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Abstract Mine wastes have been considered as a source of
heavy metal (HM) contamination in the environment and
negatively impact many important ecosystem services provid-
ed by soils. Plants like Miscanthus, which tolerate high HM
concentrations in soil, are often used for phytoremediation and
provide the possibility to use these soils at least for the pro-
duction of energy crops. However, it is not clear if plant growth
at these sites is limited by the availability of nutrients, mainly
nitrogen, as microbes in soil might be affected by the contam-
inant. Therefore, in this study, we investigated in a greenhouse
experiment the response of ammonia-oxidizing microbes in
the root–rhizosphere complex of Miscanthus × giganteus

grown in soils with different levels of long-term arsenic (As)
and lead (Pb) contamination. Quantitative PCR of the ammo-
nia monooxigenease gene (amoA) was performed to assess the
abundance of ammonia-oxidizing bacteria (AOB) and archaea
(AOA) at two different points of plant growth. Furthermore,
bulk soil samples before planting were analyzed. In addition,
terminal restriction fragment length polymorphism (T-RFLP)
analysis was used to investigate the diversity of archaeal amoA
amplicons. Whereas high concentrations of As and Pb in soil
(83 and 15 g/kg, respectively) resulted independent from plant
growth in a clear reduction of AOA and AOB compared to the
control soils with lower HM contents, in soils with contami-
nation levels of 10 g/kg As and 0.2 g/kg Pb, only AOB were
negatively affected in bulk soil samples. Diversity analysis of
archaeal amoA genes revealed clear differences in T-RFLP
patterns in response to the degree of HM contamination.
Therefore, our results could clearly prove the different re-
sponse patterns of AOA and AOB in HM-contaminated soils
and the development of archaeal amoA phylotypes which are
more tolerant towards HMs in soil samples from the areas that
were impacted the most by mining waste, which could con-
tribute to functional redundancy of ammonia-oxidizing
microbes in soils and stability of nitrification pattern.

Introduction

The mining industry produces large amounts of waste contam-
inated bymetals andmetalloids [1], leading to the accumulation
of toxic elements in the environment. Whereas heavy metal
(HM)-contaminated soils are unsuitable for food production,
energy crops (e.g., Miscanthus × giganteus, a perennial grass
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with large annual biomass production potential) can allow the
commercial exploitation of these soils by establishing biofuel
feedstock production systems. In addition, the cultivation of
these plants offers opportunities for site stabilization and phy-
toremediation of contaminated soils [2, 3].

However, macronutrients deficiency is one of the growth-
limiting factors of plant cultures on contaminated soils [4]. It
is therefore of key importance to investigate the response of
the functional microbial biomass involved in nutrient turnover
to contamination. In this respect, nitrogen (N) cycling is of
major concern as contaminated sites are usually not fertilized,
and N available to plants is closely linked to N mineralization
from dead biomass and subsequent transformation. Several
authors have postulated that nitrification responds at a very
sensitive level to different types of contamination [5, 6] due to
low functional diversity compared to other steps in the N cycle
[7]. Nitrification is a two-step process consisting of: (1) oxi-
dation of NH4

+ to NO2
− by ammonia-oxidizing bacteria

(AOB) and ammonia-oxidizing archaea (AOA) [8, 9] and
(2) oxidation of NO2

− to NO3
− by nitrite-oxidizing bacteria

(NOB), the first step being assumed as rate limiting [10].
While HM contamination can affect AOB communities
[11–13], little is known about how AOA is affected by con-
tamination. Although AOA are thought to be more tolerant to
chronic stress conditions than bacteria [14, 15], the influence
of HMs on AOA is discussed controversially in literature
[16–18]. Furthermore, the few studies assessing the response
of both AOA and AOB to HM contaminations were mostly
performed using spiked soils [12, 16–21], which do not allow
a prediction of the AOA and AOB dynamics in soils with a
long history of HM contamination due to adaptation processes
of the microflora on the one hand and changes in the amount
of bioavailable HMs on the other hand [22, 23].

Therefore, in this study, we investigated in a greenhouse
experiment the response of ammonia-oxidizing microbes in the
root–rhizosphere complex (RRC) of Miscanthus × giganteus
grown in soils with different levels of long-term combined
arsenic (As) and lead (Pb) contamination. We analyzed the
abundance of both archaeal and bacterial amoA genes in the
bulk soils before planting and 6 and 12 weeks, respectively,
after planting of the bioenergy crop. Furthermore, we studied
the diversity of the amoA genes of AOA. We postulated that
AOA will be less affected by HM contamination in soil than
AOB due to a shift in the AOA diversity towards more HM-
resistant phylotypes over time.

Materials and Methods

Experimental Design

Soils classified as Anthroposol Artificiel according to the
French classification or Technosol (WRB nomenclature,

FAO 2006) from the former gold mining area at La Petite
Faye (Limousin, France, 01°34′23″ E, 46°08′37″ N) were
chosen for the experiments. This site, which has been aban-
doned since 1964, presents zones with different As and Pb
concentrations and has been colonized by local vegetation
(e.g., grasses, ferns, horsetails, birches). Three plots were
selected for soil sampling, reflecting zones with severe (S),
medium (M), and low (L) levels of HM contamination based
on total Pb and As values. The values for Pb ranged from
15,200 mg/kg at plot S to values smaller than 500 mg/kg at
plots M and L. Arsenic values ranging from 83,000 mg/kg at
plot S to 1,700 mg/kg at plot L were measured. Soils were
sampled in January 2010 up to 20 cm soil depth after remov-
ing the organic horizon. Sieved soil (2 mm) was transferred
into plastic bags and placed into pots (21×21×21 cm) at a
bulk density of 1.0 and equilibrated for 1 month at 20 °C and
constant water content. Major chemical and physical soil
parameters are summarized in Table 1.

After an equilibration phase of 7 days at 50 to 60 % of
field water capacity at 20 °C, one pre-grown Miscanthus ×
giganteus rhizome (Novabiom, France) was introduced per
pot. Miscanthus × giganteus plants were grown in a phyto-
tron for 3 months, without receiving additional nutrients.
The plants were subjected to a photoperiod of 16 h light at
350 μmol m−2 s−1 and 8 h of darkness at temperatures of 23
and 18 °C, respectively, under constant soil water content
(field capacity). Samplings were performed before planting
the rhizome (t0) and after 6 (t1) and 12 (t2) weeks. The
experiment was conducted in a randomized block design
with four independent replicates per soil and per sampling
time point. Bulk soil (at t0) and composite samples of roots
with attached soil (at t1 and t2) were sampled from each pot.
After shaking the roots vigorously, the roots and attached
soil were treated as one compartment called the RRC. One
part of the samples was immediately shock-frozen in liquid
nitrogen and stored at −80 °C for nucleic acid extraction; the
other part was directly extracted with 0.01 M CaCl2 for
determination of water-extractable As and Pb, organic car-
bon (WEOC), ammonium–N (NH4

+–N), and nitrate–N

Table 1 Soil parameters

Soil S Soil M Soil L

Soil type Silty loam Silty loam Silty loam

pH 3.4 3.6 5.6

Ctotal [%] 7.3 5.1 9.7

Ntotal [%] 0.5 0.4 0.7

C/N 13.8 13.5 13.6

As total
a 83,000 9,300 1,700

Pb total
a 1,520 200 300

a mg/kg soil

J. Ollivier et al.



(NO3
−–N). Bulk soil samples were directly treated by lith-

ium metaborate/tetraborate fusion and nitric acid digestion
for HM determination.

Soil Parameters

Samples consisting of bulk soil or RRC were shaken over-
head for 45 min in 0.01 M CaCl2 for determination of water-
extractable As and Pb (soil/solution ratio 1:10), WEOC,
NH4

+–N and NO3
−–N (soil/solution ratio 1:4). After filtra-

tion, Pb and As were measured by graphite furnace atomic
absorption spectrometry (SpectrAA 880 Z, Varian, CA, US)
equipped with a Zeeman background correction. NH4

+–N
and NO3

−–N were determined using a continuous-flow ana-
lyzer (SA 20/40, Skalar Analytical, The Netherlands).
WEOC was measured using a TOC analyzer (TOC-5050A,
Shimadzu Corporation, Japan).

Plant Parameters

The dry weight of rhizome, stem, and leaves of Miscanthus
plants, respectively, were measured 12 weeks after planting
(t2). As and Pb contents were determined in each organ at t2
by ICP-MS after nitric acid digestion (Acme Analytical
Laboratories Ltd., Canada).

DNA Extraction

DNA of each of 12 samples (four replicates × three time
points) was extracted from 0.5 g of bulk soil and RRC,
respectively, after a bead beater lysis step (Bertin Technologie,
France) using the FastDNASPIN kit for soil (MP biomedicals,
Germany) according to the manufacturer’s instructions. DNA
concentration was measured by using a microvolume spectro-
photometer (NanoDrop, PeqLab, Germany).

Quantitative PCR Assay

Quantitative PCR (qPCR) was used to determine the abun-
dance of functional communities involved in ammonium
oxidation by targeting amoA genes (encoding the ammonia
monooxygenase) in both AOB and AOA using a SYBR®
GreenI-based detection system (Applied Biosystems, Ger-
many). Absolute quantification of investigated target genes
was carried out in 25-μL samples in triplicate on the ABI
Prism 7300 Cycler (Applied Biosystems). The reaction mix-
ture contained 15 μg bovine serum albumin (Sigma-Aldrich,
Germany), 0.2 μM of each primer for amoA AOA, and
0.3 μM of each primer for amoA AOB amplification, respec-
tively (Metabion, Germany), 1X Power SYBR Green PCR
master mix (Applied Biosystems), and 40 ng DNA template.
PCR conditions and primers used are shown in Table 2. The
specificity of the amplification products was confirmed by

melting curve analysis and agarose gel electrophoresis. No
template controls served as null value. Samples were diluted
tenfold as no inhibitory effects on the PCR amplification were
detected when known amounts of standard (AOB and AOA)
were spiked with tenfold diluted environmental DNA samples
(data not shown). Dilution series of plasmids containing
cloned DNA of the amoA gene from Nitrosomonas multi-
formis ATCC25196 for AOB and of the fosmid clone 54d9
[9] for AOA, respectively, were used to generate standard
curves ranging from 101 to 106 gene copies per microliter.
The calculated efficiencies for qPCRs of AOA and AOBwere
comprised between 90 and 95 %.

Terminal Restriction Fragment Length Polymorphism
Fingerprinting

Diversity analysis of archaeal amoA gene was carried out by
terminal restriction fragment length polymorphism (T-RFLP).
Archaeal amoA gene amplicons were generated by two suc-
cessive PCRs using the primers described for qPCR assay,
with forward primer labeled with 5′-carboxyfluorescein. The
first PCR reaction (50 μL) contained ~100 ng of template
DNA, 0.2 μM of each primer, 0.2 mM dNTPs (Fermentas,
Germany), 60 μg of BSA (Sigma-Aldrich, Germany), 1 U Top
Taq and 1 × PCR buffer (Qiagen, Germany), and nuclease-free
water (Promega, Germany). The PCR reaction was achieved
according to the following thermal profile: 5 min at 95 °C,
followed by 30 cycles of 45 s at 94 °C, 45 s at 55 °C, 45 s at
72 °C, and finally 5 min at 72 °C. Four microliters of PCR
products was amplified subsequently in the same conditions as
previously described in a final volume of 100 μL. Generated
amplicons were checked by standard agarose gel electropho-
resis and ethidium bromide staining and purified with the
QIAquick PCR purification kit (Qiagen) prior enzymatic di-
gestion with the restriction enzyme MwoI (Fermentas, Ger-
many) according to the manufacturer’s protocol. The
restriction enzyme was selected based on in silico T-RFLPs
using the program REPK (Restriction Endonuclease Picker)
[24]. Digested amplicons (~50 ng in 10μL) were subsequently
purified with the MinElute Reaction cleanup kit (Qiagen).
Desalted digests (1 μL) were mixed with 13 μL of Hi-Di
formamide (Applied Biosystems) containing an 800-fold dilu-
tion of a 6-carboxy-X-rhodamine-labeled MapMarker 1000
ladder (Bio-Ventures, TN, US), denatured (3 min at 95 °C),
and cooled on ice. Electrophoresis was performed as described
previously [25] using an ABI 3730 DNA analyzer (Applied
Biosystems). Electropherogram evaluation was performed us-
ing the GeneMapper 5.1 software (Applied Biosystems).

Statistical Analysis

Prior to analysis, gene abundance data were ln-transformed
to achieve normal distribution. Data were analyzed by one-
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way ANOVA with soil (L, M, S) as factor at a given
time point for both bacterial and archaeal amoA genes
with significance level set to α00.05. Soil parameters
data were analyzed similarly. Statistical tests were cal-
culated in SPSS 11.5 (SPSS, Inc., IL, USA). T-RFLP
data were imported into T-REX [26] and a data matrix
based on peak area was generated. Peaks were inacti-
vated for lack of length (<50 bp) and aligned using
clustering threshold of 1 bp. Fragments with relative
abundance of less than 1 % were considered as back-
ground noise. The data matrix was exported for analy-
sis with the ADE4 package [27] within the R software
environment (www.R-project.org) using between-group
analysis (BGA) based on correspondence analysis using
the function dudi.coa followed by bca. Because corre-
spondence analysis is only the first step in the
between-group analysis, no detrended form with down-
weighting of variables was used. The between-groups
inertia percentage was used for a global test of any
difference between the groups. Based on 999 permuta-
tions, a P value was calculated. In case of significant
results (P<0.05), pairwise tests were performed; the
P values were adjusted for multiple comparisons by
the method of Hommel [28].

Results

Physical and Chemical Characterization of Bulk Soil, RRC,
and Plants

The CaCl2-extractable fraction of As and Pb in all soil samples
was lower than 1 % of the total amount of the respective HM
and ranged from 10.4 to 2.1 mg/kg for As and from 134.2 to
1.6 mg/kg for Pb, respectively, at t0. Surprisingly, the clear
gradient in total HM in soil samples from S, M, and L was not
reflected in the amount of CaCl2-extractable As and Pb. Over
the experimental period, the values for the As CaCl2-extract-
able fraction did not change significantly in all soil samples; for
Pb in soil samples from plot S and L, a clear reduction was
visible (Table 3).

Initial NO3
−–N and NH4

+–N concentrations in bulk soil
were independent of the degree of metal and metalloid
contamination (Table 3). Higher NO3

−–N and NH4
+–N con-

centrations were found in all samples at t0. At t1, signifi-
cantly higher NO3

−–N concentrations and lower NH4
+–N

concentrations were measured in RRC samples from soil L
compared to soil S. At t2, however, no differences in
NO3

−–N and NH4
+–N concentrations were apparent. The

amount of WEOC was not influenced by the degree of HM

Table 2 Primers and thermal
profiles used for real-time PCR
quantification of bacterial and
archaeal amoA

Target gene Primer Set Reference Thermal profile Cycles Amplicons e, bp

AOB amoA amoA-1 F [45] 94 °C/60 s, 58 °C/
60 s, 72 °C/60 s

40 500
amoA-2R [45]

AOA amoA 19 F [9] 94 °C/45 s, 55 °C/
45 s, 72 °C/45 s

40 624
CrenamoA616r48x [30]

Table 3 Ammonium-N,
nitrate-N, WEOC, and
CaCl2-extractable As and Pb in
the three studied soils
(S, M, and L) at the three time
sampling points (t0, t1, and t2)

Significant differences between
soils at a given time point are
indicated by different letters
(n04)
amg/kg soil

Soil S Soil M Soil L

NH4
+–Na t0 119.7±63.4 a 82.6±25.3 a 85.9±22.5 a

t1 55.7±6.7 a 37.1±11.1 a, b 28.0±9.4 b

t2 47.1±7.3 a 33.3±5.4 a 33.1±7.1 a

NO3
−–Na t0 3.9±2.6 a 4.4±1.4 a 6.1±1.4 a

t1 0.6±0.2 a 1.4±0.6 a 4.7±0.6 b

t2 0.5±0.4 a 0.9±0.2 a 2.4±1.9 a

WEOCa t0 16.3±5.3 a 16.8±4.5 a 20.1±3.1 a

t1 29.3±2.4 a 25.0±5.2 a 33.4±8.2 a

t2 30.6±2.8 a 30.1±4.5 a 44.1±16.1 a

CaCl2-extractable As
a t0 2.1±0.9 a 7.7±0.7 b 10.4±0.6 c

t1 1.8±0.2 a 7.0±0.2 b 11.3±0.9 c

t2 1.7±0.3 a 5.8±0.2 b 9.9±0.3 c

CaCl2-extractable Pb
a t0 134.2±4.6 a 1.6±0.1 b 18.3±3.4 c

t1 62.1±6.6 a 1.5±0.1 b 0.0±0.0 c

t2 63.9±31.3 a 1.6±0.3 b 0.0±0.0 c

J. Ollivier et al.
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contamination and was, as expected, higher in the RRC than
in bulk soil. Between t1 and t2, no changes in WEOC
amount were observed.

Biomass of plant leaves, steam, and rhizomes was not
affected by the different amounts of HM present in soil
(Table 4) at the last sampling time point t2. All plants
accumulated As over time. At t2, highest As concentra-
tions were measured in the rhizomes independent from the
degree of contamination in soil. Surprisingly, the highest
accumulation of As was found in plants grown in soil M
with total As concentrations of 282.7 mg/kg. For soil S
and L, the accumulation of As in plants was comparable
(56.2–72.0 mg/kg). The accumulation of Pb in the plants
was also observed, and a higher accumulation of this
element in leaves and stem was observed in soil S com-
pared to As. Greater Pb accumulations were found at t2 in
plants grown in soil S and M (103.2–121.5 mg/kg). Pb
contents in plants harvested from soil L were lower than
10 mg/kg.

Quantification of Bacterial and Archaeal Ammonia
Oxidizers

In bulk soil at t0, a clear influence of the HM contamination
on the abundance of AOA and AOB was visible. Whereas
amoA copy number in the control soil L was, for both AOA
and AOB, in the range of 2.9–4.8×105 copies/g soil, in the
severely impacted soil S only 2.2–5.2×104 copies/g were
measured. In soil M, AOAwas obviously not influenced by
HM contamination and values were comparable to soil L;
for AOB, a clear influence of contamination was visible and
values were similar to soil S (Fig. 1).

At t1 in the RRC of plants grown in soil L, as expected,
AOB outcompeted AOA by almost one order of magnitude
(2.4×105 and 4.0×104 amoA copies/g RRC, respectively).

In contrast, in the RRC of plants from soil M, AOA copy
numbers were higher (5.7×105 amoA copies/g) compared to
those from soil L, whereas no significant differences in
AOB copy numbers between plants from soil L and M were
visible. In the RRC from plants obtained from soil S, as
expected, amoA copy numbers for AOA and AOB showed
similar response pattern and were significantly lower com-
pared to plants from the other soils (9.9×103—1.7×104

amoA copies/g).
At t2, similar copy numbers for amoA could be measured.

Only in the RRC of plants from soil L were the differences
observed at t1 between AOA and AOB no longer visible and
values for both groups of ammonia oxidizers were in the
range of 1.5×105 amoA copies/g.

Diversity Analysis of Archaeal amoA genes

T-RFLP analysis of the archaeal amoA gene resulted in a
detectable T-RF number/sample ranging from two (t0) to six
(t1) in soil S, from two (t1, t2) to three (t0) in soil M, and
from two (t0) to nine (t1) in soil L (Fig. 2). T-RF-162 was
dominant in bulk soil samples (t0) for all soils and in the
RRC samples (t1, t2) for soil S and M, ranging from 66 to
97 % of the total relative community. In the RRC of soil L,
T-RFs-162 and -253 had a similar level of relative abun-
dance, contributing for 33 and 30 % of the total amoA AOA
community at t1 and 43 and 51 % at t2, respectively. The
contribution of T-RF-253 to the community richness in
soil L was comparable at the different time points.
However, T-RF-253 was absent in soil S. An increased
number of T-RFs was found at t1 and, to a lower extent,
at t2 compared to t0 in soil S and L. Statistical evalua-
tion of overall AOA diversity by BGA revealed a clus-
tering according to the different soils at a given time
point, with the exception of soils S and M at t2 which
clustered together (Fig. 3; Tables 5 and 6). BGA also
indicated significant differences for all soils between t0
and t1, as well as between t0 and t2 for soil S and t1 and
t2 for soil M.

Discussion

The objective of this study was to assess the impact of
different degrees of As and Pb contamination in soil and
the planting of the energy crop Miscanthus × giganteus on
the functional microbial biomass involved in the oxidation
of ammonia in soil. Therefore, soils with different long-term
As and Pb contamination were used for plant growth. By
targeting the marker gene amoA, we quantified ammonia-
oxidizing bacteria and archaea in bulk soil as well as in the
RRC at two different time points during plant development
and described the diversity pattern of archaeal ammonia

Table 4 Plant parameters at t2

Soil Plant organ Biomassa Asb Pbb

S Rhizome 11.81±5.60 a 49.5 30.6

Stem 0.73±0.44 a 5.4 29.5

Leaves 0.88±0.45 a 17.1 43.1

M Rhizome 9.41±4.63 a 195.7 70.0

Stem 0.20±0.17 a 66.9 28.6

Leaves 0.36±0.18 a 20.1 12.9

L Rhizome 8.82±4.24 a 48.3 3.8

Stem 0.41±0.31 a 3.6 0.6

Leaves 0.42±0.33 a 4.3 1.1

Significant differences between soils are indicated by different letters
(n04)
a g dry weight
b mg/kg

Abundance and Diversity of Ammonia-Oxidizing Prokaryotes



oxidizers. As shown by Nicol and coworkers [29], there is
good evidence that amoA diversity well reflects the phylog-
eny of ammonia-oxidizing bacteria and archaea. Further-
more, Schauss et al. [30] calculated the maximum number
of amoA genes per cell for AOA and AOB and estimated for
both groups of ammonia oxidizers a maximum of three
operons per cell; thus, amoA has been considered as a good
proxy for the total number of ammonia-oxidizing microbes.

Bioavailability of Pb and As in Soils with a Long History
of Contamination

In this study, the investigated soils showed different degrees
of As and Pb contamination. Remarkably, the total Pb and
As contents and the CaCl2-extractable fractions, respective-
ly, did not follow the same trend. This might be related to
the pH values of the different soils and the difference in the
HM speciation to mineralogy (e.g., respective amount of
As- and Pb-bearing phases). Similarly, Cui and colleagues
[31] observed an increased availability of As and Pb with
higher and lower soil pH, respectively. Total HM concen-
trations are a poor indicator of the actual concentration in
the soil solution to which soil microbes are exposed, and
there is no universally acceptable method to assess bioavail-
able soil metal concentrations [32].

As and Pb as Drivers for Abundance and Diversity
of Ammonia-Oxidizing Microbes

In our study, AOA and AOB amoA copy numbers in bulk soil,
ranging from 4.4×103 to 4.8×105, were lower than what has
been previously reported [16–19, 21] (Fig. 1). However, the
investigated soils in this study were of mining waste origin,
presumably hostile for microbial populations, low in organic
matter content, and not of agricultural provenance. In soil S,

amoA copy numbers for both groups of ammonia oxidizers
were significantly reduced compared to soil M and L, which
could be interpreted as a negative impact of the high HM
concentration in this soil. These results may indicate low in
situ turnover rates of ammonia in response to high HM con-
tamination, as observed in our experiment by the increased
NH4

+–N and reduced NO3
−–N concentrations at t1 in soil S

compared to soil L. However, potentially lower transforma-
tion rates of ammonia into nitrate in soil S might be partly
compensated by higher dentrification activities in soil L.

At t0, while amoA AOA gene abundance was significant-
ly higher in soil M than in soil S, no significant difference
between these two soils was observed in amoA AOB abun-
dance, indicating a higher sensitivity of AOB than AOA
towards Pb and As. Similarly, a higher tolerance of AOA
than AOB in soils contaminated by Zn [17] and Cu [21] has
been suggested. However, other studies showed contrasting
results and ascribed tolerance development in ammonia-
oxidizing communities to AOB rather than AOA popula-
tions [16, 18]. Nevertheless, as most of these results are
based on soils spiked with HMs, a direct comparison to
the data presented in this study is not possible as bioavail-
ability of HMs is different in soils with artificially added
HMs, and the time of adaptation of microbes in response to
the stressor is missing [22].

Mainly, the latter argument has been proven to be of high
importance in our study as different AOA phylotypes show-
ing differences in HM tolerance were observed. For exam-
ple, T-RF-253 was below the detection limit in soil S and
relatively less abundant in soil M than L, possibly indicating
the sensitivity of this genotype to high HM contamination
(Fig. 2). Vice versa, T-RF-162 was dominating AOA diver-
sity patterns in soil S and M at all time points, indicating the
importance of this phylotype in soils highly contaminated
by HMs and possibly its increased resistance against HMs.

Figure 1 Quantification of
amoA (AOB and AOA) in bulk
soil (t0) and in root–rhizosphere
complex of Miscanthus ×
giganteus after 6 (t1) and 12 (t2)
weeks in three acidic soils
contaminated with heavy
metals (S, M, and L).
Significant differences between
the three soils at a particular
time point are indicated by
letters. Error bars represent
standard deviation of mean
(n04). RC RRC root-
rhizosphere complex

J. Ollivier et al.



Although Mertens and colleagues [13] demonstrated that
AOB populations from long-term contaminated soil samples
were able to tolerate higher Zn concentrations than AOB
populations from uncontaminated soil samples and microbial
HM, resistancemechanisms for AOB includingNitrosomonas
europaea [33, 34] have been described in literature in our
study; obviously, only a very low tolerance level towards Pb
and As of AOB was observed. This might be related to the
contamination with two HM in combination with other stres-
sors which affect AOB, like low pH. In contrast, detailed data

on the resistance development towards HM of AOA are still
missing as the first cultures of AOA from soil, which may
form the basis for such studies, have been isolated only
recently [35].

Other Factors Driving the Abundance and Diversity
of Ammonia-Oxidizing Microbes

When plots for this study were selected, much care was
taken on identifying soils which only differ in their As and
Pb concentrations. Therefore, soil parameters like soil tex-
ture, total C, and total N content were comparable. Howev-
er, soils differed in their pH values. Whereas soil S and M
had a comparable pH (3.5), soil L was less acidic with a pH
of 5.3. Soil pH is known to shape the distribution and

Figure 2 Contributions of T-RFs to total amoA AOA gene fragment
diversity in bulk soil (t0) and in root–rhizosphere complex of Miscan-
thus × giganteus after 10 (t1) and 20 (t2) days in three acidic soils
contaminated with heavy metals (S, M, and L). Significant differences
between the three soils at a particular time point are indicated by letters

Figure 3 Between-group analysis based on correspondence analysis
of the T-RFLP data set for amoA AOA gene fragments. The first two
axes explain 61 % of variance. Symbols illustrate the four replicates for
each soil (S, M, and L) at each time point (t0, t1, and t2). Ellipses
surround the four replicates for each soil, showing that they cluster
together

Table 5 P values of pairwise comparisons for T-RFLP profiles of
amoA AOA adjusted for multiple comparisons by the method of
Hommel. Comparison between two soils at a given time point

Soil P values for comparisons between two time points

t0/t1 t0/t2 t1/t2

S 0.028* 0.049* 0.371

M 0.045* 0.371 0.040*

L 0.049* 0.115 0.081

*P<0.05 (significant differences)
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activity of archaeal and bacterial ammonia oxidizers [29, 36]
and is a driver for selecting different bacterial and archaeal
communities [37–40]. Furthermore, nitrification has been
suggested to be driven by AOA in highly acidic soils [36,
40]. Therefore, the effects observed in this study may be
partly assigned to differences in soil pH.

Although no clear influence of the degree of HM con-
tamination on plant growth was observed, as plant biomass
values were comparable from all soils (Table 4), differences
were observed in the amount of accumulated As and Pb.
Roots are known to shape microbial communities and ac-
tivity because of the wide variety of organic compounds that
they provide [41, 42]. Accumulated HM change overall
plant physiology and consequently alter the quantity and
quality of root exudates. Taking into account that mainly
AOA, as autotrophic microbes, which exhibit a rather oli-
gotrophic lifestyle [43], are often outcompeted by heterotro-
phic microbes in the rhizosphere due to (1) the increased
amounts of available carbon and (2) the competition be-
tween plants and microbes for ammonia, resulting in the
release of nitrification-inhibiting substances by the plant
[44], the change in exudation patterns may explain the shifts
in the relative abundance of AOA and AOB, mainly in
plants grown in soil M.

Conclusion

Based on the data of this study, it can be postulated that
selected phylotypes of AOA tolerate higher concentrations
of Pb and As in soil and RRC compared to AOB. However,
abundance of a functional group cannot be directly linked to
the activity of these microbes. Therefore, it remains unclear
if, mainly in soil M, AOA can substitute AOB and if
functional redundancy between both groups of ammonia-
oxidizing microbes exists under the given conditions. Based
on the ammonium levels measured, which are similar be-
tween soil L and M, this might be speculated; nitrate con-
centrations between both soils differ significantly though.
Thus, in situ data cannot answer this question in total as it is
not clear how nitrite oxidation is influenced by As and Pb.

To address these points in detail, further studies are needed,
including (1) analysis of mRNA, (2) using 15N-labeled
ammonium, and (3) studying the effects of HM on nitrite
oxidation.
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