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Abstract Ammonia oxidation has been intensively studied
for its sensitivity to environmental shifts and stresses. How-
ever, acute stress effects on the occurrence and composition
of ammonia oxidizing bacteria (AOB) and archaea (AOA)
based on expression of related molecular markers in com-
plex soil environments have been to an extent overlooked,
particularly concerning transient but commonly occurring
environmental changes like soil moisture shifts. The present
study investigates the responses of AOB and AOA to mois-
ture shifts and high Zn soil content. AmoA gene copies and
transcripts of AOB and AOA along with potential nitrifica-
tion activity were measured in a soil microcosm approach
for investigating the referred environmental shifts. Moisture
change from 87 to 50 % of the water holding capacity
caused a ~99 % reduction of AOB but not of AOA amoA
transcripts that did not change significantly. Increasing ap-
plied zinc concentrations resulted in a reduction of potential

nitrification rates and negatively affected studied gene
expressions of both AOB and AOA, with AOB being more
responsive. Both 16 S rRNA and amoA transcripts of AOB
had an inverse relation to the applied zinc, indicating a
gradual loss in total cell activity. Our results suggest the
existence of pronounced differences between AOB and
AOA concerning ammonia oxidation activity.

Introduction

Nitrification, a central pathway of the global nitrogen cycle
[1] and defined as the turnover of ammonia to nitrate, was
used in ecotoxicology studies and proposed for risk assess-
ment, due to its sensitivity to various stresses and environ-
mental shifts [1–9; ISO 15685:2004]. Ammonia oxidation
(rate-limiting step of nitrification) has been long considered
to be solely performed in soil by bacterial ammonia oxidiz-
ers (AOB) of the betaproteobacterial class [10–12]. For
tracking the presence and activity of AOB in soil, the amoA
gene (encoding for the alpha subunit of ammonia monoox-
ygenase—AMO) has been used as molecular marker [13]
together with betaproteobacterial ammonia oxidizer-specific
16 S rRNA gene targeting primers [14]. Recently, isolation
of crenarchaeal strains encompassing in their genomes a
homolog to the AOB amoA and being able to use ammonia
for energy acquisition [15–17] changed the general percep-
tion of ammonia oxidation. Studies revealed the wide dis-
tribution of archaeal ammonia oxidizers like the ones
belonging to mesophilic Crenarchea (ammonia oxidizing
archaea—AOA), which was recently proposed to comprise
the new distinct phylum of Thaumarchaeota, in soil envi-
ronments [18–25]. Despite being cosmopolitan, differences
observed between AOA and the well-studied AOB raised
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debates about the potential niche separation between the two
groups [23, 26–30].

Some of the observed differences were derived from
studies of AOB and AOA responses and adaptation to trace
element toxicity stresses occurring in soil environments
[31–33]. However, little information exists about the in
situ differences of AOB and AOA during initial stages
of these stresses and also commonly occurring stresses
like moisture.

This study aimed at gaining insights concerning funda-
mental differences between the two microbial groups as an
outcome of their initial responses to perturbations. In par-
ticular, the acute effects on ammonia oxidation partition
between AOB and AOA regarding the two types of stresses
were investigated. These were the shift of moisture (com-
monly occurring in natural environments) and one severe
stress relevant to risk assessment studies—zinc stress. Total
nitrification, amoA gene and transcript differences for both
microbial groups, and also the 16 S rRNA gene(s) presence
and expression for AOB were assessed for soil microcosms
subjected to moisture shifts (commonly occurring environ-
mental change) and increasing zinc concentrations (severe
stress).

Materials and Methods

Experimental Setup

Topsoil (0–15 cm depth) was collected from a maize field
located close to Alsenio (PC, Italy) at the end of October
2009. Total soil carbon and nitrogen and also soil texture
were measured according to standard soil methods [34, 35],
while background trace element concentrations were deter-
mined via the aqua regia digestion method as described in
Coppolecchia et al. [36]. Measured soil properties are
shown in Tables 1 and 2.

Moisture shift effects on total nitrification activity and
amoA and amoA transcripts per ammonia oxidizer microbial
group were assessed for two water contents. Soil micro-
cosms in triplicates (each parted by 800 g of soil maintained
in 2 l glass containers with 85 mm openings) were water-
saturated and incubated at room temperature in the dark.
Microcosms were sampled 1 day (water content equal to

87 % of the water holding capacity—WHC) and 4 days
(water content 50 % WHC) post leaching, and samples were
stored at −20 °C until analysis as described further on.

AOB and AOA acute responses to zinc were examined
by treating soil microcosms with increasing concentrations
and assessing potential nitrification, amoA gene and transcript
content, and also amoA variant changes, for soil samples
obtained after overnight incubation. Briefly, soil microcosms
of 200 g each were spiked with ZnCl2 to nominal Zn concen-
trations ranging from 0 to 5,000 mg kg−1 (hereafter treatments
will be referred to according to nominal zinc content). Poten-
tial Cl− effects were reduced by a single soil leaching with
60 ml of ddH2O (double distilled water). The leaching process
eliminated pH decrease caused by ZnCl2 spiking for [ZnCl2]
applications below 2,000 mg kg−1 according to the measure-
ment carried out prior to ZnCl2 spiking, after ZnCl2 spiking,
and after ddH2O leaching. Post-leaching pH decrease above
0.5 U was observed only for higher zinc concentrations where
measured potential nitrification activity and gene transcripts
were close to or below detection limits as presented further on.
The soil microcosms were concomitantly incubated in open
air overnight at room temperature and sampled the following
day, and samples were stored at −20 °C for downstream
analyses.

CaCl2 0.01 M Extractable Zn (Labile Fraction)

Post-leaching Zn-extractable fractions of soil samples were
determined via the CaCl2 (0.01M) extraction method. Briefly,
10 g of soil was soaked in 100 ml of CaCl2 0.01 M and
incubated at room temperature in a rotary shaker at 30 rpm
for 2 h. Extracts were obtained after separation by centrifuging
at 3,000°g for 10 min and were acidified with HNO3. The
acidified extracts were stored at 4 °C until inductively coupled
plasma optical emission spectroscopy (ICP-OES) analysis.
The wavelength used for Zn determination with ICP-OES
was based on the related results of Bettinelli et al. [37].

Potential Nitrification Assay

Potential nitrification was assessed according to the Kandeler
method [38], with the colorimetric determination of the nitrite
released after 5 h of incubation with (NH4)2SO4 as a substrate
and the addition NaClO3 for inhibiting nitrate reduction and
nitrite oxidation. Five grams of moist soil was incubated with
20 ml of (NH4)2SO4 1 mM and 0.1 ml NaClO3 1.5 M in

Table 1 Basic properties of the soil used for generating the
microcosms

Total C (%) Total N (%) pH WHC (%) Particle size
distribution (%)

Clay Silt Sand

0.81 0.28 8.2 34 24 42 33

Table 2 Trace element background concentration of the soil used for
generating the microcosms

Trace element Pb Ni Cu Cd Cr Co Zn

mg kg−1 18.2 38.6 19.6 0.1 67.9 13.7 84.9
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closed Erlenmeyer flasks for 5 h at 37 °C with shaking at
100 rpm. Five milliliters of KCl 2 M was added in all flasks
and briefly mixed, and the contents were filtered through a
0.2-μm filter. Five milliliters of filtrates was mixed with 3 ml
of NH4Cl 0.19M pH 8.5 solution and 2 ml of color reagent
(2 g of sulfanilamide, 0.1 g of N-(1-naphtyl)-ethylenediamine
hydrochloride diluted in 180 ml distilled water, and 20 ml of
85 % phosphoric acid solution) and was incubated at room
temperature for 15 min. Two types of controls were used for
validation of the potential nitrification measurement method.
These were the additional no incubation controls, used to
assess false positive effects of soil solutes and reagents apart
from the coloring agent as described further on, and the no
filtrate controls, used to assess false positives caused by the
color reagent. As no incubation controls, flasks containing soil,
(NH4)2SO4, and NaClO3 were directly stored at −20 °C until
the filtration step, and concomitantly, the filtrates were incu-
bated with the color reagent for 15 min at room temperature.
The no filtrates control was performed by incubating 5 ml
ddH2O with 2 ml of color reagent for 15 min at room temper-
ature. Finally, filtrates from samples and controls were com-
pared to the no filtrate controls according to 520 nm light
wavelength absorbance.

Nucleic Acid Isolation, Quality Control, and Quantification

For the nucleic acid isolation, the RNA–DNA co-extraction
protocol of the MoBio PowerSoil™ RNA kit (Carlsbad,
CA, USA) when combined with the RNA PowerSoil™
DNA elution accessory kit was followed, with a slight
modification. The modification referred to the addition of
EDTA pH 8.0 to a final concentration of 0.5 M right after
the SDS containing reagent and prior vortexing for cell lysis
enhancement.

RNA was further purified using the RNeasy ® Mini Kit
(Qiagen, Valencia, CA, USA) coupled with the on column
DNase digestion using the RNase free DNase set (Qiagen).
DNA purity analysis was performed spectrophotometrically
(260/280 nm and 260/230 nm ratios), while DNA and RNA
extracts were also analyzed on 0.8 and 1 % agarose gels.
DNA and RNA were quantified using the Quant-iT™ (HS
dsDNA Assay and RNA Assay kits, respectively; Invitrogen,
Paisley, UK) in combination with the Qubit™ fluorometer
(Invitrogen).

General PCR Conditions and RNA Reverse Transcription

The betaproteobacterial and crenarchaeal amoA and also the
betaproteobacterial 16 S rRNA coding gene were studied
along with their transcripts. Primer sets used for the respective
gene amplifications were the amoA 1 F/2R T [13], the Cren-
amoA 23f/616r [39], and the CTO 189fABC/654r [14]. PCR
amplification was carried out in 50 μl reaction mixtures using

the AmpliTaq® DNA polymerase with buffer I kit (Applied
Biosystems, Foster City, CA, USA). Twenty nanograms of
template was added in each mixture containing 1× PCR
buffer, 2.5 mM MgCl2, 2.5 U Taq polymerase, 0.4 mM
dNTPs, 0.5 μM of each primer, and ddH2O. Conditions used
were 94 °C for 5 min, 35 cycles of 94 °C for 30 s denaturation,
54 °C for 30 s annealing, 72 °C for 30 s extension, and a final
extension step of 72 °C for 10 min for the amoA 1 F/2RT and
the CTO 189fABC/654r primer sets, while for the CrenamoA
23f/616r primer set, an extension step of 1 min instead of 30 s
was used.

Reverse transcription of RNA to cDNA was performed
using the iScript™ cDNA Synthesis kit from BioRad Lab-
oratories (Hercules, CA, USA) according to the manufac-
turer’s instructions. Verification of the purity of RNA
extracts from DNA carryover prior to reverse transcription
was carried out with real-time quantitative PCR (see section
below) using no reverse transcription controls for all select-
ed primer sets.

Real-Time Quantitative PCR (qPCR) and Standard Curve
Generation

For the qPCR assays, the iQ™ SYBR® Green Supermix
(BioRad Laboratories) was used in 50 μl reactions. Absolute
quantification was carried out in all cases based on standard
curves as described further on. Transcript and gene copies
were quantified using 10 ng (for cDNA) and 20 ng (for
DNA) templates in a mixture containing 25 μl of Supermix
and 0.5 μM of each primer and ddH2O. The PCR program
followed was as referred in the “General PCR Conditions
and RNA Reverse Transcription” section for each primer set
with differences for the initial enzyme activation stage time
(95 °C for 3 min instead of 5 min) and the cycles performed
(50 instead of 35). A melting curve was performed right
after each reaction set was finished for the evaluation of the
specificity of the amplifications.

Standard curves were generated according to the follow-
ing procedure: for each primer set, PCR products of soil
DNA extracts were quantified as described in the “Nucleic
Acid Isolation, Quality Control, and Quantification” section.
The amplicon numbers per product were estimated accord-
ing to the average molecular weight of amplicons. For
assessing the variability of existing amplicon molecular
weights, representative bands of the gradient range from
denaturing gradient gel electrophoresis (DGGE) gels (per-
formed as described in the next section) were excised and
sequenced by Primm (Milan, Italy). Ten best BLAST matches
in the non-redundant database of NCBI (National Center of
Biotechnology Information, http://www.ncbi.nlm.nih.gov/)
were used for obtaining the full amplicon average molecular
weight information according to nucleic acid composition.
Serial dilutions corresponding to the range of 10 to 108
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amplicons per product were performed for generating the
standard curves in duplicates and also assessing the detection
limits and R2 values. Obtained R2 values were above 0.98 for
all performed reactions.

DGGE Analysis

PCR products obtained with the primer sets amoA 1 F/
amoA 2R T with forward primer containing the GC clamp
in the 5′ end previously published by Muyzer et al. [40] and
CrenamoA23f/616r without a GC clamp [39] were used for
DGGE analysis. PCR conditions were the same as described
above.

DGGE was carried out using a DCode Universal Mutation
Detection System (BioRad Laboratories) according to the
manufacturer’s instructions. Denaturant contents of polyacryl-
amide gels used were 15–55 % for the CrenamoA 23f/616r
primer set and 50–65 % of denaturant for the AmoA1F GC/
2R T primer set as described previously [14, 31, 39]. Gels
were SYBR green-stained and image analysis was carried out
with the Cross Checker software [41] for generating genotype
presence/absence (binary) matrices.

Statistical Tests and Analyses

Range weighted richness (Rr) values were estimated accord-
ing to the provided formula of Marzorati et al. [42]: Rr0
(S2×Dg) (S is the observed band richness per DGGE gel
lane and Dg the gradient difference between the first and last
band). Hierarchical clustering analysis was performed on
the binary matrices generated by the DGGE gel images
using the unweighted pair group comparison method with
arithmetic means (UPGMA) algorithm and the Jaccard dis-
tance estimation. Principal coordinates analysis (PCoA) was
also performed for the Jaccard algorithm transformed binary
matrices. Vector analysis [43] after plotting of both treatments

and the DGGE genotypes according to PCoA was used to
assess potential genotype–treatment correlations. One-way
analysis of variance ofmeans (ANOVA) and Tukey’s honestly
significant differences (HSD) test were performed for the
potential nitrification, the real-time PCR, and the richness
(S) and Rr data. Spearman’s rank (rs) and Pearson product-
moment (r) correlation coefficients were used for assessing
the level of ranked and linear correlation, respectively, be-
tween AOB amoA and 16 S rRNA gene expressions. Analysis
of similarity (ANOSIM) test using 1,000 permutations and the
Jaccard distance transformation were performed to identify
correlations between banding pattern shifts of the DGGE gels
and treatments or measured variables, respectively. The R
software [44] with the Hmisc (http://biostat.mc.vanderbilt.edu/
trac/Hmisc) and the Biodiversity R [45] packages were used for
all statistical analyses.

Results

Effects of Moisture Shift on Nitrification, amoA Genes, and
Transcripts

A significant effect of moisture values dropping from 87 to
50 % of the WHC was observed only for AOB amoA tran-
scripts having a decrease of approximately 99 % (Fig. 1).
The potential nitrification, AOB and AOA gene copy number,
and also amoAAOA transcript copy number remained similar.

Zinc Effects on Potential Nitrification and AOA and AOB
Copy and Transcript Numbers

Potential nitrification results indicate a Zn concentration
dose-dependent reduction of the enzymatic activity
(Fig. 2a). Zn concentration of 125 mg kg−1 nominal did
not induce significant reduction of the measured potential

Figure 1 Soil moisture drop (from high 087 % to low 050 % of the
WHC) effects on measured potential nitrification rates expressed on the
basis of dry soil matter (a) and also amoA gene (b) and transcript (c)
abundance of AOB and AOA. Significant differences due to change in

moisture were observed only for the betaproteobacterial ammonia
oxidizer transcript numbers according to performed ANOVA (indicat-
ed with the asterisk for α<0.05)

S. Vasileiadis et al.
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nitrification. Statistically significant reduction was observed
for 250 mg kg−1 of applied [Zn], while 500 mg kg−1 or
higher of applied [Zn] almost eliminated potential nitrifica-
tion. Transcripts of all studied genes had similar reduction as
in the case of the potential nitrification values. Control
treatment ([Zn]00 mg kg−1) average amoA transcript numb-
ers were one order of magnitude lower for AOA (315 tran-
scrips per soil gram) compared to the AOB (3,211
transcripts per soil gram) having clear differences as also
indicated by the soil moisture shift test. Screened bacterial
transcripts were indicated to be more responsive than the
archaeal ones to the increased [Zn] applications. AOB had
significantly lower average relative amoA transcript copy
values at 500 mg kg−1 of applied [Zn] compared to
250 mg kg−1 of applied [Zn], while in AOA, this difference
was not statistically significant. A strong correlation was
indicated for AOB amoA and 16 S rRNA gene transcripts
according to the obtained Spearman (rs00.9, P00) and
Pearson (r00.76, P00.0037) correlation values. Gene abun-
dance showed no significant differences, except for the
treatment that received 5,000 mg kg−1 and only for AOB
amoA (Fig. 2b).

Effect of Zn Spiking on amoA Richness and Structure

AmoA gene and transcript composition shifts of the environ-
mental samples in response to nominal Zn concentrations
between 0 and 500 mg kg−1 were assessed with DGGE.
DGGE amoA gene fingerprints were consistent throughout
the referred range of [Zn] applications for both betaproteo-
bacterial and crenarchaeal ammonia oxidizers (data not
shown) and therefore are not further discussed.

Differences between AOB and AOAwere observed with
regards to fingerprints obtained from amoA transcripts. Hi-
erarchical clustering results showed formation of three ma-
jor [Zn] application-related clusters for AOB, but no such
correlation was indicated for AOA (panels b and a of Fig. 3,
respectively). Clusters formed for AOB amoA separated the
samples into three treatment-related groups: (1) the control
group, (2) the 125 and 250 mg kg−1 of applied [Zn] group,
and (3) the 500 mg kg−1 applied [Zn] group. Range weight-
ed richness of amoA expression decreased between the
control and 500 mg kg−1 [Zn] for both examined groups
(Fig. 3c). However, this response was significant for
125 mg kg−1 [Zn] and above for AOB, while such clear
difference was observed between 0 and 500 mg kg−1 for
AOA. Observed richness (S) was similar to the Rr values
(data not shown).

PCoA analysis of the DGGE amoA transcript patterns
showed sample topology corresponding to the inferred
groupings by the hierarchical clustering results for both
AOB (Fig. 3d) and AOA (data not shown). The referred
AOB fingerprints were further analyzed using vector analy-
sis in the performed PCoA in order to assess the presence of
genotypes more related with any of the inferred sample
groups. Vector analysis indicated five distinct groups of
genotypes in relation to the applied treatments (an example
of extrapolated correlation is shown for g12 in Fig. 3d).
These were the following treatment groups: (1) the
0 mg kg−1 [Zn] (g2, g5, g6, g7, g8); (2) the 0, 125, and
250 mg kg−1 [Zn] (g9, g11—with slightly higher correlation
to 0 mg kg−1 of [Zn]); (3) the 125 and 250 mg kg−1 (g1,
g10); (4) the 0 and 500 mg kg−1 [Zn] (g3, g4); and (5) the
500 mg kg−1 [Zn] (g12).

Figure 2 Potential nitrification (PN) results, AOA amoA transcripts,
AOB amoA transcripts, and AOB 16 S rRNA copies normalized to the
average control (nominal [Zn]00 mg kg−1) values for Zn treatments
ranging from 0 to 5,000 mg kg−1 (a); amoA copy numbers for AOA
and AOB for the [Zn] range mentioned for a (b). Letters of various
formats in a indicate pairwise comparisons among different treatment
groups according to Tukey’s HSD pairwise comparisons performed for
ANOVA per measurement type: normal letters are used in the

treatment group comparisons for PN rate measurements, italics for
AOA amoA transcript counts, underlined for AOB amoA transcript
counts, and underlined italics for AOB 16 S rRNA counts. The average
control values (used for expressing values as relative) for each mea-
sured variable were: PN rate of 446,378 ng N per g of dry soil weight
and per 5 h, 3,211 AOB amoA transcripts per soil g, 315 AOA amoA
transcripts per soil g, 631,745,245 AOB 16 S rRNA copies per soil g
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ANOSIM results showed two clearly different responses
between bacterial and archaeal amoA transcriptional profiles
(Fig. 4). Bacterial amoA transcriptional patterns had higher

variability between applied [Zn] sample groups than within
(R values), while the respective archaeal did not (signifi-
cance of differences based on 1,000 permutations).

Figure 3 DGGE-based transcriptional analysis results for AOA
and AOB amoA of the [Zn] treatment range of 0–500 mg kg−1.
AOA and AOB hierarchical clustering results using UPGMA and
the Jaccard coefficient along with the banding patterns are shown
in a and b, respectively. Average Rr values for each treatment,
normalized to the average [Zn]00 mg kg−1 treatment values
(64.516 for AOA and 2.615 for AOB) are shown in c (letters—
normal for AOA and italics for AOB—indicate statistically sig-
nificant differences between treatments according to ANOVA and

Tukey’s HSD for α<0.05). d PCoA results are provided as biplot
of the various DGGE identified genotypes (g1–g12) and samples
(denoted by the different symbols according to [Zn] treatment
groups: open circles for 0 mg kg−1; open triangles for
125 mg kg−1; crosses for 250 mg kg−1; times symbol for
500 mg kg−1). The correlation of genotype 12 (g12 or gel band
number 12) with the various treatments is indicated by vector
analysis (projected distances to the g12 vector are indicative of
the correlation of the genotype with corresponding samples)

Figure 4 ANOSIM results of
the treatment groups for
bacterial (left) and crenarchaeal
(right) amoA banding patterns
obtained by DGGE analysis of
transcripts. Notched boxplots
indicate the dissimilarity rank
distributions for between and
within treatments
presented in plots

S. Vasileiadis et al.



Discussion

In the present study, we studied the response differences
between two prokaryotic groups known to carry the amoA
homologue and be accounted for most ammonia oxidation,
the AOB and AOA, using a commonly occurring environ-
mental stress and one severe stress.

Soil Moisture

Significant moisture reductions in the soil environment were
previously shown to affect nitrification activity due to re-
duction of substrate availability and triggering of physiolog-
ical changes (e.g., downregulation of basic metabolism and
upregulation of stress-related gene expression) in order to
tolerate the induced osmotic changes [46]. The outcomes of
this study did not indicate that the applied moisture shift was
severe enough to cause loss of enzymatic activity as shown
according to the potential nitrification results (Fig. 1a). With
the presence of the amoA gene maintained, amoA transcript
number reduction for AOA and AOB was in concordance to
the soil moisture shifts, thus indicating that even relatively
mild environmental shifts are capable of inducing down-
regulation of basic metabolism gene expression and possi-
bly causing the entry of microbial cells to an alarming stage.

Significant differences were observed only for AOB
amoA transcripts during the moisture stress test. Such differ-
ences might be due to the wider taxonomic affiliations of the
two microbial groups (higher extracellular osmolality toler-
ated by archaea compared to bacteria as depicted by Martin
et al. [47]). Furthermore, they are indicative of the potential
difference of the importance of amoA gene for basic meta-
bolic activity among the two microbial groups, as indicated
elsewhere [27, 48–50]. This is further supported by the
identified differences in amoA transcript abundance, where
average AOB amoA transcript copies were up to twofold
higher than the AOA amoA transcript copies (a difference
similar to the one observed also in the control treatment of
the severe stress experiment performed in this study), while
amoA gene copy levels were similar between the microbial
groups.

Zinc Dose Response

Potential Nitrification Transcript and Gene Copy Numbers

Microcosm water-leaching reduced the effects of spiking on
pH, previously shown to affect enzymatic activity, amoA
presence, and expression in soil [11, 30]. Moreover, signif-
icant reduction of the CaCl2-extractable Zn after leaching
when compared to the total (background plus applied) prior
leaching was observed only in Zn concentrations above

1,000 mg kg−1, way above the [Zn] point where gene
expression and potential nitrification reached almost zero
values.

Potential nitrification data indicate a decrease of the
enzymatic activity along with increasing zinc concentration,
with most of it being abolished at applied Zn concentrations
of 500 mg kg−1 and above (Fig. 1a). This is consistent with
previous observations of enzyme inhibition due to competition
of zinc with copper for placement in the AMO active site [4].

Relative average values of transcripts showed a more
immediate response compared to potential nitrification
(Fig. 2a), implying a higher resilience of the enzymatic
functionality and presence as opposed to measured tran-
scripts. Transcript numbers readily dropped for both the
bacterial functional and the 16 S rRNA marker genes at
above 0 mg kg−1 of applied [Zn], thus indicating total cell
activity loss for AOB. This result is consistent with the
results of previous studies indicating a downregulation of
the carbon fixation RubisCo marker in Nitrosococcus mobilis
and Nitrosomonas europaea under [Zn] ranging from 65.8 to
658 mg l−1 of liquid cultures [4, 6], hence suggesting that
several basic metabolic functions and therefore total cell ac-
tivity of ammonia oxidizers are affected by zinc stress.

The constitutive expression of unicellular organism
housekeeping genes like the 16 S rRNA gene has been
debated in the past, particularly concerning natural environ-
ments [51, 52]. In the present study, bacterial amoA tran-
script counts were correlated with measured AOB 16 S
rRNA (Fig. 2a and obtained rs00.9, r00.76 with respective
P values of 0 and 0.0036) copies in the examined soils, while
they were simultaneously downregulated as shown by amoA
gene level stability (Fig. 2b), thus indicating that phenotypic
amoA expression stability when the 16 S rRNA gene expres-
sion is used for normalizing the measured amoA transcript
copies might be observed but not necessarily true. Therefore,
both AOB 16 S rRNA gene and amoA expression are good
total cell activity markers, while 16 S rRNA transcripts have
reduced value for use as a normalization means in quantitative
assays for soil environments like the one presented here.

Concerning DNA qPCR templates, [Zn] effects were
observed only for AOB at 5,000 mg kg−1 according to
qPCR results (Fig. 2b). Such reduction is consistent with
extracellular DNA degradation, previously found to occur in
some cases within 12 h, revealing cell death [53].

AmoA Transcript Patterns and Correlations with Applied
[Zn]

Rr and richness (S) values of amoA transcripts followed
similar to the amoA transcript qPCR trends for both AOA
and AOB with the AOA slightly deviating with an increase
for 125 [Zn] and AOB having a significant drop for
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125 mg kg−1 [Zn] and above. Such reduction could indicate
a high selectivity of the applied stress. Nevertheless, DGGE
patterns showed [Zn]-dependent transcriptional profiles for
AOB, while this was not the case for AOA where results
showed more random patterns according to clustering anal-
ysis (Fig. 3a), while strong support to this outcome was
provided by ANOSIM R values (Fig. 4). Therefore, higher
importance of AOB was indicated concerning potential ni-
trification rates in the examined agricultural soil. However,
the soils examined here were soils with low organic matter
content, receiving nitrogen in mineral forms, previously
shown to favor AOB [54, 55]. Similar responses were
observed also in the study of Mertens et al. [31] where no
major differences of crenarchaeal amoA DGGE patterns
obtained from DNA templates could be connected to the
applied Zn doses as opposed to the bacterial ones.

Distinct AOB genotypes were observed according to
PCoA analysis of amoA transcript fingerprints for the vari-
ous applied [Zn] (Fig. 3d), while less respective specificity
could be extrapolated for AOA. Lack of specific sensitivity
of the amoA homologue transcription in AOA to [Zn] along
with the relatively lower amoA expression compared to
AOB may imply lower importance of this gene for the
physiology of AOA found in the examined soils. This
outcome is further supported by the correlation identified
between AOB amoA transcript pattern shifts with respective
amoA and 16 S rRNA gene transcripts. These results are
consistent with the results of Xia et al. [56] where AOB
mainly were found to be responsible for ammonia oxidation
in the tested agricultural soil, as indicated by amoA se-
quence analysis combined with stable isotope probing for
assessing carbon fixation by ammonia oxidizers. Out of the
screened AOA, only a small portion was shown to perform
carbon fixation and therefore demonstrated an autotrophic
lifestyle.

Concluding Remarks

Recent discoveries related to nitrification have changed the
perception of several related concepts in this research area
and generated several questions. One step towards shedding
light in nitrification partition among AOB and AOA in
agricultural soils was investigated in the present study by
looking into the effects caused by one common mild stress
and one severe stress.

AOB were shown to be more affected by the moisture
shift compared to AOA concerning transcription indicating
a stress response. Moisture shift-associated microenviron-
ment changes are indicative of physiological differences
between AOB and AOA. Acute responses to Zn indicated
that amoA expression was higher for AOB than AOAwhen
not completely suppressed by zinc. On the other hand,

bacterial ammonia oxidizers appear to be more sensitive to
the applied stress than the respective archaeal guild. The
latter was demonstrated in the highest applied Zn dose in a
DNA level and also according to the amoA average relative
expression values per treatment that were overall lower for
AOB. Rapid reduction of the 16 S rRNA for bacterial
ammonia oxidizers in a similar fashion as with the amoA
transcripts demonstrated a most probable viability loss rath-
er than a recoverable state. Particular bacterial genotypes
showed a strong correlation to certain applied Zn doses
while poor connection was observed for archaeal ammonia
oxidizers.

Collectively, differences observed in the transcriptional
responses between AOB and AOA amoA reflect potential
differences in the importance of the encoded protein for
basic metabolism between the referred groups. Therefore,
our results further support previously stated opinions and
study outcomes about potential niche differentiation [48, 57].

Acknowledgments The present study was carried out as part of the
GEBEP project funded by the Cariplo Foundation (Italy) and was also
supported by the Doctoral School on the Agro-Food System (Agrisystem)
of the Università Cattolica del Sacro Cuore (Italy).

References

1. Smolders E, Brans K, Coppens F, Merckx R (2001) Potential
nitrification rate as a tool for screening toxicity in metal-
contaminated soils. Environ Toxicol Chem 20:2469–2474

2. vanBeelen P, Doelman P (1997) Significance and application of
microbial toxicity tests in assessing ecotoxicological risks of con-
taminants in soil and sediment. Chemosphere 34:455–499

3. Rusk JA, Hamon RE, Stevens DP, McLaughlin MJ (2004) Adap-
tation of soil biological nitrification to heavy metals. Environ Sci
Technol 38:3092–3097

4. Radniecki TS, Ely RL (2008) Zinc chloride inhibition of Nitro-
sococcus mobilis. Biotechnol Bioeng 99:1085–1095

5. Radniecki TS, Semprini L, Dolan ME (2009) Expression of merA,
amoA and hao in continuously cultured Nitrosomonas europaea
cells exposed to zinc chloride additions. Biotechnol Bioeng
102:546–553

6. Park S, Ely RL (2008) Genome-wide transcriptional responses of
Nitrosomonas europaea to zinc. Arch Microbiol 189:541–548

7. Park S, Ely RL (2008) Candidate stress genes of Nitrosomonas
europaea for monitoring inhibition of nitrification by heavy met-
als. Appl Environ Microbiol 74:5475–5482

8. Mertens J, Ruyters S, Springael D, Smolders E (2007) Resistance
and resilience of zinc tolerant nitrifying communities is unaffected
in long-term zinc contaminated soils. Soil Biol Biochem 39:1828–
1831

9. Mertens J, Springael D, De Troyer I, Cheyns K, Wattiau P, Smold-
ers E (2006) Long-term exposure to elevated zinc concentrations
induced structural changes and zinc tolerance of the nitrifying
community in soil. Environ Microbiol 8:2170–2178

10. Prosser JI, Embley TM (2002) Cultivation-based and molecular
approaches to characterisation of terrestrial and aquatic nitrifiers.
Antonie Van Leeuwenhoek 81:165–179

S. Vasileiadis et al.



11. Kowalchuk GA, Stephen JR (2001) Ammonia-oxidizing bacteria:
a model for molecular microbial ecology. Annu Rev Microbiol
55:485–529

12. Koops HP, Pommerening-Roser A (2001) Distribution and eco-
physiology of the nitrifying bacteria emphasizing cultured species.
FEMS Microbiol Ecol 37:1–9

13. Rotthauwe JH, Witzel KP, Liesack W (1997) The ammonia mono-
oxygenase structural gene amoA as a functional marker: molecular
fine-scale analysis of natural ammonia-oxidizing populations.
Appl Environ Microbiol 63:4704–4712

14. Kowalchuk GA, Stephen JR, De Boer W, Prosser JI, Embley TM,
Woldendorp JW (1997) Analysis of ammonia-oxidizing bacteria of
the beta subdivision of the class Proteobacteria in coastal sand
dunes by denaturing gradient gel electrophoresis and sequencing
of PCR-amplified 16S ribosomal DNA fragments. Appl Environ
Microbiol 63:1489–1497

15. Konneke M, Bernhard AE, de la Torre JR, Walker CB, Waterbury
JB, Stahl DA (2005) Isolation of an autotrophic ammonia-
oxidizing marine archaeon. Nature 437:543–546

16. de la Torre JR, Walker CB, Ingalls AE, Konneke M, Stahl DA
(2008) Cultivation of a thermophilic ammonia oxidizing archaeon
synthesizing crenarchaeol. Environ Microbiol 10:810–818

17. Hatzenpichler R, Lebedeva EV, Spieck E, Stoecker K, Richter A,
Daims H, Wagner M (2008) A moderately thermophilic ammonia-
oxidizing crenarchaeote from a hot spring. P Natl Acad Sci USA
105:2134–2139

18. Leininger S, Urich T, Schloter M, Schwark L, Qi J, Nicol GW,
Prosser JI, Schuster SC, Schleper C (2006) Archaea predom-
inate among ammonia-oxidizing prokaryotes in soils. Nature
442:806–809

19. Venter JC, Remington K, Heidelberg JF, Halpern AL, Rusch D,
Eisen JA, Wu DY, Paulsen I, Nelson KE, Nelson W, Fouts DE,
Levy S, Knap AH, Lomas MW, Nealson K, White O, Peterson J,
Hoffman J, Parsons R, Baden-Tillson H, Pfannkoch C, Rogers YH,
Smith HO (2004) Environmental genome shotgun sequencing of
the Sargasso Sea. Science 304:66–74

20. Treusch AH, Leininger S, Kletzin A, Schuster SC, Klenk HP,
Schleper C (2005) Novel genes for nitrite reductase and Amo-
related proteins indicate a role of uncultivated mesophilic cren-
archaeota in nitrogen cycling. Environ Microbiol 7:1985–1995

21. Nicol GW, Schleper C (2006) Ammonia-oxidising Crenarchaeota:
important players in the nitrogen cycle? Trends Microbiol
14:207–212

22. Francis CA, Beman JM, Kuypers MMM (2007) New processes
and players in the nitrogen cycle: the microbial ecology of anaer-
obic and archaeal ammonia oxidation. ISME J 1:19–27

23. Erguder TH, Boon N, Wittebolle L, Marzorati M, Verstraete
W (2009) Environmental factors shaping the ecological
niches of ammonia-oxidizing archaea. FEMS Microbiol Rev
33:855–869

24. Brochier-Armanet C, Boussau B, Gribaldo S, Forterre P (2008)
Mesophilic crenarchaeota: proposal for a third archaeal phylum,
the Thaumarchaeota. Nat Rev Micro 6:245–252

25. Tourna M, Stieglmeier M, Spang A, Könneke M, Schintlmeister A,
Urich T, Engel M, Schloter M, Wagner M, Richter A, Schleper C
(2011) Nitrososphaera viennensis, an ammonia oxidizing archaeon
from soil. Proc Natl Acad Sci 108:8420–8425

26. Schleper C (2010) Ammonia oxidation: different niches for bacte-
ria and archaea? ISME J 4:1092–1094

27. Jia Z, Conrad R (2009) Bacteria rather than Archaea dominate
microbial ammonia oxidation in an agricultural soil. Environ
Microbiol 11:1658–1671

28. Hallam SJ, Mincer TJ, Schleper C, Preston CM, Roberts K,
Richardson PM, DeLong EF (2006) Pathways of carbon assimila-
tion and ammonia oxidation suggested by environmental genomic
analyses of marine Crenarchaeota. PLoS Biol 4:e95

29. Martens-Habbena W, Berube PM, Urakawa H, de la Torre JR,
Stahl DA (2009) Ammonia oxidation kinetics determine niche
separation of nitrifying Archaea and Bacteria. Nature
461:976–979

30. Nicol GW, Leininger S, Schleper C, Prosser JI (2008) The influ-
ence of soil pH on the diversity, abundance and transcriptional
activity of ammonia oxidizing archaea and bacteria. Environ
Microbiol 10:2966–2978

31. Mertens J, Broos K, Wakelin SA, Kowalchuk GA, Springael D,
Smolders E (2009) Bacteria, not archaea, restore nitrification in a
zinc-contaminated soil. ISME J 3:916–923

32. Ruyters S, Mertens J, Springael D, Smolders E (2010) Stimulated
activity of the soil nitrifying community accelerates community
adaptation to Zn stress. Soil Biol Biochem 42:766–772

33. Puglisi E, Hamon RE, Vasileiadis S, Coppolecchia D, Trevisan M
(2012) Adaptation of soil microorganisms to trace element con-
tamination: a review of mechanisms, methodologies and conse-
quences for risk assessment and remediation. Crit Rev Environ Sci
Technol. doi:10.1080/10643389.2011.592735

34. Sparks DL (1996) Methods of soil analysis: chemical methods.
SSSA, Madison

35. Day PR (1965) Particle fractionation and particle-size analysis. In:
Black CA (ed) Methods of soil analysis. ASA, Madison, pp
545–567

36. Coppolecchia D, Puglisi E, Vasileiadis S, Suciu N, Hamon R,
Maria Beone G, Trevisan M (2011) Relative sensitivity of different
soil biological properties to zinc. Soil Biol Biochem 43:1798–1807

37. Bettinelli M, Beone GM, Spezia S, Baffi C (2000) Determination
of heavy metals in soils and sediments by microwave-assisted
digestion and inductively coupled plasma optical emission spec-
trometry analysis. Anal Chim Acta 424:289–296

38. Kandeler E (1995) Potential nitrification: methods in soil biology.
Springer, Heidelberg, pp 146–149

39. Tourna M, Freitag TE, Nicol GW, Prosser JI (2008) Growth,
activity and temperature responses of ammonia-oxidizing archaea
and bacteria in soil microcosms. Environ Microbiol 10:1357–1364

40. Muyzer G, Dewaal EC, Uitterlinden AG (1993) Profiling of com-
plex microbial-populations by denaturing gradient gel-
electrophoresis analysis of polymerase chain reaction-amplified
genes-coding for 16 S ribosomal-RNA. Appl Environ Microbiol
59:695–700

41. Buntjer JB (1999) Cross Checker Fingerprint analysis software
v2.9. Wageningen University and Research Centre, Wageningen

42. Marzorati M, Wittebolle L, Boon N, Daffonchio D, Verstraete W
(2008) How to get more out of molecular fingerprints: practical
tools for microbial ecology. Environ Microbiol 10:1571–1581

43. Jongman RHG, ter Braak CJF, van Tongeren OFR (1995) Data
analysis in community and landscape ecology. Cambridge Univer-
sity Press, Cambridge

44. R Development Core Team (2009) R: a language and environment
for statistical computing, reference index version 2.2.1. R Founda-
tion for Statistical Computing, Vienna

45. Kindt R, Coe R (2005) Tree diversity analysis. A manual and
software for common statistical methods for ecological and biodi-
versity studies. World Agroforestry Centre (ICRAF), Nairobi

46. Stark J, Firestone M (1995) Mechanisms for soil moisture effects
on activity of nitrifying bacteria. Appl Environ Microbiol
61:218–221

47. Martin DD, Ciulla RA, Roberts MF (1999) Osmoadaptation in
Archaea. Appl Environ Microbiol 65:1815–1825

48. Mußmann M, Brito I, Pitcher A, Sinninghe Damsté JS,
Hatzenpichler R, Richter A, Nielsen JL, Nielsen PH, Müller
A, Daims H, Wagner M, Head IM (2011) Thaumarchaeotes
abundant in refinery nitrifying sludges express amoA but are
not obligate autotrophic ammonia oxidizers. Proc Natl Acad
Sci 108:16771–16776

Acute Stress Effects on AOB and AOA in Complex Soil Environments

http://dx.doi.org/10.1080/10643389.2011.592735


49. Pratscher J, Dumont MG, Conrad R (2011) Ammonia oxidation
coupled to CO2 fixation by archaea and bacteria in an agricultural
soil. Proc Natl Acad Sci 108(10):4170–5

50. Pester M, Schleper C, Wagner M (2011) The Thaumarchaeota: an
emerging view of their phylogeny and ecophysiology. Curr Opin
Microbiol 14:300–306

51. Smith CJ, Osborn AM (2009) Advantages and limitations of
quantitative PCR (Q-PCR)-based approaches in microbial ecology.
FEMS Microbiol Ecol 67:6–20

52. Klappenbach JA, Dunbar JM, Schmidt TM (2000) rRNA operon
copy number reflects ecological strategies of bacteria. Appl Environ
Microbiol 66:1328–1333

53. Levy-Booth DJ, Campbell RG, Gulden RH, Hart MM, Powell JR,
Klironomos JN, Pauls KP, Swanton CJ, Trevors JT, Dunfield KE

(2007) Cycling of extracellular DNA in the soil environment. Soil
Biol Biochem 39:2977–2991

54. Offre P, Prosser JI, Nicol GW (2009) Growth of ammonia-
oxidizing archaea in soil microcosms is inhibited by acetylene.
FEMS Microbiol Ecol 70:99–108

55. Verhamme DT, Prosser JI, Nicol GW (2011) Ammonia con-
centration determines differential growth of ammonia-
oxidising archaea and bacteria in soil microcosms. ISME J
5:1067–1071

56. Xia W, Zhang C, Zeng X, Feng Y, Weng J, Lin X, Zhu J, Xiong Z,
Xu J, Cai Z, Jia Z (2011) Autotrophic growth of nitrifying com-
munity in an agricultural soil. ISME J 5:1226–1236

57. Schleper C (2010) Ammonia oxidation: different niches for bacte-
ria and archaea? ISME J 4:1092–1094

S. Vasileiadis et al.


	Response of Ammonia Oxidizing Bacteria and Archaea to Acute Zinc Stress and Different Moisture Regimes in Soil
	Abstract
	Introduction
	Materials and Methods
	Experimental Setup
	CaCl2 0.01&newnbsp;M Extractable Zn (Labile Fraction)
	Potential Nitrification Assay
	Nucleic Acid Isolation, Quality Control, and Quantification
	General PCR Conditions and RNA Reverse Transcription
	Real-Time Quantitative PCR (qPCR) and Standard Curve Generation
	DGGE Analysis
	Statistical Tests and Analyses

	Results
	Effects of Moisture Shift on Nitrification, amoA Genes, and Transcripts
	Zinc Effects on Potential Nitrification and AOA and AOB Copy and Transcript Numbers
	Effect of Zn Spiking on amoA Richness and Structure

	Discussion
	Soil Moisture
	Zinc Dose Response
	Potential Nitrification Transcript and Gene Copy Numbers
	AmoA Transcript Patterns and Correlations with Applied [Zn]


	Concluding Remarks
	References




