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Abstract In the present study, the influence of the land use
intensity on the diversity of ammonia oxidizing bacteria
(AOB) and archaea (AOA) in soils from different grassland
ecosystems has been investigated in spring and summer of the
season (April and July). Diversity of AOA and AOB was
studied by TRFLP fingerprinting of amoA amplicons. The
diversity from AOB was low and dominated by a peak that
could be assigned to Nitrosospira. The obtained profiles for
AOB were very stable and neither influenced by the land use
intensity nor by the time point of sampling. In contrast, the
obtained patterns for AOA were more complex although one
peak that could be assigned to Nitrosopumilus was dominat-
ing all profiles independent from the land use intensity and the
sampling time point. Overall, the AOA profiles were much
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more dynamic than those of AOB and responded clearly to the
land use intensity. An influence of the sampling time point
was again not visible. Whereas AOB profiles were clearly
linked to potential nitrification rates in soil, major TRFs from
AOA were negatively correlated to DOC and ammonium
availability and not related to potential nitrification rates.

Introduction

Since 2004, when the first evidence was provided that also
organisms belonging to the kingdom of archaea are involved
in ammonium oxidation [1-3], there is an ongoing debate to
what extent these organisms contribute to nitrification and
which factors drive their abundance, diversity, and activity
in the environment. Today, it is generally acknowledged that
ammonia oxidizing archaca (AOA) are ubiquitous [4] and
several recently published studies assume a niche separation
of AOA and their bacterial counterpart (AOB), which cannot
be explained by a single environmental factor like ammonia
availability, temperature or soil type [5—7]. Several studies
based on the so far obtained isolates have also indicated a
potential for the ammonia oxidation of AOA [8-11].
However, the turnover rates for ammonia do not only differ
among AOB but also for the so far isolated AOA different
ammonia oxidation rates have been measured. For AOB,
ammonia oxidation rates between 21 and 43 fmol NO,
cell " h™" have been described [12, 13]. For AOA, the ammo-
nia oxidation rates, which have been reported, were lower and
ranged from 1.2-15 fmol NO, ™ cell ' h™" [3, 10]. Thus, there
is a need to measure not only the abundance of AOA and
AOB in a particular environment, as it was done in a large
number of studies in the last years, but also to monitor the

@ Springer


http://dx.doi.org/10.1007/s00248-013-0310-4

162

A. Meyer et al.

dynamics in between both groups of ammonia oxidizers to
link the population structure to a given function.

In a recent study, we could show that the land use intensity
(LUI) of grassland ecosystems correlates positively with the
abundance of AOA and AOB [14] as well as with potential
nitrification rates (PNR). Whereas the amount of dissolved
organic carbon present in soil could be identified as major
driver for the abundance of denitrifiers and nitrogen-fixing
microbes, we could identify inorganic nitrogen (mainly ni-
trate) concentrations closely related to the abundance of AOA
and AOB in the investigated soil samples. Besides LUI also
the time point of sampling (spring vs summer) had a clear
effect on the abundance pattern mainly of AOB, with signif-
icant higher abundance on intensively used plots in summer.
Overall, the observations on the effects of the LUI were more
pronounced during in the middle of the vegetation period than
in spring shortly after plant growth started.

In the present study, we show data as to how LUI changes
the diversity pattern of AOA and AOB over time in the same
ecosystems. Therefore, we used fingerprinting techniques of
the bacterial and archaeal amoA gene and linked the obtained
diversity pattern to major abiotic soil parameters of the given
sites. We hypothesize that both the AOA and AOB diversity
patterns are mainly driven by the time point of sampling as a
response to the plant growth state and LUI only induces
additional comparable smaller shifts in the structure of AOA
and AOB.

Material and Methods
Site Description and Sampling

The present study 1is part of the German
“Biodiversity Exploratories” [15], which forms an open mul-
tidisciplinary research platform to investigate the relationship
between functional biodiversity, land use and ecosystem ser-
vices. For the present study, soil samples were taken in the
southernmost Exploratory “Schwébische Alb” which covers
more than 45,000 ha of the state of Baden-Wiirttemberg in
SW-Germany. Nine different grassland sites (AEG 1-9) were
selected in this area. Due to long-term differences in the land use
intensity, the selected sites could be categorized in three different
land use intensity categories: intensely used meadow (IM, three
times manure application and two times mown per season; AEG
1-3), intensely used mown pasture (IP, grazed by cattle and
horses, mown once a year and two times manure application
per season; AEG4-6) and extensively used pasture (EP, unfertil-
ized and infrequently grazed by sheep; AEG7-9). The mean
annual precipitation in this area ranged from 938-963 mm,
whereas the annual mean temperature was around 7 °C. All
sampled soils have been described as a Rendzic Leptosols with
a clayey or loamy texture and a pH value between 5.7 and 6.9.
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The number of plant species on the investigated sites
ranged between 17 and 58. Significantly lower numbers were
observed on the intensively managed plots (24 respectively 25
for IM and IP) compared to the EP plots where 49 different
species were found (p =0.019). While grasses were dominant
on the intensely used meadows (58 to 100 % of coverage), the
pastures (EP and IP) were more colonized by herbs (84 to
100 % of coverage).

From each site, five replicates were analyzed; each repli-
cate consisted of five pooled bulk soil cores (d=5.5 cm) from
a soil depth of 0—10 cm. All samples were frozen directly after
sampling for DNA based analyses at —20 °C as well as kept
cool for enzyme activity and soil parameter measurements at
4 °C. Samples were taken in April and July 2008, representing
the beginning of the vegetation period and the time point of
flowering, where highest exudation rates could be expected.

Major abiotic labile and stable soil parameters, the abun-
dance of AOA and AOB as well as potential nitrification rates
have been described elsewhere [14] and have been summa-
rized in Table 1.

Nucleic Acid Extraction and Fingerprinting of amoA
Amplicons using TRFLP

Genomic DNA was extracted from 0.5 g bulk soil (wet
weight) using FastDNA Spin Kit for soil (MP Biomedicals,
Germany) according to the manufacturer’s protocol. Quality
and quantity of DNA extracts were determined with
Nanodrop 1000 Spectrophotometer (Peqlab, Germany).

For the amplification of the bacterial amoA gene, the
primer pair amoA 1 F (5'-GGGGTTTCTACTGGTGGT-3’)
and amoA 2R (5-CCCCTCKGSAAAGCC TTCTTC-3')
with an optimal annealing temperature of 60 °C were used
generating a 491 bp fragment; for the archaeal amoA gene the
primer pair 19F (5'-ATGGTCTGGCTWAGACG-3") and
CrenamoA616r48x (5'-GCCATCCABCKRTANGTCCA-3")
with an optimal annealing temperature of 58 °C were used
amplifying a 624 bp fragment. Each forward primer was
labeled at the 5'end with Carboxyfluorescein. Details on the
PCR conditions can be found elsewhere [16].

The amoA amplicons were purified with Qiaquick PCR
Purification Kit (Qiagen, Germany) and quantified with
Nanodrop 1000 Spectrophotometer (Peqlab, Germany). The
selection of digestion enzymes was done by the open source
software Restriction Enzyme Picker Online, v.1.3. Three dif-
ferent enzymes for AOA (Hhal, Tsp5091 and HpyCH4III) and
two different enzymes for AOB (Hhal and Taq*I) were used,;
200 ng of purified amo4 amplicon were digested in a final
volume of 25 pl for 2.5 h according to the instructions provided
by the manufacturer. The enzymatic reaction was purified with
Minelute Reaction Clean Up Kit (Qiagen, Germany).
Approximately 5 ng of the digested amplicons were added to
13 ul of HiDi Formamide (Applied Biosystems, Germany)
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Table 1 Major soil properties for April and July
PNR +SD DNA 48D NH4" +SD NO; +SD DOC +SD AOA +SD x10” AOB +8D %107
[gNg'h'] [10*ng g '] [ngNg '] [gNg '] [ngCg'l [x10°g™] [x107g™]

April
AEG1 0.88 023 6.0 12 292 491 345 14.0 3.27 231 212 2.67 1.85 1.66
AEG2 1.79 0.13 4.7 1.4 0.62 026 44.7 8.66 5.56 229 254 2.20 548 0.69
AEG3 0.28 006 39 6.4 298 541 174 9.73 031 1.07 034 0.28 0.44 0.13
AEG4 0.26 002 54 11 084 042 1838 530 133 098 1.18 2.6 1.66 0.94
AEG5 191 049 59 11 1.40 0.69 nd nd nd 54,6 145 3.57 1.12 0.35
AEG6 0.23 0.07 43 54 0.68 023 4.77 241 239 0.66 0.07 0.06 0.74 0.38
AEG7 0.10 0.03 4.0 9.4 1.59 097 1.88 1.13 3.40 1.63 0.19 0.05 0.87 1.55
AEG8 0.18 003 44 7.7 451 7.46 13.6 458 1.16 4.16 0.21 1.14 0.82 0.93
AEG9 0.06 001 35 73 0.76 0.34 1.6l 1.44 249 1.27 0.03 0.17 0.08 0.03

July
AEG1 1.94 030 13 15020 0.02 18.1 243 493 1.06 3.18 5.78 9.46 6.07
AEG2 2.55 092 15 36 0.19 0.11 17,1 350 5.62 1.23 453 17.3 21.2 5.76
AEG3 0.51 0.51 10 19 026 0.08 8.05 133 1.07 275 393 1.28 2.16 1.35
AEG4 0.35 020 10 18 053 0.17 11.4 348 337 1.77 143 3.76 5.19 2.86
AEG5 1.55 023 15 19 025 0.08 12.8 3.72 483 1.45 245 7.05 5.64 1.27
AEG6 0.30 0.06 12 34 028 0.09 8.62 171 475 1.09 0.14 0.66 4.89 1.71
AEG7 0.14 002 6.7 9.8 0.28 0.02 1.10 0.28 2.71 0.57 0.13 0.30 0.08 0.03
AEG8 0.31 012 93 8.1 036 0.03 7.11 1.95 255 0.90 0.15 0.34 0.71 0.40
AEGY9 0.13 0.04 7.8 85 023 0.04 194 0.64 3.17 0.62 0.08 0.41 0.31 0.19

PNR potential nitrification rate

containing a 1:400 dilution of 6-carboxy-X rhodamine-labeled
MapMarker 1000 ROX Size ladder (Bioventures, USA). After
denaturation at 95 °C for 5 min, a capillary electrophoresis was
carried out on an ABI 3730 DNA analyzer (Applied
Biosystems) under the following conditions: 10 s injection
time, 2 kV injection voltage, 7 kV run voltage, 66 °C

Statistical Analysis

TRFLP patterns of the amoA gene of both the AOA and AOB
were dissected using Correspondence Analysis (CA), taking
the respective peak area as a measure for the abundance of a
particular OTU. Fragments smaller than 30 bases and TRFs
contributing with <1 % of the total signal height were exclud-
ed from the statistical analysis. Detrended correspondence
analysis was used to examine whether a linear or unimodal
response of the data should be considered. The ordination was
performed using a unimodal model to maximize the amount of
explained variance in the TRFLP patterns with focus scaling
on interspecies distances using Hill’s scaling and log-
transformed species data. Leave-one-out cross-validation
(LOOCYV) rates were calculated to test if samples were clas-
sified in the right LUI based on the obtained TRFLP data.
LOOCYV involves using a single observation from the original
sample as the validation data and the remaining observations
as the training data. This is repeated in a way that each
observation in the sample is used once as the validation data.

Table 2 Diversity indices calculated with Canoco 4.5 for the TRFLP
patterns of bacterial and archaeal amoA genes April and July

AOB AOA

Shannon diversity Evenness  Shannon diversity ~ Evenness

April
AEGI 0.29 0.35 1.66 0.81
AEG2 0.58 0.67 1.39 0.78
AEG3 035 0.40 1.97 0.89
AEG4 0.64 0.55 0.93 0.52
AEG5 020 0.26 1.54 0.82
AEG6 0.30 0.29 1.60 0.81
AEG7 0.53 0.25 1.36 0.64
AEG8  0.06 0.06 1.62 0.76
AEGY 0.23 0.16 1.43 0.71
Av 0.35 0.33 1.50 0.75
SDev  0.19 0.19 0.28 0.11
July
AEGl 0.13 0.19 1.76 0.85
AEG2 040 0.42 1.59 0.88
AEG3  0.64 0.84 2.03 0.90
AEG4 035 0.34 1.30 0.65
AEG5 0.16 0.18 1.56 0.83
AEG6 030 0.28 1.69 0.80
AEG7 1.04 0.59 1.63 0.74
AEGS8 0.14 0.15 1.72 0.79
AEGY 0.54 0.37 1.47 0.73
Av 041 0.37 1.64 0.80
SDev 029 0.22 0.20 0.08
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Results and Discussion

Diversity of AOA and AOB as affected by land use intensity
and sampling time point

For AOB TRF 283B was the most dominant OTU present in
each sample with a relative abundance up to almost 90 %.
Based on in silico analysis, this peak could be identified as
Nitrosospira (data not shown). TRF 281B was the second
prevalent OTU and was mainly present in samples from IM
and IP, whereas TRF 50 was typically for samples from EP
plots. Surprisingly, overall, nearly no influence of the season
was found and the TRFLP pattern between April and July did
not differ significantly. TRF 220B was only detectable in July
on soils characterized as EP. Due to the stable AOB pattern
based on the LOOCV method, no clear assignment of the
TRFLP profiles of AOB to the three land use intensity levels
studied in this paper was possible (LOOCYV rate 0.66667)
More than 50 % of the archaeal ammonia oxidizers were
represented by TRF 374B and TRF 222B. The in silico

analysis showed that TRF 374B was closely related to the
fosmid clone 54d9, which belongs to the Crenarchaeal group
I.1b [2] whereas TRF 222B could be assigned to the soil
cluster of ammonia oxidizing archaea closely related to
Nitrosopumilus and was found in almost all sampled plots at
both time points. TRF 167B, TRF 368B and TRF 524B were
only presented in IM and in EP but not in IP. Interestingly
AEG3, which differed also in soil properties compared to the
other IM plots, built up a different AOA community than the
other IM plots. TRF 602B, TRF 522B, and TRF 220B exclu-
sively occurred on this plot. TRF 502B and TRF 230B were
typical for samples derived from IP and IM plots; TRF 66B
occurred only in samples from IP plots, whereas TRF 38B
exclusively appeared in samples from EP. As for AOB, the
effect of the sampling time point was lower compared to the
land use intensity. The overall leave-one-out cross-validation
rate was 0.96667 and almost every sample could classify
using the LOOCYV method in the right land use category.
Major TRFs and their relative abundance for AOA and
AOB are given in Table S1.
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Fig. 1 Correspondence analysis (CA) of TRFLP patterns of the amoA4
genes. Ordination was performed to maximize the amount of explained
variance in the TRFLP patterns with focus scaling on interspecies dis-
tances using Hill’s scaling and log-transformed species data. Environ-
mental variables are displayed for interpretation only, but have not been
used for ordination. a archaeal amoA genes: The ordination explains on
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all axes 65.8 % of the variance in the TRFLP data, from that are 46.1 %
shown on axis 1 (horizontal) and 25.1 % on axis 2 (vertical ). b Bacterial
amoA genes. The ordination explains on all axes 58.0 % of the variance in
the TRFLP data, from that are 43.5 % shown on axis 1 (horizontal) and
14.5 % on axis 2 (vertical)
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The described results were used to calculate the Shannon
diversity index as well as evenness. As expected from the
TRFLP profiles, the diversity of bacterial amod genes was
much lower compared to the archaeal amoA diversity
(Table 2). In April, the Shannon index for the AOB was
calculated as 0.35 compared to 1.5 for the archaeal counter-
part. Similar results were obtained for July (AOB 0.41 vs
AOA 1.65), indicating again a low influence of the sampling
time point. The analysis of the evenness data confirmed these
observations with lower evenness values for AOB compared
to AOA and a low influence of the sampling time point.

Linking AOA and AOB Diversity to Soil Properties

The obtained TRLP profiles were used to link the diversity of
AOA and AOB to major soil abiotic properties and potential
nitrification rates (Fig. 1). The ordination explains 65.8 % of
the variation in the AOA diversity data and 58 % for AOB.
TRF 281, which has been described as major peak of the AOB
profiles, could be clearly linked to PNR. Overall, however,
due to the low variability of the AOB profiles no other links
between AOB derived OTUs and measured soil properties
could be made. In contrast amoA fingerprints of AOA
changed with LUI and even differences between plots belong-
ing to the same LUI category were visible, but to a lower
extent (exept AEG3). The major TRFs (TRF 374B and
TRF 222B) were slightly negatively correlated to the levels
of dissolved organic carbon (DOC) in soil as well as to the
ammonium concentrations measured. Only TRFs, which were
detected in soils from EP (like TRF 38) responded positively
to increased DOC contents. Surprisingly, most of the major
TRFs were not or even negatively correlated to potential
nitrification rates.

Conclusions

In contrast to our initial hypothesis, the AOA and AOB
diversity is not related to the time point of sampling in soils
from temperate grassland ecosystems, as the observed TRFLP
pattern derived from amoA amplicons was very stable. This
indicates that ammonia oxidizers, as part of the autotrophic
microbiota in soil are not directly linked to the plant perfor-
mance. Obviously, they are also not outcompeted by the
heterotrophic microbiota in response to higher nutrient con-
tents in soil during the vegetation period, as only a slight
negative correlation to DOC was visible for some of the major
AOA OTUs. This situation may change if plants are able to
secrete nitrification inhibitors like it is well known for a large
number of cereals [17]. However, also for some grasses (like
Brachiaria humidicola) nitrification inhibitors have been de-
scribed [18], but they were not present at our sites of investi-
gation. In contrast, the land use intensity strongly influenced

the diversity pattern of AOA, whereas the obtained diversity
pattern for AOB was stable and did not indicate an influence,
although an increase in the total gene copy numbers for AOB
has been observed in response to the land use intensity [14].
However, also for AOA, the major OTUs did not change over
time in relative abundance. The major OTUs for AOB and
AOA, which have been assigned to Nitrosomonas respective-
ly the Crenarchaeal soil cluster group I.1b and
Nitrosopumilus, are in good agreement with published data
on the dominant ammonia oxidizers in soil [19]. This data
may also explain partly the high sensitivity of AOB towards
stressors due to the very low diversity and the relatively high
resilience of AOA in response to changing environments [20]
as a result of a relatively high diversity. Finally, our data nicely
illustrates that AOA might be an important driver of the
ammonia oxidation but the formed hydroxylamine is not
necessarily further oxidized into nitrite [21] as there was no
positive correlation between the major TRFs from the AOA
profiles and the potential nitrification rates found.
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