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Improving soil microbial activity is a critical factor for sustainable agriculture and soil health. This
research was conducted to examine the temporal effects of Bradyrhizobium japonicum inoculation
and different fertilizer applications on soil microbial activity. The experiment was conducted under
pot conditions with eight different application groups (control, urea, vermicompost, Well-rotted
farmyard manure and their combinations with bacterial inoculation). Soil respiration (CO: release),
dehydrogenase activity (DHA) and indole-3-acetic acid (IAA) production capacity were measured
weekly during the four-week incubation period. The results showed that organic fertilizer
applications increased soil respiration by 46-231% compared to the control. The combination of
Bradyrhizobium japonicum and organic fertilizers, especially the combination of Well-rotted
farmyard manure (BA+FYM), provided the highest activity values in all parameters. Chemical
fertilizer (urea) application showed low activity levels similar to the control group. Soil microbial
activity increased rapidly in the first weeks, reached its peak in the third week, and showed a relative
decrease in the fourth week. These findings indicate that organic fertilizers and Bradyrhizobium
japonicum inoculation strengthen the soil microbial ecosystem and can be used as an alternative to

chemical fertilizers in sustainable agricultural practices.
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Introduction

Protecting and increasing soil fertility forms the basis
of agricultural sustainability in terms of ensuring
environmental balance while meeting the increasing global
food demand. While sustainable agricultural practices aim
to ensure long-term productivity by protecting soil health,
soil microbial communities are at the center of this process.
Soil microbial activity plays a decisive role in sustaining
critical ecological processes such as nutrient cycling,
organic matter mineralization, and plant nutrient uptake
(M. Tahat et al., 2020). Studies conducted in recent years
show that sustainable agricultural practices lead to higher
biomass, increased species diversity and enzyme activities
in soil microorganisms (Bertola et al., 2021; Mondaca et
al., 2024). In this context, promoting soil microbial activity
is of strategic importance to increase the resilience of
agricultural ecosystems.

Although the use of intensive chemical fertilizers has
traditionally been preferred in order to increase soil fertility
in agricultural production, it is known that this situation has
negative effects on soil health in the long term. While
chemical fertilizers provide rapid nutrient release to plants,
their excessive and long-term use can reduce soil microbial
diversity and biomass (M. Wei et al., 2017). In contrast, the
use of organic fertilizers (e.g. vermicompost and burnt barn
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manure) supports microbial life by increasing soil organic
matter and improves soil health in the long term. Current
studies in the literature reveal that partially or completely
replacing chemical fertilizers with organic fertilizers
significantly increases soil bacterial diversity and fungal
richness (Pan et al., 2025; Wu et al., 2020). Additionally, it
is stated that different manure management practices
directly affect the structure and abundance of microbial
communities participating in the carbon and nitrogen cycle
(Sun et al., 2015; J. Zhao et al., 2016). However, studies
comparatively examining the temporal effects of organic
and chemical fertilizer applications directly on soil
microbial activity and biochemical parameters (e.g. CO:
release, dehydrogenase activity) are still limited.

In addition to fertilization strategies, the use of plant
growth-promoting bacteria (PGPB) in agriculture stands
out as a promising biological approach for sustainable soil
management. In particular, symbiotic bacteria such as
Bradyrhizobium japonicum have the potential to improve
the biological quality of the soil by fixing atmospheric
nitrogen thanks to their relationship with legumes
(O’Callaghan et al., 2022). Although it is well documented
that B. japonicum inoculants increase plant productivity
and provide tolerance to environmental stress conditions
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(e.g. drought) (Szczerba et al., 2025), the effects of this
bacterium not only on the symbiotic relationship but also
directly on soil microbial communities and activity have
not been adequately elucidated. It is thought that
biofertilizer applications can positively manipulate soil
microbial communities and support ecosystem functions
(Shen et al., 2015).

This study aims to comparatively and temporally
evaluate the effects of Bradyrhizobium japonicum
bacterial inoculation and different fertilizer applications
(chemical fertilizer, vermicompost and burnt barn manure)
on soil microbial activity. The unique value of the project
is that it examines the effect of B. japonicum directly on
soil microbial communities in a plant-free environment,
revealing the potential of this bacterium in non-symbiotic
conditions. The main hypothesis of the research is that B.
japonicum inoculation and organic fertilizer applications
will improve soil health by increasing soil microbial
activity and biochemical parameters (CO: release,
dehydrogenase activity [DHA] and indole-3-acetic acid
[TAA] production) over time. The findings aim to provide
important scientific data for sustainable agricultural
practices and environmentally friendly soil management
strategies by illuminating the effects of organic and
chemical fertilizers on microbial dynamics.

Materials and Methods

This study was carried out in a controlled glass
greenhouse belonging to the Department of Soil Science
and Plant Nutrition at Harran University. The experiment
was set up in a plant-free environment using pots with a
capacity of 3 liters each. The soil material used in the
research was obtained from the trial plots on the Harran
University campus. The general characteristics of the trial
soil are soil type (Clay Loam), pH (7.8), organic matter
content (2.0%), available P (17.2 mg kg™'), and electrical
conductivity (1.17 dS m™).

Bradyrhizobium japonicum bacterial strain obtained
from Ankara Soil, Fertilizer and Water Resources Central
Research Institute was used as a microbial inoculant in the
study. For fertilization applications, urea was preferred as
chemical fertilizer, and vermicompost and burnt barn
manure were preferred as organic fertilizer.

Experiment Design and Applications

The experiment was carried out in a total of 24 pots,
with 8 different application subjects and 3 replications, in
accordance with the randomized plot design. No plants
were used in the study, and applications were made directly
to the soil environment. The application topics included in
the trial are stated in Table 1.

Table 1. Application pattern

1:C

2. Urea 3.VC

4. FYM 5.BA

6. BA+Urea 7. BA+VC
8. BA+FYM

C: no app, BA: Bacterial inoculation, VC: Vermicompost, FYM: Well-
rotted farmyard manure

Experiment Design and Applications

After filling the pots with soil, bacterial inoculation
(BA) was carried out by soil inoculation method. In this
process, Bradyrhizobium japonicum graft material was
applied by pulverizing (spraying) to the area determined as
the seed bed.

Fertilizer applications were made by calculating the
amount per decare per pot:

Urea application: Calculated as 150 kg (0.15 g pot™!)
per hectare.

Vermicompost application: Calculated as 5 tons (5 g
pot™!) per hectare.

Burnt barn manure application: Calculated as 10 tons
(10 g pot™) per hectare.

After all fertilizer and bacteria applications were
completed, the soil in the pots was irrigated to reach field
capacity (the maximum amount of water the soil can hold).
During the experiment, soil moisture was checked
regularly and pots were kept at field capacity.

Soil Sampling and Analysis Methods

To monitor temporal changes in microbial activity, soil
samples were taken from the pots regularly every week for
4 weeks following the establishment of the experiment.
The following microbiological and biochemical analyses
were performed on the samples taken:

CO: release, one of the basic indicators of soil
microbial activity, was measured by modifying the
(Isermeyer, 1952) method. In this method, 100 grams of
soil sample was taken from each pot and placed in
Isermeyer jars containing 50 mL of barium solution. The
jars were tightly closed to prevent contact with air and left
to incubate for 24 hours. A soilless control sample was also
prepared simultaneously. At the end of the incubation
period, phenolphthalein indicator was added to the barium
solution and titration was performed with hydrochloric
acid (HCI) until the red color completely disappeared. The
amount of acid spent in the titration was recorded and the
net CO: production amount was calculated by subtracting
it from the control sample values.

Dehydrogenase activity, another important indicator of
general microbial activity in soil, was determined according
to the (Thalmann, 1968) method. For analysis, 10 grams of
soil samples were weighed into test tubes of 25 x 250 mm
dimensions. 10 mL of TTC (Trifenyltetrazolium chloride)
solution was added to each sample and mixed
homogeneously. The tubes were closed and incubated in a
dark environment for 24 hours. At the end of the period, the
solution in the tubes was filtered through filter paper and the
absorbance of the resulting filtrate was read at a wavelength
of 546 nm on the spectrophotometer (Epoch) device and DHA
values were determined.

To evaluate the capacity of soil microorganisms to
produce plant growth-promoting hormone (IAA), the
(Sarwar & Kremer, 1995) protocol was applied. After the
soil samples were mixed with pure water for 30 minutes,
they were centrifuged in a centrifuge device at 3000 rpm
for 30 minutes. 2 mL of the resulting supernatant was taken
and 4 mL of Salkowski reagent (1 mL of 0.5 M FeCls
solution in 50 mL of %35 perchloric acid) was added. Pink
color formation in the mixture was accepted as an indicator
of the presence of IAA. The amount of IAA in the culture
supernatant was determined by measuring it in a
spectrophotometer at a wavelength of 530 nm.
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Statistical Analysis

The data obtained from the trial were evaluated with
appropriate statistical analysis methods. After testing the
data for normality, analysis of variance (ANOVA) was
used. The effects of different fertilizer and bacterial
applications on soil microbial activity depending on time
were examined. Differences between means were
compared using the LSD (Least Significant Difference)
test at the p < 0.05 significance level. All statistical
analyzes were performed using SPSS 21 software.

Results

When the effects of different fertilizer and
Bradyrhizobium japonicum inoculation applications on
soil respiration were examined during the four-week
incubation (Figure 1), statistically significant differences
were detected between the applications in all reading
periods (p<0.05). Control and urea only applications
showed the lowest CO; emissions in all periods, and no
statistical difference was found between them.

In the first week, bacterial inoculation and organic
fertilizer combinations, especially BA+FYM application,
increased by 80% and were found to be statistically
significantly higher than the control. Bacterial inoculation
alone and organic fertilizers also increased by 56% and 46-

51% respectively.
In the second week, soil microbial activity increased
significantly, BA+FYM and BA+VC applications

increased by 212% and 208%, respectively, compared to
the control, and were found to be significant at p<0.05.
Only bacterial inoculation increased by 183% and organic
fertilizers increased by 139-162%.

The third week was the period when CO; emissions
peaked in all organic and bacterial applications. BA+FYM
application provided the highest increase of 231%
compared to the control and was found to be statistically
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significant. BA+VC increased by 209%, BA+U increased
by 193%, and BA alone increased by 188%.

Although a tendency to decrease in microbial activity
was observed in the fourth week, all applications
containing organic fertilizer and bacteria were found to be
statistically significantly higher than the control at the
p<0.05 level.

Overall, the combination of Bradyrhizobium
japonicum inoculation with organic fertilizers maximized
soil respiration, and this effect was maintained at a
statistically significant level throughout the 4-week period.
Chemical fertilizer applications did not make any
contribution to soil microbial activity compared to the
control application.

Soil dehydrogenase activity measurements (Figure 2)
showed statistically significant differences between
treatments in all reading periods (p<0.05). Control and urea
applications showed the lowest DHA values in all periods
and no statistical difference was found between them.

In the first week, BA+FYM and BA+VC applications
provided the highest DHA activity, increasing by 57% and
54%, respectively, compared to the control, and was found
to be significant at p<0.05. Organic fertilizers and bacterial
inoculation alone were also statistically separated from the
control group by providing an increase of 38-39%.

DHA activity generally increased in the second week.
BA+FYM application gave the highest value, providing a
100% increase compared to the control, and was found to
be statistically significant. BA+VC increased by 96%, BA
alone increased by 88%. Organic fertilizers increased by
80-85%.

The third week was the period when DHA activity
reached the highest levels. BA+FYM application was in
the top group with a 103% increase compared to the control
and was found to be statistically significant. BA+VC
increased by 100%, BA alone increased by 94%.

FYM mBA mBA+U mBA+VC mBA+FYM

d d b b

3 4

Measurement

Figure 1. Soil respiration (COz) under bacterial inoculation (BA) and its combinations with urea (U), vermicompost
(VC), and well-rotted farmyard manure (FYM) applications (mean + S.E.).

Different letters on the bars indicate significant differences among treatments within each measurement time (p<0.05). Each measurement time was
analyzed separately. C: control (no amendment); U: application of 150 kg ha! (0.15 g pot™) urea; VC: application of 5 t ha'! (5 g pot™!) vermicompost;
FYM: application of 10 t ha™! (10 g pot™") well-rotted farmyard manure; BA: bacterial inoculation; BA+U: bacterial inoculation + urea; BA+VC:
bacterial inoculation + vermicompost; BA+FYM: bacterial inoculation + farmyard manure.
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Figure 2. Dehydrogenase enzyme activity (DHA) under bacterial inoculation (BA) and its combinations with urea (U),

vermicompost (VC), and well-rotted farmyard manure (FYM) applications (mean + S.E.).

Different letters on the bars indicate significant differences among treatments within each measurement time (p<0.05). Each measurement time was
analyzed separately. C: control (no amendment); U: application of 150 kg ha-1 (0.15 g pot-1) urea; VC: application of 5 t ha-1 (5 g pot-1)
vermicompost; FYM: application of 10 t ha-1 (10 g pot-1) well-rotted farmyard manure; BA: bacterial inoculation; BA+U: bacterial inoculation +
urea; BA+VC: bacterial inoculation + vermicompost; BA+FYM: bacterial inoculation + farmyard manure.
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Figure 3. Indol-3-Asetik Asit (IAA) under bacterial inoculation (BA) and its combinations with urea (U), vermicompost
(VC), and well-rotted farmyard manure (FYM) applications (mean + S.E.).

Different letters on the bars indicate significant differences among treatments within each measurement time (p<0.05). Each measurement time was
analyzed separately. C: control (no amendment); U: application of 150 kg ha-1 (0.15 g pot-1) urea; VC: application of 5 t ha-1 (5 g pot-1)
vermicompost; FYM: application of 10 t ha-1 (10 g pot-1) well-rotted farmyard manure; BA: bacterial inoculation; BA+U: bacterial inoculation +
urea; BA+VC: bacterial inoculation + vermicompost; BA+FYM: bacterial inoculation + farmyard manure.

In the fourth week, BA+FYM and BA+VC applications
again showed the highest DHA activity and was found to
be statistically significantly higher than the control at
p<0.05. BA+FYM increased by 101%, BA+VC increased
by 100%. In general, the combination of Bradyrhizobium
japonicum inoculation with organic fertilizers, especially
BA-+FYM application, kept soil dehydrogenase activity at
the highest level, and this effect was maintained at a
statistically significant level throughout the 4-week period.

Chemical fertilizer application did not contribute to DHA
activity compared to the control application.

Measurements of indole-3-acetic acid production
capacity of soil microorganisms (Figure 3) showed
statistically significant differences between treatments in
all reading periods (p<0.05). Control and urea applications
showed the lowest IAA production capacity in all periods
and no statistical difference was found between them.
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In the first week, all organic fertilizer and bacterial
inoculation applications increased by 79-95% compared to
the control and were found to be significant at p<0.05. BA,
BA+VC and BA+FYM applications statistically showed
the highest IAA production capacity.

The similar trend continued in the second week, and all
organic fertilizer and bacteria applications increased by 90-
108% compared to the control. BA, VC, BA+VC and
BA+FYM applications maintained the highest levels
statistically.

The third week was the period when IAA production
capacity reached its highest levels. Applications containing
bacterial inoculation (BA, BA+U, BA+VC) were found to
be statistically significant, providing an increase of 135%,
124% and 131%, respectively, compared to the control. BA
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application showed the highest IAA production capacity in
this period.

In the fourth week, all organic fertilizer and bacteria-
containing applications were statistically grouped in the
same group (a) and were found to be significantly higher
than the control at p<0.05. BA, VC, FYM, BA+U, BA+VC
and BA+FYM applications provided an increase of 123-
133%.

In general, Bradyrhizobium japonicum inoculation,
especially in combination with organic fertilizers,
significantly increased the IAA production capacity of soil
microorganisms, and this effect was maintained at a
statistically significant level throughout the 4-week period.
Chemical fertilizer application did not contribute to IAA
production compared to the control application.
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Figure 4. Pearson correlation matrices among soil CO; emission, dehydrogenase activity (DHA), and indole-3-acetic
acid (IAA) at four different sampling times.

Correlation analysis was performed between soil
respiration (CO;), dehydrogenase activity (DHA) and
indole-3-acetic acid (IAA) production in all measurement
periods (Figure 4). According to the correlation analysis
results, strong positive correlations were determined in all
periods. The correlation coefficients between CO. and
DHA were very high (r = 0.99) in all periods, suggesting
that these two parameters are reliable indicators of soil
microbial activity.

The relationships between CO, and IAA are also strong
(r = 0.96-0.98), but at a lower level compared to the
relationship with DHA. This shows that IAA production
depends not only on general microbial activity but also on
the functional properties of specific groups of
microorganisms.

The correlations between DHA and IAA were high in
all periods (r = 0.98-0.99), suggesting a strong connection
between microbial activity and phytohormone production.
Overall, these results suggest that organic practices and

bacterial inoculation simultaneously increase soil
microbial processes and that these parameters vary
together.

Discussion

Soil respiration (CO, release) and dehydrogenase
activity (DHA) are indicators that directly reflect the rate
of organic matter decomposition and carbon mineralization
by heterotrophic microorganisms in the soil. The temporal
dynamics of soil respiration occur as a result of the
interaction of substrate availability, microbial biomass, and
nutrient cycling. Kotroczo et al., (2023) showed that total
soil respiration is a result of the interaction of soil organic
matter content and soil moisture, and that this relationship
changes over time. Similarly, Ma et al., (2026) emphasized
that microbial respiration is central to the biological
processing of soil organic matter (SOM) and that this
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process is a fundamental mechanism that determines
carbon balance.

In the first period, which begins with the addition of
organic matter to the soil, a new carbon and energy source
is provided to microbial communities. This fresh organic
matter triggers a mechanism known as the "priming
effect." Kuzyakov & Blagodatskaya, (2015) stated that the
priming effect of fresh carbon input accelerates the
decomposition of soil organic matter and that this process
changes over time. While this effect is strong in the first
weeks, activity levels change as organic matter is gradually
consumed. Blagodatskaya & Kuzyakov, (2008) showed
that the priming effect is positive in its initial phase but
decreases over time and can even become negative.

Substrate dynamics and carbon limitation theories play
important roles in explaining the temporal trend of soil
respiration. Soong et al.,, (2020) revealed that soil
heterotrophic microorganisms are primarily limited by
organic carbon, and this limitation is critical in
understanding the ecosystem carbon cycle. As organic
matter is consumed, microbial populations face a reduction
in readily degradable carbon sources. Pold et al., (2017)
showed that substrate availability drives the carbon cycle
and that this relationship is non-linear. The slowing down
of respiration, which initially increases rapidly, over time
is a natural consequence of these mechanisms.

Organic fertilizers (vermicompost and Well-rotted
farmyard manure) provide a wide variety of carbon sources
and nutrients to soil microbial communities. Ge et al.,
(2010) showed that long-term organic and inorganic
fertilization affect soil biological activity in different ways,
with organic fertilization providing higher and more stable
activity levels.

The complex organic compounds (cellulose,
hemicellulose, lignin, etc.) contained in organic fertilizers
are gradually decomposed by microorganisms, creating a
long-term carbon and energy source. Decomposition of
organic materials such as vermicompost and Well-rotted
farmyard manure mobilizes a variety of microbial taxa.
Dasgupta et al., (2024) stated that certain bacterial and
fungal taxa become temporally active during organic
matter decomposition and that these dynamics affect
carbon sequestration.

The rich microbial content of organic fertilizers
(themselves a source of biofertilizer) also brings additional
microbial diversity to the soil. Guillaume et al., (2021)
revealed that the dynamics of soil respiration during
organic matter decomposition is determined by the
chemical composition and microbial community structure
of the applied material.

Bradyrhizobium japonicum is not only a nitrogen-
fixing symbiont, but also a microorganism that directly
affects the structure and function of the soil microbial
network. Y. Zhao et al., (2022) showed that B. japonicum
inoculation significantly changed the soil microbial
assembly process and community network structure. When
added to soil, this bacterium establishes complex
interactions with other microorganisms and increases the
complexity of the soil microbial network. Hara et al.,
(2024) showed that bradyrhizobial inoculation changes the
structure of the bacterial community in the soil bulk and
these changes are reflected in soil health indicators. Wei et
al., (2026) reported that decadal fertilization and

Bradyrhizobium inoculation reshaped soybean rhizosphere
fungal-metabolite networks and improved soil health.
These findings suggest that B. japonicum affects not only
the plant-bacteria interaction but also the broader soil
microbial ecosystem.

Xing et al., (2022) showed that co-application of
Bradyrhizobium with other beneficial bacteria (e.g.,
Bacillus species) creates synergistic effects and increases
soil phosphorus cycling and phosphomonoesterase
activity. Such combinations strengthen the functional
capacity of the soil microbial community in various
aspects.

The capacity of soil microorganisms to produce indole-
3-acetic acid (IAA) is one of the fundamental mechanisms
of plant-microbe interactions. (Etesami & Glick, 2024)
stated that IAA produced by bacteria increases the amount
of root exudation by loosening the wall of plant cells, thus
providing additional nutrient sources to the soil. This
creates a positive feedback loop: increased root exudation
provides more carbon to soil microorganisms, which
stimulates more IAA production. Tang et al., (2023)
emphasized that indole-3-acetic acid is a phytohormone
that regulates almost all aspects of plant growth and
development, and IAA controls cell division, cell
elongation, and root development. Bunsangiam et al.,
(2021) showed that IAA plays vital roles in plant growth
and development processes, and the production of this
hormone by bacteria increases the resistance of plants to
stress conditions. IAA production occurs through two basic
biosynthesis  pathways: tryptophan-dependent and
tryptophan-independent. Souza et al., (2015) stated that
plant growth-promoting bacteria (PGPB) produce IAA
through various mechanisms and that these mechanisms
vary depending on the bacterial species and environmental
conditions. Organic fertilizers are rich in tryptophan and
other amino acids, which is one reason why these fertilizers
support populations of IAA-producing bacteria.

Chemical fertilizers (e.g., urea) quickly provide
nitrogen to plants but do not contain the carbon source
necessary for the growth and activity of soil microbial
communities. In a comprehensive review of the nature and
dynamics of soil organic matter, Nikolaidis & Bidoglio,
(2013) emphasized that soil microorganisms depend on
carbon source availability. Because chemical fertilizers do
not contain organic matter, they do not provide the carbon
energy necessary for the growth of microbial populations.
Carbon limitation is a critical concept in understanding the
carbon and nutrient cycle of the soil ecosystem, and
relieving this limitation is possible through the introduction
of organic matter.

Conclusion

This study examined the effects of Bradyrhizobium
japonicum inoculation and different fertilizer applications on
soil microbial activity over a four-week period. Organic
fertilizer applications (vermicompost and Well-rotted
farmyard manure) provided significant increases in soil
respiration, dehydrogenase activity and IAA production
capacity compared to the control. Especially the combination
of Bradyrhizobium japonicum and organic fertilizers showed
the highest activity values in all parameters.
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In terms of temporal dynamics, soil microbial activity
showed a rapid increase in the first weeks, reached its peak
in the third week, and showed a relative decrease in the
fourth week. This trend is consistent with the
decomposition of organic matter and substrate dynamics.
Chemical fertilizer application showed low activity levels
similar to the control group in all periods. These findings
demonstrate that the synergistic combination of organic
fertilizers and Bradyrhizobium japonicum inoculation
provides a sustainable alternative to chemical fertilizers,
effectively enhancing soil microbial ecosystem functions
and supporting long-term soil health and agricultural
productivity.
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