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Abstract: Soil samples from different locations with varied soybean cultivation histories were taken
from arable fields in 2018 in East Germany and Poland (Lower Silesia) to evaluate the specific
microsymbionts of the soybean, Bradyrhizobium japonicum, one to seven years after inoculation.
Soybeans were grown in the selected farms between 2011 and 2017. The aim of the experiment was to
investigate whether there is a difference in rhizobia contents in soils in which soybeans have been
recultivated after one to seven years break, and whether this could lead to differences in soybean
plant growth. The obtained soil samples were directly transferred into containers, then sterilized
soybean seeds were sown into pots in the greenhouse. After 94 days of growth, the plants were
harvested and various parameters such as the nodular mass, number of nodules, and dry matter in
the individual plant parts were determined. In addition, the relative abundances of Bradyrhizobium sp.
in soil samples were identified by sequencing. No major decline in Bradyrhizobium sp. concentration
could be observed due to a longer interruption of soybean cultivation. Soil properties such as pH, P,
and Mg contents did not show a significant influence on the nodule mass or number, but seem to
have an influence on the relative abundance of Bradyrhizobium sp. The investigations have shown
that Bradyrhizobium japonicum persists in arable soils even under Central European site conditions
and enters into an effective symbiosis with soybeans for up to seven years.

Keywords: Bradyrhizobium sp.; Glycine max; Central Europe; soil properties; Nitrogen concentration
nodules; Sulphur concentration nodules

1. Introduction

Soybeans are among the most important grain legumes worldwide. In order to meet domestic
protein requirements, the area under soybean (Glycine max (L). Merr.) cultivation in Germany has
increased in recent years (2019: 29.200 ha; +21.2% previous year) [1]. In order to fix nitrogen
symbiotically and exploit soybeans’ yield potential, soybeans live in obligatory symbiosis with the
bacterium Bradyrhizobium japonicum. However, B. japonicum is not native to Central European soils.
For this reason, soybeans are usually inoculated with B. japonicum before sowing under Central
European conditions. There are various preparations available in liquid or powder form, which are
added to the seeds directly before sowing. Narzona et al. [2] showed in a field experiment that
soybean-specific B. japonicum strains survived for at least 20 years after being introduced into the soil as
inoculum in Poland. Here, B. japonicum was detected at a maximum distance of 40 m from the original
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inoculation area, indicating that the mobility of B. japonicum is very limited, despite an intensive tillage
system. Brunel et al. [3] also found that B. japonicum survived in soil for more than 10 years, although
soybeans were not cultivated during this period. Obaton et al. [4] demonstrated the occurrence of
B. japonicum in Dijon (France) after 20 years without soybean cultivation. However, for effective
nodulation, the authors suggest re-inoculation after a cultivation break of 5 years. Additionally,
Triplett et al. [5] confirmed a high persistence of B. japonicum in silty loam soils and concluded that
re-inoculation within five years is not necessary. In addition, it was proven that the soybean cultivation
frequency and the time since the crop has been grown at the respective site have an influence on the
number of bacteria population [6]. The study recommends re-inoculation for a new soybean crop after
5.5 to 18 years, as a decrease in the B. japonicum population was observed in soil after this period.

Various studies have shown that soil properties also influence the survival and efficiency of nodule
bacteria. Buendía-Clavería et al. [7] were able to demonstrate differences in nodule formation as a
function of pH and the specific rhizobium. For example, B. japonicum can form more nodules on acidic
soils (pH 4.9) than Rhizobium fredii. In contrast, R. fredii is more competitive in alkaline soils (pH 8.1).
Both nodule bacteria are considered suitable for soybean cultivation in Europe. Revellin et al. [6] also
described that various biotic and abiotic factors influence the survival of B. japonicum. In this context,
they showed that there is no clear relation between the pH and nodule number, but calcareous soils
with a high pH represent a less favorable environment in terms of the rhizobia’s ability to survive
than other soils. Furthermore, the results suggest that phosphorus availability is not a limiting factor
for the growth and survival of B. japonicum. Additionally, Weaver et al. [8] showed that soil texture
and pH (5.6–8.2) do not have a significant influence on the number of soybean rhizobia. In addition,
there is evidence that B. japonicum shows higher nodule formation at low temperatures than other
Rhizobium strains [9,10]. This is the reason why B. japonicum is mainly used for inoculation in Central
European soils.

Soybeans are generally grown as the main crops in Germany and Poland. Intercropping of
soybeans is not common, as the seed is expensive. However, there are some farmers who grow
soybeans as an intercrop to achieve a better distribution of B. japonicum in the soil.

The research questions to be answered in this paper are:
Various studies have already shown that B. japonicum can survive in soil in Poland and France.

The aim of this study is to test the extent to which soybean-specific rhizobia can survive under the
conditions of East Germany and Lower Silesia, even after a longer cultivation break.

How do soil properties influence the presence of introduced B. japonicum strains?
Do nodule growth and shoot dry matter differ if the last soybean cultivation with inoculation

took place one to seven years ago?

2. Materials and Methods

2.1. Soil Samples and Experimental Design

After a small preliminary experiment for the test setup and execution, as well as an adjustment of
the test procedure in spring 2017, the soil samples were taken in early March 2018 from 47 different
fields of 14 farms located in Saxony, Saxony-Anhalt, and Brandenburg in Germany and Lower Silesia
in Poland. Additionally, samples were taken from trial plots with soybean catch crop cultivation
from Dresden University of Applied Science in Dresden-Pillnitz and the Wroclaw University of
Environmental and Life Sciences (Poland) from 0–0.15 m soil depth. The fields have been cultivated
conventionally or organically for many years, with soybean crops grown either once or in two
consecutive years between 2011 and 2017. Each farm used inoculation with a B. japonicum vaccine
preparation for soybean cultivation (e.g., HiStick, Biodoz, Rhizolik tops). The main soybean crops
achieved average grain yields of 1.81 t ha−1 in organic and 2.75 t ha−1 in conventional cultivation
(Table 1). Typical follow-up crops were often winter wheat, maize, or winter rye. Soil samples
were taken by a soil sampling auger (operating length 0.15 m; ø 0.08 m) at all farms in spring 2018.
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Sampling was carried out at the farms according to the cultivation history, starting with the sampling
of the longest past cultivation of soybean. At each site, 15 punctures were made, so that a mixed
sample of about 12 kg of soil material was obtained per field. The equipment was cleaned with water
and sodium hypochlorite between each sampling. Due to the high humidity of the soil at the time of
sampling in the field, the samples from Poland were gently dried in a drying cabinet at 21 ◦C for 48 h.
A basic chemical analysis was carried out on each soil sample in accordance with the guidelines for soil
analysis of the Association of German Agricultural Analytic and Research Institutes e. V. (VDLUFA).
The pH values [11] and the phosphorus (P), potassium (K) [12], magnesium (Mg) [13], humus [14],
and total nitrogen (Nt) contents [15,16] were determined accordingly (Table 1). For better classification
of the different soils, the soil texture, soil index, and yield of the soybean harvest in this area are given.
In Germany, the soil index is a comparative system for assessing soil quality, with scores ranging
from 0 (very low) to 100 (high). This ratio is intended to express differences in yield, which under
otherwise equal conditions, can only be explained by natural soil properties [17]. Buckets and shovels
that were cleaned with water and disinfected (sodium hypochlorite) were used to prepare the soil,
and new nitrile gloves were used for each sample. Every soil sample (one sample was around 12 kg)
was mixed with non-sterile building sand (0–2 mm; N (%) = 0.004, C (%) = 0.022) at a ratio of 3:1 and
transferred to four disinfected pots (sodium hypochlorite, four replicates per field sample) (V 5.5 l;
ø 20 cm; H 25.5 cm). To prevent the transmission of bacteria through irrigation, a plastic bag (3 L)
was used for covering each pot. Five sterilized seeds of cv. Merlin (not genetically modified) were
sown in each pot. Seed sterilization was performed with 3% sodium hypochlorite. The seeds were
placed in a beaker with sodium hypochlorite for 20 min. In the next step, the seeds were rinsed three
times with sterile distilled water for five minutes. The seeds were put on paper to dry. The pots were
placed in the greenhouse in a random arrangement, depending on the operation. There were three
different types of controls: a field control from the experimental plot in Pillnitz, which had no history of
soybean cultivation and had never been inoculated (C BW); along with an uninoculated (C uI) and an
inoculated (C I) control (HiStick, BASF) consisting of a mixture (3:1) of non-sterile raised bog peat base
(BRiLL Bio Herb Mix: pH 5.9 (CaCl2), S 0.9 g/L KCI, N 80 mg/L CaCl2, P 120 mg/L CAL, K 450 mg/L
CAL, Mg 120 mg/L CaCl2) and sand.

Each variation had four replications, thus the experiment involved 224 containers (summarized
below): three different controls (C BW, C uI, C I), 46 field samples after soybean main crops from
farms, six different soil samples from intercropping field experiments with soybeans (with and without
inoculation) from Dresden and Wroclaw, as well as one sample from an intercrop trial with soybeans
from a farm.
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Table 1. Characterization of the soil samples used.

Nr. Farm Code s.c.y. Type pH P
(mg/100 g)

K
(mg/100 g)

Mg
(mg/100 g)

Humus
(%)

Nt
(%)

Soil
Texture **

Soil
Index *

Grain Yield
(t/ha) CV INO

1 C 2011 MC 7.0 17.4 14.8 5.6 1.6 0.14 sL 50 2.8 conv. yes
2 W 2011 MC 5.4 3.9 5.4 13.0 2.5 0.17 sL 50 3.5 conv. yes
3 C 2012 MC 5.9 17.3 6.6 8.3 1.8 0.13 uL 70 2.6 conv. yes
4 MEI 2013 MC 6.7 11.1 20.9 10.6 3.4 0.18 uL 72 3.4 conv. yes
5 E 2013 MC 7.2 10.5 18.3 13.8 2.8 0.06 sL 88 1.6 org. yes
6 G 2013 MC 6.6 11.5 17.7 12.8 2.4 0.08 sL 60 1.6 org. yes
7 W 2013 MC 6.4 16.4 28.4 16.7 3.3 0.23 sL 50 1.5 conv. yes
8 F 2013 MC 5.4 3.2 11.4 12.1 2.2 0.17 ND 83 3.0 conv. yes
9 C 2013 MC 6.6 20.2 32.2 10.6 2.0 0.19 sL 42 2.2 conv. yes

10 B 2014 MC 6.2 7.4 7.6 10.5 1.9 0.10 sL 38 2.4 conv. yes
11 MEI 2014 MC 6.6 8.2 30.2 9.8 9.8 0.22 uL 72 3.6 conv. yes
12 E 2014 MC 7.5 15.4 19.8 21.7 3.0 0.14 uL 82 3.8 org. yes
13 W 2014 MC 5.7 6.3 10.6 15.3 3.2 0.20 sL 50 1.8 conv. yes
14 K 2014 MC 5.8 2.8 11.7 12.8 1.3 0.21 uL 70 2.9 conv. yes
15 BP 2014 MC 7.2 5.7 18.8 11.0 2.0 0.09 ND 70 2.9 conv. yes
16 C 2014 MC 6.4 12.8 8.0 5.8 1.3 0.12 uL 70 3.1 conv. yes
17 J 2015 MC 6.5 11.2 10.6 17.6 3.5 0.13 sU 31 1.5 conv. yes
18 B 2015 MC 6.4 4.5 4.3 17.2 2.0 0.08 sL 40 1.8 conv. yes
19 MEI 2015 MC 6.6 10.2 19.9 9.4 2.7 0.17 uL 72 2.7 conv. yes
20 E 2015 MC 7.1 11.6 17.7 15.6 3.0 0.14 uL 88 1.0 org. yes
21 G 2015 MC 5.9 9.2 8.0 8.7 1.5 0.12 sL 53 1.3 org. yes
22 W 2015 MC 5.4 8.7 8.5 15.2 2.6 0.14 sL 50 2.0 conv. yes
23 K 2015 MC 6.2 7.4 9.4 12.0 1.6 0.26 sL 83 3.0 conv. yes
24 A 2015 MC 6.3 6.6 11.8 11.5 1.0 0.21 ND 55 1.5 conv. yes
25 BP 2015 MC 6.3 3.6 15.1 13.4 2.4 0.23 ND 70 2.2 conv. yes
26 C 2015 MC 6.4 16.4 11.0 11.2 1.3 0.15 uL 70 2.7 conv. yes
27 J 2016 MC 6.0 12.1 8.9 7.9 2.6 0.09 sU 28 3.4 conv. yes
28 B 2016 MC 6.1 5.9 11.5 14.3 2.2 0.12 sL 42 2.9 conv. yes
29 MEI 2016 MC 6.6 8.0 28.6 9.8 2.3 0.18 uL 72 3.2 conv. yes
30 E 2016 MC 7.5 14.0 13.6 11.2 2.1 0.10 sL 88 2.0 org. yes
31 K 2016 MC 6.6 3.0 12.1 15.8 1.3 0.21 sL 92 3.0 conv. yes
32 A 2016 MC 6.2 6.9 22.0 14.0 1.3 0.27 ND 55 3.3 conv. yes
33 BP 2016 MC 7.6 29.2 7.3 13.3 3.1 0.35 ND 70 2.7 conv. yes
34 C 2016 MC 6.2 8.9 12.8 9.4 1.6 0.17 uL 70 2.7 conv. yes
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Table 1. Cont.

Nr. Farm Code s.c.y. Type pH P
(mg/100 g)

K
(mg/100 g)

Mg
(mg/100 g)

Humus
(%)

Nt
(%)

Soil
Texture **

Soil
Index *

Grain Yield
(t/ha) CV INO

35 J 2017 MC 6.7 13.1 15.9 10.4 2.9 0.13 sU 28 3.5 conv. yes
36 P 2017 MC 6.7 4.3 6.3 15.1 2.1 0.10 tL 60 4.2 conv. yes
37 B 2017 MC 6.6 5.7 5.3 11.2 2.1 0.15 sL 42 3.5 conv. yes
38 MEI 2017 MC 7.1 9.9 22.1 9.1 1.6 0.08 uL 72 3.2 conv. yes
39 E 2017 MC 7.5 18.2 13.0 24.1 3.5 0.19 L 88 1.6 org. yes
40 G 2017 MC 6.2 13.0 27.6 11.7 2.2 0.11 sL 50 1.5 org. yes
41 W 2017 MC 6.0 5.0 9.0 18.5 2.5 0.17 sL 50 4.0 conv. yes
42 K 2017 MC 7.1 5.6 8.5 11.7 1.3 0.14 sL 57 2.9 conv. yes
43 A 2017 MC 6.0 7.6 13.8 11.7 1.0 0.02 ND 60 2.4 conv. yes
44 F 2017 MC 7.1 7.0 13.4 10.2 3.3 0.33 ND 83 2.8 conv. yes
45 BP 2017 MC 6.8 15.1 21.7 3.3 2.1 0.08 ND 50 2.9 conv. yes
46 C 2017 MC 5.7 20.0 7.8 11.1 1.3 0.20 uL 70 2.4 conv. yes
47 bp 0 c 5.9 2.5 7.5 16.1 10.7 0.16 ND ND − conv. no
48 Wr 17/18 IC 5.8 4.8 10.6 11.7 5.8 0.09 sL 70 − conv. yes/no
49 Pi 17/18 IC 6.9 6.7 12.3 13.9 2.6 0.12 sL 65 − org. yes/no
50 W 17/18 IC 5.5 5.6 12.7 14.9 5.2 0.49 sL 50 − conv. yes

Farm code: C = Sroda Slaska, W = Waldenburg, MEI = Meißen, E = Edlau, G = Görlitz, F = Rzeplin, B = Bauda, K = Zwanowice, BP = Lewin Brzeski, J = Jänkendorf, A = Miekinia,
bp = bog peat, Wr = Wroclaw, Pi = Pillnitz; s.c.y. = soybean cultivation year; MC = main crop; c = control; IC = intercrop; ND = not determined; CV = cultivation, conv. = conventional,
org. = organic; INO = inoculation; ** soil texture according to LUFA [18], sL = sandy loam, uL = silty loam, sU = sandy silt, tL = clayey loam, L = loam; * soil index converted as per
LINK et al. [19], since the scale for the soil index in Poland ranges from 18 to 100; shaded cells = samples for DNA sequencing.
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The plants were watered with non-sterile tap water as needed and grown under long daytime
conditions consisting of 16 h of light and 8 h of darkness. The observed average air temperature was
20.8 ◦C and the humidity was 56.2%. After 14 days, the first seedlings of the soybean germinated.
In some cases, the pots had to be reseeded because the seeds had not germinated sufficiently the
first time. Again, sterile conditions were maintained and new nitrile gloves were used for each pot.
Later, the number of plants was reduced to two per pot. In some pots only one plant survived.
This was mainly the case for samples from the experimental plots in Pillnitz and Wroclaw. On three
dates (23 May, 1 June, and 16 June), the chlorophyll content was measured with a chlorophyll meter
(SPAD-502Plus). Six measurements per pot were recorded. For each plant, two values were measured
on the lowest, middle, and youngest fully developed leaves. The plants were harvested in mid-June,
94 days after sowing. At that time, the first pods were partially visible on the plants. At harvest, all four
repetitions of a sample were always processed in succession. Furthermore, a mixed sample of the soil
was taken from all four replicates for later sequencing and stored at −18 ◦C until analysis. Each mixed
sample was taken with new nitrile gloves and transferred into sterile tubes (50 mL, 114 × 28 mm, PP,
SARSTEDT). The number of samples for sequencing was limited to 17 samples. This means that two
samples from the intercrop experiments without and with inoculation of the intercrop were included,
as well as 15 samples from farms that cultivated soybeans between 2011 and 2017. In order to obtain
the best possible overview, at least two samples were selected from each year in which soybeans were
last grown in the fields. This was not possible for the harvest year 2012, as there was only one farmer
who had grown soybeans in this year. In addition, we attempted to select samples from the same
farms in order to reduce the influence of the different cultivation methods. The plants were carefully
removed from the pots and the soil adhering to the roots was rinsed under clear water. The plant
roots and shoot mass were subsequently separated. The nodules were removed from the roots by
hand and counted. In the next step, the samples were dried and weighed at 55 ◦C for 48 h. Elemental
analysis (EuroEA3000-Hekatech) was used to determine the contents of total nitrogen (N) and sulfur
(S) in nodules, roots, and shoots (chromatographic separation of the oxidation gases). For this purpose,
the samples were ground to a particle size of ≤0.2 mm, the material was filled into 3 × 6 mm tin
capsules (IVA Analysentechnik, Meerbusch), then weighed with a fine balance (Mettler Toledo XA 105
Dual Range) with an accuracy of ±0.01 mg. The amount weighed was based on the carbon/nitrogen
ratio of the plant material, which ranged from 2.8 to 3.0 mg for soybeans. For the determination of the
sulfur content, about 7 to 10 mg vanadium pentoxide was added to the sample

2.2. Extraction, Purification and Sequencing of DNA from Soil Samples

For analysis of the microbial diversity in the respective soil samples, DNA was extracted by
using a DNeasy PowerSoil Kit (Quiagen, Hilden, Germany) following the instruction manual. For the
final elution of DNA, 60 µL sterile and double-filtrated water was used. The extracted DNA was
utilized for amplification of the V4 region of the 16S rRNA gene by using PCR [20]. The PCR reactions
contained 25 µL PCR water, 5 µL MgCl2 (2.5 mM final concentration), 10 µL 5× buffer (Promega,
Madison, WI, USA), 2.0 µL each of oligonucleotides 515f (GTGCCAGCMGCCGCGGTAA) and 806r
(GGACTACHVGGGTWTCTAAT) [21] at 0.4 µM final concentration, 0.5 µL dNTPs (desoxy nucleoside
triphosphates (stock solution of dATP, dGTP, dCTP and dTTP; final concentration in stock is each
12.5 mM)), 0.5 µL Taq-Polymerase (Promega, 0.05 U/µL final concentration), and 5 µL genomic DNA.
Reactions were held at 95 ◦C for 2 min to denature the DNA, with amplification proceeding for 30 cycles
at 95 ◦C for 30 s, 50 ◦C for 60 s, and 72 ◦C for 60 s. A final step of 10 min at 72 ◦C was added to th
procedure to ensure complete amplification. Successfully amplified DNA was purified with MSB®

Spin PCRapace (Stratec Molecular, Berlin, Germany) according to the manufacturer’s protocol. For the
final elution of DNA, 22 µL of sterile and double-filtrated water was used. Purified amplicons were
quantified with a Qubit 4 (Thermo Scientific™, Waltham, MA, USA) and quality control was achieved
by using a NanoDrop™ (Thermo Scientific™) following the manufacturer’s protocol. The samples were
sequenced with MiSeq Illumina at RTL Genomics (Lubbock, TX, USA). Data analysis was undertaken
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following the guidelines of RTL Genomics [22]. The retrieved 16S rRNA gene sequences are available
at the NCBI database with the bioproject accession number PRJNA663446.

2.3. Statistical Analysis

Analysis was conducted using the statistical analysis system (SAS) program version 9.3 of SAS
Institute Inc., Cary, NC, USA (2013). A Tukey’s test, Kruskal–Wallis test, and Pearson’s correlation
analysis were performed. Differences between treatments were significant or not at 5% for all sets of
data analyzed.

3. Results

3.1. Influence of Soil Properties on Nodule and Plant Growth

In order to investigate the influence of distinct soil parameters on the amount of rhizobia and on
the mass and number of nodules, a basic nutrient analysis of the soil was carried out. No significant
correlations between the parameters of the basic soil nutrient analysis and the nodule number, nodular
mass, and the nodule nitrogen (N) concentration were found. One exception was the weakly to
moderately significant correlation between humus and nitrogen values (Table 2). A high humus content
seemed to have a positive effect on nodule development. There was a weakly significant correlation
between the nodule N concentration and humus content (r = 0.32). The phosphorus concentration (P)
(r = 0.27) and the humus content (r = 0.29) had a weak influence on the nodule mass, which was not
significant. The total nitrogen content (Nt) in the soil had a negative weakly significant influence on the
number of nodules (r = −0.30) and the nodular mass (r = −0.31). A breakdown of the data according to
groups with pH < 6 and pH > 6 also exhibited no significant results. There was a medium relationship
between the pH value and root dry mass (r = 0.49), as well as between the pH value and number of
nodules (r = 0.38) at pH < 6. No significant correlations could be found at pH > 6, however the number
of samples at pH < 6 (N = 11) was smaller than at pH > 6 (N = 35).

Table 2. Correlation of soil parameters with nodule number, nodular mass, and nodular N concentration
per plant (arithmetic mean of four replicates per pot).

pH P K Mg Humus Nt

Number of nodules −0.15 −0.06 0.00 −0.19 0.12 −0.30 *
Nodular mass 0.03 0.27 0.01 −0.11 0.29 −0.31 *
N concentration 0.12 0.08 0.04 0.01 0.32 * −0.25

Normal distribution is given according to Shapiro–Wilk test and Pearson’s correlation test at p < 0.05. Components of
variation: *, significance at the p < 0.05, respectively.

3.2. Sequencing Results

The sequencing results of DNA from random samples from the different soils are illustrated in
Figure 1. In this context, the relative abundance levels of Bradyrhizobium sp. in soil samples from
17 different sites are compared. Additional data are given in Figure S1 and Table S1 (Supplementary
Materials). The inoculated peat (HiStick 109 vital cells) served as a reference value and had a relative
abundance of 99.62% Bradyrhizobium sp. The highest relative abundances of rhizobia were found in soil
samples from 2011 (no. 2) and 2015 (no. 22), which were both 2.89%. This means that no soybeans had
grown in these soil samples for seven and three years, respectively. This was followed by soil samples
from 2014 (no. 13, 2.83%) and 2013 (no. 4, 2.68%). High values of rhizobia were observed in three of
four samples from the location in Waldenburg. In contrast, the soil samples from the farm in Edlau
showed a low relative abundance of Bradyrhizobium sp. In this context, it should be noted that with
increasing pH values and P concentrations in the soil, the relative abundances of Bradyrhizobium sp.
decreased (r = −0.86; r = −0.63). Likewise, the K concentrations (r = −0.44) and the Mg contents
(r = −0.27) in the soil influenced the relative abundances of the rhizobia. However, these values must



Agriculture 2020, 10, 446 8 of 17

be examined carefully and only represent tendencies, as the sample size was very small. Over the
years, the rhizobia were evenly distributed, indicating that they can tolerate longer breaks in soybean
cultivation. Taking into account the sample size and data quality, the results suggest that the soil
properties influence nodule formation less than the relative abundance of Bradyrhizobium sp.
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Figure 1. Relative abundance of Bradyrhizobium sp. in selected soil samples. P = Pillnitz; o = without
inoculation; m = with inoculation; BS = buckwheat and soybean as intercropping; MEI = Meißen;
G = Görlitz; E = Edlau; W = Waldenburg; C = Poland; sL = sandy loam; uL = silty loam; L = loam.

3.3. Plant Growth and Nutrient Concentration

Table 3 lists the average nodular mass, number of nodules, as well as the root and shoot dry mass
per plant in different soil samples after a break in soybean cultivation and after different kinds of
intercropping. The results from the field control (C BW) reveal the strongest root and shoot growth
despite having very few nodules compared to the years of the last soybean cultivation between 2011
and 2017. The control with inoculation (C I) developed almost five times more nodules, but otherwise
do not differ significantly from the control without inoculation (C uI). Looking at the results obtained
in 2014 and 2017, there was a significant difference in the numbers of nodules (p = 0.02) and root dry
mass values (p = 0.03). The number of nodules was higher in 2017, but the dry root mass was lower
than in 2014. Apart from these criteria, the years do not differ significantly from each other. Only the
field control (C BW), where soybeans had never been cultivated before, showed significant differences
compared to soil samples after cultivation breaks. This result indicates that inoculation might be useful
for first time cultivation.
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Table 3. Average plant dry matter of soybean (one sample = mean value of four replications) in different
soil samples after soybean cultivation breaks and after different kinds of intercropping (±SD = standard
deviation).

Sample Nodule Weight
(g plant−1)

Nodules
(Number plant−1)

Root Weight
(g plant−1)

Shoot Weight
(g plant−1)

control
C uI 0.0799 (±0.03) 12.0 (±7.3) 0.4 (±0.35) 2.3 (±0.68)
C I 0.0919 (±0.02) 57.7 (±22.8) 0.4 (±0.12) 4.6 (±1.12)

C BW 0.0037 (±0.01) 0.2 (±0.7) 0.8 (±0.32) 6.3 (±1.88)

year
2011 [N = 2] 0.0785 (±0.02) 33.2 (±12.4) 0.5 (±0.17) 3.7 (±0.53)
2012 [N = 1] 0.1565 (±0.02) 32.7 (±19.8) 0.6 (±0.24) 5.0 (±0.63)
2013 [N = 6] 0.1061 (±0.03) 29.7 (±11.0) 0,4 (±0.08) 4.1 (±0.64)
2014 [N = 7] 0.0910 (±0.03) 21.0 (±7.5) 0.5 (±0.12) 4.1 (±0.64)
2015 [N = 9] 0.0918 (±0.04) 28.9 (±13.5) 0.4 (±0.13) 3.7 (±0.66)
2016 [N = 9] 0.0877 (±0.03) 24.3 (±10.2) 0.4 (±0.14) 4.0 (±0.59)

2017 [N = 12] 0.0929 (±0.03) 36.7 (±13.4) 0.4 (±0.15) 4.2 (±0.97)

intercrop
Wr oS 0.0942 (±0.06) 9.3 (±10.1) 0.7 (±0.31) 3.8 (±0.42)
Wr mS 0.1210 (±0.01) 29.1 (±1.9) 0.3 (±0.11) 4.1 (±0.50)

P oS 0.0533 (±0.04) 13.5 (±12.2) 0.7 (±0.33) 5.0 (±2.00)
P mS 0.1745 (±0.11) 56.2 (±53.6) 1.0 (±0.61) 7.1 (±2.31)
P oBS 0.0632 (±0.04) 13.2 (±9.9) 0.8 (±0.43) 6.4 (±2.87)
P mBS 0.0862 (±0.05) 13.3 (±6.2) 0.6 (±0.24) 6.4 (±1.38)
W IC 0.1391 (±0.03) 18.8 (±8.2) 0.7 (±0.15) 5.1 (±0.99)

C uI = control with cultivated soil without inoculation; C I = control with cultivated soil and inoculation; C BW = field
control without inoculation; Wr = Wroclaw; P = Pillnitz; o = without inoculation; m = with inoculation; S = soybean
as intercropping; BS = buckwheat and soybean as intercropping; W IC = Waldenburg intercrop.

Significant differences between the inoculated and non-inoculated soybean plants can be seen in
the samples taken after intercropping (Table 3). The inoculated soybean show a higher nodular mass
and number of nodules compared to the non-inoculated plants. However, this is not the case with the
number of nodules of the BS samples. These differ only in the nodule mass, which suggests an effect of
buckwheat on soybean growth. Furthermore, the root and shoot dry matter in the soybean–buckwheat
intercrop differed significantly from that of sole crop in Wroclaw and the controls. In addition to
the experimental plots in Pillnitz and Wroclaw, there was also a sample from a farm (W IC) where
soybeans were grown as a catch crop, which were inoculated. With an average of 18.8 nodules per
plant, the number of nodules for this variant was comparable with the non-inoculated variants at
the Pillnitz and Wroclaw sites. In contrast, with an average of 0.1391 g/plant, the nodular mass had
the second highest weight of all intercrop variants. The root and shoot dry matter had weights of
0.73 g/plant and 5.1 g/plant, respectively, which were in the middle of the range. This indicates that a
few large nodules were more efficient than many small ones, which is confirmed by the data in Table 4.

Table 4. Correlation between the nodule numbers, nodular mass and dry matter values, as well as the
nitrogen concentrations of soybean plants (mean values of four replicates).

DMroot
(g plant−1)

DMshoot
(g plant−1)

Nroot (%) Nshoot (%) Nnodules (%)

number of nodules 0.18 0.57 *** −0.25 0.29 0.29
nodular mass 0.54 *** 0.88 *** −0.36 * 0.21 0.44 **

Normal distribution is given according to Shapiro–Wilk and Pearson’s correlation tests at p < 0.05. Components of
variation: *, **, *** significance at the p < 0.05, 0.01, and 0.001 levels, respectively. DM = dry matter;
N = itrogen concentration.
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The N concentrations in roots, shoots, and nodules are shown in Figure 2. In this context,
the nodules had the highest N contents, whereas shoot and roots had the lowest contents. The nodules
were very rich in nitrogen, with an average value of 6.27%. Nodules on plants grown in soils from
farmers’ fields were slightly lower in N (6.23%) than samples from intercropping experiments (6.60%).
This could be due to the fact that the intercrop soybean crops were only cultivated the year before.
Furthermore, if the intercrop is well established, this can ensure a good distribution of the rhizobia
in the soil, which can also be seen from the high nodule mass and good plant growth values from
the practical intercrop trial. In intercropping samples, a difference between the inoculated and
non-inoculated varieties can be seen. The N concentrations in the inoculated variants were higher than
in the uninoculated ones, which indicates that the inoculated plants were able to form more nodules,
and therefore the fixation of atmospheric nitrogen was improved.
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Figure 2. Average nitrogen concentrations (N) in roots, shoots, and nodules of soybean plants one
to seven years after the last soybean cultivation (a) and after intercropping (b). Bars indicate the
standard deviation (SD); each sample is the mean value of four replicates; CBW = field control without
inoculation; CuI = control with cultivated soil without inoculation; CI = control with cultivated soil
and inoculation; W = Wroclaw; P = Pillnitz; o = without inoculation; m = with inoculation; S = soybean
as intercropping; BS = buckwheat and soybean as intercropping.
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In addition to the N contents, the S concentrations in the nodules were also determined (see Figure 3).
In soil samples from fields where the last soybean cultivation was in the years between 2011 and
2017, S contents of 0.35% to 0.48% were measured. In the samples taken after soybean was used as
the intercrop, the values were between 0.23% and 0.49%. The inoculated variants in Pillnitz showed
higher S concentrations than the uninoculated samples. For the samples in Wroclaw and the control
(CuI, CI) the exact opposite was observed. In addition, the N and S contents of soybean nodules
from the samples where soybean cultivation had last occurred between 2011 and 2017 showed a
highly significant correlation (r = 0.72) and demonstrated the importance of nutrient availability for
nodule formation.
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Figure 3. Average sulfur concentration (S) in nodules one to seven years after the last soybean
cultivation (a), in control samples (b), and after intercropping (c). Bars indicate the standard deviation
(SD); each sample is the mean value of four replicates; CBW = field control without inoculation;
CuI = control with cultivated soil without inoculation; CI = control with cultivated soil and inoculation;
W = Wroclaw; P = Pillnitz; o = without inoculation; m = with inoculation; S = soybean as intercropping;
BS = buckwheat and soybean as intercropping.

The correlation analysis (Table 4) presents the relationship of the nodule number and nodule
mass with the root and shoot dry mass, as well as N concentrations in the individual plant parts.
The nodular mass had a stronger influence on shoot development (r = 0.88) than the nodule number.
The number of nodules had no influence on root development, but a medium correlation can be seen
between the nodules and root dry mass (r = 0.54). Moreover, the N concentrations in the roots decrease
with increasing numbers of nodules and increasing nodule mass (r = −0.25, r = −0.36). This indicates
that nitrogen accumulation in the roots does not increase at the same rate as in the nodules. Due to
the strong influence of the nodule mass on the root and shoot dry mass, a dilution of the nitrogen
in the roots can be assumed. From the results in Table 4, it can be concluded that the nodule mass
has a stronger influence on plant growth than the number of nodules, because the correlations show
a stronger relationship. A correlation between grain yield in the soybean harvest year and nodule
development (nodular mass r = −0.0003; number of nodules r = 0.24) could not be demonstrated.

The soil plant analysis development (SPAD) value reflects the chlorophyll content in the leaves
and indicates a better nitrogen supply in the inoculated varieties due to better nodule formation
compared to the non-inoculated samples. SPAD values were recorded on three different dates and
ranged from 20.6 to 40.9 (1 May), 26.5 to 38.4 (1 June), and 18.0 to 43.2 (16 June). As expected, the lowest
value was always observed for the oldest leaf and the highest value for the youngest fully unfolded
leaf. This result demonstrates the source–sink relationship and the redistribution of nutrients within
the plants. The control plant (CuI), which was not inoculated, always showed the lowest SPAD values.
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4. Discussion

The aim of this study was to analyze the presence of soybean-specific rhizobia under Central
European conditions, even after a longer interruption of soybean cultivation, in agricultural soils of
one to seven years after the last crop. Furthermore, the effects of existing rhizobia on a new soybean
crop—and thus on the growth of nodules, roots, and shoots and the N and S concentrations in the
nodules—were investigated.

4.1. Presence of Rhizobia in Soil

The sequence data showed that there were no differences in the relative abundance of
Bradyrhizobium sp. in the soil samples after a soybean cultivation break of one to seven years.
In addition, studies from France [3,4,6], Poland [2], and USA [23] demonstrated that soybean rhizobia
could survive in soil for up to 30 years. There is now also evidence for Germany and southern Poland
that Bradyrhizobium sp. was found under the climatic conditions of Central Europe even after seven
years in agriculturally used soils, without soybeans being cultivated during this time. Furthermore,
the experiment showed that even after a longer soybean cultivation break, the existing rhizobia are
able to form a symbiosis with the soybeans and form nodules to fix atmospheric nitrogen. This can be
seen from the number of nodules recorded in the different years, which ranged from 21 to 37 nodules
per plant. In comparison, the field control (C BW), which was not inoculated, showed only 0.2 nodules
per plant (SE ± 0.25). Since only the genus Bradyrhizobium sp. could be mapped during the sequencing,
it must be taken into account that Bradyrhizobia can also be hosted by other legumes, such as lupines.
There is evidence of this in Brazil [24], USA [25], and Spain and Chile [26], where Bradyrhizobia was
isolated from different lupine species. For the field control (C BW) and the other samples from the
Pillnitz experimental station, however, this can be ruled out, as no cultivation with lupines has yet taken
place on this site. In the samples from the farms, cultivation with lupines cannot be completely ruled
out. Nevertheless, it should be noted that in Germany lupine is preferably cultivated on sandy sites.

4.2. Influence of Soil Properties on Nodule and Plant Growth

In this context, the influence of different soil conditions on rhizobia presence and plant growth
was also investigated. There were significant results related to the humus and total N content of
soil, which had a weak effect on the numbers of nodules, nodular mass, and N concentrations of the
nodules. However, Lawson et al. [27] confirmed a positive effect of organic matter on plant growth
and nodule formation in soybeans under acidic and saline conditions. In addition, the plant-available
phosphorus content of the soil seems to have a weak influence on the nodule mass. Singleton et al. [28]
and Mullen et al. [29] were able to demonstrate the positive influence of phosphorus in soil on the
nodule mass, nodule number, and shoot dry mass. In this context, Mullen et al. [29] found that the
influence of phosphorus on plant growth was more obvious than on the B. japonicum nutrition. This is
also reflected by the high root and shoot dry masses per plant from the intercrop experiment with
soybean and buckwheat. The breakdown of the data by pH values <6 and >6 showed only a moderate
influence of pH value <6 on root dry mass and nodule number, thus confirming the results from
Buendía-Clavería et al. [7] and Revellin et al. [6]. In contrast to other publications, nodule growth
in this study appeared to be only marginally influenced by the humus, N, and P contents of the
soil, suggesting that even after seven years there are sufficient rhizobia in the soil to form nodules
on soybean roots. For the relative abundance of Bradyrhizobium sp. in soil, a different picture was
obtained. Here, increasing pH, phosphorus, potassium, and magnesium contents seems to reduce the
relative abundance of Bradyrhizobium sp. in the analyzed soil sample. There are differing results in the
literature dealing with different issues, but both relevant studies use soil samples from several locations.
For example, Weaver et al. [8] found that the soil factors organic matter, soil N, soil P, soil K, and soil
texture had no influence on the number of rhizobia. Ham et al. [30], on the other hand, were able to
demonstrate a minor influence of soil properties on the occurrence of rhizobia, primarily pointing
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to the influence of the pH value on the rhizobia. The results of the experiment rather confirm the
statements by Ham et al. [30] and show that the soil conditions should not be disregarded in such
investigations. In addition, the influence of the pH value on the uptake of essential nutrients from
the soil must be pointed out. Fageria and Baligar [31] were able to show that the dry matter yield of
shoots is significantly influenced by the pH and is at an optimum of 5.6 for soybeans. For cultivation
in Germany, on the other hand, slightly acidic to neutral soils (pH 6.5–7) are specified as optimum [32].
Differences in shoot dry matter could be seen on the sites with intercropped soybeans in Pillnitz (P),
Breslau (Wr), and Waldenburg (W IC) (Table 3). In contrast to Fageria and Baligar [31], however,
the shoot dry mass in P (5.0–7.1 g) was the highest at pH 6.9 compared to W IC (5.1 g; pH 5.5) and
Wr (3.8–4.1 g; pH 5.8). For this reason, it is difficult to assess only the influence of the pH value on
plant growth. The remaining nutrient availability at the Pillnitz site was also better than in Breslau
and Waldenburg and may have led to better growth. Furthermore, it can be concluded that after an
interruption of soybean cultivation, rhizobia for nodule formation are still present in the soil and it is
assumed that the relative abundance of Bradyrhizobium sp. could be positively influenced by good
nutrient management.

4.3. Plant Growth and Nutrient Concentration

In the analysis of the effects of soybean cultivation breaks on nodule growth and dry matter, a
significant influence on nodule number and root dry matter could only be observed between the soil
samples with the last inoculated soybean cultivation years 2014 and 2017. However, larger differences
were found for intercrop varieties. Here, the nodule numbers and root dry matter values were
significantly higher in the inoculated varieties. Obaton et al. [4] could detect 103 rhizobia g−1 soil of
B. japonicum after a 20-year soybean cultivation break. Weaver and Frederick [33] and Thies et al. [34]
confirmed that the number was sufficient for good nodulation and that re-inoculation was not
necessary under these conditions. Likewise, Triplett et al. [5] showed no differences in population size
for B. japonicum in the field that had not been planted with soybeans for up to four years. The current
study suggests that there is no difference in the nodular mass values and numbers of nodules between
the samples with different soybean cultivation histories (0.10 g plant−1; 30.0 number plant−1) and the
inoculated varieties from the intercrop experiment (0.13 g plant−1; 29.4 number plant−1). Only the
inoculated control (C I) showed much higher nodules (57.7 number plant−1), but this could not be
exploited for stronger plant growth. Only the N concentrations in the individual plant parts seemed to
show that a recent inoculation was more effective. Here, we show that the contents of Bradyrhizobium
sp. in the investigated soils were still sufficient after seven years to form the nodules necessary for
nitrogen fixation, since nodules were detected in all soil samples on which soybeans were grown
between 2011 and 2017.

For the variants with buckwheat, the high root and shoot dry matter values per plant should be
noted. Buckwheat seems to have a positive effect on the growth of soybeans by releasing phosphatases,
as this increases the phosphorus content of the soil [35,36]. This result is also reflected in high nitrogen
concentrations in the nodules, and thus partly explains the positive soil effects of soybeans on the
subsequent crop [37]. This would also explain the high N content in the non-inoculated variant with
soybeans and buckwheat (Figure 2b). So far, there are hardly any data available on the total N content
of soybean nodules. For example, Streeter [38] published results for the nodule NO3

− concentrations
and nodule NO2

− concentrations (µg N/g fresh weight) of soybean and was able to demonstrate
that high N concentrations have a reducing effect on nodular mass. This is also confirmed by the
results of the present study, in which high N concentrations in soil also had a negative influence
on nodule growth. Gates and Müller [39], who studied the nodule and plant growth of soybeans,
found that nodule development is strongly responsive to the nutrient combination of N, P, and S,
and should be well-balanced. Furthermore, they also showed a correlation between N and S in the
nodules. Zhao et al. [40] and Gates and Müller [39] stated that the number and mass of nodules can
be increased by sulfur. Sulfur is important for the N2 fixation of grain legumes as it influences the
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activity of various central enzymes such as nitrogenase, phosphoenolpyruvate carboxylase, and malate
dehydrogenase [41].

Additionally, the influence of the number of nodules and the nodule mass compared to the dry
mass development of roots and shoots was investigated, as well as the nitrogen concentration in the
individual plant parts, showing that the nodular mass had a stronger influence on the individual
parameters compared to the number of nodules. Therefore, the development of large nodules should
be enhanced. The formation and maintenance of nodules is energy-intensive, which is why a plant
must weigh up the extent to which it uses resources for this purpose. It can, therefore, be assumed that
plants with good nodule and plant growth have a good nutrient supply. In contrast, the excessive
growth of nodules would lead to loss of yield because the balance would be disturbed [42]. In this
context, Li et al. [43] showed that an overexpression of the gene GmINS1 leads to an increase in the
nodule number, biomass, and nitrogenase activity of large nodules. Peng et al. [44] observed an
increase in nodular mass when magnesium was added under nitrogen-limited conditions, as well as an
improved N2 fixation performance of the nodules, which can be attributed to a changed carbohydrate
distribution. Moreover, Ohyama et al. [45] described a decrease in nodular mass with additional
nitrate fertilization compared to the control. The present study also showed a negative, significant
mean correlation between the nodule mass and nitrogen content in soil (r = −0.31). In contrast to
Peng et al. [44], however, the magnesium content of the soil samples had no influence on nodule
growth (r = −0.11). From these results, it can be concluded that buckwheat had a positive influence on
soybean nodule formation, probably due to the higher availability of phosphorus in the soil, which in
turn contributes significantly to the increase in shoot and root dry matter.

During the course of the experiment, it became apparent that it is difficult to establish an
adequate control for this type of experiment, since a small number of nodules was also formed in the
controls, although they had not been previously exposed to inoculant or soybean seeds. Furthermore,
it would have made sense to sterilize the peat before use. Nevertheless, it cannot be excluded that
these are caused by air turbulence or tap water, although the samples were handled with great
care to avoid contamination. Andersson [46] and Obaton et al. [4] confirmed in their work that
cross-contamination between samples is a problem. In addition, the non-inoculated variant in the
study by Indrasumunar et al. [47] showed a low number of nodules. On the other hand, these results
showed that even in non-inoculated soils in eastern parts of Germany and Lower Silesia in Poland,
native rhizobia occur, which can form a symbiosis with soybeans and successfully form nodules.
Mądrzak et al. [48] also proved this with their study in Poland. The persistence of soybean-specific
rhizobia by other legume hosts such as weeds or lupines must also be investigated. Therefore,
the bacteria should be further specified in future work by PCR. With a total of 17 samples, the sample
size for sequencing was comparatively small and should be extended in further studies to statistically
confirm the presented results.

In conclusion, the study contributes to clarifying the current situation in East Germany and Lower
Silesia, where soybean cultivation has only increased in importance in the last ten years. Furthermore,
data on N and S contents in soybean nodules are scarce. Moreover, the genetic analyses of the soil
samples give an overview of the persistence of Bradyrhizobium sp. Even after an interruption in soybean
cultivation of up to seven years, there were still nodule bacteria in the soil, which entered into a
symbiosis with the soybean plants without showing differences in plant growth. Based on these results,
after an initial inoculation of the seeds and with regular soybean cultivation, further inoculation seems
not be necessary.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0472/10/10/446/s1:
Figure S1: Microbial diversity of selected soil samples. Shown are the relative abundances of detected genera.
The microbial community was analyzed by amplifying and sequencing the V4 region of the 16S rRNA gene via
MiSeq Illumina. The respective sequence data are available under the bioproject accession number PRJNA663446.
Table S1: Detected Bradyrhizobium OTUs. Operational taxonomic units (OTUs) consist of defined and assembled
taxa. The use of OUTs is widely accepted and applied to describe bacterial communities using amplicon sequencing
of 16S rRNA gene”. For more information, please visit the rtl-genomics webpage (www.rtlgenomics.com/docs/
Data_Analysis_Methodology.pdf).
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