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Abstract Soil balls containing the so-called effective micro-
organisms (EM) have been applied to improve water quality
of small ponds, lakes, and streams worldwide. However, nei-
ther the physical conditions facilitating their proper applica-
tion nor the diversity of microbial community in such soil
balls have been investigated. In this study, the application of
0.75 % of hardener to the soil balls exerted almost neutral pH
(pH 7.3) which caused up to a fourfold increased hardness of
the soil ball. Moreover, the 0.75 % of hardener in the soil ball
also improved the water quality due to a significant reduction
in dissolved oxygen, total phosphorus, and total nitrogen con-
tents. Metagenomic analysis of the microbial community in
the soil ball with 0.75 % hardener was compared with control
(traditional soil ball) through next-generation sequencing. The
traditional soil ball microbial community comprised 96.1 %
bacteria, 2.7 % eukaryota, and 1 % archaea, whereas the soil
ball with 0.75 % hardener comprised 71.4 % bacteria, 27.9 %
eukaryota, and 0.2 % viruses. Additionally, metagenomic pro-
files for both traditional and improved soil balls revealed that
the various xenobiotic biodegradation, such as those for cap-
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rolactam, atrazine, xylene, toluene, styrene, bisphenol, and
chlorocyclohexane might be responsible for organic waste
cleanup.
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Introduction

Microbial biotechnology is the most recent approach to waste-
water treatment and is essential for protecting human health
and the environment (Mielczarek et al. 2013). In order to
guarantee the optimal operation using the effective microor-
ganism technology, it is very important to understand the
structure, function, and microbial community dynamics in-
volved in these approaches (Zakaria et al. 2010). Soil balls
have been used as carrier to immobilize effective microorgan-
isms for the remediation of contaminated water environment
(Ekpeghere et al. 2012). The concept of “effective
microorganisms” (EM) was introduced by Dr. Teruo Higa,
and since then, EMs became an important part of natural
farming (Higa 1998). Those microbes are selected based on
their functions as fixation of atmospheric nitrogen, decompo-
sition of organic wastes and residues, suppression of soil-
borne pathogens, recycling and increased availability of plant
nutrients, solubilization of insoluble nutrient sources, and deg-
radation of toxicants including pesticides (Higa and Parr
1994). EM is co-cultures of naturally occurring beneficial mi-
croorganisms, and it is widely applied as inoculants to soil,
water and plants for the improvement of soil and water quality,
as well as for plant growth and crop yield (Grover et al. 2011;
Javaid 2010). Soil balls with EM can be a good alternative for
stream water treatment in eco-friendly environments, but there
have been no report on their physicochemical properties and
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microbial diversity, which can be the main factors in their
efficacy. There are some skeptical views to the soil ball treat-
ment. Generally, soil balls can be easily broken down to small
particles in the stream water and therefore, its original role as
an effective microorganism carrier is lost. Moreover, it is still
unknown whether the microbial community of the soil ball is
effective to water treatment or not.

Understanding microbial community composition in terms
of different populations and its potential interactions in a par-
ticular environment is crucial for the efficient utilization of
EM. Characterization of microbial community structure in
wastewater and contaminated soil has been limited only to
culturable microorganisms from the environmental samples.
Currently, only a fraction of the microorganisms can be cul-
tured through laboratory techniques (Nogales et al. 2001).
While 90 to 99 % of microorganisms are not cultivable with
conventional cultivation techniques although they may be
viable in natural environments. One of the most significant
innovations in microbial ecology research undoubtedly come
in the 1990s with the application of culture-independent
molecular biological tools to study the diversity and dynamics
of microbial communities in fine detail (Gilbride et al. 2006).

The molecular techniques used to determine environmental
microbial communities based on nucleic acid are DNA re-
association kinetics (Torsvik et al. 1990), nucleic acid hybrid-
ization (Buckley et al. 1998), fluorescence in situ hybridi-
zation (Christensen et al. 1999; Ravenschlag et al. 2000),
microarray (Rhee et al. 2004; Small et al. 2001), denatur-
ing gradient gel electrophoresis (DGGE) (Muyzer et al.
1993), and quantitative real time polymerase chain reaction
(qRT-PCR) (Heid et al. 1996). Following the pioneering
work by Giovannoni et al. (1990), targeting the 16S ribo-
somal RNA (rRNA) gene,has been widely used to examine
different wastewater treatment systems and is still often
employed where detailed taxonomic information is re-
quired (Sanz and Kochling 2007). However, these labori-
ous and time-consuming methods are not suitable for high-
throughput analyses dealing with the large number of sam-
ples and have the drawback of detecting the whole com-
munity (Bustin 2002; Denman and McSweeney 2005;
Fierer et al. 2005). Recently, the development of next-
generation sequencing technology (NGS) has enabled the
detection of a specific microorganism in a whole microbial
community along with metabolic pathways that can be de-
rived from NGS data of environmental metagenome.

In this study, an improved method for the EM soil ball
making was developed. The formulation of the soil ball was
altered to increase pH and physical hardness. Microbial com-
munity of soil ball was revealed by next-generation DNA
sequencing technology using a semiconductor sequencer.
The metabolic pathways responsible for xenobiotic degrada-
tion were also assessed from the metagenome data analysis
and annotation.
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Materials and methods
Soil balls preparation

Soil balls were prepared by combining 450 g loess, 25 mL of
EM solution, 25 g EM bokashi mixture, to give a final weight
of 500 g. The EM bokashi mixture was added to increase
bioactivity and was prepared as follows: 500 g rice bran was
combined with 500 nL molasses (DUKSAN Co., Seoul, Ko-
rea) and 2 mL EM solution, and then incubated at 30 °C for
2 weeks. After combining loess and EM bokashi, the mixture
was molded into sphere balls and further incubated at 30 °C
for 6 days for microbial growth.

Hardness and pH control of the soil balls

To increase the hardness of the soil balls, calcium oxide (CaO)
and silicon dioxide (SiO,, Sigma-Aldrich Co., St. Louis, MO,
USA) were used. Calcium oxide and silicon dioxide were
mixed at 3:1 molar ratios and added at 0 to 1 % (w/w) to the
soil ball. Mixture of calcium oxide and silicon dioxide
changed the pH of soil ball dramatically to high alkaline. In
order to maintain neutral pH, 25 mL of 1 M citrate buffer (pH
4.2) was also added to 500 g of soil ball-making ingredient.
The hardness of the soil balls was measured by using a 5-kg
fruit hardness tester (Takemura Co., Japan). Soil ball’s pH was
measured as per NIAST’s (2000) “Soil and plant analysis
method”: a soil ball aliquot of 5 g was dissolved in 25 mL
sterile distilled water and incubated at 25 °C for 1 h at
200 rpm. The pH was then checked with an Orion 520A pH
meter (Orion Research Inc., Boston, MA, USA).

Water quality analysis

To test water quality improvement ability of the soil ball,
stream water was sampled from Dalseong Wetland, Daegu,
Republic of Korea. Samples dissolved with oxygen (DO)
was measured with a portable DO meter (Mettler Toledo, Co-
lumbus, OH, USA), total nitrogen (TN) was determined by
Kjeldahl’s method (Apha 1998), and total phosphorus (TP)
was determined using a spectrophotometer (Hitachi U-2001)
by molybdate-ascorbic acid method. The DO, TN, and TP
were measured before and after soil ball treatments. A soil
ball effect demonstration apparatus was assembled with
100 L of total water volume containing 10 L/min water stream
generator (Fig. 1).

Metagenomic DNA isolation from soil ball and wastewater

Metagenomic DNA from the soil samples and water samples
were extracted using PowerSoil® DNA Isolation Kit and
PowerWater® DNA Isolation Kit (Mo-Bio Co., Carlsbad,
CA, USA), respectively, according to the manufacturer’s
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Fig. 1 Schematic diagram of water quality testing tank; 10 L/min of
water stream was generated by a water-jet pump. Soil balls with or with-
out 0.75 % of hardener (3CaO SiO,) was placed on the indicated site.
Total volume of water was 100 L

recommendations. After grinding the entire soil ball, 0.25 g of
homogenized soil was taken. DNA quantity and purity for the
sequencing was confirmed through a nanophotometer (Model
1443; Implan GmbH, Munich, Germany). The DNA was
stored at —20 °C for further experimental use.

Metagenome sequencing using Ion Torrent PGM

For the next-generation sequencing library preparation, 1 pg
of metagenomic DNA was sheared to 200-bp length by
BioRuptor UCD-200 TS Sonication System (5 cycles of
15 min; Diagenode Co., Belgium and Denville, NJ, USA).
The Ion Xpress Fragment Library Kit (Life Technologies,
Carlsbad, CA, USA) was used for subsequent library prepa-
ration. Shearing and phosphate end repairing was followed by
ligation of the respective barcode adapters to each sample.
Library size selection was done by an E-Gel SizeSelect at
2 % agarose gel on the E-Gel iBase Power System (Life Tech-
nologies, Carlsbad, CA, USA). Further, the sample was nick
translated and amplified by ten PCR cycles. Precise quality
and quantity of the amplified DNA library was analyzed by an
Agilent 2100 Bioanalyzer (Agilent Technology, Santa Clara,
CA). The DNA library was diluted to 16 pM and emulsion
PCR was performed using the Ion OneTouch System (Life
Technologies, Gaithersburg, MD), followed by enrichment
for template-positive ion sphere particles using Dynabeads
MyOne Streptavidin C1 beads (Invitrogen, Carlsbad, CA).
Each sequencing sample was loaded on an Ion 316D chip
and sequenced on the Ion Torrent PGM for 520 flows with
Ion PGM Sequencing 200 Kit (Life Technologies, Gaithers-
burg, MD). The lon Torrent platform-specific pipeline soft-
ware was used to generate sequence reads, trim adapter se-
quences, filter, and remove poor signal-profile reads from the
raw data. Prepared DNA sequence was uploaded to the
Metagenomics RAST (MG-RAST) server (http://
metagenomics.anl.gov/) and subjected to bioinformatics
analysis with MG-RAST pipeline.

Statistical analysis

For water quality and soil ball structure stability measure-
ments, readings were done in three replicates. The results in-
cluding mean and standard deviations (SD) were calculated
using MS-Excel (version 2007; Microsoft Inc., Redmond,
WA, USA). While the statistical significance at p<0.05 was
calculated through Duncan’s multiple range test (DMRT;
SAS, version 9.5).

Results
Hardness and pH control of the soil ball

The hardness of the soil ball was increased up to sevenfold
when 1.00 % (w/w) of hardener was applied. Soil ball with
0.75 % of hardener showed exact neutral pH (pH 7.32) and
fourfold increased hardness (Table 1). Therefore, further de-
monstrative experiment of water quality improvement was
performed with soil ball containing 0.75 % hardener. Under
the controlled condition shown in Fig. 1 (10 L/min of water
stream in a total of 100 L of volume), the unmodified soil ball
dissociated after 48 h, whereas the soil ball with 0.75 % hard-
ener maintained its exact shape up to 7 days. Furthermore,
after soil ball dissociation, the unmodified soil ball was
completely dispersed in suspension throughout the water,
while the hardened soil ball dissociated over a small area
and remained out of suspension (Fig. A1, Supplementary in-
formation). Basically, sand and zeolite are normally used as
carrier for microbes instead of loess. But sand and zeolite
could not make as a ball shape. They were just like powder
formula and cannot be applied in stream water (Fig. A2, Sup-
plementary information).

Quality analysis of soil ball-treated water

To assess soil ball effect on water, stream water samples from
natural wetland were treated with traditional soil ball and soil
ball with 0.75 % of hardener. The initial pH, DO, TP, and TN
values were measured just after setting the water quality

Table 1  Influence of hardener on the hardness and pH of soil ball

Hardener 3CaO SiO, (%, w/w) Hardness (kg/cm?) pH

0.00 0.25+£0.05 a 4.53+£0.07 a
0.50 0.60+0.03 b 6.14+0.14 b
0.75 1.024+0.02 ¢ 7.32+0.08 ¢
1.00 1.80+0.04 d 8.57+0.03 d

Data was analyzed using Duncan’s multiple range test (n=3, p<0.05).
Different letters represent significant variation among the pH of different
soil balls
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Table 2  Quality assessment of soil ball-treated water

Parameter Treatment
Water only Water+soil ball Water+soil ball with 0.75 % of hardener
Day 0 Day 30 Day 0 Day 30 Day 0 Day 30
pH 7.30+0.04 a 7.30+0.02 a 6.50+0.06 b 7.00+0.03 b 7.20+0.00 ¢ 7.30+0.02 a
DO (mg/L) 6.30+£0.03 a 6.30+£0.01 a 6.40+0.01 b 6.30+0.02 a 6.30+0.03 a 4.90+£0.03 b
TP (mg/L) 0.59+0.08 a 0.56+0.03 a 0.55+0.02 a 0.55+0.01 a 0.55+0.03 a 0.23+0.03 b
TN (mg/L) 4.50+0.00 a 4.50+£0.07 a 4.60£0.10 a 4.50+0.01 a 4.50+0.06 a 3.30+0.12 b

Data was analyzed using Duncan’s multiple range test (n=3, p<0.05). Different letters represent significant variation among the values of different

treated water

assessment apparatus (Table 2, day 0). Both soil ball treat-
ments did not affect water quality at the first day of treatment
except for a slight low pH value with traditional soil ball
sample. After 30 days of treatment, traditional soil ball did
not show the changes for all parameters but the soil ball with
hardener showed significant reduction in DO, TP, and TN.
This reduction may be attributed to oxygen, phosphorus, and
nitrogen consumption by the activities of microorganisms.

Analysis of soil ball microbial community and metabolic
pathways by whole metagenome sequencing

Next-generation sequencing analysis was performed to deter-
mine microbial community as well as metagenomic pathways
of soil ball. A total of 2,464,533 DNA sequence reads with an
average size of 213 bp (spanning 525.51 Mb of total sequences)
were generated from the metagenome of the traditional soil ball,
and a total of 2,823,708 sequence reads with an average size of
196 bp (spanning 552.61 Mb of total sequences) were generated
from the improved soil ball with 0.75 % hardener. From the
sequence reads, 10,207 (traditional soil ball) and 91,244 (im-
proved soil ball) ribosomal RNA sequence reads were detected
using the MG-RAST pipeline. The microbial community of the
traditional soil ball comprised 96.1 % of Bacteria, 2.7 % of
Eukaryota and 1 % of Archaea, whereas the improved soil ball
comprised 71.4 % of Bacteria, 27.9 % of Eukaryota, and 0.2 %
of viruses (Fig. 2). In the pilot test, improved soil ball with 0.5 %

Fig. 2 Composition of microbial A
community pie charts of soil
balls. a Traditional soil ball. b
Improved soil ball

Traditional soil ball
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hardener did not show significant differences in microbial com-
munity change. So only improved soil ball with 0.75 % hardener
detailed microbial community was compared with traditional
soil ball microbial community (Fig. A3, Supplementary infor-
mation). Notably, there was a remarkable increase of eukaryotic
diversity in the improved soil ball sample. The heat map analysis
based on metagenomic gene annotation showed a more detailed
microbial community change in the phylum level (Fig. 3). Al-
though absolute number of biodiversity was increased ninefold
in the improved soil ball, relative bacterial portion was decreased
including phyla Proteobacteria, Actinobacteria, Bacteroidetes,
and Acidobacteria except for Firmicutes. While eukaryotic phyla
Ascomycota, Glomeromycota, Apicomplexan, Cnidarian,
Chytridiomycota, and other unclassified fungi were significantly
increased (Fig. 3). The pH of traditional soil ball was 4.48 while
the improved one’s pH was 7.54. The pH of improved soil ball
was mainly increased by the calcium oxide (CaO) and silicon
dioxide (SiO,) which were added as hardener. The neutral pH of
the improved soil ball was caused to proliferate of Eukaryota
which are major role in wastewater treatment.

Xenobiotic degradation pathway of soil ball metagenome

The complete metabolic pathways of the traditional and im-
proved soil ball samples were constructed through the Kyoto
Encyclopedia of Genes and Genomes (KEGG) server. Both
samples showed lipid and carbohydrate metabolism,

M Archaea B M Bacteria
M Bacteria [l Eukaryota
I Eukaryota M Viruses
W Other W Other

Other Other

~ Improved soil ball
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Fig. 3 Heat map of organism
showing biodiversity. This data
was calculated for the
metagenomes of traditional soil
ball (leff) and improved soil ball
(right) samples. The data were
compared with M5SRNA using a
maximum e value of le—5, a
minimum identity of 60 %, and a
minimum alignment length of 15
measured in amino acid for
protein and bp for RNA databases

e N =~ sy
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xenobiotics biodegradation, terpenoid, and polyketide metab-
olism pathway genes (Fig. 4). Although xenobiotics
biodegradation-related genes were detected in both samples,
the traditional soil ball showed a higher number of genes for
xenobiotics degradation metabolic pathways than the improved
one. More precisely, the lower pH enrichment was implicated
in degradation of benzoate, aminobenzoate, caprolactam, atra-
zine, xylene, toluene, styrene, bisphenol, chlorocyclohexane,
fluorobenzoate, and other related pathways.

Discussion

The recent development in molecular techniques that allow fine-
scale, detailed description of microbial community structure has
led to growing examinations of and interest in evaluating and
quantifying the nature of soil property variation from the micro-

scale to the continental (Fierer et al. 2005; Green et al. 2004;
Ranjard and Richaume 2001; Ritz et al. 2004). Depending on
soil physical and chemical composition, each soil environment
has their own microbial community and could be different from
each other (Bundy et al. 2002). In this current investigation, only
one type of soil sample was evaluated. The purpose of the ex-
periment was to check the effect of EM incorporation as well as
soil ball physical composition on the soil microbial community.
The study characterized microbial communities in soil balls of
different pH values using metagenomic DNA sequencing,
employing next-generation sequencing techniques.

Earlier approaches have investigated the effect of soil pH
on fungal and bacterial growth in soil of forest humus or
studied the acute effects of pH increase on fungal and bacte-
rial growth (Rousk et al. 2009). In most cases, increased
bacterial and decreased fungal growths were observed at
higher pH. Our study showed that both bacterial and fungal

@ Springer
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Fig. 4 Metabolic pathways of the soil ball reconstructed from whole
metagenome sequence annotation. Blue lines, metabolic pathways of
traditional soil ball metagenome; red lines, metabolic pathways of

diversity were increased with a change in pH from 4.48 to 7.54.
One possible explanation could be independent physiological
limitations by pH of different groups of organisms, as low
hydrogen ion concentrations retard fungal growth and high
hydrogen ion concentrations retard bacterial growth, with no
direct causal relationship between the groups of organisms
(Nicol et al. 2008). Genus Lactobacillus, one of the major
members of EM, modify their environment by changing the
pH to a value that is more optimal for their growth. It may be
possible that the Lactobacillus spp. growing on traditional soil
ball will decrease the soil ball pH, which has universal inhibi-
tion of all microbial variables. While pH of the improved soil
ball was not lowering by the lactic acid bacteria since the hard-
ener tend to increase alkalinity. This pH buffer effect may favor
the growth of both eukaryotic and bacterial community.
Bacteria belonging to the phyla Proteobacteria and
Bacteroidetes are generally observed in the wastewater envi-
ronments, many of which are involved in contaminant degra-
dation, suggesting that such communities are important for
wastewater treatment (Hesham et al. 2011; Moura et al.
2009). In this study, comparison of bacterial communities be-
tween the traditional soil ball (pH 4.48) and the improved soil
ball (pH 7.54) showed differences in community structure due
to changes in pH. Overall, an increase in pH from acidic to
neutral was correlated with an increase in growth of microbial
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improved soil ball metagenome; and pink lines, overlapped metabolic
pathways from both metagenomes

communities. The DO reduction significantly in 0.75 % hard-
ener at 30 days can be correlated with increased soil ball
community. Similarly, the decrease in TN and TP can be cor-
related with increase in microbial community which actively
consumes the TN and TP.

Treatment of wastewater using immobilized living cell sys-
tems is receiving increased attention, with different immobiliza-
tion methods as well as a variety of carriers being applied. Certain
reports have described ceramics as appropriate carriers for the
adsorbed immobilized cells owing to their porosity and reusabil-
ity (Kariminiaae-Hamedaani et al. 2003). The major problem of
soil ball as immobilizing agent and carrier of EM for the water
treatment is its rapid dissociation in flowing water, reducing their
effectiveness. To overcome this problem, proper amount of hard-
ener was added to soil ball, which delayed dissociation time to
7 days and resulted in dispersion in a more narrow area compared
with the unmodified traditional soil ball, which dissociated in
2 days and dispersed completely throughout the water. Based
on this result, we can expect that the improved soil ball contain-
ing hardener and EM may be more effective in stream water
treatment by remaining stable longer in flowing water.

We used whole metagenome sequencing technique for mi-
crobial community characterization of soil balls to validate
result and expend knowledge. This technique has the advan-
tages of high sensitivity and no limitation of cultivability
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(Malik et al. 2008). Compared with 16S rRNA gene amplify-
ing sequencing, whole metagenome sequencing of environ-
ment sample is superior in that the sequencing is direct and
covers the entire metagenomic DNA, including 16S rRNA
genes. Thus, the whole metagenome sequencing not only de-
tects the complete microbial community but can also help in
gene mining, revealing different metabolic pathways.

Based on the KEGG database, both traditional and improved
soil balls have sufficient number of genes responsible for xeno-
biotic degradation and their related pathways. EMs are used for
such general purposes, such as malodor removal, wastewater
improvement, pet skin protection, dishwashing, the remediation
of crude oil-contaminated water, and as PGPR for improving
plant growth and crop yield (Teruo and James 1994). Similarly,
soil balls with EM were used for the remediation of contami-
nated harbor sediments, as well as a biofilm filter for removal of
total phosphorus from farm wastewater using
Chromobacterium LEE-38 at a pilot plant (Shin et al. 20006).

Conclusions

Results of the present study led us to the conclusion that the soil
ball with 0.75 % hardener and neutral pH (pH 7.3) effectively
improved the water quality of the ponds, lakes, and streams.
Metagenomic analysis of the microbiota of the improved soil
ball (with 0.75 % hardener) revealed the flourishing prokaryotic
and eukaryotic microbial communities, enhancing the structural
stability of the soil ball that are important for the water treatment
application. To the best of our knowledge, it is the first study to
reveal the microbial diversity and associated metabolic pathways
in soil ball through the modern approach of whole metagenomic
DNA sequencing and metabolic pathway analysis. Based on our
results, we suggest that the improved soil ball with specific EM
with sufficient efficiency for various purposes might have poten-
tial in wastewater treatment.
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