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Abstract. Legumes can be considered as pioneer plants durthe medium nodules can be made. While clone libraries from
ing ecosystem development, as they form a symbiosis witithe medium nodules were pretty similar at both soil ages,
different nitrogen fixing rhizobia species, which enable the soil age had a significant effect on the community composi-
plants to grow on soils with low available nitrogen content. tions of the small nodules, where the proportiorroflegu-
In this study we compared the abundance and diversity of niininosarunbuv. trifolii increased with soil age.
trogen fixing microbes based on the functional marker gene
nifH, which codes for a subunit of the Fe-protein of the
dinitrogenase reductase, in nodules of different size classe$ |ntroduction
of Trifolium arvensgL.). Additionally, carbon and nitrogen
contents of the bulk soil and plant material were measuredAs a result of global change, in the last century an increase in
Plants were harvested from different sites, reflecting 2 (2ajinitial ecosystems can be observed worldwide. Initial ecosys-
and 5 (5a) yr of ecosystem development, of an opencast ligtems can evolve naturally for example during the retreat of
nite mining area in the south of Cottbus, Lower Lusatia (Ger-glaciers or in response to human activities mainly in ar-
many) where the artificial catchment “Chicken Creek” was eas with opencast mining activities. Therefore, questions ad-
constructed to study the development of terrestrial ecosysdressing food web dynamics, plant establishment and soil
tems. formation in initial ecosystems are not only of basic ecolog-
Plants from the 5a site revealed higher amounts of carical interest but also of high commercial concern.
bon and nitrogen, althoughifH gene abundances in the  To address these issues an experimental catchment called
nodules and carbon and nitrogen contents between the twaChicken Creek” was constructed in the opencast lignite
soils did not differ significantly. Analysis of theifH clone mining area in the south of Cottbus, Lower Lusatia (Ger-
libraries showed a significant effect of the nodule size onmany) (Kendzia et al., 2008), which provides a unique oppor-
the community composition of nitrogen fixing microbes. tunity to study initial ecosystem development. Already after
Medium sized nodules (2-5mm) contained a uniform com-five years of soil development, increasing complexity of food
munity composed oRhizobium leguminosaruiwv. trifolii,  webs and increasing density of woody plants like birch, pine,
whereas the small nodules: @ mm) consisted of a diverse and black locust was monitored (Elmer et al., 2011; Schaaf et
community including clones with noRhizobium nifHgene  al., 2010), which indicates a very fast progress in ecosystem
sequences. Regarding the impact of the soil age on the conttevelopment.
munity composition a clear distinction between the small and
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In this respect, monitoring of the vegetation revealed that thes yr (5a) after initial ecosystem development started, where
legumeTrifolium arvense(L.) appeared as one of the pio- the clover revealed a density of up to 25% (Elmer et al.,
neering plants already after two years of ecosystem develop2011). We characterized the diversity of nitrogen fixing mi-
ment. Its abundance steadily increased in the following yeargrobial communities in the nodules by targeting thiéH
and peaked after four years (Elmer et al., 2011). Alreadygene, which codes for the Fe-protein of the dinitrogenase
after 5yr of ecosystem development significant concentrareductase. To further characterize the analyzed plants and
tions of carbon in the soil developed, whereas the nitrogemodules, we measured thé&H gene abundance in the same
pools remained low. These results underline the advantage afodules, carbon and nitrogen content of the plants, the nod-
legumes in nitrogen poor ecosystems. ule numbers and different soil parameters. Due to the higher
As legumes form symbiotic interactions with rhizobia, environmental stress level at the very beginning of ecosys-
they are able to survive in soils with low amounts of tem development and the enrichment of effectivelegu-
available nitrogen as 75 and 90% of the nitrogen neededninosarumecotypes because of the successive presence of
for growth is provided by the symbiotic partner (Jacot et T. arvensewe expected that the level of intraspecies diver-
al., 2000). Boswell et al. (2007) demonstrated that up tosity of R. leguminosarumodulating clover will change with
11kgNhalyr~1 can enter the soil by symbiotic nittogen ongoing succession, being more diverse at the beginning of
fixation from T. arvenseHowever, the successful establish- ecosystem development.
ment of the symbiosis strongly depends on (i) the survival
of the bacteria in bulk soil mainly during autumn and win- _
ter; (ii) the colonization of the rhizosphere of the host plant,2 Material and methods
which in the case of clover, is followed by root hair curling
and the formation of an infection thread; and (iii) the intracel-
lular infection and nodule development (Crespi areh@z,  gamples were taken from two sites directly adjacent to the
2000; Sessitsch et al., 2002; Markmann and Parniske, 2009)ificial catchment “Chicken Creek”, which is located in an

These high numbers of different interim stages make the Progpencast lignite mining area in the south of Cottbus, Lower

cess prone to disturbances or environmental stresses. The,satig (5236 N, 14°16 E). This region is characterized by
majority of plants can only form a symbiosis with arestricted 5 g h_continental climate with a mean annual temperature of
number of rhizobia for examplErifolium species preferably g goc ang relatively low annual precipitation with 563 mm
form a symbiosis withRhizobium leguminosarurov. tri- (Gerwin et al., 2009).

folii, but for some exceptions it is known that they can be " The catchment has a size of 6.5ha and was composed
infected by different strains. For exampaseoluan be ¢ 5 gandy substrate (84.8% sand, 9.1% silt, 6.1% clay)
infected byR. leguminosarunspecies and burkholderia  f3m pleistocene sediments, which were deposited as termi-
(Doyle, 1998; Gyaneshwar et al., 2011). Furthermore, it ha,5| moraine during the Saale-glacial period. Below the sandy
been often postulated that the inter- and intra-species diverg iface a base layer of Tertiary clay was constructed as a

sity of rhizobia, which are able to form nodules with selected 5 rier for seepage water. Further details about the technical
legumes, strongly depend on environmental conditions like;qstryction and the initial conditions are given by Gerwin et
soil pH and water content or biogeography. For example, ity (2009) and Kendzia et al. (2008). The construction of the

was shown thar. etli as microsymbiont of beans can be ¢5ichment was finished in September 2005, which was there-
replaced byR. tropici under acidic conditions (Anyango et ¢4 defined as “point zero” for ecosystem development.
al., 1995; Sadowsky and Graham, 2006) and that diversity of 1o sampling site in the east of the Chicken Creek was

rhizobia infecting chickpea (Alexandre et al., 2009)L@r ;o ngirycted as part of the catchment and has thus the same
tus corniculatugSotelo et al., 2011) depends on the investi- development stage. Plant coverage was between 25 and 35 %.

gated biogeographic region. Moreover, annual legumes likerpg gominant plant species weFfolium arvense, Calam-

T. arvensdace the problem that the symbiosis must be eStab'agrostis epigejos, Echium vulgare, Daucus carated Cir-

lished each year again (Sessitsch et al., 2002). However, Wit@ium arvenseThe second site in the west of the Chicken
each passing year the rhizobial population might increase, ageek was restored to “point zero” in 2008, thus the progress
they are released from the nodules at the end of each growings | development is three years behind the artificial catch-
season (Sadowsky and Graham, 2006) dominated by thosgent Only 5 to 10% of the site was covered with vascu-
ecotypes which form the most efficient symbiosis related (P plants. Dominant plant species w&enyza canadensis,
thg particular plant cultivar and the given environmental CO”'TussiIago farfara, Calamagrostis epigejos, Echium vulgare
ditions. andTrifolium arvenséEImer et al., 2011). At both sites three

In this study we compared the diversity of nitrogen fix- plots (3x 3m) were selected. Each subplot was 50 m apart
ing microbes associated with arvensgL.) at the “Chicken .01 each other.

Creek” catchment collected from nodules from a site 2yr
(2a) after initial ecosystem development started, where
arvenserecently appeared (density below 5%), and a site

2.1 Sampling site

Biogeosciences, 10, 1188192 2013 www.biogeosciences.net/10/1183/2013/



S. Schulz et al.: Diversity pattern of nitrogen fixing microbes in nodules offrifolium arvense(L.) 1185

2.2 Sampling procedure and sample preparation the supernatant was checked with a spectrophotometer (Nan-
odrop, PegLab, Germany). Afterwards, samples were frozen

Sampling took place in July 2010. Thus, the eastern site hadt —20°C. The obtained DNA extracts were used for the

an age of 5yr (5a) and the western an age one of 2 yr (2a)quantification of thenifH gene abundance and the prepara-

From each plot thredrifolium arvense(L.) plants at the tion of nifH gene clone libraries.

flowering stage and bulk soil (0-5cm) samples were taken.

Plants were separated in green biomass and roots. The abov&@5 Quantitative real-time PCR of thenifH gene

ground biomass was used to determine the carbon and ni-

trogen content. The roots were directly rinsed with sterile Quantitative real-time PCR was conducted on a 7300 Real-

water and nodules from all plants were counted and classilime PCR System (Applied Biosystems, Germany) using

fied in three groups of different sizez@ mm, 2-5mm, and  SybrGreen as fluorescent dye. For the quantitative real-time

> 5mm). Afterwards all nodules were surface sterilized by PCR (qPCRifH primers described by &ch et al. (2002)

incubating the nodules for 5 min with 1 % Chloramin T (Ap- Were applied, which produced a 458 bp PCR fragment. As

pliChem, Germany) and three times rinsing with sterile wa-Standard curve a serial dilution @@ 10’ copies pL=?) of

ter for 5min (Singh, 1992). Sterility was tested by dipping & Plasmid containing theifH gene fragment oAzospiril-

the nodules on LB agar plates followed by an incubation oflum irakenseDSM 11568 was used. The reaction mixture

the plates for 48 h at 3@C. Afterwards nodules were directly consisted of 12.5 uL Power SybrGreen Master Mix (Applied

frozen at—20°C. Bulk soil samples were stored at@ for ~ Biosystems, Germany), 0.12 M of each primer (Metabion,

subsequent soil chemical ana|ysis_ Germany), 0.5uL of 3 % bovine serum albumin (Sigma,
Germany), and 2 pl DNA. The reaction volume was adjusted
2.3 Chemical analysis of soil and plant samples to 25 pL with nuclease-free water. The thermal profile was as

follows: a 10 min hot start at 98, followed by 40 repeti-
Each individual plant and bulk soil material was dried at tions of 45s at 98C, 45s at 553C and 45s at 72C (Towe
65°C for 2days. Afterwards, it was ball milled (Retsch etal., 2010). For confirming specificity of the amplicons af-
MM2, Retsch GmbH, Germany) and 1.5mg plant materialter each PCR run a melting curve and a 2 % agarose gel were
and 80 mg soil were weighted into 335 mm and 5< 9 mm conducted. The amplification efficiency was calculated with
tin capsules (IVA Analysentechnik, Germany), respectively. the equation Efi=[101/-51°P® — 1] and resulted in 83 %.
The total carbon and nitrogen contents were measured with _ _ o
the Elemental-Analysator “Euro-EA’ (Eurovector, Italy). 2.6 Preparation ofnifH gene clone libraries and

Nitrate (NG;-N), ammonium (NH-N), dissolved or- sequencing

ganic carbon (DOC) and nitrogen (DON) of all soil samples . . )
were determined in Caglextracts. For the extraction, 20g [N total 12 clone libraries were prepared (2 sites, 2 nodule
of fresh soil was overhead shaken for 45min with 20 mL Sizes: and 3 plots). For the amplification mfH the same

0.01 M CaC. Afterwards, the extracts were filtered through Primers as for the gPCR were used. The reaction mixture
a Millex HV Millipore filter (pore size, 0.45pum). Nitrate, consisted of 2.5 uL TopTaq buffer, 5 pL Q-Solution, 2.5 pL of

ammonium and DON were determined by continuous flow2 MM dNTPs (Fermentas, Germany)60.2 KM of each primer
analysis with a photometric autoanalyzer (CFA-SAN Plus, (Metabion, Germany), 0.5 uL BSA (3 %), 1 uL TopTaq Poly-

Skalar Analytik, Germany). DOC was determined with the Merase (Qiagen, Germany) and 1 pL. DNA. The reaction vol-
DIMA-TOC 100 (Dima Tec, Germany). ume was adjusted to 25pL with nuclease-free water. The

thermal profile was as follows: a 10 min hot start at®@4
followed by 35 repetitions of 45s at 9€, 45s at 57C, 45 s

at 72°C and a final prolongation of 10 min at 7€. The PCR

For nucleic acid extraction, from three plants per plot a smaIIprOdl‘ICtS were then checked for the F'th Size 9f 458 bp and
(<2mm) and a medium (2-5mm) sized nodule was used/€aned up with the Qiagen PCR Purification Kit. ®

The three nodules from the same size class were pooled For cloning and transformation the Zero BiffhiTopd

and DNA was extracted by thermolysis. Plants from the Cloning Kit (Invitrogen, Germany) was used as recom-
three different plots were treated as true replicates. NodMended by the manufacturer. After the transformation, 30
ules were crushed under sterile conditions with a pestle irflones per sample were cultivated overnightin 5mL LB con-
300 L lysis buffer (Krasova-Wade and Neyra, 2007). Thetaining 50 pg mL* kanamycin. Plasmids were isolated with
lysis buffer consisted of 0.2 mg mt* ProteinaseK (Biozym, the NucleoSpif? Plasmid Kit (Macherey Nagel, Germany)
Germany), 0.05 % Tween20 (Sigma, Germany) and 10 % Ta@nd inserts were checked for the right size by EcoRI diges-
Polymerase PCR-Buffer (Invitrogen, Germany). Afterwards, tion (Fermentas, Germany). Finally, clones with the right size
samples were incubated for 1h at®5and 10min at 95C.  were used for sequencing.

Cell debris were centrifuged for 5min at 16 000 g (modified Inserts were sequenced on the ABI PRBN3730 DNA
after Sambrook and Russell, 2001) The quantity of DNA in Sequencer (Applied Biosystems, USA) using the BigDye

2.4 Nucleic acid extraction from nodules

www.biogeosciences.net/10/1183/2013/ Biogeosciences, 10, 11822013
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Table 1.Chemical parameters of bulk soil and plants. Dissolved organic carbon (DOC), dissolved organic nitrogen (DON), total carbon (TC)
and total nitrogen (TN) contents were measured in bulk soil samples from the 2a and the ba=s#esfandard deviations in parenthesis).

Plant carbon and nitrogen contents were measurettifalium arvense(L.) from the 2a and the 5a sita & 9, standard deviations in
parenthesis). Nitrate concentration was below the detection limit for all sample8(1gg1). A significant impact of soil age on the
measured parameters was tested with one-factor ANQWA 0.05) and indicated by an asterisk.

soil [ug g1 plant [%]
NH, DON ™ DOC TC c* N* CIN
2a  0.04(0.02) 0.33(0.03) 591(254) 3.04(0.64) 137(84A87.1(47) 1.68(0.3) 22.3(2.9)
5a 0.02(0.003) 0.46(0.12) 8.01(0.93) 3.53(0.38) 149 (3/09).4(1.0) 2.16(0.46) 19.9(3.9)

Terminator v3.1 Cycle Sequencing Kit (Applied Biosys- The Shannon evennesBy) is based on the Shannon diver-
tems). The sequencing reaction consisted of 2 uL Buffer Desity index (H = — > _(pi) (Inpi)) and is calculated as fol-
scriptor Table Buffer, 2 uL Big Dye Terminator v3.1 Mix, lows: Ey = H'/InS, where S is the total number of individu-
1uL M13 forward sequencing primer (10pmol), 100 ng als andp; is the number of individuals in the i-th OTU.

DNA and was adjusted with nuclease free water to a final vol- Retrieved uniquaifH nucleic acid sequences are available
ume of 10 uL. The thermal profile started with 1 min°@  at the GenBank database under the Accession No JX501529—
and was followed by 35 repetitions of 15s at°@g 15s at  JX501657. For details about the clones comprising identical
50°C and 4 min at 60C. sequences see Table S1 in the Supplement.

2.7 Phylogenetic analysis 2.8 Statistic

Sequences were verified using the BioEdit Sequence Alignstatistical analyses were carried out with the R environment
ment Editor v. 7.1.3. (Hall, 1999). Nucleotide sequences(http://www.r-project.or Prior to analysis, data were tested
were translated into protein sequences with the EXPASM‘O[‘ normal distribution by Q_Q p|ots and the K0|mog0rov_
Translate Toollfttp://web.expasy.org/translatednd BlastX  smirnoff test. If necessary data were log transformed prior
was used to confirm that the sequence codes for NifH. Alltg further analysis. Soil and plant parameter were tested for
sequences including stop codons or deletions were omittegigniﬁcam differences by one-factor ANOVA. Gene abun-
from further analyses. In total, 233 sequences were use@ance data and the amount of the differently sized nodules
for further analyses, wherefrom 114 originated from the 2aper plant were tested by two-factor ANOVA. Pairwise com-
site and 119 from the 5a site. Sequence alignments, comparisons between the different nodule size classes were done
struction of the phylogenetic tree and calculation of a dis-wjth t-tests, which were corrected for multiple testing with
tance matrix was done with the ARB software packagethe Holm method. The influence of soil age and nodule size
(www.arb-home.de (Ludwig et al., 2004). For the phylo- on thenifH gene diversity was tested on the basis of the dis-

genetic analyses of theifH transcripts, we used the up- tance matrix with Adonis, implementing 999 permutations.
datednifH database from Zehr et al. (200 tip://www.

es.ucsc.eduivwwzehr/research/databasedequences were

imported to the databases, and the alignments were checkefl Regyits

and manually corrected. The phylogenetic tree was calcu-

lated by applying the neighbor-joining algorithm (Saitou and 3.1 Chemical analysis of soil and plant samples

Nei, 1987) (1000 bootstrap replications). All phylogenetic

analyses were done on DNA level as strongly relatéH Analyses of both soils revealed only little differences in car-

sequences can be expected in clone libraries from noduleon and nitrogen contents, which were not statistically sig-

(Opperdoes and Lemey, 2009). nificant. However, by tendency total carbon (TC) and nitro-
Calculations of operational taxonomic units (OTU) were gen (TN) concentrations were higher in soil samples from

done with mothur vs. 1.26.0. (Schloss et al., 2009). As esthe 5a site compared to the 2a site. However, whereas TN

timators for diversity and evenness the Invsimpson and theontent was 1.4 times higher in the soil samples from the

Shannon evenness index were applied, respectively. The Irga site (5.91 pggt, respectively 8.01 ugd), the total car-

vsimpson index is the inverse (Invsimpseri/D) of the  pon content increased only about a factor of 1.1 from 137

classical Simpson diversity index (D), which is calculated by (2a) to 149 ugg* (5a), resulting in a decreased C/N ratio

the formulaD = " (ni(ni —1))/(n(n — 1)), wheren; isthe in soil samples from the 5a site. The nitrate concentrations

number of individuals in the i-th OTU andis the total num-  were below the detection limit for both soils: 0.3 ugg?).

ber of individuals in the community. Also ammonium concentrations were low, however higher

values were measured in the 2a soil, reaching 0.04}igg

Biogeosciences, 10, 1188192 2013 www.biogeosciences.net/10/1183/2013/
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Fig. 1. Distribution of the different nodule size classes. Nodules

from each site were grouped after their size in three class2snm Fig. 2. Copy numbers per nodu_le of the functional_geu'ltl'. Gene
(small), 2-5mm (medium) ang 5mm (large) ¢ = 9, error bars abundances were measured in small and medium sized nodules

gom the 2a and the 5a site & 3, error bars represent standard

represent standard deviations). Significant differences between the-""" °
eviations).

three nodule size classes are indicated by different capital letters foﬁj
the 2a site and by small letters for the 5a site. Pairwise comparisons

were done with &-test where the Holm method was applied for . .
multiple testing. 3.3 Abundance ofifH genes in the nodules

The amount ofnifH gene copies per nodule is shown in

compared to 0.02pgd in soil samples from the 5a site. Fig. 2. ngrall, thenifH gene abundance ranged around

In contrast dissolved organic nitrogen (DON) was higher in® X 10° copies per nodule in the small nodules independent

the 5a soil reaching 0.46 ugy Dissolved organic carbon from the S|t_e t_he plants were sampled. Regarding the medium

(DOC) concentrations did were in the range of 3.04Y g nodules, .S|m|lar val_ues were measured for plants grown on

to 3.53 ug g'1. Although slight differences in soil parameter the 5a soil, whereasifH gene copy numbers per nodule were

were detectable between both sites they were not significang-5 times higher in the nodules from the 2a site. However, as
Parallel to the higher DON and DOC values in the 5a soil,the values stron_gly fluctuated no significant influence of soil

plants from the 5a site comprised significantly higher car-2ge or nodule size was detected.

bon and nitrogen contents, 41.4 % carbon and 2.16 % nitro- S . .

gen compared to 37.1 and 1.68 %. However, as both, carboﬁ'4 thylogeneuc diversity of nodule associated

and nitrogen, increased, the C/N ratio of the plants did not diazotrophs

differ significantly between both sites. Data are summarize

. dThe analysis of rarefaction curves on the 97 % DNA homol-
in Table 1.

ogy level revealed no differences in the diversityndH har-
boring microbes in medium sized nodules from plants grown
on the two different sites. At that similarity level the maxi-

In total 297 nodules of an indeterminate shape were collecteum number of OTUs per group of nodules was 3 (Fig. 3).
from 18 plants, 154 from the 2a site and 143 from the 5a site When the rarefaction curves were analyzed on a 99 % sim-
Nodules were classified into three classes: (i) small noduled@rity level for the medium sized group of nodules up to
(< 2mm), (i) medium nodules (2—-5 mm), and (iii) large nod- 6 OTUS for nodules from plants grown on the 2a site were de-
ules & 5mm). The distribution of the nodules is shown in tected, whereas the number of OTUs from the group of nod-
Fig. 1. Overall, the amount of nodules significantly decreased/!€s grown on the 5a site were significantly lower (3 OTUs).
with their size p <0.001). Thus, small nodules, made up These data indicate a higher diversity in the medium sized
67 % (107 nodules) in plants derived from the 2a soil andndules grown on the younger site. Overall the diversity of
80% (116) in plants derived from the 5a soil. Consequently,NifH harboring microbes was bigger in the small nodules
more medium and large nodules were collected from plantghan in the medium sized nodules, where up to 10 OTUs (on
from the 2a site comprising 26 and 7 %, respectively, while@ 99 % similarity level) were be detected. In contrast to the
from plants sampled from the 5a site only 17 and 3% pe-data described for the group of medium sized nodules, the

signed to the small size class was higher in plants grown on

3.2 Distribution of nodules

www.biogeosciences.net/10/1183/2013/ Biogeosciences, 10, 11822013
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the 5a site. As the number of analyzed clones was too low foiTable 2. Distribution of sequences among different operational tax-
nodules of the small class from plants grown on the 5a siteonomic units (OTU). In total sequences were consolidated in 4
as well as for nodules of the medium size class grown on theroups: 2a small, 2a medium, 5a small and 5a medium. The subse-
2a site to reach full coverage, which is needed for a quantiduent classification of sequences in different OTUs was done with
tative diversity assessment, the following analytic steps werdnothur v. 1.26.0..on a 97 % similarity level for each sample individ-
performed on a 97 % homology level. ually. As indices for dlversny and evenness_the Invsump_son index
Based on this 97% homology calculation, all obtained and the Shannon Evenness index were applied, respectively.

nifH sequences were distributed among 9 OTUs (Table 2). In
the clone libraries from the medium sized nodules and from
the group of small sized nodules from plants grown on the 2a
site, sequences clustered in three OTUs each. In contrast, cal- 1 13 2

Number of sequences

2asmall 2amedium 5asmall 5amedium

culations resulted in six OTUs for the sequences of the group ; B ~ ? -

of small nodules from plants grown on the 5a site. 4 _ _ _ 1
Adonis calculations revealed a significant influence of the 5 15 74 19 77

nodule size p = 0.001) on thenifH gene diversity. While 6 - - 6

highest diversity was estimated for nodules from plants sam- 573 ? f g ~

pled on the 5a site covering 6 OTUs and resulting in an g _ _ _ 1

Invsimpson value of 3.59, the sequences were evenly dis- Invsimpson 3.08 1.08 3.59 1.05

tributed among three OTUs for the small nodules from the 2a  Shannon Evenness 0.98 0.17 0.72 0.12

site. As a result clone libraries of the small nodules from the
two sites were significantly differenp(= 0.048). In contrast
to the small nodules, clone libraries from the medium nod-these ecosystems the success of a symbiosis depends on the
ules were very similarg = 0.745) and diversity and even- indigenous rhizobial community being already present in the
ness were very low, as more than 95 % of the sequences clusoil. Therefore, it was the aim of this study to compare the
tered in OTUS. diversity of nifH carrying diazotrophs in the nodules of the
The phylogenetic affiliation of thaifH gene sequences, pioneering cloveirifolium arvenseL.), taken from a 2yr
as depicted in Fig. 4, revealed that two main clusters werg2a) and a 5yr (5a) old soil. Both sites developed under sim-
formed. From all sequenced clones 24 fell in Cluster I, while ilar climatic conditions and from the same starting material,
209 could be assigned to Cluster II, which were interspersedhus these effects as drivers for the observed differences in
throughout OTU5-8. Generally, Cluster Il was composed ofdiversity pattern could be excluded.
Rhizobiumand Sinorhizobium but all sequences exhibited  As we were especially interested in rhizobia, which have
strong homology withRhizobium leguminosarunbv. tri- the potential to fix atmospheric\this study focused on the
folii. Despite the high similarity t&. leguminosarunbv. tri- analysis of theifH gene instead of other housekeeping genes
folii, sequence variations among the OTUs ranged from 10®r genes involved in nodulation (Sotelo et al., 2011; Rogel et
to 92.4 % similarity. Surprisingly besides sequences whichal., 2011; Talbi et al., 2010). Thus, we can exclude toat"
were closely related to rhizobiaifH sequences, the OTUs, butnifH™ rhizobia were investigated, which are not advan-
which could be assigned to cluster I, were closely relatedtageous for the nitrogen budget of the host plant. Moreover,
to Bradyrhizobia, Burkholderia, Leptothriand Azospiril- analyses were done on the level of DNA to distinguish se-
lum. Based on the phylogenetic affiliation it is very likely quences of closely related biovars. For example NifHRof
that OTU9 is homolog tcAzospirillum OTUL1-4 were as- leguminosarunbv. trifolii andviciae bv. share 95 % of the
signed to a very diverse subcluster composedzdspira, amino acids, while on DNA level similarity ofifH is below
StenotrophomaandBurkholderia, AzoarcuandLeptothrix 85 %.
which made a clear affiliation almost impossible. Measurements of the nitrogen content of the plants showed
that the clover from the 5a site exhibited significantly higher
nitrogen concentrations, although DON and j\lldid not

4 Discussion differ significantly between the two soils. Therefore, higher
nitrogen contents can be related to higher nitrogen fixation
A lot of research has been done on leguRt@zobiumsym- rates, which might be a fact of higher number of nodules

biosis in the last century mainly in the context of agriculture per plant or a generally higher activity of nitrogen fixing
to improve efficiency of plant microbe interactions with the microbes. Voisin et al. (2010) showed that nodule forma-
aim to enhance yields (Fischer et al., 2012; Perrineau et altion is induced under nitrate limitation and as no nitrate
2011; Naeem et al., 2004). However, little is known aboutwas detectable at both sites, it is not surprising that plants
that interaction of rhizobia and legumes in initial ecosystems,developed a relatively high number of nodules. In aver-
where nutrients and microbial biomass are low and inocula-age, 16 nodules per plant were detected, which is compa-
tion with Rhizobiumnstrains does not occur. Consequently, in rable or even higher than in other studies where systems
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S. Schulz et al.: Diversity pattern of nitrogen fixing microbes in nodules offrifolium arvense(L.) 1189

small medium However, obviously the medium sized nodules did not drive

" 09922 09922 the difference between the sites. In contrast to the medium
~~~~~~~~~~ 097 2a seeeeeeees 09722 . . . . .pr
10 {Z77 omsa - {o7oo oms sized nodules, Adonis permutation tests revealed a signifi-

cant influence of soil age on th@fH harboring microbial
community of the small sized nodules. The differences are
mainly based on an increase of clones codingRiolegumi-
nosarumbv. trifolii and in addition to a decrease of species
from cluster I. Especially, the amount of clones which har-
bored the insert ofifH related to OTUS, increased in plants
from the 5a site. Assuming th&. leguminosarunirom
o 0 2 % 4 S0 2 4 6 8 10 OTUS is the most effective ecotype in nodulatifgarvense
number of sequences at this site, the small nodules being compose® ofegumi-
nosarumfrom OTU5 might have had the potential to develop
Fig. 3. Rarefaction curves of the different clone I.ibraries.rriiH to a medium or large nodule over time. The higher proportion
gene sequences. In total sequences were consolidated in 4 9rouRss clones assigned to OTUS might be attributed to an enrich-

2a small, 2a medium, 5a small and 5a medium. Calculations Werement effect of those bacteria in the 5a soil. whErarvense
made on 99 and 97 % similarity level for the small (left) and the '

medium (right) sized nodules from plants grown on the 2a and theVas already present !n the prewpus y.e_ars.TAarV(.anses .
5a site. Calculations were done with mothur v. 1.26.0. an annual plant species nodule inhabiting bacteria are peri-
odically released at the end of the vegetation period (Sad-
owsky and Graham, 2006). In contrast to inoculated species,
which are often replaced by indigenous species until the next
without inoculation of rhizobial strains were studied (Naeem vegetation period, naturally occurring rhizobia, which were
et al., 2004; Wielbo et al., 2010). All developed nodules hadenriched in the nodules, survive (Sessitsch et al., 2002). Con-
an indeterminate shape, which is the typical morphology ofsequently, we assume that the probability of a successful de-
a Trifolium-Rhizobiumsymbiosis (Sadowsky and Graham, velopment of an effective legunighizobiumsymbiosis in-
2006; Gage, 2004). It is very likely that the peak of nod- creased year by year.
ule abundance was reached at the time of sampling, becauselt is known that nodules formed in response to the presence
the plant was in the flowering stage where most nitrogen isof indigenous rhizobia in soil often exhibit a higher diversity
needed (Malhi et al., 2007). At both sites the majority of nod- (Liu et al., 2007; Zakhia et al., 2006) compared to systems
ules was small, which is in line with observation of Zahran et where high numbers of selected rhizobial strains have been
al. (1998), who stated that wild legumes mostly form small inoculated. In the small nodules from the 5a site highest rhi-
nodules. This is attributed to the fact that indigenous rhizobiazobial diversity was observed. Beside sequences belonging
are often adapted to the harsh environmental conditions buio OTU5, some sequences clustered in OTU6, 7 and 8 as
at the same time are less effective in forming the symbiosisvell. These organisms might play an important role to set
(Wielbo et al., 2010). up optimal conditions for nitrogen fixation in the nodules
As the evaluation of the amount and distribution of small, and improve fithess of effectivR. leguminosaruniv. tri-
medium and large nodules resulted in no significant differ-folii strains. Moreover, the presence of other tRdaizobium
ence between plants from the two different sites, the questiosequences (OTU1-4, 9) might influence nodule establish-
arose if the symbiotic microbial community of the differently ment. As shown foPseudomona®acillus, Sphingomonas
sized nodules differed. To address that questiifij clone  and others this might be due to co-invasion of rhizosphere
libraries and the influence of soil age on the nodule commu-bacteria (Zakhia et al., 2006; Muresu et al., 2008). There-
nity were compared. fore, it is not surprising that similarities with typical species
Clone libraries of the medium sized nodules showed sim-that colonize the rhizosphere of annual plants were found in
ilar diversity pattern for both sites. The community was cluster I. However, the role of non-rhizobial species in nod-
mainly composed oRhizobium leguminosarutwv. trifolii, ules is discussed controversially. For example Plazinksi et
which exclusively formed one OTU (Table 2R. legumi-  al. (1985) showed thakzospirilluminhibited the symbiosis
nosarumbv. trifolii is the common and most effective strain of Rhizobiunwith Trifolium repensin contrast, the presence
infecting Trifolium species (Doyle, 1998). It is known that of Pseudomonaspecies can improve nodulation (Bolton et
the plants are able to control nodule size and therefore proal., 1990). As cluster | was very diverse, it is difficult to figure
mote growth of nodules formed by effective rhizobia (Voisin out the specific role of the sequences found.
et al., 2010; Kouchi and Yoneyama, 1984). Therefore, one
can assume that strains inhabiting medium or large nodules
were most competitive and effective in forming the symbio-
sis. Otherwise nodule growth would not have been promoted
by the plant.

number of OTUs
@
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499‘ Outgroup

Pseudomonas sturzeri A1501 (CP000304) =
OTU9 (1)
Azospirillum lipoferum 4B (FQ311868)
Azospirillum sp. B510 (AP010946)
Acidithiobacillus ferrooxidans (CP001219)
Bradyrhizobium japonicun USDA 110 (BA000040)
Burkholderia mimosarum strain (FN908428)
Burkholderia phymatwn (HM019531)
Burkholderia unamae strain SCCu 23 (EF158802)
Burkholderia xenovorans (CP000271)
Stenotrophomonas maltophilia (DQ431162)
OTU4 (1)
Azospira oryzae (U97115)
OTU3 (1)
Azoarcus tolulyricus (U97122)
Leptothrix cholodnii SP-6 (CP001013)

— Cluster I

0oTU2 (2)

OTU1 (15)

Jf_|: Rhizobium erli CFN 42 (U80928)
67 Sinorhizobiwm fredii NGR234 (U00090)

88 Rhizobium leguminosarum bv. viciae 3841 (AM236084)

99

I

OTUS (2)

OTU7 (16) — Cluster I

OTUS (3)
Rhizobium leguminoscrum bv. trifolii WSM1325 (CP001623)

OTU6 (3)

OTU5 (185) -
Fig. 4. Phylogenetic tree of the obtained partiffH 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
values are given in percent next to the branches (1000 replicates). The outgroup is compdstitanbpyrus kandlerV19 (AE009439),
Methanosarcina acetivorarG2A (AE010299) ancClostridium kluyverDSM 555 (CP000673).

5 Conclusions interest for future research, mainly when the size of the nod-
ules can be linked to their particular contribution to nitro-
gen fixation. Moreover, it would be interesting to address the

In summary the data indicate that the plants from the 5a situestion if similar observations can be made for perennial

were more effective in nitrogen fixation, as their nitrogen jegumes like_otus corniculatugL.).

content was significantly higher, although the ammonium

concentrations in soil did not differ significantly. This devel- ) ) o

opment might be rather attributed to a change in the legumeSUPPlementary material related to this article is

Rhizobiurmsymbiosis than an overall increase of nodules. In@vailable online at: hitp://www.biogeosciences.net/10/

this regard, the hypothesis, that higiéfH diversity can be ~ 1183/2013/bg-10-1183-2013-supplement.pdf

expected in the nodules from the 2a soil, was partly dis-

proven. Wh'le_ no dlffere.nce was observgd f_o_r the_med'umAcknowledgementsThis study is part of the Transregional Col-

nodules Adonis calculations revealed a significant influencqaporative Research Centre 38 (SFB/TRR38) which is financially

Of SOiI age on the diVerSity Of the Sma” nOdUIeS. Furthermoresupported by the Deutsche Forschungsgemeinschaﬂ (DFG, Bonn)

the proportion ofR. leguminosarunbv. trifolii clones was  and the Brandenburg Ministry of Science, Research and Culture

higher at plants from the 5a site, what might be mainly at- (MWFK, Potsdam). We thank Vattenfall Europe Mining AG for
tributed to an enrichment of this bacteria due to the lofiger providing the research site Chicken Creek.

arvensehistory of this site and might be the reason for the Additionally, we thank the anonymous reviewers for their helpful

higher nitrogen content in those plants. This study was basedomments to improve the manuscript.

on one sampling point in time during the vegetation period.

Thus, the dynamic of nodules over time might be a topic of Edited by: R. Schulin
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