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Abstract. The symbiotic nitrogen fixation is used to maximum advantage in the case of leguminous crops.
It is therefore important to inoculate seeds with relevant strains of bacteria before sowing especially if the
crop is to be grown for the first time on the land. A field experiment was done to assess the effect of
inoculation with Bradyrhizobium japonicum on the growth and yield performance of soybean. Soybean
cultivars inoculated with Nitrazon had significantly greater nodule numbers and dry weight of nodules
compared to un-inoculated control. The bacterial preparation increased plant lodging and extended their
vegetation period. Nitrazon had a positive effect on the number of pods per plant and thousand seed weight.
The obtained increase in seed yield was 0.54 t-ha compared to the control. Measurements of soil plant
analysis development (SPAD) and leaf area index (LAI) showed that the plants were better nourished and
had a higher green mass after Nitrazon application. Seed inoculation did not modify the leaf stomatal
conductance (Gs). Nitrazon increased total protein content in seeds. The tested parameters were
significantly diversified between cultivars and in the years of the study.

Keywords: nitrogen fixation, soil plant analysis development, leaf stomatal conductance, leaf area index,
yield

Introduction

Soybean is one of the most economically important crops in the world, which results
from the high value of its seeds and their versatile use. Soybean production is low in the
European Union, but interest in growing this valuable plant has increased in recent years.
Watson et al. (2017) reported that this was due to the growing demand for plant protein
and the introduction of new high-yielding cultivars with good food and feed seed value.
In soybean cultivation, inoculation of sowing material with bacteria fixing free nitrogen
from the air is an especially important procedure (Gwata et al., 2004; Dwivedi et al., 2015;
Vargas-Diaz et al., 2019). This treatment is particularly recommended when native strains
of symbiotic bacteria are not present in the soil or there are too few of them (Solomon et
al., 2012; Marinkovi¢ et al., 2017; Jarecki, 2020). A good solution in this case may be the
purchase for sowing material industrially inoculated with symbiotic bacteria (Flajsman et
al., 2019) or the purchase of a commercial inoculant and its application to seeds (Koziet
et al., 2013; Pannecoucque et al., 2018). According to Deaker et al. (2004), increasing the
amount of inoculant above the commercially recommended dose did not pose a threat and
even caused a linear increase in nodulation and yield. Coskan and Dogan (2011) showed
that the shape and size of nodules was characteristic of individual legumes. Nodules on
soybean roots are usually round and the most effective are the large ones reddish in color
inside (Fig. 1).
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Figure 1. Cross-section of bacterial nodules on soybean root, a - active, b - inactive
(W. Jarecki)

Numerous studies (Althabegoiti et al., 2008; Lopez-Garcia et al., 2009; Abou-Shanab
et al., 2017) have demonstrated that the occurrence of Rhizobium bacteria in soil is
common in some regions. In such case, inoculation with commercial preparations may be
less effective, because native Rhizobium strains are competitive in establishing symbiosis
(Wongphatcharachai et al., 2015; Onishchuk et al., 2017; Iturralde et al., 2019). Torres et
al. (2012) also emphasized the need for periodic evaluation of commercial bacterial
cultures to guarantee effective symbiosis after seed inoculation. Zhang et al. (2011)
indicated in this aspect a high biodiversity and often a unique distribution of Rhizobium
communities in individual regions. Giongo et al. (2008) demonstrated a high level for
genetic diversity of Bradyrhizobium bacteria, which nodulate soybean in the fields. This
information may be useful in experiments on new commercial inoculants better adapted
to local environmental conditions. Shiro et al. (2013) observed that Bradyrhizobium
japonicum and Bradyrhizobium elkanii, but also others, are the main Rhizobia nodulating
soybeans. Studies by Thilakarathna and Raizad (2017) have shown that local strains of
nitrogen-fixing bacteria are often better adapted to local conditions of environmental
stress, suggesting great potential for their commercialization. With proper nodulation,
soybean plant demand for nitrogen is met at 40-57% (Zimmer et al., 2016) and even up
to 60% (Salvagiotti et al., 2008) by biological N2 fixing. In the discussed case, the need
for soybean mineral nitrogen fertilization is ambiguous, especially with proper nodulation
(Salvagiotti et al., 2008). Some studies indicated that soybean plants responded favorably
to small doses of mineral nitrogen, e.g. in worse environmental conditions (Aboutalebian
and Malmir, 2017; Cafaro La Menza et al., 2017; Gai et al., 2017). In turn, Albareda et
al. (2009) and Kaschuk et al. (2016) reported that mineral soybean nitrogen fertilization
was superfluous in case of proper symbiosis. This also applied to new high-yielding
cultivars. Many reports (Zimmer et al., 2016; Leggett et al., 2017; Adjetey and Mbotho,
2019) showed that the use of seed inoculation significantly increased soybean yield
compared to controls. In contrast, Abou-Shanab et al. (2017) and Ambrosini et al. (2019)
reported that inoculation did not always increase soybean seed yield. The effect of using
commercial biological preparations depends on many factors (Abou-Shanab et al., 2017;
Kiihling et al., 2018; Adjetey and Mbotho, 2019). Suzuki et al. (2014) examined
Bradyrhizobium japonicum and Bradyrhizobium elkanii and showed that the former were
more effective at lower temperatures. Interesting results were presented by Lopez-Garcia
et al. (2009), which showed that the improvement of soybean nodulation resulted in a
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low, insignificant increase in yield, and nitrogen content in seeds did not change.
Albareda et al. (2009) and Narozna et al. (2015) presented imortant studies on the survival
of Rhizobium strains in soil in the successive years following soybean cultivation.

The purpose of this research was to determine the influence of nitrogen fixing bacteria
on the growth and grain yield of some soybean cultivars, from different maturity groups,
in the field conditions of South-East Poland.

Materials and methods

This study was conducted an individual farm in Makowisko (50°3'N 22°47'E),
Podkarpackie VVoivodeship, Poland (Fig. 2), in the years 2017-2019.
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Figure 2. Location of field experiment

The first factor in the experiment was the Nitrazon biological preparation containing
Bradyrhizobium japonicum and a control object - without inoculation. The second factor
was soybean cultivars (main plots): Annushka, Lajma, Madlen, Violetta, Atlanta and
Smuglyanka (AgeSoya Sp. z 0.0., Poland). The cultivars are a high-yieldings
recommended for cultivation in the area of the study. The experiment was carried out in
four replications in a split-plot design. No soybean was previously grown in the
experimental field. Seeds were inoculated according to the manufacturer recom-
mendations (Farma Ziro Ltd., Czech Republic). Inoculation was done just prior to sowing.

The experiment was established on sandy loam soil, Haplic Luvisol (Food and
Agriculture Organization of the United Nations, 2015). It was good wheat soil complex.
Detailed descriptions of the soil characteristics are given in Table 1. Soil sample analysis
was carried out at the District Chemical-Agricultural Station in Rzeszow.

Table 1. Chemical soil properties before the experiment (0-60 cm)

i P20s K20 M
Years Humus % | 4 moFI)/E KCI | kg I:;T?)M rLg 100g* of soil :
2017 1.78 6.19 59.4 27.2 35.1 3.7
2018 1.71 5.92 55.1 23.8 24.1 2.8
2019 2.34 5.89 63.0 31.6 28.6 4.9
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Weather conditions are given according to meteorological data of the Experimental
Stations for Variety Testing in Skotoszow. Distance from the experimental field about
12 km.

Sowing of seeds was carried out in the first days of May. The single plot area was
15 m2. Soybeans were sown with 60 kernels capableof germination per m? and a space
between rows of 45 cm. Winter wheat served as the forecrop.

NPK fertilization and plant protection treatments are described in detail in the
publication Jarecki (2020).

Plant development stages are given according to the BBCH scale (Biologische
Bundesanstalt, Bundessortenamtund CHemische Industrie). The full maturity stage of
plants (BBCH) was given in days from the date of sowing. Plant lodging assessed before
harvest on a scale of 1-9° (1° — the highest plant lodging, 9° — no lodging). The
measurement of stomatal conductance of leaves (Gs) was performed with a Meter
Porometr SC-1 apparatus (Pullman, USA). Soil plant analysis development (SPAD) was
measured with a SPAD 502P chlorophylometer (Konica Minolta, Inc. Japan). Leaf area
index (LAI) measurements was performed using a Meter LP-80 AccuPAR apparatus
(Pullman, USA). Gs, SPAD and LAI were measured in the BBCH 70 stage.

To assess nodulation parameters, in the flowering stage (BBCH 65), 20 roots were
randomly collected from one plot. Then in laboratory the number and dry weight of the
nodules were determined.

At physiological maturity stage, 25 plants were collected for measuring the number of
pods per plant and thousand seed weight (g). Seed yield obtained from the plots (BBCH
89) was converted into a yield per 1 ha with a moisture content of 15%.

The chemical composition of seeds was determined with the near-infrared
spectroscopy (NIRS) method using an FT NIR MPA spectrometer (Bruker, Billerica,
USA).

The significance of differences between the characteristic values was found based on
Tuckey’s halfconfidence intervals, with the significance level p = 0.05. Calculations were
made using the software Statistica 10 PL (Stat Soft, Inc., Tulsa, USA).

Results and discussion

The weather conditions in 2017-2019 differed from the long-term average. In region,
mean annual precipitation is 673 mm and mean annual temperature is 8.4°C. The detailed
description of the climatic conditions is given in the Table 2.

Table 2. Weather conditions in the years 2017-2019

Months Mean temperature (°C) Sum of precipitation (mm)
2017 2018 2019 | 1978-2015 | 2017 2018 2019 1978-2015

April 6.4 10.9 7.3 9.0 42.7 24.3 46.7 46.0
May 12.6 14.9 11.8 14.1 68.4 47.0 158.6 71.6
June 17.3 17.0 19.5 16.6 48.7 104.7 25.4 79.2
July 18.0 18.5 17.9 18.5 43.0 98.1 60.2 94.3
August 18.4 18.4 17.7 18.1 21.2 84.3 101.9 63.0
September 12.5 12.9 12.7 13.4 102.5 34.6 33.7 62.5
October 8.3 7.3 8.1 8.8 58.4 40.1 37.9 47.7
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The number of nodules and the dry weight of nodules were significantly higher after
the use of bacterial inoculant compared with the control (Table 3). On average,
19.9 nodules were found on a single soy root after inoculation Nitrazon, and 0.52 nodules
on a un-inoculated control. The highest number of nodules and their highest dry weight
were obtained in cultivars Lajma (Fig. 3) and Atlanta. The weather conditions had a
significant impact on soybean nodulation. In 2018, an average of 14.6 nodules were
recorded per root. The fewest nodules and their lowest dry weight were obtained in 2017.

Table 3. Impact of seed inoculation on nodulation, lodging and maturity of plants

e The number of | The dry weight of Lodging |Maturity (number of days
Specification o X .
nodules nodules (g) (1-9°) since sowing)
Inoculation
Control 0.52° 0.04° 8.4 1362
Nitrazon 19.92 0.712 7.9 1382
Cultivar
Annushka 10.0% 0.41% 8.3%® 123¢
Lajma 12.82 0.542 8.6° 128¢
Madlen 8.7 0.23° 7.9 138h°
Violetta 7.5 0.21° 8.6° 137b¢
Atlanta 12.72 0.522 8.0 145
Smuglanka 9.5b¢ 0.34%¢ 7.6¢ 1512
Year
2017 6.36° 0.21° 8.7 128°
2018 14.62 0.542 7.7° 1452
2019 9.65° 0.37° 8.1% 138

Average values for each factor marked with different letters in a column differ significantly (P < 0.05)

b
Figure 3. Lajma cultivar, a — without inoculation, b - with inoculation (W. Jarecki)

Althabegoiti et al. (2008) reported that commercial soybean inoculant could be used
on seeds or in the soil, in which they would be sown. These authors obtained better results
in the latter case. Zerpa et al. (2013) obtained the highest number of nodules on soybean
roots (17.5 on average) after combined use of two commercial bacterial strain. Nodulation
was not found in the control object. Adjetey and Mbotho (2019) demonstrated the efficacy
of commercial inoculates, and observed few nodules in control plants. Abou-Shanab et
al. (2017) concluded that the presence of native strains of Rhizobium bacteria in soil also
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caused nodulation on non-inoculated roots (control). The obtained results of soybean seed
inoculation by the above-mentioned authors varied depending on the bacterial strain, soil
nitrogen content, cultivar and study region. Thuita et al. (2012) report that both the
number of nodules on the roots and their weight are significantly dependent on the
inoculant used. At the same time, the obtained results were also heavily influenced by the
cultivar. Marinkovic et al. (2018) obtained a varied number and dry weight of nodules on
soybean roots depending on the strain of symbiotic bacteria. This provided the basis for
selecting the best one for the production of commercial preparations.

In the present study, the application of Nitrazon significantly increased lodging of the
plants compared to control. The difference obtained was 0.5°. Plants of the cultivar
Smuglanka were characterized by the greatest lodging. Annushka, Lajma and Violetta
cultivars were significantly less affected by lodging. In the years of research, the
discussed parameter significantly differed. In 2018, plant lodging was the greatest and
amounted to 7.7°. The bacterial strain extended the vegetation period by an average of
two days compared to control, but this has not been statistically proven. The vegetation
period of the studied cultivars ranged from 123 days in the cultivar Annushka to 151 days
in the cultivar Smuglanka. Differences in the studied parameter were recorded during the
years of the study. Soybean plants reached full maturity after 128 days in 2017 and 145
days in 2018.

The bacterial preparation has significantly increased the number of pods per plant and
thousand seed weight. The obtained increase in seed yield was 16.9% compared with the
control (Table 4). Madlen, Atlanta and Smuglanka were high yielding cultivars. The
cultivar Lajma produced a significantly lower seed yield. Seed yield in 2018 was
3.65 tha®, while in 2017 — 3.27 t-ha™. Therefore, the obtained difference amounted to
11.6%.

Table 4. Yield and yield components

Specification | Yield (t-ha™) \ The number of pods per plant Thousand seed weight (g)

Inoculation
Control 3.19° 29.6° 147.9b
Nitrazon 3.73¢ 34.18 153.12
Cultivar
Annushka 3.39% 31.9% 145.6°
Lajma 3.35° 30.8° 147.5P
Madlen 3.562 31.2° 161.82
Violetta 3.3920 31.1° 145.9b
Atlanta 3.542 32.92 155.4¢2b
Smuglanka 3.532 33.22 146.8°
Year

2017 3.27° 32.8° 141,9°
2018 3.652 37.92 156.42
2019 3.46% 27.8¢ 153.22

Average values for each factor marked with different letters in a column differ significantly (P < 0.05)

Macak and Candrakova (2013) reported that the number of pods per plant, thousand
seed weight and seed yield of soybean were variable in years, while the number of seeds
in the pod was stable. Capatana et al. (2017) obtained an increase in soybean seed yield
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after inoculation, but only by 3.76% compared to control. Solomon et al. (2012) and
Thuita et al. (2012) confirmed that not every strain of Bradyrhizobium japonicum
provided the expected results. They also added that in the case of soybean, yielding was
mainly determined by the selection of proper cultivar. Abou-Shanab et al. (2017)
concluded that inoculation of legumes with nitrogen-fixing bacteria did not always result
in a significant increase in seed yield. Therefore, recommendations for the use of
biological preparations should be related to regional habitat conditions. This was also
confirmed by the experiments carried out by Leggett et al. (2017), who showed that the
effects of soybean seed inoculation with Bradyrhizobium japonicum varied depending on
the years of research and the specificity of a given area.

On average, soybean seeds contained 37.5% protein and 19.5% fat. The applied
Nitrazon significantly increased protein content in seeds. Crude fat content was not
changed compared to control (Table 5). The tested cultivars had significantly different
content of protein and fat in seeds. The highest total protein content was determined in
seeds of the cultivar Violetta and crude fat in the seeds of the cultivars Lajma and Madlen.
The chemical composition of seeds was varied during the years of the study.

Table 5. Chemical seed composition

Specification | Protein total (% DM) | Crude fat (% DM)
Inoculation
Control 36.3° 19.62
Nitrazon 38.72 19.42
Cultivar
Annushka 37.2% 19.5%
Lajma 36.7° 20.28
Madlen 37.7% 20.02
Violetta 38.6° 19.4%
Atlanta 37.6% 18.9°
Smuglanka 37.2% 19.0°
Year

2017 36.8° 20.52
2018 38.22 18.2b
2019 37.5%® 19.8%

Average values for each factor marked with different letters in a column differ significantly (P < 0.05)

Zimmer et al. (2016) stated that the use of commercial bacterial strain in soybean
cultivation was justified. At the same time, they obtained various effects in the form of
an increase in protein yield depending on the study area. Pannecoucque et al. (2018) and
FlajSman et al. (2019) reported that commercial preparations effectively increased
soybean nodulation, which resulted in an increase in protein content in seeds and protein
yield compared to control. Cafaro La Menza et al. (2017) concluded that obtaining high
soybean yields, including protein yields, required adequate nitrogen supply. However,
with high nitrogen availability, they noted a slight increase in protein content and a
decrease in fat in soybean seeds.

Plant nutritional status assessed by the SPAD index was higher after Nitrazon
application compared to control. Among the tested cultivars, Annushka was characterized
by a high SPAD index, while Atlanta and Smuglanka the lowest. Significant differences
in the SPAD index have been shown in plants between 2017 and 2018 (Fig. 4).
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Control
2019 Nitrazon

40.8%

2018 Annushka
30.6°
2017 42.1 Lajma
Smuglanka Madlen

Atlanta Violetta

Figure 4. Soil plant analysis development (SPAD value)

Thompson et al. (1996) confirmed the usefulness of SPAD measurements for the
assessment of chlorophyll content in soybean leaves, but the results were modified by
environmental conditions. Fritschi and Ray (2007) believed that SPAD readings were
useful, but should have also been supplemented with other measurement techniques.
Kiihling et al. (2018) reported that the SPAD value was higher after applying the
inoculation procedure, but only at the beginning of soybean seed filling phase. In the
research of Jarecki et al. (2016), better-fed plants (higher SPAD) were characterized by
higher yields, which was confirmed by a strong correlation (r = 0.83). SPAD
measurements can therefore be useful for predicting soybean seed yield. Vollmann et al.
(2011) added that the assessment of chlorophyll content in leaves also allows to predict
the quality parameters of soybean seeds.

Nitrazon significantly increased the LAI index compared to controls. Early cultivars
(Annushka and Laima) were characterized by lower LAI values and late cultivars (Atlanta
and Smuglanka) by its higher values. Differences in LAI were recorded during the years
of the study. The highest LAI was recorded in 2017, while significantly lower in 2018

(Fig. 5).

Control
2019 Nitrazon
H
5.47°
2018 5.88% 6.09* Amnmushka
5 03P 4.47¢
4.37¢ )
2017 6.432 Lajma
5310
7.942 5.11°
Smuglanka Madlen

Atlanta Violetta

Figure 5. Leaf area index (LAI)
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Salvagiotti et al. (2008) have argued that the availability of nitrogen, which affects the
growth and development of a single plant, largely determines soybean vyield.
Abou-Shanab et al. (2017) obtained a significantly higher dry weight of soybean plants
after inoculation compared to control. However, seed yield did not increase significantly.
Zerpa et al. (2013) showed an increase in soy leaf surface after the combined application
of two commercial inoculant containing Bradyrhizobium japonicum. Single use of the
test preparations was less effective. Adjetey and Mbotho (2019) obtained a greater
number of leaves in the experiment with soybean after inoculation compared to control;
nutrient uptake has also increased. Jarecki et al. (2016) reported that nitrogen availability
for soybean plants increased the assimilation surface. However, they did not show a
relationship between LAl measurements and seed yield.

The bacterial strain had no effect on leaf stomatal conductance (Gs) compared to
control plants. The highest Gs had the cultivar Lajma and Violetta the lowest. In the years
of the study, Gs ranged from 561 in 2019 to 836 in 2018 (Fig. 6).

Control

2019 Nitrazon
*,
- T.\.
714 7278
7 g ® e Annushlk
2018 o/ 561 Annushka
- 8362 ?31ﬂb’\
2017 s 7647 S1E s

Lajma
+710% 7182 /

-

\-1 ~ab ﬁgﬁy

Smuglanka "6 s & Madlen

Atlanta Violetta

Figure 6. Leaf stomatal conductance (Gs)

Yu et al. (2018) believed that the results of leaf stomatal conductance were more
accurate when carried out under controlled meteorological conditions compared to field
conditions.

Conclusion

In this study, the use of commercial preparation - Nitrazon increased the number and
dry weight of nodules on soybean roots compared to control. SPAD and LAl
measurements showed that the use of Bradyrhizobium japonicum resulted in better
nutrition and higher green mass of plants. The inoculation resulted in an increase in the
number of pods per plant, thousand seed weight, seed yield, protein content in seeds
compared to control. It was shown that the examined traits and parameters varied between
cultivars and changed over the years of the study. Low seed yields were obtained in 2017
and high in 2018. Generally, inoculation of soybean seeds with nitrogen-fixing bacteria,
can lead to a reduction of the consumption of nitrogen fertilizer in soybean cultivation. In
next experiment, it is possible to assess the effectiveness of the commercial soybean seed
coating with Bradyrhizobium japonicum.
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