter-

ial groups able to tolerate cadmium contamination were

surviving in the soil. Bacteria possessing intrinsic tolerance

to cadmium contamination have been reported in previous

studies. For example, Piotrowska-Seget et al. (2005) found

that 50% of the bacteria in a sandy loam were tolerant to

cadmium. Similar results were found by Duponnois et al.

(2006) in the bacterial community of a termite mound

artificially treated with CdCl2. Further investigation of

specific cadmium-resistance genes such as cadA (Silver &

Phung, 1996; Brim et al., 1999) could help to elucidate the

cadmium-tolerant bacterial groups.

T-RFLP is a powerful tool for the investigation of

bacterial community profiles, and for characterizing how

environmental factors such as HMs drive community

changes (Osborn et al., 2000). As a monitoring tool, how-

ever, it can be affected by experimental and analytical

difficulties. In the T-RFLP profiles of some of this study’s

clones, for example, the appearance of peaks additional to

that of the expected size was noted (data not shown). It has

been reported that partial digestion can affect the homo-

geneity of replicate profiles and produce pseudo-T-RFs

(Egert & Friedrich, 2003). The occurrence of additional T-

RFs due to single-stranded DNA amplicons has also been

observed (Egert & Friedrich, 2003).

The selected OTUs revealed sizes that differed between 1

and 6 bp from the actual sequence in the clones, as observed

in previous studies (Kaplan & Kitts, 2003). It has been

hypothesized that this effect is sequence-dependent, and

can result in different discrepancies for organisms with

similar predicted T-RF lengths (Kitts, 2001). This was also

observed in the present results, as a higher discrepancy for

T-RF 214 in comparison with the discrepancies for T-RFs

222 and 223 was noted. This effect, in addition, may have

been responsible for the incorrect assignment of clone

CdL041_222 to OTU group 222, instead of to OTU group

223, as would be more likely based on the corresponding

phylogenetic tree (Fig. 3). Therefore, the assignment of

T-RFs of similar sizes must be handled with care.

The most dominant OTU (214) in the present cadmium-

contaminated T-RFLP profiles derived from the class Beta-

proteobacteria closely related in particular to the genus

Burkholderia. The genus Burkholderia contains a variety of

acidophilic species, which are ubiquitous in all environ-

ments. They range from plant pathogens (Burkholder, 1950)

to nitrogen-fixing bacteria (Chen et al., 2003), and have

been shown to be plant growth-promoting bacteria (Bev-

ivino et al., 2000). Generally, Burkholderia was found to be

more abundant in rhizosphere soil than in bulk soil (Felske

et al., 1998). The present results are among the few (Mac-

naughton et al., 1999; Nogales et al., 2001) demonstrating

the presence of Burkholderia also in bulk soil. Moreover,

Burkholderia was found to be abundant under disturbed

conditions. Members of this genus have been detected, for

example, in agricultural or industrial soils contaminated

with various HMs such as nickel (Héry et al., 2003) and

cadmium (Macnaughton et al., 1999; Sandrin et al., 2000).

Furthermore, Burkholderia cepacia biofilms have been

shown to possess mechanisms of cellular sequestration of

lead (Templeton et al., 2001). Burkholderia species also have

the ability to utilize various different carbon sources and

thus have been considered in programmes of degradation of

organic pollutants (Friedrich et al., 2000; Sandrin et al.,

2000). The sequences found in the present study were

indeed highly similar to sequences in the database related

to Betaproteobacteria characterizing oil- (DQ378200) or

polychlorinated biphenyl-polluted soils (AJ292644), as well

as Burkholderia species involved in fenitrothion degradation

(AB025790) or characterizing extreme environments such

as volcanic deposits (DQ490295). The present laboratory-

based results are also in accordance with the findings of

Burkholderia species isolated directly in HM-impacted in-

dustrial areas (Goris et al., 2001) and represent further

evidence that this genus is of great relevance under HM

stress.

The results from the quantitative PCR showed that the

Burkholderia species increased in abundance after contam-

ination with cadmium, indicating that a possible physical

separation of the bacteria in the soil from the soluble HM

can be excluded. In addition to resistance or tolerance

mechanisms of the genus Burkholderia, the loss of

cadmium-sensitive populations in the soils may have also

provided a higher availability of resources favouring the

growth of the surviving Burkholderia species.

OTUs 222 and 223 were assigned instead to the class

Actinobacteria. Actinobacteria diversity is broad, and differ-

ent groups may respond in different ways to HMs (Babich &

Stotzky, 1977; Kelly et al., 2003). In the present study, the

family Streptomycetaceae appeared to be related most closely

to some of the clones corresponding to the dominant OTUs

222 and 223. Members of this family are known to possess

HM-resistance mechanisms (Schmidt et al., 2005), such as

Table 4. Abundance of Burkholderia target sequences (gene copy

number g�1 soil dry weight� SD; n=4) in cadmium-contaminated and

control soils analysed by real-time PCR targeting 16S rRNA gene

fragments using the 27F and Burk_484_Rev primer set

Treatment

Burkholderia

(gene copy

number g�1 soil

dry weight)

Bacterial 16S rRNA

gene (gene copy

number g�1 soil

dry weight)

Untreated control 4.0� 106� 8.9� 105 1.6�109� 7.8� 108

Cd-treated 7.8� 107� 3.0� 107
�

4.8�108� 1.5� 108

�Significantly different values (Po 0.05; t-test) between the cadmium

treatment and the untreated control.
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mercury resistance (Ravel et al., 2000) or nickel resistance

(Mengoni et al., 2001) genes.

The results of this study indicate that some species of the

genus Burkholderia and of the family Streptomycetaceae are a

significant component of soils under cadmium contamina-

tion, and may therefore constitute promising potential

bioindicator organisms for cadmium, or possibly of general

HM, contamination in soils. The undefined nature of the

corresponding OTUs, however, is a limitation in the accu-

rate definition of potential bioindicators of cadmium con-

tamination, because it does not allow the identification of

such key organisms at a species level.

The conventional PCR approach using specific primers

that was adopted in this study was effective in detecting the

important OTUs focused on and in confirming the results of

T-RFLP analysis. For the primer combination 27F/

Burk_484_Rev, all clone sequences were similar, which

allowed efficient tracking of the OTU 214 corresponding to

the Burkholderia sp. and quantitative analysis of their

abundance in the soils. Real-time PCR clearly showed that

OTU 214 was an order of magnitude more abundant

in cadmium-treated soils than in untreated control soils

(Table 4).

With the primer Actb_279_Rev, it was possible to detect

the dominant T-RF of 224 rmu, which this study was able to

assign to the OTU category 223, although it appeared that

this OTU may be produced by different Actinobacteria

species and was therefore not further analysed by quantita-

tive real-time PCR.

Considering that forest soils harbour a large bacterial

diversity, it was further investigated whether the indigenous

groups dominating in the short term under cadmium

contamination were novel or unexpected taxa typical of

forest soils. The results showed, however, that the dominant

key OTU (214) identified was most probably the same

uncultured betaproteobacterium described by Nogales et al.

(2001) in a biphenyl-polluted industrial soil, although

sequence identity to bacteria from a forest soil subjected to

compaction (Axelrood et al., 2002) was also found. While

the clones corresponding to OTU 223 did not appear

specifically to be associated with forest soil bacteria, the

clones corresponding to OTU 222 were highly related to un-

culturable forest soil bacteria (e.g. DQ451517, AY913402).

Moreover, the clones that clustered separately in the

phylogenetic tree (Fig. 3), such as clones CdL035_222,

CdL036_222 and CdL037_222, may indicate novel lineages

typical of forest soils close to the genera Streptomyces and

Kitasatospora (family Streptomycetaceae).

Conclusions

T-RFLP-based analysis revealed indigenous eubacterial po-

pulations able to tolerate in the short term high levels of

cadmium. Although in some cases it appeared that single

OTUs corresponded to different species, this study was able

to identify the major bacterial groups of a moderately acidic

cadmium-contaminated forest soil as Betaproteobacteria

(genus Burkholderia) and Actinobacteria (family Streptomy-

cetaceae). Given that primer Burk_484_Rev allowed for

efficient detection of OTU 214 as corresponding to the

genus Burkholderia, this may be validated in future studies

on various cadmium-polluted soils in a quantitative man-

ner, and further analysis is needed to clarify the ecological

role of these organisms in metal-polluted soils. In addition,

cultivation of members of key bacterial groups and a more

specific definition of their phylogeny remains an important

objective to their characterization and potential application

in bioremediation strategies.
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