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Abstract: Peat moss is an organic substance corroded by sphagnum moss and has a pH of 3.0–4.0.
Elemental sulfur is sulfated and oxidized by the action of bacteria to become sulfuric acid. These
biological factors can alter the soil environment. Blueberries require soil with a pH of 4.5–5.2 and
high organic matter content. In this experiment, we investigated whether different treatment rates of
peat moss, elemental sulfur, and sulfur-oxidizing bacteria affect changes in soil pH, physicochemical
properties, and electrical conductivity. We detected strong changes in soil pH as a reaction to the
supply of peat moss, elemental sulfur, and sulfur-oxidizing bacteria. The pH of the soil when peat
moss and elemental sulfur each were supplied was reduced. In addition, the pH decreased faster
when elemental sulfur and sulfur-oxidizing bacteria were supplied together than elemental sulfur
alone, satisfying an acidic soil environment suitable for blueberry cultivation. In this experiment, it
is shown that peat moss, elemental sulfur, and sulfur-oxidizing bacteria are suitable for lowering
soil pH. It was demonstrated that when elemental sulfur and sulfur-oxidizing bacteria were treated
together, the pH decreased faster than when treated with peat moss. It could be economically
beneficial to farmers to use elemental sulfur and sulfur-oxidizing bacteria, which are cheaper than
peat moss, to reduce the pH of the soil.

Keywords: pH; organic matter content; physicochemical property; acidic soil; blueberry

1. Introduction

Blueberries are shrubs of the genus Vaccinium of the Ericaceae. The three species of
blueberries, which are currently grown as fruit trees, are Vaccinium angustifolium, Vac-
cinium corymbosum, and Vaccinium ashei, and are widely used fruits that are edible or
have medicinal uses. The United States has a leading role in cultivating wild blueberries
and developing new varieties, and is the highest blueberry consumption country in the
world [1]. Blueberries, despite their short history of cultivation, have excellent taste and
usability, and the consumption and cultivation area of fruits has increased rapidly. In
particular, the function of anthocyanin contained within the fruits has been shown to
have antioxidant, antiaging, and anticancer effects, as well as activation of brain function,
prevention from heart disease, strengthening of blood circulation, and reduction of dia-
betes [2]. Their consumption is becoming popular as not only a healthy food, but also a
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superfood [3,4]. Blueberries have unique botanical characteristics in comparison to other
fruit trees. Typical characteristics include the ability to grow well on light soil with high
organic matter content, it is an eosinophilic plant, and grows in acidic soils with a pH
ranging from 4.0 to 5.2 [5]. Therefore, one of the fundamental techniques in the cultivation
of blueberries is to correct and maintain soil physics and soil acidity prior to planting,
and to manage proper soil conditions after planting [6–8]. Currently, the most common
method of soil management on blueberry farms in Korea is to use peat moss and elemental
sulfur which are imported from overseas and added to the soil. Peat moss is a corroded
organic material that grows in swamps at high-latitude areas and has a pH of 3.0–4.0 [9,10].
Therefore, it can easily adjust the soil acidity suitable for blueberry growth when mixed
with soil. Holzapfel [6] also reported that peat moss treatment was the most effective way
for growing blueberries in ordinary field soil. Peat moss is an organic medium which
contains many micropores within it making it highly water retention, and is capable of
retaining approximately 10 times as much water as the standard among dry weight [11,12].
Accordingly, peat moss has been widely used to improve air permeability and water
retention by mixing in an appropriate ratio according to the purpose of each crop [13].
Conversely, the elemental sulfur is oxidized slowly by the action of sulfuric acid bacteria
in the soil to produce sulfuric acid. Therefore, if an appropriate amount of elemental
sulfur is treated in the soil, it can lower soil acidity and maintain the acidity suitable for
blueberry growth [12–14]. As elemental sulfur is easy-to-handle and inexpensive, it is
the most effective soil acidity correcting material [15–19]. However, upon treatment in
acidic soil, the effectiveness of nitrogen, phosphorus, and potassium, which are the main
fertilizer elements, is greatly reduced. Blueberries can grow well in acidic soils because of
the relatively low demand for these elements. However, the effectiveness of aluminum or
iron is high, but blueberries have no harmful effect on the excessive absorption of these
elements. Blueberries can use only ammonium nitrogen in the bivalent absorption form
of nitrogen [20,21]. Blueberries are known to prefer ammonium nitrogen because nitrate
reductase is not produced in the body, and when absorbing ammonium nitrogen, hydrogen
ions are released from the roots, so the acidity of the soil can be maintained [22,23]. As
the activity of nitrifying bacteria is ecologically suppressed in the acidic soil, nitrification
of the ammonium nitrogen is suppressed. The supply of ammonium nitrogen, which is
preferred by blueberries, becomes more available within the acid soil. The blueberry root is
aerobic, so it is weak to humid injury and is very sensitive to drying as it is shallow-rooted
with rooted with no hair; therefore, it is essential to manage moisture. For blueberries,
cultivated soils must have good light soils in which the organic matter content is main-
tained at an appropriate ratio or higher, and maintain good soil conditions with good water
drainage [24–26]. In addition, sulfuric acid bacteria act on the oxidation of sulfur in the
soil. It has been shown that various species of sulfur-oxidizing bacteria are distributed
in the soil, and most sulfur-oxidizing bacteria lower soil pH [27,28]. In this experiment,
peat moss, elemental sulfur, and sulfur-oxidizing bacteria analyzed whether or not the
pH of the soil decreased and how the soil characteristics were changed as a result. This
experiment provides the basic technology necessary for soil acidity management and will
provide economic benefits to farmers by demonstrating whether expensive peat moss can
be replaced with cheaper elemental sulfur and sulfur-oxidizing bacteria.

2. Materials and Methods
2.1. Soil Preparation and Peat Moss Treatments

The experiment was carried out at the Institute for Organic Agriculture, Gyeongsangbuk-
do Agricultural Research Institute, located in Uiseong-eup, Uiseong-gun, Gyeongsangbuk-
do in 2020, Korea. The experimental material was the soil using Sudangrass (Sorghum
bicolor L.) hay as a fertilizer. Sudangrass is known as a green manure crop. Fertilizing green
manure crops increases the soil organic matter, phosphorus, and exchangeable calcium
content [15]. The peat moss used in the experiment is pure Canadian sphagnum (Hoffman,
Vancouver, BC, Canada) peat moss. Its product characteristics are 3.8 cu.ft. 107 dm3, brown,
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and coarse particles (0–30 mm) with a pH of 3.2, and is generally used for blueberries.
Blueberries grow well in extremely acidic soils around pH 4.5 [5]. Therefore, it is better to
choose a location where the soil pH is low as a cultivation site. In general, the pH of the
soil is 6.5–7.4. In order to grow blueberries in this soil, it is essential to correct the acidity
of the soil. After preparing a 15 cm diameter × 15 cm in height pot, the collected soil and
peat moss were mixed at a constant ratio. The mixing ratio of peat moss in the soil was
divided into levels of 10%, 20%, 30%, 50%, and 100%. After mixing well with peat moss
and the soil, the same amount (1 kg/pot) of mixed soil was placed into the prepared pot to
maintain a constant density. Each treatment was performed five times, and the experiment
was measured under dark conditions, and room temperature maintained at 20 ± 1◦C, and
the humidity was 40–50%.

2.2. Treatment of Elemental Sulfur and Sulfur-Oxidizing Bacteria

As the elemental sulfur (Midas SP 200, Miwon Chemical Co., Ltd.) was used for
experimental material. The sulfur-oxidizing bacteria were treated by separating biological
resource Thiobacillus sp. (KACC 2874), Acidithiobacillus thiooxidans (KACC 4515), and
Acidithiobacillus ferroxidans (KACC 4516) provided by Korean Collection for Type Cultures.
Elemental sulfur was mixed with 5.19 g per 1 kg of soil referring to Matsuoka, 2019 [29].
The sulfur-oxidizing strain was incubated by shaking the trypticase Soy Broth medium
at a temperature of 25 ◦C, diluted with 5 mL (bacterial culture solution) + 200 mL of
distilled water, and inoculated in the same manner to the soil that was powder treated. The
experimental soil was classified into five treatments: control treatment, elemental sulfur
alone, elemental sulfur + sulfur-oxidizing bacteria 2874, elemental sulfur + sulfur-oxidizing
bacteria 4515, elemental sulfur + sulfur-oxidizing bacteria 4516. During the experiment, the
indoor temperature was maintained at 20 ± 1 ◦C and the humidity was 40–50%. The entire
process was conducted in the dark, and each treatment was performed in five replicates.

2.3. Investigation of the Physical Properties of Treated Soil

The physical properties of the treated soil were investigated for bulk density [30],
porosity [31], soil three-phase ratio [32], and soil moisture [33]. Soil samples treated for
each experiment were collected at 100 g and placed into a core (stainless steel) and dried at
105 ◦C for 24 h with a dry heat sterilizer (HS-4030C, Hanshin Medical, Korea). The solid
soil particle density was 2.65 g/cm3.

The bulk density = (The mass of dry soil)/(The volume of dry soil)

The porosity = (1 − (The bulk density)/(The particle density)) × 100

The liquid phase of the soil = (The moisture content of the soil)/(The volume) × The bulk density × 100

The solid phase of the soil = (the bulk density)/(the particle density) × 100

The gas phase of the soil = 100 − (the liquid phase + the solid phase of the soil)

The soil moisture content = (the predrying mass of the soil) − (the mass of the soil after drying)

Each experiment was measured in triplicate, averaged, and then compared.

2.4. Investigation of Chemical Properties of Treated Soil

The chemical properties of the treated soil were investigated for organic matter con-
tent, soluble phosphorus, substituted bases (K+, Ca2+, Mg2+), and total nitrogen content.
The soil was collected on three separate occasions and was air-dried indoors for 7 days and
passed through a 2 mm sieve to prepare for analysis. The analysis method was conducted in
accordance with the Soil and Plant Analysis Method of the Rural Development Administra-
tion [34]. Organic matter content with Tyurin method, phosphorus with Lancaster method,
substituted cations (K+, Ca2+, Mg2+) with IN-CHCOONH (pH 7.0) buffer solution was
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leached and analyzed by Atomic absorption analyzer (Analyst 300, Pekin-Elmer, Norwalk,
CT, USA).

2.5. Soil Acidity Measurement

The change in soil acidity according to the treatment with peat moss, elemental sulfur,
and sulfur-oxidizing bacteria was investigated. To identify changes in acidity over time
after treatment, the sample was taken at 2 weeks intervals after treatment. To measure
the acidity, 5 g of soil was mixed with 25 mL of distilled water and stirred with a Stirrer
(MSH20D080115004, Daihan Scientific Co., Wonju, Korea) for 5 min, and five individual
measurements were taken using a pH meter (866234, Eutech Ins. Singapore). The average
pH value was calculated and compared.

2.6. Electrical Conductivity Measurement

Electrical conductivity (EC) measured the salt concentration in the experimental soil.
For measurement, 10 g of soil was mixed with 50 mL of distilled water and stirred for
5 min. Using an EC measuring instrument (2011663, Eutech Ins. Singapore), a total of five
measurements were taken and an average value was obtained.

2.7. Analysis of Nitrogen and Phosphorus by Spectrometry

A total of 10 g of soil was mixed with 50 mL of 2M KCl and shaken for 1 h at 150 rpm
using a Shaking Incubator (VS-8480SF, Vision Scientific Co., Daejeon, Korea). The shaking
solution was subsequently filtered with a Whatman Filter (185 mm) followed with a
second filter with a Syringe Filter (0.45 µm) and analyzed with a Skala (San, Breda, The
Netherlands) analyzer.

2.8. Statistical Analysis

Data were analyzed by the IBM Statistical Package for the Social Science version 22.0,
which was designed to group large or complex data. The soil properties that were changed
when the soil was treated with peat moss, elemental sulfur, and sulfur-oxidizing bacteria
were analyzed for significant differences.

3. Results
3.1. Effects of Peat Moss Treatment on Physical Properties

Soil physics was measured at bulk density, porosity, soil phase, and soil moisture
(Figure 1). The overall change in soil physical properties was influenced by peat moss.
According to the mixing ratio, a gradual decrease in bulk density was observed and the
porosity and moisture content (%) increased. As a result of measuring the bulk density in
g per unit volume, after peat moss treatment, it was observed that the lower the mixing
ratio, the higher the density. In 100% of peat moss treatments (peat moss itself), the density
was almost close to 0, and the bulk density was decreased according to the mixing ratio
(Figure 1a). Soil density decreased by a significant difference (p < 0.01) when treated with
30%, 50%, and 100% peat moss. The soil porosity tended to increase as the proportion of
peat moss treatment increased, and the porosity of peat moss itself (100%) was measured
at 97%, providing a distinct difference (Figure 1b). Soil porosity has a significant difference
(p < 0.01), when treated with 30%, 50%, and 100% peat moss. Naturally, this change in
physical properties was reflected in the soil three-phase also. It was observed that the
treatment with peat moss reduced the solid and liquid phase and increased the gas phase
(Figure 1c). This difference is thought to be the result of the difference between the origin
of peat moss and the method of investigation. The change in soil moisture content (%)
by peat moss treatment was analyzed. As the mixing ratio of the peat moss increased
(Figure 1d), the moisture content increased in comparison to the untreated soil, and in the
case of 100% of the peat moss samples, the moisture content was double that of the control.
Soil moisture increased by a significant amount (1%) when treated with 30%, 50%, and
100% peat moss. It is said that peat moss is an organic material medium that has many
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micropores inside and therefore, has very high water retention properties that can hold
approximately 10 times more moisture than the standard among dry weight.

Figure 1. Analysis of the effect of peat moss on the physical properties of soil. (a) Change in soil measurement density (g/10
cm3) as affected by peat moss treatment; (b) change in soil porosity (%) as affected by peat moss treatment; (c) change in
the ratio of three phases affected by the mixing ratio of peat moss and soil; (d) soil moisture (%) as affected by peat moss
treatment. ** indicates a significant difference at p < 0.01.

3.2. Effects of Peat Moss Treatment on Soil Chemical Property

The chemical properties of the soil were evaluated according to treatment with peat
moss by measuring the organic matter content, soluble phosphorus, K+, Ca2+, Mg2+, and
total nitrogen content of the exchange base (Figure 2). Peat moss mixed soil has a higher
organic content than untreated soil (Figure 2a) but no significant difference was observed
in phosphorus (Figure 2b), total nitrogen (Figure 2c), and substituted base (Figure 2d).
Treatment with 100% of peat moss, as would be expected, had high organic content and
total nitrogen content (Figure 2a–c). Whereas, the content of phosphorus and substituted
bases was very low (Figure 2b–d). Peat moss is a mossy fluid that is corroded by carbonic
acid itself. Looking at the content of organic matter per kg of soil, the treatment ratio of
peat moss was of interest. Content of organic matter in the soil had a significant difference
of 1% when treated with 50% and 100% peat moss compared to the untreated. There was a
significant difference of 1% in the content of phosphorus in soil treatment with 50% peat
moss. There was a significant difference of 1% in nitrogen content when treated with 100%
peat moss, and there was no significant difference in the substituted bases.
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Figure 2. Analysis of the effect of peat moss on chemical properties of soil. (a) Change in soil organic matter (g/kg) as
affected by peat moss (PM) after experiment; (b) change in soil phosphate (mg/kg) as affected by PM treatment after
experiment; (c) change in soil exchange base (cmol/kg) as affected by peat moss treatment after experiment; (d) change in
soil total nitrogen (g/kg) as affected by peat moss treatment after experiment. ** indicates a significant difference at p < 0.01.

3.3. Soil Acidity Changes for Peat Moss Treatment

After mixing peat moss in soil, changes in soil acidity were analyzed at 2 weeks
intervals. Peat moss was mixed with 10%, 20%, 30%, and 50% of the volume ratio, and the
pH of the untreated soil was 7.3. Whereas the pH of the peat moss treatment was lower,
at 50% treatment the pH dropped to 5.2 (Figure 3a). Next, the soil acidity changes over
time for each treatment group were investigated. The untreated group had a slight drop
in pH around 56 days after treatment but increased again, with no significant difference
noted. In the experiment, the pH was lower in the peat moss treatment soil compared to
the untreated sample. The 10% and 20% peat moss treatment groups showed a significant
decrease in pH except for day 56. Both 30% and 50% peat moss treatments showed a
significant decrease in pH.

3.4. Changes in the Content of Ammonium Nitrogen, Nitrate-Nitrogen, and Soluble Phosphorus

Samples were collected 28 days after peat moss treatment, and the nitrogen and
phosphorus contents in the soil were measured (Figure 3b). Nitrogen, ammonium, and
nitrate-nitrogen were all evaluated in the soil. In the untreated group, the ammonium form
was 42.1 mg and the nitrate form was 32.8 mg/L. However, in the group treated with peat
moss, the amount of ammonium increased with a significant difference of 1%, and this
increased with the greater the ratio of peat moss. The concentration of nitrate-nitrogen
decreased when 10%, 20%, and 30% peat moss were added, and there was no significant
difference in the 50% peat moss treatment. No significant difference in phosphorus was
observed when 10%, 20%, and 30% peat moss treatment was used; however, it increased
by 1% in 50% peat moss treatment.
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Figure 3. Analysis of soil pH changes by peat moss treatment. (a) Change in soil acidity (pH) as affected by peat moss
treatment; (b) variation to the content of NH4-N, NO3-N, and P by peat moss treatment. ** indicates a significant difference
at p < 0.01.

3.5. Changes in Soil Acidity on Elemental Sulfur and Sulfur-Oxidizing Bacteria Treatment

When the elemental sulfur was added to the soil, sulfuric acid bacteria act upon the
soil microorganisms to gradually produce sulfuric acid, thereby lowering the pH of the
soil. Our next aim was to examine the change in soil pH that occurs when preparing the
soil for blueberry cultivation in this manner of treating cultures of sulfur-oxidizing bacteria
with elemental sulfur (Figure 4a). The pH of the untreated group was 6.8–7.4. This is the
acidity range of the untreated soil being neutral with an average of 7.0. For soil treated
with elemental sulfur, the pH fell from 6.8 to 4.4 after 42 days and reduced further to 3.3
after 84 days. When treated with elemental sulfur and elemental sulfur + sulfur-oxidizing
bacteria complex treatment, there was a significant difference (p < 0.01) compared to the
untreated. Three types of strains were used, but there was no significant difference between
the strains, and there was no difference when using elemental sulfur alone and elemental
sulfur + sulfur-oxidizing bacteria complex treatment at 84 days after treatment.

Figure 4. Analysis of changes in soil physicochemical properties and acidity by elemental sulfur and sulfur-oxidizing
bacteria; (a) Change in soil acidity (pH) as affected by elemental sulfur (ES) and sulfur-oxidizing bacteria treatments; (b)
variation to the content of NH4-N, NO3-N, and P by elemental sulfur and sulfur-oxidizing bacteria treatments. ** indicates
a significant difference at p < 0.01.

3.6. Changes in the Content of Ammonium Nitrogen, Nitrate-Nitrogen, and Soluble Phosphorus

The contents of ammonium nitrogen, nitrate-nitrogen, and soluble phosphorus in
the experimental soil were examined 28 days after treatment with elemental sulfur and
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sulfur-oxidizing bacteria (Figure 4b). The content of ammonium nitrogen was very high in
elemental sulfur-treated samples and had a significant difference of 1%. Nitrate-nitrogen
did not have a significant difference between untreated and treated treatments. In the peat
moss treatment experiment, the content ratio of ammonium nitrogen and nitrate-nitrogen
was analyzed to soil acidity. In this experiment, the analysis related to soil acidity was
difficult. For elemental sulfur and sulfur-oxidizing bacteria 2874, the soil pH lowered, and
subsequently the activity of nitric acid bacteria was suppressed, and the ammonium state
was higher than that of nitrate-nitrogen. There was no difference in the pH change between
the types of sulfur-oxidizing bacteria. The content of soluble phosphorus was 8 mg/L in
untreated soil, but increased significantly to 60 mg (p < 0.01) in elemental sulfur-treated
soil. And when treated with sulfur-oxidizing bacteria together with elemental sulfur, the
pH decreased significantly again.

3.7. EC Measurement Analysis

The electric conductivity (EC) value of blueberry cultivated soil treated with peat
moss and inoculated with elemental sulfur and sulfur-oxidizing bacteria was measured
and compared with the untreated soil (Figure 5). In the soil treated with peat moss,
the EC tended to be lower than that of the untreated soil, but there was no significant
difference. However, in the elemental sulfur treatment, the EC value increased compared
to the untreated, with a significant difference of 1%. When the elemental sulfur and the
sulfur-oxidizing bacteria were treated simultaneously, the value also increased significantly
(1%). There was no difference in the treatment of peat moss with time, and the electric
conductivity value tended to decrease over time in the elemental sulfur and sulfur-oxidizing
bacteria treatments. In this experiment, the increase in EC with treatment of elemental
sulfur can be seen to increase the solubility of the soil solution as the pH decreases, as
usually the elements are poorly soluble in neutral or alkaline soils.

Figure 5. Analysis of the electrical conductivity of experimental soil. Change in soil electric conduc-
tivity (µS/cm) as affected by peat moss, elemental sulfur, and sulfur-oxidizing bacteria treatments.
** indicates a significant difference at p < 0.01.
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4. Discussion

For some time, peat moss has been experimentally proven to be an excellent organic
material for reducing the density and improving the porosity of soils [5,24,35], and therefore
is commonly used by blueberry farmers for proper soil management. It is said that peat
moss is an organic material medium and is composed of microspores giving it very high
water retention properties allowing it to hold approximately 10 times more moisture than
the standard among dry weight [36].

In this experiment, peat moss treatment lowered the soil density and increased the
porosity, and the proportion of solid and liquid phases decreased. However, the proportion
of the gas phases has relatively increased out of the soil three-phase. Due to the physical
properties of peat moss, this is an expected result. Corrosion degree, particle size distribu-
tion, mineral content, etc. vary by origin, and porosity ranges from 76.5 to 82.7% depending
on origin. In the peat moss used in this experiment, the porosity was measured at 97%.
This higher value is believed to be the result of the difference between the origin of peat
moss and the method of investigation. An increase in the ratio of peat moss increased the
moisture content in comparison to the untreated soil. In 100% of peat moss samples, the
moisture content was twice as high. Shin [10] conducted a study measuring the pH of six
peat mosses imported from Canada, Lithuania, and Latvia and the pH ranged from 3.46 to
4.17. The peat moss used in this experiment imported from Canada, and the pH was 3.2.
For 50% mixed soil, the pH was 5.2 and 10% mixed soil at pH 6.0. Compared to the 10%
mixtures of 5.3 pH and 12.5% mixtures of pH 6.6, it can be seen that the results are similar
to Kim [13] findings. When peat moss was mixed with the soil, the pH increased with
time, but the rapid change was not observed. An increase in observation time would likely
result in an observation of an increase in acidity. Therefore, it is necessary to continuously
treat peat moss in the soil to maintain acidic soil. The higher the peat moss mixing ratio
in the soil, the lower the pH and the higher the ammonium nitrogen content. And when
the soil was treated with peat moss, the degree of change in soil property according to the
peat moss and soil mixing ratio was different. In common, soils treated with 30%, 50%,
and 100% peat moss indicated significant differences (p < 0.01) in soil density, porosity,
moisture content, and organic matter content. Therefore, a soil/peat moss mixture of 30%
can be used for growing blueberries. This result is consistent with that of Marilyn, 1990 [37].
Kim [13], da Silva [38], and Li [39] have demonstrated that the ammonium nitrogen content
increased as the soil became more acidic. The apparent increase in ammonium nitrogen by
peat moss treatment can be interpreted in connection with soil acidity.

Various microorganisms are involved in the conversion of nitrogen in the soil. Am-
monium is converted to nitrate-nitrogen by the action of nitrifying bacteria under aerobic
conditions. In this process, if the soil pH is low, then the activity of nitric acid bacteria is
suppressed. Therefore, ammonium nitrogen may subsequently increase. Above all, the re-
port by Kim [10] and Lee [21] demonstrated that nitrate-nitrogen content was much higher
in the soil; however, by the end of the experiment, ammonium nitrogen was significantly
increased in soil containing 50% and 100% peat moss treatments. However, the results of
this experiment show that the large difference between ammonium and nitrogen in the peat
moss treatment requires further analysis to examine other causes. Vano [40] demonstrated
that in the soil, peat moss, and peat moss mixed soils had higher nitrate-nitrogen content
than ammonium, which required more careful analysis and further experimentation. Look-
ing at the content of soluble phosphorus in the soil, the untreated soil contained 8 mg/L,
and the treatment with 10%–30% peat moss was approximately 6–7 mg/L. However, the
treatment with 50% peat moss increased significantly to 29.8 mg/L. Considering that the
average phosphorus content of peat moss itself is 80–170 mg/L, and the measurements
obtained in our experiment was satisfactory levels [12], the effective phosphorus content
was low in the peat moss treated soils [13,23]. Blueberries grow well in extremely acidic
soils around pH 4.5. Therefore, it is better to choose a location where the soil pH is low
as a cultivation site. The cultivation site in Korea is good for the mass-produced by the
weathering of granite, but in reality, it uses existing crop cultivation soil. In this case, to

Digital Repository Universitas JemberDigital Repository Universitas Jember

http://repository.unej.ac.id/
http://repository.unej.ac.id/


Plants 2021, 10, 1901 10 of 13

grow blueberries with a pH of 6.5 or higher in the field of soil, it is necessary to actively cor-
rect the acidity of the soil. Peat moss treatment used for planting blueberries can maintain
an appropriate pH for a certain period, but uses various acidity adjusting agents such as
elemental sulfur, citric acid, and sulfuric acid to maintain the acidity after a period of time.
According to Heydarnezhad [41], when sulfur elements and sulfur-oxidizing bacteria were
added to calcareous soil, the solubility of phosphorus, zinc, iron, etc. increased significantly
as the soil pH decreased, while EC increased [42–46].

In this experiment, the treatment of elemental sulfur alone also confirmed that the
pH dropped to 3.4 after 40 days, which is stronger than peat moss treatment [47]. How-
ever, as a result of this experiment, it would be difficult to conclude that treatment with
sulfur-oxidizing bacteria is not necessary for blueberry cultivation or the effect is minimal.
Previous studies have reported that, in general, the density of the sulfur-oxidizing bac-
teria is low in field soil [28,48], and the activity of microorganisms is greatly suppressed
or restricted depending on the conditions. It is known that there are several types of
sulfur-oxidizing bacteria, but the most distributed in the natural soil state is the genus
Thiobacillus [49]. In this experiment, three strains of 2874 (Thiobacillus sp.), strain 4515
(Acidithiobacillous thiooxidans), and strain 4516 (Acidithiobacillus ferroxidans) were separately
cultured and treated; however, there was no significant difference between the strains. Of
interest, treatment of elemental sulfur lowered the acidity of the soil, and the treatment
of elemental sulfur and sulfur-oxidizing bacteria when used together resulted in an even
lower pH. The treatment effect of sulfur-oxidizing bacteria was demonstrated to have
an effect only on the rate of pH change, and it was determined that the acidity could be
sufficiently lowered only by treatment with elemental sulfur alone. Phosphorus is insoluble
in combination with cations, such as aluminum (Al), calcium (Ca), manganese (Mn), and
iron (Fe), and is mostly lost during circulation by physical activities, such as precipita-
tion [34,50–52]. However, there is a study report by Heydarnezhad [41] that treatment of
sulfur or sulfur-oxidizing bacteria increases the solubility of phosphorus in the soil.

In general, the effectiveness of nitrogen, phosphorus, and potassium in the soil is
related to acidity. When the pH is lowered, their effectiveness is greatly reduced, and the
content of soluble phosphorus decreases [53]. A change in the sulfur oxidation process and
phosphorus dynamics will increase the phosphorus content.

5. Conclusions

In this experiment, we concluded that peat moss, elemental sulfur, and sulfur-oxidizing
bacteria affect the pH decrease of the soil (Figure S1). When peat moss was treated to
the soil, the pH decreased and the organic matter content increased as the mixing ratio of
peat moss increased. In addition, when elemental sulfur was treated, the pH of the soil
decreased, and when elemental sulfur and sulfur-oxidizing bacteria were treated together,
the time taken to decrease the pH of the soil was reduced compared to treatment with
elemental sulfur alone. Our findings have provided evidence that peat moss, elemental
sulfur, and sulfur-oxidizing bacteria are suitable for satisfying acidic soil. The results of
this experiment will be effectively applied to the blueberries as well as crops cultivation
that require acidic soil during the growing stage.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants10091901/s1, Figure S1: The schematic diagram to summarize the experimental design.
The soil was treated with peat moss, elemental sulfur, and sulfur-oxidizing bacteria, respectively,
and the pH of the soil was measured. The soil pH of the treated group decreased compared to
the control. The pH of the soil decreased faster when treated together with elemental sulfur and
sulfur-oxidizing bacteria than with elemental sulfur alone. And the pH decreased faster in the
treatment with elemental sulfur + sulfur-oxidizing bacteria than in the peat moss treatment.
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15. Ochmian, I.; Oszmiański, J.; Lachowicz, S.; Krupa-Małkiewicz, M. Rootstock effect on physico-chemical properties and content of
bioactive compounds of four cultivars Cornelian cherry fruits. Sci. Hortic. 2019, 256, 108588. [CrossRef]

16. Haynes, R.J. Laboratory study of soil acidification and leaching of nutrients from a soil amended with various surface-incorporated
acidifying agents. Fertil. Res. 1986, 10, 165–174. [CrossRef]

17. Chen, Q.; Zhang, X.; Zhang, H.; Christie, P.; Li, X.; Horlacher, D.; Liebig, H.P. Evaluation of current fertilizer practice and soil
fertility in vegetable production in the Beijing region. Nutr. Cycl. Agroecosyst. 2004, 69, 51–58. [CrossRef]

18. Pokorna, B.; Mandl, M.; Borilova, S.; Ceskova, P.; Markova, R.; Janiczek, O. Kinetic constant variability in bacterial oxidation of
elemental sulfur. Appl. Environ. Microbiol. 2007, 73, 3752–3754. [CrossRef]

19. Qiu, Z.; Lin, Y.; Xin, H.; Han, P.; Li, D.; Yang, B.; Li, P.; Ullah, S.; Fan, H.; Zhu, C.; et al. Ultrahigh level nitrogen/sulfur co-doped
carbon as high performance anode materials for lithium-ion batteries. Carbon N. Y. 2018, 126, 85–92. [CrossRef]

20. Townsend, L. Effect of ammonium nitrogen and nitrate nitrogen, separately and in combination, on the growth of the highbush
blueberry. Can. J. Plant Sci. 1967, 47, 555–562. [CrossRef]

Digital Repository Universitas JemberDigital Repository Universitas Jember

http://doi.org/10.21273/HORTTECH.15.2.0391
http://doi.org/10.1093/advances/nmz065
http://www.ncbi.nlm.nih.gov/pubmed/31329250
http://doi.org/10.1021/jf049238n
http://www.ncbi.nlm.nih.gov/pubmed/15479003
http://doi.org/10.1021/jf011097r
http://www.ncbi.nlm.nih.gov/pubmed/11929309
http://doi.org/10.1080/15538362.2011.619117
http://doi.org/10.1016/j.agwat.2004.02.008
http://doi.org/10.1016/j.scienta.2019.108690
http://doi.org/10.1016/j.indcrop.2017.10.053
http://doi.org/10.21273/HORTSCI12374-17
http://doi.org/10.7745/KJSSF.2011.44.2.161
http://doi.org/10.12791/KSBEC.2012.21.4.362
http://doi.org/10.1007/BF02143184
http://doi.org/10.1016/j.scienta.2019.108588
http://doi.org/10.1007/BF01074370
http://doi.org/10.1023/B:FRES.0000025293.99199.ff
http://doi.org/10.1128/AEM.02549-06
http://doi.org/10.1016/j.carbon.2017.09.100
http://doi.org/10.4141/cjps67-097
http://repository.unej.ac.id/
http://repository.unej.ac.id/


Plants 2021, 10, 1901 12 of 13

21. Merhaut, D.J.; Darnell, R.L. Ammonium and nitrate accumulation in containterized southern highbush blueberry plants.
HortScience 1995, 30, 1378–1381. [CrossRef]

22. Bañados, M.P. Expanding blueberry production into non-traditional production areas: Northern Chile and Argentina, Mexico
and Spain. Acta Hortic. 2009, 810, 439–444. [CrossRef]

23. Lee, Y.; Lee, S.; Heo, J.; Kim, M.; Hong, K.; Kim, E.; Song, W.; Rho, C.; Lee, J.; Jeon, W. Monitoring of Heavy Metal Contents from
Paddy Soil in Gyeongnam Province. Korean J. Soil Sci. Fertil. 2010, 43, 289–295.

24. Korcak, R.F. Nutrition of Blueberry and Other Calcifuges. HortScience 1989, 24, 573–578. [CrossRef]
25. Kim, H.L.; Lim, J.H.; Sohn, B.K.; Kim, Y.J. -J. Chemical Properties of Cut-flower Rose-growing Soils in Plastic Film Houses. Korean

J. Soil Sci. Fert. 2003, 36, 113–118.
26. Kim, E.; Kim, H.; Guak, S. Effect of Peatmoss-Based Organic Material Mixtures on Soil pH, Growth and Fruit Quality of Highbush

Blueberry (Vaccinium corymbosum L.) Plants. Prot. Hortic. Plant Fact. 2017, 26, 43–48. [CrossRef]
27. Behera, B.C.; Parida, S.; Dutta, S.K.; Thatoi, H.N. Isolation and Identification of Cellulose Degrading Bacteria from Mangrove Soil

of Mahanadi River Delta and Their Cellulase Production Ability. Am. J. Microbiol. Res. 2014, 2, 41–46. [CrossRef]
28. Chapman, S.J. Thiobacillus populations in some agricultural soils. Soil Biol. Biochem. 1990, 22, 479–482. [CrossRef]
29. Matsuoka, K.; Moritsuka, N.; Kusaba, S.; Hiraoka, K. Concentrations of natural stable cs in organs of blueberry bushes grown in

three types of soils treated with acidification or fertilization. Hortic. J. 2019, 88, 31–40. [CrossRef]
30. Rusk, M. Formula to get desired soil density. J. Geotech. Geoenviron. 2000, 126, 1145–1150.
31. Mualem, Y. Hydraulic conductivity of unsaturated soils: Prediction and formulas. In Methods of Soil Analysis: Part 1 Physical and

Mineralogical Methods, 2nd ed.; American Society of Agronomy, Inc.: Madison, WI, USA, 1986; Volume 5, pp. 799–823. [CrossRef]
32. Gori, F.; Corasaniti, S. New model to evaluate the effective thermal conductivity of three-phase soils. Int. Commun. Heat Mass

Transf. 2013, 47, 1–6. [CrossRef]
33. Lee, T.J.; Pielke, R.A. Estimating the soil surface specific humidity. J. Appl. Meteorol. Climatol. 1992, 31, 480–484. [CrossRef]
34. Nelson, D.W.; Sommers, L.E. Total Nitrogen Analysis of Soil and Plant Tissues. J. AOAC Int. 1980, 63, 770–778. [CrossRef]
35. Albert, T.; Karp, K.; Starast, M.; Paal, T. The effect of mulching and pruning on the vegetative growth and yield of the half-high

blueberry. Agron. Res. 2010, 8, 759–768.
36. Rhie, Y.H.; Kim, J. Changes in physical properties of various coir dust and perlite mixes and their capacitance sensor volumetric

water content calibrations. HortScience 2017, 52, 162–166. [CrossRef]
37. Odneal, M.B.; Kaps, M.L. Fresh and Aged Pine Bark as Soil Amendments for Establishment of Highbush Blueberry. HortScience

1990, 25, 1228–1229. [CrossRef]
38. Da Silva, F.F.; Wallach, R.; Chen, Y. Hydraulic properties of sphagnum peat moss and tuff (scoria) and their potential effects on

water availability. Plant Soil 1993, 154, 119–126. [CrossRef]
39. Li, Y.C.; Chen, S.J.; Li, K.T. Symbiotic fungi in nature Finnish peat moss promote vegetative growth in rabbiteye blueberry

cuttings. Hortic. Environ. Biotechnol. 2021, 62, 191–198. [CrossRef]
40. Vano, I.; Matsushima, M.; Tang, C.; Inubushi, K. Effects of peat moss and sawdust compost applications on N2O emission and N

leaching in blueberry cultivating soils. Soil Sci. Plant Nutr. 2011, 57, 348–360. [CrossRef]
41. Heydarnezhad, F.; Shahinrokhsar, P.; Vahed, H.S. Influence of Elemental Sulfur and Sulfur Oxidizing Bacteria on Some Nutrient

Deficiency in Calcareous Soils. Int. J. Agric. Crop Sci. 2012, 4, 735–739.
42. Corwin, D.L.; Yemoto, K. Salinity: Electrical conductivity and total dissolved solids. Soil Sci. Soc. Am. J. 2020, 84, 1442–1461.

[CrossRef]
43. Lee, I.B.; Ro, H.M.; Lim, J.H.; Yiem, M.S. Estimating Saturation-paste Electrical Conductivities of Rose-cultivated Soils from their

Diluted Soil Extracts. Korean J. Soil Sci. Fertil. 2000, 33, 398–404.
44. Hayne, R.J.; Williams, P.H. Changes in soil solution composition and pH in urine-affected areas of pasture. J. Soil Sci. 1992, 43,

323–334. [CrossRef]
45. Kong, M.-S.; Kang, S.-S.; Chae, M.-J.; Jung, H.; Sonn, Y.-G.; Lee, D.-B.; Kim, Y.-H. Changes of Chemical Properties in Upland Soils

in Korea. Korean J. Soil Sci. Fertil. 2015, 48, 588–592. [CrossRef]
46. Abbas, F.; Ke, Y.; Yu, R.; Yue, Y.; Amanullah, S.; Jahangir, M.M.; Fan, Y. Volatile terpenoids: Multiple functions, biosynthesis,

modulation and manipulation by genetic engineering. Planta 2017, 246, 803–816. [CrossRef]
47. Ahn, I.; Kim, S.-H.; Maeng, W.-Y.; Lee, I.-E.; Chang, K.-W.; Lee, J.-J. Effects of Soil Acidity and Organic Matter by Application of

Organic Materials and Soil Mulching with Pine Needles for Soil Surface Management in Blueberry Eco-Friendly Farming. Korean
J. Soil Sci. Fertil. 2013, 46, 556–562. [CrossRef]

48. Lawrence, J.R.; Germida, J.J. Enumeration of sulfur-oxidizing populations in Saskatchewan agricultural soils. Can. J. Soil Sci.
1991, 71, 127–136. [CrossRef]

49. Yang, Z.H.; Stoven, K.; Haneklaus, S.; Singh, B.R.; Schnug, E. Elemental Sulfur Oxidation by Thiobacillus spp. and Aerobic
Heterotrophic Sulfur-Oxidizing Bacteria. Pedosphere 2010, 20, 71–79. [CrossRef]

50. Ryu, J.; Chung, D.; Hwang, S.; Lee, K.; Lee, S.; Choi, W.; Ha, S.; Kim, S. Patterns of Leaching and Distribution of Cations in
Reclaimed Soil according to Gypsum Incorporation Rate. Korean J. Soil. Sci. Fertil. 2010, 43, 596–601.

51. Friedrich, C.G. Physiology and genetics of sulfur-oxidizing bacteria. In Advances in Microbial Physiology; Academic Press:
Cambridge, MA, USA, 1997; Volume 39, ISBN 0120277395.

Digital Repository Universitas JemberDigital Repository Universitas Jember

http://doi.org/10.21273/HORTSCI.30.7.1378
http://doi.org/10.17660/ActaHortic.2009.810.57
http://doi.org/10.1002/9781118060834.ch6
http://doi.org/10.12791/KSBEC.2017.26.1.43
http://doi.org/10.12691/ajmr-2-1-6
http://doi.org/10.1016/0038-0717(90)90181-X
http://doi.org/10.2503/hortj.OKD-167
http://doi.org/10.2136/sssabookser5.1.2ed.c31
http://doi.org/10.1016/j.icheatmasstransfer.2013.07.004
http://doi.org/10.1175/1520-0450(1992)031&lt;0480:ETSSSH&gt;2.0.CO;2
http://doi.org/10.1093/jaoac/63.4.770
http://doi.org/10.21273/HORTSCI11362-16
http://doi.org/10.21273/HORTSCI.25.10.1228
http://doi.org/10.1007/BF00011080
http://doi.org/10.1007/s13580-020-00313-y
http://doi.org/10.1080/00380768.2011.574596
http://doi.org/10.1002/saj2.20154
http://doi.org/10.1111/j.1365-2389.1992.tb00140.x
http://doi.org/10.7745/KJSSF.2015.48.6.588
http://doi.org/10.1007/s00425-017-2749-x
http://doi.org/10.7745/KJSSF.2013.46.6.556
http://doi.org/10.4141/cjss91-011
http://doi.org/10.1016/S1002-0160(09)60284-8
http://repository.unej.ac.id/
http://repository.unej.ac.id/


Plants 2021, 10, 1901 13 of 13

52. Park, B.J.; Park, S.J.; Yoon, D.N.; Schouten, S.; Damsté, J.S.S.; Rhee, S.K. Cultivation of autotrophic ammonia-oxidizing archaea
from marine sediments in coculture with sulfur-oxidizing bacteria. Appl. Environ. Microbiol. 2010, 76, 7575–7587. [CrossRef]
[PubMed]

53. Oburger, E.; Jones, D.L.; Wenzel, W.W. Phosphorus saturation and pH differentially regulate the efficiency of organic acid
anion-mediated P solubilization mechanisms in soil. Plant Soil 2011, 341, 363–382. [CrossRef]

Digital Repository Universitas JemberDigital Repository Universitas Jember

http://doi.org/10.1128/AEM.01478-10
http://www.ncbi.nlm.nih.gov/pubmed/20870784
http://doi.org/10.1007/s11104-010-0650-5
http://repository.unej.ac.id/
http://repository.unej.ac.id/

	Introduction 
	Materials and Methods 
	Soil Preparation and Peat Moss Treatments 
	Treatment of Elemental Sulfur and Sulfur-Oxidizing Bacteria 
	Investigation of the Physical Properties of Treated Soil 
	Investigation of Chemical Properties of Treated Soil 
	Soil Acidity Measurement 
	Electrical Conductivity Measurement 
	Analysis of Nitrogen and Phosphorus by Spectrometry 
	Statistical Analysis 

	Results 
	Effects of Peat Moss Treatment on Physical Properties 
	Effects of Peat Moss Treatment on Soil Chemical Property 
	Soil Acidity Changes for Peat Moss Treatment 
	Changes in the Content of Ammonium Nitrogen, Nitrate-Nitrogen, and Soluble Phosphorus 
	Changes in Soil Acidity on Elemental Sulfur and Sulfur-Oxidizing Bacteria Treatment 
	Changes in the Content of Ammonium Nitrogen, Nitrate-Nitrogen, and Soluble Phosphorus 
	EC Measurement Analysis 

	Discussion 
	Conclusions 
	References

