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Abstract

tural fields.

This study aimed to select the optimal microbial agents for ammonia gas reduction in Chinese cabbage cultivation
and evaluate their ammonia reduction efficiency. By selecting the optimum microorganism to reduce ammonia
emissions, the ammonia emission reduction efficiencies of the nitrification microorganisms, Alcaligenes faecalis subsp.
faecalis and Brevibacillus sp. were 21 and 31%, respectively, which were superior to those of other microorganisms.
The best ammonia emission reduction efficiency of the acid-producing microorganisms was 55%. The optimum
mixing ratio of microbial agent for removing ammonia gas emitted from NPK-containing soil was: acid-producing
microorganism:Alcaligenes faecalis subsp. faecalis:Brevibaillus sp.=0.70:0.15:0.15. The optimum treatment amount

was 500 L/ha, and the optimum number of microbial agents was basal fertilization (also known as pre-planting
fertilization) once and additional fertilization three times, for a total of four times. The reduction efficiency of ammonia
emissions from NPK-containing soil under optimum conditions in cabbage cultivation was 27% lower than that of
the control (only NPK-containing sail). Therefore, the microbial agent developed in this study can be utilized to effec-
tively reduce the emission of ammonia, a secondary fine particle precursor, while maintaining crop yield in agricul-
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Introduction

Owing to rapid industrialization and urbanization, vari-
ous air pollutants have been discharged, and special man-
agement is required because of their direct and potential
risks to the human body [1]. Public interest in fine dust
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has increased rapidly since 2013, and it is now recognized
as a social problem. Fine dust is classified into PM10
and PM2.5, depending on particle size. In particular,
PM2.5, which is ultrafine dust, has a small particle size
of <2.5 um; therefore, it has a larger surface area than that
of PM10 and more harmful substances can be adsorbed
and moved [2]. Therefore, PM2.5 penetrates deep into
the human body and enters the alveoli and blood vessels,
damages body organs and poses a great risk to respira-
tory health, making it more harmful than PM10 [3]. The
International Agency for Research on Cancer (IARC)
under the World Health Organization classifies fine dust
as a Group 1 carcinogen [4].

PM2.5 is divided into direct emissions from the emis-
sion source and indirect emissions secondarily gener-
ated through photochemical reactions in the atmosphere
[5]. For indirect emissions, precursors such as nitrogen
oxides, sulfur oxides, volatile organic compounds, and
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ammonia in the air undergo photochemical reactions
with reactive factors such as ozone and moisture, which
generate secondary fine dust, such as organic substances,
ammonium sulfate, and ammonium nitrate [6]. Second-
ary fine dust generated through this route corresponds to
approximately 76% of the total [7]. However, unlike direct
emission sources, it is challenging to control because it is
emitted from various places at irregular concentrations.
Therefore, managing the causative substances forming
secondary fine dust is more urgent than directly treating
and managing secondary fine dust in the air.

Recently, as agricultural land has become a major
source of ammonia emissions, the importance of sec-
ondary fine dust generated by ammonia has emerged.
In Korea, approximately 74% of the ammonia is gener-
ated from agriculture [8]. Nitrogen fertilizers are essen-
tial in agriculture to increase crop yield and quality. In
particular, nitrogen fertilizers such as urea-treated soil
emit a large amount of ammonia during decomposition
and hydrolysis by microorganisms [9]. Therefore, the key
task in reducing the ultrafine dust generated in Korea is
to reduce ammonia caused by nitrogen fertilizers such as
urea.

Technologies and measures to reduce ammonia emis-
sions from agriculture include treating biochar and ure-
ase inhibitors and improving nitrogenous fertilization
[10, 11]. Urease decomposes soil-treated urea to form
ammonium ions, which can bind to the biochar surface
and reduce nitrification and ammonium volatilization.
However, biochar has a relatively high pH, and ammonia
volatilization may also occur [12]. Because surface fer-
tilization with nitrogen fertilizer increases the amount
of ammonia volatilization, deep application of nitrogen
fertilizer is performed to reduce the ammonia generated
in agricultural land [13]. However, this method requires
considerable time and labor. Soil treatment with urease
inhibitors can reduce the amount of ammonia volatiliza-
tion by suppressing urease activity; however, it can affect
yields because sufficient nutrients are not supplied to
crops [14]. Therefore, it is necessary to develop an eco-
friendly ammonia reduction technology that can be easily
applied to agricultural land and does not affect crop yield.

Various microorganisms can be effectively used for
ammonia removal because they are involved in nitrogen
fixation, ammonia volatilization, nitrification, and deni-
trification [15]. Studies using microorganisms to reduce

Table 1 Chemical properties of soil used
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ammonia emissions have focused on livestock farming
environments and manure treatment, wastewater treat-
ment, compost, fertilizer manufacturing, and waste treat-
ment plants [16]. However, studies directly applying them
to farmland are limited. Urea treatment of soil generates
ammonia gas through urease decomposition and ammo-
nia volatilization, which are dominantly influenced by the
soil environment and microbiological reactions. There-
fore, this study hypothesized that applying nitrifying
and acid-producing microorganisms could alter the soil
environment and microbial community, thereby reducing
the ammonia gas discharged from NPK-containing soil.
Therefore, this study aimed to select the optimal micro-
bial agents for reducing ammonia gas in Chinese cab-
bage cultivation and evaluate their ammonia reduction
efficiency.

Materials and methods

Soil

The soil used in this study was collected from a
farm affiliated with Gyeongsang National University
(35°10"84.91"N, 128°11’91.55"E) located in Sacheon,
Gyeongsangnam-do; its chemical properties are pre-
sented in Table 1.

Microorganism

The nitrification-related microorganisms Pseudomonas
fluorescens, Rhodococcus sp., Bacillus subtilis, Acineto-
bacter junii, Alcaligenes faecalis subsp. faecalis, and Brev-
ibacillus sp. were selected and purchased from KCTC.
The 107 acid-producing microorganisms used in this
experiment were obtained from a microorganism com-
pany located in Jeonju, Jeollabuk-do (Additional file 1:
Table S1), including lactic acid bacteria, yeast, actinomy-
cetes, and photosynthetic bacteria.

Pot experiment

Pot experiments were conducted to determine the opti-
mal microbial agents for ammonia reduction. The evalu-
ation of ammonia emission characteristics according
to the treatment with nitrifying and acid-producing
microorganisms was performed in a Wagner pot with a
standard of 1/5000a, and the aforementioned six nitri-
fying and acid-producing microorganisms were treated
at 100 L/ha. N-P,0;:-K,0 was added at 320-78-198 kg/
ha to all treatments except the untreated one, and all

pH EC oM TN Avail. P,0, K Ca Mg Na Fe Mn
1:5 ds/m g/kg mag/kg cmol*/kg mg/kg
6.0 0.2 10.1 0.62 162.1 0.5 77 19 0.06 283 243
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treatments were performed in triplicate. The concen-
tration of ammonia gas discharged into the soil treated
with nitrifying and acid-producing microorganisms was
investigated daily for 20 days. Subsequently, to select the
optimal mixing ratio of nitrifying and acid-producing
mixed microorganisms, the mixing ratios of acid-pro-
ducing microorganisms, Alcaligenes faecalis subsp. fae-
calis, and Brevibacillus sp. were 0.50:0.25:0.25 (SMM1),
0.70:0.15:0.15 (SMM2), and 0.80:0.10:0.10 (SMM3). All
subsequent treatments and methods were performed in
the same manner as described previously.

Field experiment

The evaluation of ammonia emission characteristics
according to microbial agent treatment during cabbage
cultivation was conducted at the Gyeongsang National
University-affiliated farm located in Sacheon, Gyeong-
sangnam-do (35°10"84.91"N, 128°11°91.55"E). Changes
in climate conditions in the study area are shown in
Additional file 1: Fig. S1. Each treatment area was 2 m
in width and 3 m in length, with an area of 6 m? and
was arranged in three replicates according to the rand-
omized complete block design. Immediately after basal
fertilizer treatment (N-P,0;-K,0=113-8-78-79 kg/
ha), 18 Chinese cabbage (Brassica rapa L.) plants were
planted for each treatment. Subsequently, additional
fertilizer was supplied three times at 15-day intervals
(N-P,0;5-K,0=60-0-26 kg/ha for 1st additional fertiliza-
tion; N-P,O5-K,0=73-0-66 kg/ha for the 2nd and 3rd
additional fertilizations). Based on previous experimen-
tal results, the optimal amount of microbial agent (acid-
producing microorganisms:Alcaligenes faecalis subsp.
faecalis:Brevibacillus sp =0.70:0.15:0.15) was divided into
500, 1000, and 2000 L/ha and applied to NPK-treated soil.
In addition, to evaluate the amount of ammonia gas dis-
charged from NPK soil according to continuous micro-
bial agent treatment (four times), the microbial agent
treatment was applied with the same frequency and tim-
ing as that of the fertilizer treatment. The characteristics
of the Chinese cabbage grown in each treatment group
were investigated by referring to the standard manual
for crop growth investigation by the Rural Development
Administration.

Capture and analysis of ammonia gas

The static chamber method was used to capture the
ammonia emitted during cabbage cultivation; the diam-
eter and height of the chamber were 12.5 cm and 30 cm,
respectively. The chamber was installed at a 15 cm depth
at the center of each pot and treatment area. Ammonia
gas discharged from the soil treated with fertilizers and/
or microbial agents was collected for 24 h after chamber
installation and monitored for 20 and 69 days in the pot
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and field experiments, respectively. Two sponges were
installed in the chamber: the lower sponge was used to
collect the ammonia generated from the soil, and the
upper sponge blocked the ammonia flowing in from the
atmosphere. These sponges were immersed in 30 mL
of a 1:1 mixture of 1 M H;PO, and 1% glycerol to col-
lect ammonia, and then installed in the chamber. After
24 h of ammonia collection, the sponge was separated
from the chamber and immersed in 150 mL of 2 M KCI
to leach the ammonia. The extracted ammonia was ana-
lyzed using the indophenol method, and the ammonia
in the solution was quantified at a wavelength of 630 nm
using a UV-VIS Spectrophotometer (PerkinElmer, MA,
USA). The ammonia emissions per unit area were calcu-
lated using the following equation:

NH,;-N (mg/m?%/day): (C x V)/(t X A) x (14.0067)/
[14.0067 + (1.00794 X 4)] X px273/(273+T).

Soil microbial community analysis

To analyze the soil microbial community, soil was col-
lected immediately, 30, and 60 days after treatment with
fertilizer and a microbial agent, and NucleoSpin Soil
(MACHEREY-NAGEL, Nordrhein-Westfalen, Germany)
kit was used to extract the DNA of soil microorgan-
isms. The microbial community was commissioned by
Cheonlab Co., Ltd. and analyzed with MiSeq (Illumina,
CA, USA) equipment, using 318F and 80R primers that
amplify the V3—V4 region of the 16S rRNA gene and for-
ward through paired-end sequencing. A pair of 300 bp-
long nucleotide sequences of the reverse and reverse
sides were merged into one to produce a nucleotide
sequence of >400 bp and then analyzed.

Statistical analysis

All treatments were performed in triplicate. Statistical
analysis was performed using SAS version 8.1 by per-
forming Duncan’s multiple range test at a 5% confidence
interval to identify the differences among the treatments.

Results and discussions

Selection of optimal microorganisms to reduce ammonia
emissions in pot experiments

Effects of nitrifying microorganisms

Ammonia emission characteristics were investigated
according to the treatment of microorganisms with
nitrification functions in soil containing NPK (Fig. 1).
Ammonia gas discharged from the NPK-containing soil
with or without microbial treatment increased rapidly
on the 2nd day after treatment and thereafter decreased
gradually. Ammonia emissions from soil containing only
NPK (Control) were 619.7 g/ha/day on the 2nd day after
treatment, and then discharged irregularly in the range
of 99-288.3 g/ha/day. When Alcaligenes faecalis subsp.
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Fig. 1 Effect of ammonia emission using nitrifying microorganism [A NH; emission, B Accumulated NH;-N, Control: NPK, SM1: NPK+ Brevibacillus
sp., SM2: NPK+ Alcaligenes faecalis subsp. faecalis, SM3: NPK+ Rhodococcus sp., SM4: NPK+ Bacillus subtilis, SM5: NPK+ Acinetobacter junii, SM6:

NPK + Pseudomonas fluorescens]

faecalis (SM1) and Brevibacillus sp. (SM2) were added
to the NPK-containing soil, the ammonia gas produc-
tion was 548.8 and 585.7 g/ha/day, respectively, on the
2nd day, which was significantly lower than that treated
with only NPK. In contrast, ammonia emissions from
NPK-containing soil treated with Rhodococcus sp., Bacil-
lus subtilis, Acinetobacter junii, and Pseudomonas fluore-
scens increased compared to the control on the 2nd day.
Ammonia gas discharged from the NPK-containing soil

was generated immediately after treatment for 7 days
regardless of the presence of microorganisms, accounting
for >50% of the total amount of ammonia gas discharged
during the investigation. Cantarella et al. [17] reported
that the hydrolysis reaction of urea locally increases the
soil pH by consuming H*, which has a decisive effect on
the volatilization of NH; from the soil surface immedi-
ately after urea treatment. Soares et al. [18] reported
that 20% of the N applied was lost as NH; within 2 days
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after applying urea fertilizer. In particular, ammonia gas
generated from urea-applied soil has a dominant effect
on environmental factors, such as soil pH, buffering
capacitance, temperature, moisture content, and micro-
bial community [19]. Therefore, to effectively reduce
the ammonia gas generated from urea-containing soil,
improving the above-mentioned soil environment is nec-
essary immediately after fertilizer treatment.

The cumulative ammonia gas discharged from the
NPK-containing soil treated with the six microorganisms
with nitrifying functions is shown in Fig. 1B. The cumula-
tive ammonia emissions from soils containing only NPK
were 5.6 kg/ha, whereas those from Brevibacillus sp. and
Alcaligenes faecalis subsp. faecalis-treated soils contain-
ing NPK were 4.4 and 3.8 kg/ha, respectively. This indi-
cated that Brevibacillus sp. and Alcaligenes faecalis subsp.
faecalis reduced the cumulative ammonia gas by 21% and
31%, respectively, compared to the control. Brevibacillus
sp. and Alcaligenes faecalis subsp. faecalis are involved
in the ammonia oxidation-denitrification process [20,
21]. In particular, Alcaligenes faecalis subsp. faecalis can
simultaneously perform nitrification and denitrifica-
tion under aerobic conditions. Its growth is not inhib-
ited even in high-concentration ammonia environments
and substantially affects ammonia emission reduction.
Brevibacillus sp. is an ammonia oxidizing microorganism
that oxidizes ammonium to nitrite during nitrification.
Therefore, Brevibacillus sp. oxidizes the decomposed
NH,* ions from urea and converts them to NO,~, which
reduces the amount of ammonia gas discharged from
NPK-containing soil. Therefore, Brevibacillus sp. and
Alcaligenes faecalis subsp. faecalis can be used as effec-
tive microorganisms to reduce ammonia discharge from
the soil.

Effects of acid-producing mixed microorganisms

In general, ammonia volatilization in soil is directly
related to soil pH. Therefore, the application of acid-pro-
ducing microorganisms maintained a low soil pH, which
reduced the amount of ammonia volatilization. The
amount of ammonia gas generated after treating NPK-
containing soil with a mixed microbial agent contain-
ing a large number of acid-producing microorganisms is
shown in Fig. 2. The emission of ammonia gas from soil
containing only NPK was 619.7 g/ha/day on the 2nd day,
whereas it was significantly reduced to 226.3 g/ha/day
by acid-producing microorganisms. In particular, it was
confirmed that treating acid-producing microorganisms
in NPK-containing soil suppressed the rapid discharge
of ammonia in the early stage, which further increased
the ammonia reduction efficiency. Andreev et al. [22]
reported that soil pH decreased after applying lactic acid
bacteria to the soil, which directly reduced ammonia gas
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emissions. The cumulative ammonia emission for 20 days
in the NPK-containing soil treated with acid-producing
microorganisms was 2.5 kg/ha, which was 55% lower
than that in the soil containing only NPK.

Selecting the optimal mixing ratio of microorganisms

to reduce ammonia emissions

The reduction efficiency of ammonia gas discharged
from NPK-containing soil could be maximized if nitrify-
ing microorganisms and acid-producing microorganisms
were mixed at an appropriate ratio. Therefore, this study
investigated ammonia emissions in NPK-containing soil
treated with a mixture of nitrifying and acid-producing
microorganisms at different ratios (Fig. 3). Regardless of
the mixing ratio, the amount of ammonia gas emitted
from the NPK-containing soil treated with mixed micro-
organisms was lower than that from the soil treated with
nitrifying microorganisms alone.

In particular, when only acid-producing microorgan-
isms were treated with NPK-containing soil, the cumu-
lative ammonia emission for 7 days was 1091.6 g/ha. In
contrast, the ammonia gases released from the NPK-
containing soil after treatment with the acid-producing
microorganisms, Alcaligenes faecalis subsp. faecalis, and
Brevibacillus sp. at mixing ratios of 0.5:0.25:0.25 (SMM1),
0.70:0.15:0.15 (SMM2), and 0.80:0.10:0.10 (SMM3) were
1191.2, 1010.4, and 1009.2 g/ha, respectively, which was
similar to that treated with acid-producing microorgan-
isms alone. However, from 7 to 20 days after treatment,
the cumulative ammonia emission in NPK-containing
soil treated with only acid-producing microorganisms
was 1420.3 g/ha, whereas that of the NPK-containing
soil treated with SSM2 was 958.8 g/ha, which was lower
than that of the soil treated with only acid-producing
microorganisms. This because NH,* was not converted
to NH;, owing to the simultaneous action of pH control
and nitrification caused by mixed microorganisms in the
NPK-containing soil. Cumulative ammonia emissions
from NPK-containing soils according to the mixing ratio
of the two nitrifying and acid-producing microorganisms
were in the order of SMM1 (2.7 g/ha)>SMM3 (2.4 g/
ha) >SMM2 (2.0 g/ha), and the ammonia reduction effi-
ciency compared to NPK-containing soil was in the order
of SMM2 (65%) > SMM3 (57%) > SMM1 (51%). Therefore,
SMM?2 was the optimum microbial mixing condition for
reducing ammonia gas in NPK-treated soil.

Application of microbial agents in Chinese cabbage
cultivation

Ammonia reduction efficiency according to application

of microbial agent

The ammonia emission reduction efficiency was
evaluated for 3 months by applying the optimal



Park et al. Applied Biological Chemistry (2023) 66:91 Page 6 of 11
A
800 —e— Control —o—M1
= 700 |
©
o
S 600
)
- 500 |
)
_g 400
=
S 300
>
< 200
z
100
o 1 1 J
0 5 10 15 20
B Time (Day)
7 -
©
< a
2 °7
c
2 5
©
N
5 4
o
>
Z 3t b
T
4
$ 27
5
= L
= 1
=]
(&)
0 1

Control

M1

Fig. 2 Effect of ammonia emission using acid-producing mixed microorganisms [A NH; emission, B Accumulated NH;-N, Control: NPK, M1:

NPK+ acid-producing mixed microorganisms]

microorganisms based on the aforementioned pot
experiment results to actual cabbage cultivation
(Fig. 4). Ammonia emissions remained relatively low
after basal fertilization in all treatments, but tended
to increase rapidly after additional fertilization. In the
NPK treatment without microbial agents, ammonia
emissions increased rapidly to 1471 g/ha/day 7 days
after the first additional fertilization, and thereafter
gradually decreased to 474.3 g/ha/day. After 5 days of
the 2nd additional fertilization, the ammonia emissions

increased rapidly to 2852.2 g/ha/day and then gradu-
ally decreased, reaching 216.5 g/ha/day after 14 days.
After the 3rd additional fertilization, ammonia emis-
sions from the NPK-containing soils without micro-
organisms were maintained from 270.2 g/ha/day to
792.1 g/ha/day. Ammonia gas emissions in the NPK-
containing soil treated with the microbial agent were
significantly lower than those in the non-treated soil.
However, ammonia emissions tended to increase as the
number of microbial agents increased. In particular,
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the ammonia emissions rapidly discharged from the
NPK-containing soil after the first additional ferti-
lizer application were the lowest at 500 L/ha, which
was the treatment with the fewest microbial agents. It
is believed that the water content in the soil increases
with increasing amounts of microbial agent treated in
liquid form, which accelerates urea decomposition and
increases the amount of ammonia volatilization. Bouw-
meester et al. [23] and Park et al. [24] reported that the

amount of ammonia gas emitted from urea-treated soil
increased with increasing soil moisture content, similar
to our results.

Figure 4B shows the cumulative ammonia emissions
from the cabbage culture according to the optimal
microbial agent treatment amount. When 500, 1000,
and 2000 L/ha of microbial agents were applied to NPK-
containing soils, the cumulative amounts of ammonia
released were 25.9, 27.7, and 33.7 kg/ha, respectively,
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which were lower than those of NPK-containing soils
not treated with microorganisms.

Therefore, it can be concluded that treating microor-
ganisms in cabbage cultivation can effectively control
the ammonia discharged from NPK-containing soils.
However, owing to the growth characteristics of Chi-
nese cabbage, if additional fertilizer is supplied for a
long period, microorganism activity is reduced, which

negatively affects ammonia reduction efficiency. There-
fore, the microbial agent was treated in the same man-
ner as the number of fertilizer treatments (Fig. 4). The
amount of ammonia discharged from the NPK-contain-
ing soil was significantly reduced compared to one treat-
ment with the microbial agent after the same number
of fertilizer treatments and treatments with the micro-
bial agent. In particular, the amount of ammonia gas
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rapidly discharged from the NPK-containing soil after
each additional fertilizer application was significantly
reduced by the continuous microbial agent treatment.

Growth characteristics of Chinese cabbage according

to application of microbial agent

The growth characteristics of Chinese cabbage accord-
ing to the NPK and microbial treatment levels are
shown in Table 2. The untreated and NPK cabbage
yields were 27.1 and 93.9 Mg/ha, respectively, and the
yield of Chinese cabbage treated with NPK was more
than three times higher than that of untreated cabbage.
When 500, 1000, and 2000 L/ha of the microbial agent
were applied to the NPK-containing soil, cabbage yields
were 94.2, 96.9, and 97.2 Mg/ha, respectively, which
were not significantly different from those in the soil
treated with only NPK. Santos et al. [25] reported that a
mixture of microorganism strains or species with differ-
ent functions could maximize the benefits and improve
crop yield. Huang et al. [26] reported that plant growth
was promoted when Bacillus and Pseudomonas were
added to the soil, which was also included in the mixed
microbial agents used in this study. However, in this
study, the mixed strain effectively reduced ammonia
gas discharged from NPK-containing soil but had no
significant effect on Chinese cabbage growth. When
the microbial treatment was applied at the same fre-
quency and timing as the fertilizer treatment, the Chi-
nese cabbage yield was 98.1 Mg/ha. This did not differ
significantly from that of the soil treated with NPK and
microbial agent once.

Soil microbial communities according to the application

of microbial agents

This study analyzed the distribution of microbial com-
munities in the soil with and without microbial agent

Table 2 Growth characteristics of Chinese cabbage under
different microbial agent application levels

Treatment Weight Height Width LeafNo Yield
(9) (cm) (cm) (No.) Mg/ha
Soil (No treatment) ~ 1130b*  27.0c 13.6b 68c 27.1b
NPK (control) 3913a 37.a 20.5a 82b 93.9a
MM1 3842a 36.9a 18.9a 90ab 94.2a
MM2 4040a 339b 19.7a 9%4a 96.9a
MM3 4051a 35.8ab 184a 83b 97.2a
MM4 4088a 354ab 19.7a 88ab 98.1a

*Means by the same within a column are not significantly different at 0.05
probability level according to Duncan’s Multiple Range Test

a, b, and c indicates statistical differences
[MM1: 500 L/ha MM2: 1000 L/ha, MM3: 2000 L/ha, MM4: 500 L/ha, 4 times]
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treatment during cabbage cultivation (Additional file 1:
Fig. S2 and Fig. 5). Analysis of the distribution of soil
microorganisms immediately after NPK treatment
showed that the distribution ratios of Proteobacteria,
Acidobacteria, and Bacteroidetes were 53.9, 16.9, and
11.9%, respectively, with Proteobacteria having the
highest distribution ratio. Furthermore, despite the
lapse of 30 and 65 days after NPK treatment, there was
no significant difference in the distribution ratio of soil
microorganisms.

The distribution ratio of Proteobacteria immediately
after the microbial agent and NPK were applied to the
soil was 53.9%; however, it decreased to 35.3% after
30 days of treatment. However, after 65 days of treat-
ment, the distribution ratio of Proteobacteria increased
to 45.0%. The distribution ratios of Acidobacteria were
16.9%, 23.1%, and 19.8% immediately after NPK and
microbial agent treatment and 30 and 65 days after
treatment, respectively. The phylum Acidobacteria
contains many acid-producing microorganisms that
regulate pH in the soil [27]. This study confirmed that
the ammonia gas emitted from NPK-containing soil
was reduced because of the increase in Acidobacteria
upon treatment with the microbial agent. Bacteroidetes
showed a trend similar to that of Acidobacteria. Bacte-
roidetes is a phylum in which a large number of vari-
ous bacteria, such as ammonia-oxidizing and nitrifying
microorganisms, are distributed [28]. It is considered
that the distribution ratio in the soil increased owing
to the influence of nitrifying microorganisms included
in the microbial agent in our study. The distribution
ratios of Firmicutes were 0.3%, 2.9%, and 1.4% immedi-
ately after treatment with fertilizer and microbial agent,
and 30 and 65 days after treatment, respectively, and
were the highest 30 days after treatment with microbial
agent and fertilizer. Firmicutes are a phylum to which
lactic acid bacteria belong [29], and they play an impor-
tant role in regulating soil pH [30]. These phyla were
included in the microbial agents used in this experi-
ment, and their distribution ratio in the soil increased
after the treatment. However, the distribution ratio of
each phylum 65 days after soil treatment with fertilizer
and microbial agents showed a similar tendency to that
immediately after fertilizer and microbial agent treat-
ment. These results indicate that the treated microor-
ganisms proliferated in the soil for a short period rather
than proliferating and dominating for a long period,
thereby reducing ammonia emissions. Therefore, to
effectively control the ammonia gas discharged from
NPK-treated soil using a microbial agent, it is necessary
to monitor changes in the soil microbial community
and apply continuous microbial agent treatment.
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Fig. 5 Variations of microbial communities in Chinese cabbage cultivation soil with chemical fertilizer and microbial
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