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of Soil Ecology, Ingolstädter Landstr. 1, 85764 Neuherberg, Germany
3Brandenburg University of Technology, Research Centre Landscape Development and
Mining Landscapes, Konrad-Wachsmann-Allee 6, 03046 Cottbus, Germany

Received: 27 August 2012 – Accepted: 29 August 2012 – Published: 21 September 2012

Correspondence to: S. Schulz (stefanie.schulz@helmholtz-muenchen.de)

Published by Copernicus Publications on behalf of the European Geosciences Union.

13135

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/13135/2012/bgd-9-13135-2012-print.pdf
http://www.biogeosciences-discuss.net/9/13135/2012/bgd-9-13135-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
9, 13135–13160, 2012

Diversity pattern of N
fixing microbes in

nodules of Trifolium
arvense (L.)

S. Schulz et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Abstract

Legumes can be considered as pioneer plants during ecosystem development, as they
form a symbiosis with different nitrogen fixing rhizobia species, which enable the plants
to grow on soils with low available nitrogen content. In this study we compared the
abundance and diversity of nitrogen fixing microbes based on the functional marker5

gene nifH, which codes for a subunit of the Fe-protein of the dinitrogenase reductase,
in nodules of different size classes of Trifolium arvense (L.). Additionally, carbon and
nitrogen contents of the bulk soil and plant material were measured. Plants were har-
vested from different sites, reflecting 2 (2a) and 5 (5a) yr of ecosystem development,
of an opencast lignite mining area in the south of Cottbus, Lower Lusatia (Germany)10

where the artificial catchment “Chicken Creek” was constructed to study the develop-
ment of terrestrial ecosystems.

Plants from the 5a site revealed higher amounts of carbon and nitrogen, although
nifH gene abundances in the nodules and carbon and nitrogen contents between the
two soils did not differ significantly. Analysis of the nifH clone libraries showed a sig-15

nificant effect of the nodule size on the community composition of nitrogen fixing mi-
crobes. Medium sized nodules (2–5 mm) contained a uniform community composed of
Rhizobium leguminosarum bv. trifolii, whereas the small nodules (< 2 mm) consisted
of a diverse community including clones with non-Rhizobium nifH gene sequences.
Regarding the impact of the soil age on the community composition a clear distinction20

between the small and the medium nodules can be made. While clone libraries from
the medium nodules were pretty similar at both soil ages, soil age had a significant
effect on the community compositions of the small nodules, where the proportion of R.
leguminosarum bv. trifolii increased with soil age.
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1 Introduction

As a result of global change, in the last century an increase in initial ecosystems can
be observed worldwide. Initial ecosystems can evolve naturally for example during the
retreat of glaciers or in response to human activities mainly in areas with opencast min-
ing activities. Therefore questions addressing food web dynamics, plant establishment5

and soil formation in initial ecosystems are not only of basic ecological interest but also
of high commercial concern.

To address these questions an experimental catchment called “Chicken Creek” was
constructed in the opencast lignite mining area in the south of Cottbus, Lower Lusatia
(Germany) (Kendzia et al., 2008), which provides a unique opportunity to study initial10

ecosystem development. Surprisingly already after five years of soil development in-
creasing complexity of food webs and increasing density of woody plants like birch,
pine, and black locust was monitored (Elmer et al., 2011; Schaaf et al., 2010), which
indicates a very fast progress in ecosystem development.

In this respect, monitoring of the vegetation revealed that the legume Trifolium ar-15

vense (L.) appeared as one of the pioneering plants already after two years of ecosys-
tem development. Its abundance steadily increased in the following years and peaked
after four years (Elmer et al., 2011). Already after 5 yr of ecosystem development sig-
nificant concentrations of carbon in the soil developed, whereas the nitrogen pools re-
mained low. These results underline the advantage of legumes in nitrogen poor ecosys-20

tems.
As legumes form symbiotic interactions with rhizobia, they are able to survive in soils

with low amounts of available nitrogen as 75 and 90 % of the nitrogen needed for growth
is provided by the symbiotic partner (Jacot et al., 2000). Boswell et al. (2007) demon-
strated that up to 11 kgNha−1 yr−1 can enter the soil by symbiotic nitrogen fixation from25

T. arvense. However, the successful establishment of the symbiosis strongly depends
on (i) the survival of the bacteria in bulk soil mainly during autumn and winter, (ii) the
colonization of the rhizosphere of the host plant, which in the case of clover, is followed
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by root hair curling and the formation of an infection thread, and (iii) the intracellular
infection and nodule development (Crespi and Gálvez, 2000; Sessitsch et al., 2002;
Markmann and Parniske, 2009). These high numbers of different interim stages make
the process prone to disturbances or environmental stresses. In principal, plants can
only form a symbiosis with a restricted number of rhizobia for example Trifolium species5

preferably form a symbiosis with Rhizobium leguminosarum bv. trifolii, while for Phase-
olus it is known that they can be infected by different R. leguminosarum species and
even by Burkholderia (Doyle, 1998; Gyaneshwar et al., 2011). Furthermore it has been
often postulated that the inter- and intra-species diversity of rhizobia, which are able to
form nodules with selected legumes strongly depend on environmental conditions like10

soil pH and water content or biogeography. For example, it was shown that R. etli as
microsymbiont of beans can be replaced by R. tropici under acidic conditions (Anyango
et al., 1995; Sadowsky and Graham, 2006) and that diversity of rhizobia infecting chick-
pea (Alexandre et al., 2009) or Lotus corniculatus (Sotelo et al., 2011) depends on the
investigated biogeographic region.15

In this study we compared the diversity of nitrogen fixing microbes associated with
T. arvense (L.) at the “Chicken Creek” catchment collected from nodules from a site
2 yr (2a) after initial ecosystem development started, where T. arvense recently ap-
peared, and a site 5 yr (5a) after initial ecosystem development started, where the
clover already exceeded highest density. We characterized the abundance and diver-20

sity of nitrogen fixing microbial communities in the nodules by targeting the nifH gene,
which codes for the Fe-protein of the dinitrogenase reductase. Additionally, we ana-
lyzed nodule numbers, different soil parameter and carbon and nitrogen content of the
plants. Due to that and the higher environmental stress level at the very beginning of
ecosystem development, we assumed that the level of diversity of rhizobia nodulating25

clover will change with ongoing succession, being more diverse at the beginning of
ecosystem development.
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2 Material and methods

2.1 Sampling site

Samples were taken from two sites directly adjacent to the artificial catchment “Chicken
Creek”, which is located in an opencast lignite mining area in the south of Cottbus,
Lower Lusatia (N 51 360408, E 14 160988). This region is characterized by a sub-5

continental climate with a mean annual temperature of 8.9 ◦C and relatively low annual
precipitation with 563 mm (Gerwin et al., 2009).

The catchment has a size of 6.5 ha and was composed of a sandy substrate (84.8 %
sand, 9.1 % silt, 6.1 % clay) from Pleistocene sediments, which were deposited as ter-
minal moraine during the Saale-glacial period. Below the sandy surface a base layer of10

Tertiary clay was constructed as a barrier for seepage water. Further details about the
technical construction and the initial conditions are given by Gerwin et al. (2009) and
Kendzia et al. (2008). The construction of the catchment was finished in September
2005, which was therefore defined as “point zero” for ecosystem development.

The sampling site in the east of the Chicken Creek was constructed as part of the15

catchment and has thus the same development stage. The second site in the west
of the Chicken Creek was restored to “point zero” in 2008, thus the progress of soil
development is three years behind the artificial catchment. At both sites three plots
(3×3 m) were selected. Each subplot was 50 m apart from each other.

2.2 Sampling procedure and sample preparation20

Sampling took place in July 2010. Thus, the eastern site had an age of 5 yr (5a) and
the western one of 2 yr (2a). From each plot three Trifolium arvense (L.) plants at the
flowering stage and bulk soil (0–5 cm) samples were taken. Plants were separated in
green biomass and roots. The aboveground biomass was used to determine the carbon
and nitrogen content. The roots were directly rinsed with sterile water and nodules from25

all plants were counted and classified in three groups of different size (< 2 mm, 2–5 mm,
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and > 5 mm). Afterwards all nodules were surface sterilized by incubating the nodules
for 5 min with 1 % Chloramin T (AppliChem, Germany) and three times rinsing with
sterile water for 5 min (Singh, 1992). Sterility was tested by dipping the nodules on LB
agar plates followed by an incubation of the plates for 48 h at 30 ◦C. Afterwards nodules
were directly frozen at −20 ◦C. Bulk soil samples were stored at 4 ◦C for subsequent5

soil chemical analysis.

2.3 Chemical analysis of soil and plant samples

Each individual plant and bulk soil material was dried at 65 ◦C for 2 days. Afterwards,
it was ball-milled (Retsch MM2, Retsch GmbH, Germany) and 1.5 mg plant material
and 80 mg soil were weighted into 3.3×5 mm and 5×9 mm tin capsules (IVA Analy-10

sentechnik, Germany), respectively. The total carbon and nitrogen contents were mea-
sured with the Elemental-Analysator Euro-EA (Eurovector, Italy).

Nitrate (NO−
3 -N), ammonium (NH+

4 -N), dissolved organic carbon (DOC) and nitrogen
(DON) of all soil samples were determined in CaCl2 extracts. For the extraction, 20 g
of fresh soil was overhead shaken for 45 min with 20 ml 0.01 M CaCl2. Afterwards, the15

extracts were filtered through a Millex HV Millipore filter (pore size, 0.45 µm). Nitrate,
ammonium and DON were determined by continuous flow analysis with a photometric
autoanalyzer (CFA-SAN Plus, Skalar Analytik, Germany). DOC was determined with
the DIMA-TOC 100 (Dima Tec, Germany).

2.4 Nucleic acid extraction from nodules20

For nucleic acid extraction, from each plant a small (< 2 mm) and a medium (2–5 mm)
sized nodule was used. The small respectively medium nodules from the three plants
per plot sampled were pooled and DNA was extracted by thermolysis. Plants from the
three different plots were treated as true replicates. Nodules were crushed under ster-
ile conditions with a pestle in 300 µl lysis buffer (Krasova-Wade and Neyra, 2007). The25

lysis buffer consisted of 0.2 mgml−1 ProteinaseK (Biozym, Germany), 0.05 % Tween20
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(Sigma, Germany) and 10 % Taq Polymerase PCR-Buffer (Invitrogen, Germany). After-
wards, samples were incubated for 1 h at 55 ◦C and 10 min at 95 ◦C. Cell debris were
centrifuged for 5 min at 16 000 g (modified after Sambrook and Russell, 2001). The
quantity of DNA in the supernatant was checked with a spectrophotometer (Nanodrop,
PeqLab, Germany). Afterwards, samples were frozen at −20 ◦C.5

2.5 Quantitative real-time PCR of the nifH gene

Quantitative real-time PCR was conducted on a 7300 Real-Time PCR System (Ap-
plied Biosystems, Germany) using SybrGreen as fluorescent dye. For the quantitative
real-time PCR (qPCR) nifH primers described by Rösch et al. (2002) were applied,
which produced a 458 bp PCR fragment. As standard curve a serial dilution (102 to10

107 copies µl−1) of a plasmid containing the nifH gene fragment of Azospirillum irak-
ense DSM 11568 was used. The reaction mixture consisted of 12.5 µl Power Sybr-
Green Master Mix (Applied Biosystems, Germany), 0.12 µM of each primer (Metabion,
Germany), 0.5 µl of 3 % bovine serum albumin (Sigma, Germany), and 2 µl DNA. The
reaction volume was adjusted to 25 µl with nuclease-free water. The thermal profile15

was as follows: a 10 min hot start at 95 ◦C, followed by 40 repetitions of 45 s at 95 ◦C,
45 s at 55 ◦C and 45 s at 72 ◦C. (Töwe et al., 2010). For confirming specificity of the
amplicons after each PCR run a melting curve and a 2 % agarose gel were conducted.

The amplification efficiency was calculated with the equation Eff = [10(−1/−slope)−1] and
resulted in 83 %.20

2.6 Preparation of nifH gene clone libraries and sequencing

In total 12 clone libraries were prepared (2 sites, 2 nodule sizes, and 3 plots). For the
amplification of nifH the same primers as for the qPCR were used. The reaction mixture
consisted of 2.5 µl TopTaq buffer, 5 µl Q-Solution, 2.5 µl of 2 mM dNTPs (Fermentas,
Germany), 0.2 µM of each primer (Metabion, Germany), 0.5 µl BSA (3 %), 1 µl TopTaq25

Polymerase (Qiagen, Germany) and 1 µl DNA. The reaction volume was adjusted to
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25 µl with nuclease-free water. The thermal profile was as follows: a 10 min hot start at
94 ◦C, followed by 35 repetitions of 45 s at 94 ◦C, 45 s at 57 ◦C, 45 s at 72 ◦C and a final
prolongation of 10 min at 72 ◦C. The PCR products were then checked for the right size
of 458 bp and cleaned up with the Qiagen PCR Purification Kit.

For cloning and transformation the Zero Blunt® Topo® Cloning Kit (Invitrogen, Ger-5

many) was used as recommended by the manufacturer. After the transformation,
30 clones per sample were cultivated overnight in 5 ml LB containing 50 µgml−1
kanamycin. Plasmids were isolated with the NucleoSpin® Plasmid Kit (Macherey
Nagel, Germany) and inserts were checked for the right size by EcoRI digestion (Fer-
mentas, Germany). Finally, clones with the right size were used for sequencing.10

Inserts were sequenced on the ABI PRISM® 3730 DNA Sequencer (Applied Biosys-
tems, USA) using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosys-
tems). The sequencing reaction consisted of 2 µl Buffer Descriptor Table Buffer, 2 µl
Big Dye Terminator v3.1 Mix, 1 µl M13 forward sequencing primer (10 pmol), 100 ng
DNA and was adjusted with nuclease free water to a final volume of 10 µl. The thermal15

profile started with 1 min 96 ◦C and was followed by 35 repetitions of 15 s at 96 ◦C, 15 s
at 50 ◦C and 4 min at 60 ◦C.

2.7 Phylogenetic analysis

Sequences were verified using the BioEdit Sequence Alignment Editor v. 7.1.3. (Hall,
1999). Nucleotide sequences were translated in protein sequences with the ExPASy20

Translate Tool (http://web.expasy.org/translate/) and BlastX was used to confirm that
the sequence codes for nifH. All sequences including stop codons or deletions were
omitted from further analyses. In total, 233 sequences were used for further analyses,
wherefrom 114 originated from the 2a site and 119 from the 5a site. Sequence align-
ments, construction of the phylogenetic tree and calculation of a distance matrix was25

done with the ARB software package (www.arb-home.de) (Ludwig et al., 2004). For the
phylogenetic analyses of the nifH transcripts, we used the updated nifH database from
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Zehr et al. (2003) (http://www.es.ucsc.edu/∼wwwzehr/research/database/). Sequences
were imported to the databases, and the alignments were checked and manually cor-
rected. The phylogenetic tree was calculated by applying the neighbor-joining algorithm
(Saitou and Nei, 1987) (1000 bootstrap replications). All phylogenetic analyses were
done on DNA level as strongly related nifH sequences can be expected in clone li-5

braries from nodules (Opperdoes and Lemey, 2009).
Calculations of operational taxonomic units (OTU) were done with mothur v. 1.26.0.

(Schloss et al., 2009). As estimators for diversity and evenness the Invsimpson and
the Shannon index were applied, respectively. Retrieved unique nifH nucleic acid se-
quences are available at the GenBank database under the Accession No JX501529-10

JX501657. For details about the clones comprising identical sequences see Table S1.

2.8 Statistic

Statistical analyses were carried out with the R environment (http://www.r-project.org).
Prior to analysis, data were tested for normal distribution by Q-Q plots and the
Kolmogorov-Smirnoff test. If necessary data were log transformed prior to further anal-15

ysis. Soil and plant parameter were tested for significant differences by one-factor
ANOVA. Gene abundance data and the amount of the differently sized nodules per
plant were tested by two-factor ANOVA. Pairwise comparisons between the different
nodule size classes were done with t-tests, which were corrected for multiple testing
with the Holm method. The influence of soil age and nodule size on the nifH gene di-20

versity was tested on the basis of the distance matrix with Adonis, implementing 999
permutations.
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3 Results

3.1 Chemical analysis of soil and plant samples

Total carbon (TC) and nitrogen (TN) concentrations were higher in soil samples from
the 5a site compared to the 2a site. However, whereas TN content was 1.36 times
higher in the soil samples from the 5a site (5.91 µgg−1 respectively 8.01 µgg−1), the to-5

tal carbon content increased only about a factor of 1.1 from 136.91 (2a) to 149 µgg−1

(5a), resulting in a decreased C/N ratio in soil samples from the 5a site. The nitrate
concentrations were below the detection limit for both soils (< 0.3 µgg−1). Also ammo-
nium concentrations were low, however higher values were measured in the 2a soil,
reaching 0.04 µgg−1 compared to 0.02 µgg−1 in soil samples from the 5a site. In con-10

trast dissolved organic nitrogen (DON) was higher in the 5a soil reaching 0.46 µgg−1.
Dissolved organic carbon (DOC) concentrations did not differ significantly between soil
samples from the two sites and were in the range of 3.04 µgg−1 to 3.53 µgg−1.

Parallel to the higher DON and DOC values in the 5a soil, plants from the 5a site
comprised significantly higher carbon and nitrogen contents, 41.4 % carbon and 2.16 %15

nitrogen compared to 37.1 and 1.68 %. However, as both, carbon and nitrogen, in-
creased, the C/N ratio of the plants did not differ significantly between both sites. Data
are summarized in Table 1.

3.2 Distribution of nodules

In total 297 nodules were collected from 18 plants, 154 from the 2a site and 143 from20

the 5a site. Nodules were classified into three classes: (i) small nodules (< 2 mm), (ii)
medium nodules (2–5 mm), and (iii) large nodules (> 5 mm). The distribution of the
nodules is shown in Fig. 1. Overall, the amount of nodules significantly decreased
with their size (p < 0.001). Thus, small nodules, made up 67 % (107 nodules) in plants
derived from the 2a soil and 80 % (116) in plants derived from the 5a soil. Consequently,25

more medium and large nodules were collected from plants from the 2a site comprising

13144

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/13135/2012/bgd-9-13135-2012-print.pdf
http://www.biogeosciences-discuss.net/9/13135/2012/bgd-9-13135-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
9, 13135–13160, 2012

Diversity pattern of N
fixing microbes in

nodules of Trifolium
arvense (L.)

S. Schulz et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

26 and 7 %, respectively, while from plants sampled from the 5a site only 17 and 3 %
belonged to the medium and large sized nodule class.

3.3 Abundance of nifH genes in the nodules

The amount of nifH gene copies per nodule is shown in Fig. 2. Overall, the nifH gene
abundance ranged around 5×105 copies per nodule in the small nodules independent5

from the site the plants were sampled. Regarding the medium nodules, similar values
were measured for plants grown on the 5a soil, whereas nifH gene copy numbers per
nodule were 2.5 times higher in the nodules from the 2a site. However, as the values
strongly fluctuated no significant influence of soil age or nodule size was detected.

3.4 Phylogenetic diversity of nodule associated diazotrophs10

The analysis of rarefaction curves on the 97 % DNA homology level revealed no differ-
ences in the diversity of nifH harboring microbes in medium sized nodules from plants
grown on the two different sites (Fig. 3). The maximum number of OTUs per nodule
was 3. If the rarefaction curves were analyzed on a 99 % similarity level for the medium
sized nodules however, up to 6 OTUs for nodules from plants grown on the 2a site15

were detected, whereas the number of OTUs from nodules grown on the 5a site were
significantly lower (3 OTUs), indicating a higher diversity in nodules of this size class in
plants grown on the younger site. Overall the diversity of nifH harboring microbes was
bigger in the small nodules compared to the medium sized nodules, where up to 10
OTUs (on a 99 % similarity level) could be detected. In contrast to the data described20

for the medium sized nodules, the number of OTUs from nodules that were assigned
to the small size class was higher in plants grown on the 5a site. As the number of
analyzed clones was too low for nodules of the small class from plants grown on the
5a site as well as for nodules of the medium size class grown on the 2a site to reach
full coverage, which is needed for a quantitative diversity assessment, the following25

analytic steps were performed on a 97 % homology level.
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Based on this 97 % homology calculation, all obtained nifH sequences were dis-
tributed among 9 OTUs (Table 2). In the clone libraries from the small and medium
sized nodules from plants grown on the 2a site as well as the medium sized nodules
grown on the 5a site, sequences clustered in three OTUs each, while calculations re-
sulted in six OTUs for the sequences of the small nodules from plants grown on the 5a5

site.
Adonis calculations revealed a significant influence of the nodule size (p = 0.001)

on the nifH gene diversity. Regarding the small nodules, highest diversity was esti-
mated for nodules from plants sampled on the 5a site with an Invsimpson value of
3.59, whereas the distribution of the sequences among the OTUs was not as even10

as for the small nodules from the 2a site, which were divided almost equally between
OTU1, 5 and 7. As a result, clone libraries of the small nodules from the two sites were
significantly different (p = 0.048). In contrast to the small nodules, clone libraries from
the medium nodules were very similar (p = 0.745) and diversity and evenness were
very low, as more than 95 % of the sequences clustered in OTU5.15

The phylogenetic affiliation of the nifH gene sequences, as depicted in Fig. 4, re-
vealed that two main clusters were formed. From all sequenced clones 24 fell in Clus-
ter I, while 209 could be assigned to Cluster II, which were interspersed throughout
OTU5-8. Generally, Cluster II was composed of Rhizobium and Sinorhizobium, but all
sequences exhibited strong homology with Rhizobium leguminosarum bv. trifolii. De-20

spite the high similarity to R. leguminosarum bv. trifolii, sequence variations among the
OTUs ranged from 100 to 92.4 % similarity. Surprisingly besides sequences which were
closely related to rhizobial nifH sequences, the OTUs, which could be assigned to clus-
ter I, were closely related to Bradyrhizobia, Burkholderia, Leptothrix and Azospirillum.
Based on the phylogenetic affiliation it is very likely that OTU9 is homolog to Azospir-25

illum. OTU1-4 were assigned to a very diverse subcluster composed of Azospira,
Stenotrophomas and Burkholderia, Azoarcus and Leptothrix, which made a clear affil-
iation almost impossible.
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4 Discussion

A lot of research has been done on legume-Rhizobium symbiosis in the last century
mainly in the context of agriculture to improve efficiency of plant microbe interactions
with the aim to enhance yields (Fischer et al., 2012; Perrineau et al., 2011; Naeem
et al., 2004). However, little is known about that interaction of rhizobia and legumes in5

initial ecosystems, where nutrients and microbial biomass are low and inoculation with
Rhizobium strains does not occur. Consequently in these ecosystems the success of
a symbiosis depends on the indigenous rhizobial community being already present in
the soil. Therefore it was the aim of this study to compare the diversity of nifH carrying
diazotrophs in the nodules of the pioneering clover Trifolium arvense (L.), taken from a 210

yr (2a) and a 5 yr (5a) old soil. Both sites developed under similar climatic conditions
and from the same starting material, thus these effects as drivers for the observed
differences in diversity pattern could be excluded.

As we were especially interested in rhizobia, which have the potential to fix atmo-
spheric N2, this study focused on the analysis of the nifH gene instead of other house-15

keeping genes or genes involved in nodulation (Sotelo et al., 2011; Rogel et al., 2011;
Talbi et al., 2010). Thus, we can exclude that nod+ but nifH− rhizobia were investi-
gated, which are not advantageous for the nitrogen budget of the host plant. Moreover,
analyses were done on the level of DNA to distinguish sequences of closely related
biovars. For example NifH of R. leguminosarum bv. trifolii and bv. viciae share 95 % of20

the amino acids, while on DNA level similarity of nifH is below 85 %.
Measurements of the nitrogen content of the plants showed that the clover from the

5a site exhibited significantly higher nitrogen concentrations, although DON and NH+
4

did not differ significantly between the two soils. Therefore, higher nitrogen contents
can be related to higher nitrogen fixation rates, which might be a fact of higher number25

of nodules per plant or a generally higher activity of nitrogen fixing microbes. Voisin
et al. (2010) could prove that nodule formation is induced under nitrate limitation and
as no nitrate was detectable at both sites, it is not surprising that plants developed a
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relatively high number of nodules. In average, 16 indeterminate nodules per plant were
detected, which is comparable or even higher compared to other studies where sys-
tems without inoculation of rhizobial strains were studied (Naeem et al., 2004; Wielbo
et al., 2010). The evaluation of the amount and distribution of small, medium and large
nodules resulted in no significant difference between plants from the two different sites.5

Therefore, higher nitrogen contents of the plants from the 5a site might be attributed
to more efficient strains which comprise higher nitrogen fixing activities compared to
strains that are associated with nodules of plants derived from the 2a site. To address
that question, nifH clone libraries and the influence of soil age on the nodule community
were compared.10

Clone libraries of the medium sized nodules showed similar diversity pattern for both
sites. The community was mainly composed of Rhizobium leguminosarum bv. trifolii,
which exclusively formed one OTU (Table 2). R. leguminosarum bv. trifolii is the com-
mon and most effective strain infecting Trifolium species (Doyle, 1998). It is known that
the plants are able to control nodule size and therefore promote growth of nodules15

formed by effective rhizobia (Voisin et al., 2010; Kouchi and Yoneyama, 1984). Hence
it is very likely that the medium sized nodules represent the most active nodules, which
is further underlined by the tendency of higher nifH copy numbers in the nodules of
the medium size class mainly in plants from the 2a site and by findings from Tajima
et al. (2007), who stated that at the flowering stage of peanuts nitrogen fixation activity20

and nodule size are positively correlated.
However, obviously the medium sized nodules did not drive the difference between

the sites. In contrast to the medium sized nodules, Adonis permutation tests revealed
a significant influence of soil age on the nifH harboring microbial community of the
small sized nodules, which is reflected by a high nifH gene diversity and evenness in25

the nodules from plants derived from the 2a site. The differences are mainly based on
an increase of clones coding for R. leguminosarum bv. trifolii and in addition to a de-
crease of species from cluster I. The increasing amount of clones which harbor the
insert of nifH related to R. leguminosarum bv. trifolii, especially from OTU5, where also
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the clones from the medium nodules clustered, might be attributed to an enrichment
effect of that bacteria in the 5a soil, where T. arvense was already present in the pre-
vious years. As T. arvense is an annual plant species nodule inhabiting bacteria are
frequently released at the end of the vegetation period (Sadowsky and Graham, 2006).
In contrast to inoculated species, which are often replaced by the indigenous species5

until the next vegetation period, naturally occurring rhizobia, which were enriched in the
nodules, survive (Sessitsch et al., 2002). Consequently, the probability of a successful
development of a legume-Rhizobium symbiosis increased year by year. However, one
might ask why these nodules did not develop to a medium nodule. Due to low nutrient
contents in the soil and the fact that the plant does not spend more energy than needed10

in nodule production, it is obvious that there might be not enough energy available to
promote the maturation of more medium or large nodules. It is known that nodules
formed in response to the presence of indigenous rhizobia in soil often exhibit a higher
diversity (Liu et al., 2007; Zakhia et al., 2006) compared to systems where high num-
bers of selected rhizobial strains have been inoculated. In the small nodules from the15

5a site highest rhizobial diversity was observed. While most sequences belonged to
OTU5, which is the dominant OTU from the medium nodules, some sequences clus-
tered in OTU6, 7 and 8. These organisms might play an important role to setup optimal
conditions for nitrogen fixation in the nodules and improve fitness of effective R. legumi-
nosarum bv. trifolii strains. Moreover, the presence of other than Rhizobium sequences20

(OTU1-4, 9) might influence nodule establishment. As shown for Pseudomonas, Bacil-
lus, Sphingomonas and others this might be due to co-invasion of rhizosphere bacteria
(Zakhia et al., 2006; Muresu et al., 2008). Therefore it is not surprising that similarities
with typical species that colonize the rhizosphere of annual plants were found in clus-
ter I. However, the role of non-rhizobial species in nodules is discussed controversially.25

For example Plazinksi et al. (1985) showed that Azospirillum inhibited the symbiosis of
Rhizobium with Trifolium repens. In contrast, the presence of Pseudomonas species
can improve nodulation (Bolton et al., 1990). As the cluster I was very diverse, it is
difficult to figure out the specific role of the sequences found.
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5 Conclusion

In summary the data indicate that the plants from the 5a site were more effective in
nitrogen fixation, as their nitrogen content was significantly higher, although the ammo-
nium concentrations in soil did not differ significantly. This development might be rather
attributed to a change in the legume-Rhizobium symbiosis than an overall increase of5

nodules. In this regard, the hypothesis, that higher nifH diversity can be expected in
the nodules from the 2a soil, was partly disproven. While no difference was observed
for the medium nodules Adonis calculations revealed a significant influence of soil age
on the diversity of the small nodules. Furthermore the proportion of R. leguminosarum
bv. trifolii clones was higher at plants from the 5a site, what might me mainly attributed10

to an enrichment of this bacteria due to the longer T. arvense history of this site and
might be the reason for the higher nitrogen content in those plants. In this regard, it
would be interesting for future studies to address the question if similar observations
can be made for perennial legumes like Lotus corniculatus (L.), which is also a pioneer-
ing plant at the Chicken Creek (Schaaf et al., 2010), where it is known that nitrogen is15

accumulated in the rhizosphere (Boldt et al., 2012) and how the development continues
during the next phases of ecosystem development.

Supplementary material related to this article is available online at:
http://www.biogeosciences-discuss.net/9/13135/2012/
bgd-9-13135-2012-supplement.pdf.20

Acknowledgements. This study is part of the Transregional Collaborative Research Centre 38
(SFB/TRR38) which is financially supported by the Deutsche Forschungsgemeinschaft (DFG,
Bonn) and the Brandenburg Ministry of Science, Research and Culture (MWFK, Potsdam). We
thank Vattenfall Europe Mining AG for providing the research site Chicken Creek.

13150

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/13135/2012/bgd-9-13135-2012-print.pdf
http://www.biogeosciences-discuss.net/9/13135/2012/bgd-9-13135-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www.biogeosciences-discuss.net/9/13135/2012/bgd-9-13135-2012-supplement.pdf
http://www.biogeosciences-discuss.net/9/13135/2012/bgd-9-13135-2012-supplement.pdf
http://www.biogeosciences-discuss.net/9/13135/2012/bgd-9-13135-2012-supplement.pdf


BGD
9, 13135–13160, 2012

Diversity pattern of N
fixing microbes in

nodules of Trifolium
arvense (L.)

S. Schulz et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

References
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Table 1. Chemical parameters of bulk soil and plants. Carbon and nitrogen contents were
measured in bulk soil samples from the 2a and the 5a site (n = 3, standard deviations in paren-
thesis). Plant carbon and nitrogen contents were measured in Trifolium arvense (L.) from the 2a
and the 5a site (n = 9, standard deviations in parenthesis). Nitrate concentration was below the
detection limit for all samples (< 0.3 µgg−1). A significant impact of soil age on the measured
parameters was tested with one-factor ANOVA (p < 0.05) and indicated by an asterisk.

soil (µgg−1) plant (%)

NH+
4 DON TN DOC TC C* N* C/N

2a 0.04 (0.02) 0.33 (0.03) 5.91 (2.54) 3.04 (0.64) 136.91 (8.44) 37.1 (4.7) 1.68 (0.3) 22.32 (2.9)
5a 0.02 (0.003) 0.46 (0.12) 8.01 (0.93) 3.53 (0.38) 149 (3.09) 41.4 (1.0) 2.16 (0.46) 19.93 (3.9)
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Table 2. Distribution of sequences among different operational taxonomic units (OTU). In total
sequences were consolidated in 4 groups: 2a small, 2a medium, 5a small and 5a medium. The
subsequent classification of sequences in different OTUs was done with mothur v. 1.26.0. on
a 97 % similarity level for each sample individually. As indices for diversity and evenness the
Invsimpson index and the Shannon Evenness index were applied, respectively.

number of sequences
OTU 2a small 2a medium 5a small 5a medium

1 13 2 – –
2 – – 6 –
3 – – 1 –
4 – – – 1
5 15 74 19 77
6 – – 6 –
7 9 1 6 –
8 – – 2 –
9 – – – 1

Invsimpson 3.08 1.08 3.59 1.05
Shannon Evenness 0.98 0.17 0.72 0.12
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Fig. 1. Distribution of the different nodule size classes. Nodules from each site were grouped
after their size in three classes: < 2 mm (small), 2–5 mm (medium) and > 5 mm (large) (n = 9,
error bars represent standard deviations). Significant differences between the three nodule size
classes are indicated by different capital letters for the 2a site and by small letters for the 5a
site. Pairwise comparisons were done with a t-test where the Holm method was applied for
multiple testing.
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Fig. 2. Copy numbers per nodule of the functional gene nifH. Gene abundances were measured
in small and medium sized nodules from the 2a and the 5a site (n = 3, error bars represent
standard deviations).
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Fig. 3. Rarefaction curves of the different clone libraries. In total sequences were consolidated
in 4 groups: 2a small, 2a medium, 5a small and 5a medium. Calculations were made on 99 and
97 % similarity level for the small (left) and the medium (right) sized nodules from plants grown
on the 2a and the 5a site. Calculations were done with mothur v. 1.26.0.
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Fig. 4. Phylogenetic tree of the obtained nifH gene sequences in comparison to previously
published sequences (accession numbers in brackets), analyses were conducted with the ARB
software package. The tree was calculated using the neighbor-joining algorithm. Bootstrap val-
ues are given in percent next to the branches (1000 replicates). The outgroup is composed of
Methanopyrus kandleri AV19 (AE009439), Methanosarcina acetivorans C2A (AE010299) and
Clostridium kluyveri DSM 555 (CP000673).
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