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Knowledge of the distribution and biodiversity of environmental bacteria and the ecosystem that influences them is 
crucial for predicting an ecosystem. However, bacterial culture methods can only analyze approximately 0.1% of the 
existing microorganisms, those that are readily cultured under laboratory conditions. By contrast, next-generation sequencing 
(NGS) has generally been known to obtain more diverse profiling of bacterial composition. We compared the bacterial 
communities using both a culture-dependent (MALDI-TOF) and culture-independent (NGS) methods. Environmental 
specimens were obtained from both freshwater and seawater. Water samples were also analyzed by both pyrosequencing 
and MiSeq sequencing, in order to select one NGS platform which could analyze comparatively more diverse microbiota. 
Bacterial distribution analyzed with MALDI-TOF showed no difference between the microbiota of freshwater and 
seawater, whereas the results analyzed with NGS distinguished between the two. The diversity indexes of MiSeq sequencing 
were higher than for Pyrosequencing. This indicated that MiSeq sequencing is capable of analyzing a comparatively 
wider diversity of bacteria. The genus of Flavobacterium and Planktophila were identified as being unique to freshwater, 
whereas EU801223 and OM43 were found in the seawater. Difference between the bacterial composition of the freshwater 
and seawater environments was identified by MiSeq sequencing analysis. 
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INTRODUCTION 

 
The ecosphere is dominated by microorganisms (Whitman 

et al., 1998). The distribution and abundance of bacteria 
are influenced by ecosystemic and environmental factors 
(Chapin III et al., 2000). However, the distribution and 
abundance of environmental microorganisms has not been 
accurately identified by pre-existing culture methods. It is 

estimated that less than 0.1% of bacterial species can be 
cultivated under laboratory conditions and thus the identi- 
fication of microorganisms has been limited using culture-
dependent assays (Torsvik et al., 1990; Torsvik and Øvreås, 
2002). Recent advances in molecular microbial ecology 
provide a compelling approach for detailing the existence of 
hundreds or thousands of microorganisms in the environ- 
ment in various numbers and varieties (Giovannoni et al., 
1990; Li et al., 2012; Segata et al., 2012). This recent advance 
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in research has been called 'Metagenomics'. Metagenomics 
is the collection of genomes and genes from microbes in 
their constituent environments; and it enables the character- 
ization of hundreds or even thousands of microorganisms 
that constitute the microbial community, or microbiome, of 
an ecosystem (Handelsman et al., 1998). Based on these pre- 
vious studies, we conducted culture-independent and culture-
dependent methods in order to compare their results for 
identical samples. For the identification of cultivable micro- 
bes in the sample, the matrix-assisted laser desorption/ 
ionization time-of-flight (MALDI-TOF) method was used. 
For microbial identification using the culture-independent 
method, next-generation sequencing (NGS) was used. 

The diversity of microbial communities can be repre- 
sented by the number of taxa presenting in the microbiota. 
Theoretically, one would expect to find 70 bacterial taxa 
per milliliter of sewage; 160 bacterial taxa per milliliter of 
seawater; and anywhere from 6,400 to 38,000 bacterial taxa 
per gram of soil. The entire bacterial diversity of the ocean 
may be likely to exceed 2 × 106 taxa; while a ton of soil 
could include 4 × 106 different taxa (Curtis et al., 2002). 
Among those environments which host the most microbiota, 
water and soil harbors one of the most diverse microbial 
communities (Weber et al., 2011). Of these bacterial com- 
munities, we selected seawater and freshwater, in order to 
obtain the profiles of seawater and freshwater microbiota in 
South Korea and compare the composition of the microbial 
community of seawater with that of freshwater. 

The taxonomic composition of the ecosystem was pre- 
dicted from the diversity patterns of microbiota and the 
dominance of bacteria according to their respective environ- 
ment. Several studies have indicated that it is possible to 
predict the taxonomic composition of bacterial communities 
(Chong et al., 2012; Suh et al., 2015; Tinta et al., 2015). 
Culture-independent methods, which allows for the analysis 
of microbiota that are recalcitrant to cultivation, has enabled 
researchers to understand microbial communities since the 
first studies by Stahl et al. in the 1980s (Stahl et al., 1984; 
Stahl, 1985). For the culture-independent analysis (high-
throughput sequencing), the 16S ribosomal RNA (rRNA) 
gene of microbes encoding the small subunit of the bacterial 
ribosome was used. The 16S rRNA gene is common among 

prokaryotes but is not present in eukaryotes. The gene 
contains species-specific variable regions that are useful for 
identifying phylogenetic relationships (Amann et al., 1995). 
The samples were amplified by 16S rRNA gene PCR. Then, 
PCR products were analyzed by use of high-throughput 
sequencing (NGS). NGS technologies, such as the Roche 
454 and Illumina et al., have been cornerstones of this 
sequencing (Margulies et al., 2005). 

In this study, we (1) investigated microbial analysis of 
the same samples using Illumina MiSeq and Roche 454 
Pyrosequencing, in order to assess which one is the most 
capable of analyzing a more diverse range of microbiota; (2) 
compared the bacterial composition of culture-dependent 
and culture-independent methods for analyzing the same 
samples. We undertook freshwater and seawater sampling of 
the microbial community at the Han River and at Mallipo. 
The determination of differences in type and frequency of 
the microbiota related to freshwater and seawater contri- 
butes to our knowledge of the distribution of marine and 
freshwater microbial biogeography and provides a baseline 
for further studies. 

 
MATERIALS AND METHODS 

Study sites 

Freshwater from the Han River (37° 31'N, 127° 03'E) 
was collected for experimentation. Seawater was collected 
from Mallipo (36° 47' N, 126° 08'E). Both water samples 
from Han River and Mallipo were collected immediately in 
a sterile bottle. The location chosen for the collection of 
freshwater was in the middle part of the river (Fig. 1). The 
study was conducted during from December 2015 to January 
2016. 

Culture-dependent approach 

Freshwater and seawater (35 ml) were centrifuged at 
15,000 rpm for 30 min and the supernatant was discarded. 
Then, 200 μl of water pellet was inoculated in the blood 
agar plate, and the sea water pellet was cultured in nutrient 
agar (Difco, Detroit, US) with 1% NaCl solution. The 
water medium samples were cultured for 24 h at 37℃. The 
MALDI-TOF target plate was inoculated by picking a 
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freshly-grown colony (grown overnight) with the tip of a 
sterile toothpick and then smearing the specimen directly 
onto a thin film. A thin smear of bacteria on the target plate 
was overlaid with 1 μl of a MALDI matrix solution con- 
taining alpha-cyano-4-hydroxycinnamic acid in 50% aceto- 
nitrile with 2.5% tri-fluoracetic-acid. Then, the matrix-sample 
was crystallized through air-drying at room temperature for 
5 min before testing. The MALDI-TOF MS analysis was 
conducted via Microflex LT (Bruker Daltonics, GmbH, 
Bremen, Germany) equipment. FlexControlTM software was 
used to calculate and process the analytical database. The 
spectra obtained were classified using Bruker MALDI Bio- 
typer v2.0 software (Bruker Daltonik GmbH, Germany). For 
the identification approach, measured mass spectra ranging 
from 2,000 Da to 20,000 Da was used. The similarity of 
patterns to the representative species in the database was 
represented as a log score. The results were categorized as 
follows: a score of < 1.7, no reliable identification; a score 
between 1.7 and 1.9, identification at the genus level; and a 
score ≥ 2.0, species identification. 

Culture-independent approach 

For DNA extraction, freshwater and seawater samples 
(35 ml) were centrifuged at 15,000 rpm for 30 min and 
supernatant was discarded. DNA was extracted from the 

pellet using a QIAamp DNA minikit (Qiagen, Valencia, CA, 
USA). The manufacturer's instructions regarding tissue pro- 
tocol were followed. 

For MiSeq sequencing analysis, PCR amplification was 
performed using primer targeting the V3 to V4 regions of 
the 16S rRNA gene of extracted DNA. For bacterial ampli- 
fication, primers were 341F (5'-TCGTCGGCAGCGTC- 
AGATGTGTATAAGAGACAG-CCTACGGGNGGCW- 
GCAG-3'; the underlined sequence indicates the target 
region primer; 'AGATGTGTATAAGAGACAG' indicates 
the adaptor sequence) and 805R (5'-GTCTCGTGGGCT- 
CGG-AGATGTGTATAAGAGACAG-GACTACHVGGG
-TATCTAATCC-3'; the underlined sequence indicates the 
target regions; 'GATGTGTATAAGAGACAG' is the adaptor 
sequence) (Fadrosh et al., 2014). The PCR reaction mixture 
included 2.5 μl of 10Ⅹ Ex Taq Buffer (Takara Bio, Shiga, 
Japan), 2.5 μl of dNTPs (2.5 mM), 1 μl of each of the 
primers (10 pmole/μl), 0.25 μl of Taq DNA polymerase (5 
U/μl; Takara Bio, Shiga, Japan), and 2 μl of extracted DNA, 
in a final total volume of 25 μl. The amplifications were 
carried out using an initial denaturation at 95℃ for 3 min, 
followed by 25 cycles of denaturation at 95℃ for 30 sec, 
primer annealing at 55℃ for 30 sec, and extension at 72℃ 
for 30 sec, with a final elongation at 72℃ for 5 min. PCR 
products were confirmed using 1% agarose gel electropho- 

Fig. 1. Maps for the sampling sites in the freshwater and seawater of South Korea. This maps shows the sampling locations in the freshwater
(37° 31'N, 127° 03'E) and seawater (36° 47' N, 126° 08'E). Freshwater and seawater samples were collected in December and January 2015. 
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resis with a 0.5Ⅹ TAE buffer, and they were visualized using 
a Gel Doc system (BioRad, Hercules, CA, USA). The PCR 
product was used as a template in the second PCR. For the 
second PCR, index primer was Index i5 (AATGATACG- 
GCGACCACCGAGATCTACAC-CTCTCTAT-TCGTC- 
GGCAGCGTC) and Index i7 (CAAGCAGAAGACGG- 
CATACGAGAT-TCGCCTT-AGTCTCGTGGGCTCGG). 
The PCR reaction mixture conditions were performed as 
above. Equal concentrations of PCR products were pooled 
together and short fragments (non-target products) were 
removed using an Ampure bead kit (Agencourt Bioscience, 
Beverly, MA, USA). Final DNA libraries were quantified 
by Quanti-iT PicoGreen dsDNA Assay kit (Invitrogen). 
Quality and product size were assessed on a Bioanalyzer 
2100 (Agilent, Palo Alto, CA, USA) using a DNA 7500 
chip. Mixed amplicons were used for emulsion PCR and 
deposited on Picotiter plates. Sequencing was carried by 
Chunlab, Inc. (Seoul, Korea) using an Illumina MiSeq se- 
quencing System. 

For pyrosequencing, PCR amplification was performed 
using primers targeting the V1 to V3 regions of the 16S 
rRNA gene of extracted DNA. For bacterial amplification, 
the barcoded primers were 27F (5'-CCTATCCCCTGTGT- 
GCCTTGGCAGTC-TCAG-AC-GAGTTTGATCMTGG- 
CTCAG-3'; the underlined sequence indicates the target 
region primer; 'TCAG' indicates the key sequence; 'AC' is 
the linker sequence) and 518R (5'-CCATCTCATCCCTG- 
CGTGTCTCCGAC-TCAG-X-AC-WTTACCGCGGCT- 
GCTGG-3') (http:/oklbb.ezbiocloud.net/content/1001). The 
amplifications were performed using the same cycling method 
of MiSeq sequencing. The amplified products were purified 
with a MinElute PCR purification kit (Qiagen, Valencia, CA, 
USA) according to the manufacturer's instructions. The con- 
centration and purity of the resulting DNA were measured 
with a BioDropμLITE (BioDrop, Cambridge, UK). Short 
fragments (non-target products) of purified products were 
pooled together and removed as same method from MiSeq 
sequencing. Quality and product size were assessed on a 
Bioanalyzer 2100 (Agilent, Palo Alto, CA, USA) using a 
DNA 7500 chip. Mixed amplicons were used for emulsion 
PCR and deposited on Picotiter plates. Sequencing was car- 
ried out at Chunlab, Inc. (Seoul, Korea) using a 454 GS FLX 

titanium next- generation sequencing (NGS) system (Roche, 
Branford, CT, USA) according to the manufacturer's in- 
structions. 

For next-generation sequencing analysis, obtained reads 
started with a quality check and trimming of low-quality 
scores (defined as average scores of < 25) by Trimmomatic 
0.32. After the quality-control pass, forward and reverse 
reads were paired using the PANDAseq v.2.9 with default 
parameters. The taxonomic classification of each read was 
assigned based on the EzTaxon-e database (http://eztaxon-
e.ezbiocloud.net) (Kim et al., 2012), which contains the 16S 
rRNA gene sequence of type strains that have valid pub- 
lished names; and the representative species level phylotypes 
of either cultured or uncultured entries in the GenBank 
database with complete hierarchical taxonomic classification 
(levels ranging from the phylum to the species). The richness 
and diversity of the samples were determined by Chao1 
estimation and Shannon diversity index at the 3% distance. 
Random sub sampling was conducted to equalize the read 
size of samples; for comparing different read sizes among 
the samples. The overall phylogenetic distance between com- 
munities was estimated using Fast UniFrac (Hamady et al., 
2010). To compare Operational Taxonomic Units (OTUs) 
between samples, shared OTUs were obtained with the 
CLcommunity program's Taxon XOR by CD-HIT analysis 
(Chunlab Inc.). 

 
RESULTS 

Culture-dependent analysis of water 

After cultivation of freshwater and seawater, the bacterial 
species were identified by using MALDI-TOF MS. Abun- 
dant genera in the freshwater and seawater samples were 
Acinetobacter johnsonii, Bacillus species (including Bacillus 
pumilus, Bacillus cereus, Bacillus megaterium, Bacillus 
muralis, Bacillus mycoides; and Bacillus licheniformis), 
Staphylococcus hominis, Micrococcus luteus, Citrobacter 
freundii and Raoultella ornithinolytica (Fig. 2). MALDI-
TOF MS analysis found no differences between the culti- 
vated microbiota of freshwater and seawater. 
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Diversity and composition of bacterial communities 
associated with freshwater and seawater 

To determine the distribution and composition of micro-  
biota in the water, samples of Han River freshwater and 
Mallipo seawater were collected (Fig. 1). NGS (454 Pyro- 
sequencing and MiSeq) was performed on the PCR amplicons 
generated by the pooled DNA from each site. We obtained 
a total of 61,231 raw sequences. After trimming and quality 
control, we obtained the following sequences from fresh- 
water and seawater: 7155 and 12518 in pyrosequencing, 
and 17009 and 17425 in MiSeq sequencing, respectively 

(Table 1). The reads from freshwater and seawater were 
taxonomically clustered into 97% sequences identity. The 
number of OTUs in freshwater and seawater analyzed with 
pyrosequencing were 891 and 1237 (OTUs), respectively. 
The number of freshwater and seawater OTUs obtained 
from MiSeq sequencing were 6030 and 6063 (OTUs), 
respectively. Based on the nonparametric Chao1, Ace, and 
Shannon index, the known richness of the entire microbial 
community was identified as being highest in freshwater 
analyzed with MiSeq sequencing, which showed more bac- 
terial diversity than other samples. Also, the diversity and 
richness index of the freshwater and seawater samples was 

Table 1. Numbers of sequences, OTUs (97%) and diversity indexes of microbiota from freshwater and seawater 
 

Index 
Freshwater 

 
Seawater 

Pyrosequencing MiSeq Pyrosequencing MiSeq 
No. of Seq 7155 17009  12518 17425 
OTUs 891 6030  1237 6063 
Ace 1544.20 77347.07  2538.38 60910.81 
Chao1 1285.35 39007.02  1951.50 37069.97 
Shannon 5.61 7.33  5.22 7.15 

 

Fig. 2. Relative proportion of microbiota in freshwater and seawater analyzed by MALDI-TOF MS. 
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higher as found by MiSeq sequencing than as found by 
pyrosequencing. These data suggest that the diversity and 
richness index of the microbiota associated with freshwater 
and seawater in the culture-independent method of MiSeq 
is higher than that of pyrosequencing. 

Bacterial communities of freshwater and seawater 

Illumina MiSeq sequencing analysis and Pyrosequencing 
was performed to determine the microbiota distribution and 
composition in freshwater and seawater. These data presented 
a diversity and richness of the bacterial communities of the 
associated water samples. We investigated the relative abun- 
dance and diversity of the microbial communities in the 
water samples. To evaluate the bacterial community's com- 
position and distribution, the 16S rRNA sequences were 
classified at the phylum and family levels (Fig. 3). The total 
qualified reads could be assigned to bacterial phyla in each 
sample. The bacterial communities were dominated by Pro- 
teobacteria, followed by Bacteroidetes, Actinobacteria, and 
Bacillariophyta (Fig. 3A). The phylum Proteobacteria (Alpha, 
Beta, and Gamma) were more abundant in the seawater than 
in the freshwater samples, accounting for 68.44% of the 
community in the seawater. 

Further classification to the class level indicated that bac- 
terial communities varied between freshwater and seawater 
(Fig. 3B). For example, freshwater microbiota were com- 
monly dominated by three classes ― Flavobacteria, Actino- 

bacteria and Betaproteobacteria with a majority of the reads 
belonging to the phyla Bacteroidetes, Actinobacteria, and 
Proteobacteria, respectively. Comparatively, in the case of 
seawater, the microbiota of seawater contained varying pro- 
portions of Proteobacteria. Seawater microbiota represents 
dominance by three classes―Alphaproteobacteria, Gamma- 
proteobacteria, and Betaproteobacteria. In addition, SAR406 
and MarineActino in the phyla SAR406 and Actinobacteria, 
respectively, were only observed in seawater; whereas Alpha- 
proteobacteria and Flavobacteria were represented in all 
water samples. However, the proportion of Flavobacteria 
account for a marked percentage of the bacterial communities 
in freshwater. 

Composition of freshwater- and seawater-associated 
bacterial communities 

Based on the bacterial diversity index and MiSeq se- 
quencing's superior ability to identify members of the bac- 
terial community at the phylum and class level, MiSeq se- 
quencing was selected as the subsequent tool of choice for 
further classification principally because that sequencing 
platform had led to the identification of diverse microbiota. 
As analyzed with MiSeq sequencing, further classification 
at the genus level found that Flavobacterium, and Plankto- 
phila were predominant in the freshwater, while no sequence 
belonging to the genus Planktophila was detected for the 
seawater (Fig. 4). By contrast, EU801223 was found to be 

Fig. 3. Taxonomic classification of microbial reads retrieved from different environment water masses into Phylum (A) and Class (B) levels
using the EzTaxon database. Display with ration of the abundance, using an EzTaxon database. The names related to the each color appear 
besides the figure. 
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a dominant genus among the bacterial community in sea- 
water, although not being present in freshwater. The bacterial 
communities of freshwater and seawater were significantly 
different. 

 
DISCUSSION 

 
We confirmed the identity of the aquatic microorganisms 

that could be grown under laboratory conditions using cul- 
tivation and the MALDI-TOF. We were able to obtain the 
genera including the genus Bacillus, Micrococcus, and Citro- 
bacter through MALDI-TOF analysis, but could not identify 

these genus via NGS (Fig. 2). On the other hand, biodiversity 
at the genus level as revealed by MALDI-TOF analysis was 
lower than that shown by the MiSeq data. A considerably 
more diverse numbers of microorganisms have been found 
when using culture-independent methods as compared to 
cultivation methods. Relatively more diverse microbiota has 
was found when using culture-independent methods com- 
pared to cultivation methods. The MALDI-TOF MS studies 
found that the genus Bacillus dominated. Typically, bacteria 
that thrive in artificial environments can be cultivated in 
media (Fredricks, 2001). These results were generally in line 
with former associative analyses regarding comparisons of 

Fig. 4. Bacterial composition profiles. Each bacterial composition of both freshwater and seawater (Inner area: Phylum, Outer area: Genus).
Level of phyla and genera with more than 1% of their proportion were represented. These genera group of freshwater and seawater indicates
difference between environmental samples. 
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cultivation with non-culture-based methods (Madsen et al., 
2015). Although species such as Bacillus pumilus, Micro- 
coccus luteus, and Citrobacter freundii could be found in 
the water, the species obtained by MALDI-TOF failed to 
identify the actual differences between species present in 
freshwater versus seawater. 

Further examination involved analysis of both freshwater 
and seawater samples using the non-cultured method―NGS 
(454 Pyrosequencing and MiSeq sequencing). We wanted 
to select the best form of NGS sequencing, which is an 
effective approach which yields the identification of diverse 
bacterial communities. Therefore, we generated amplicon 
of the 16S rRNA gene and performed both 454 Pyrose- 
quencing and MiSeq sequencing. The number of OTUs 
detected in MiSeq sequencing was more abundant than those 
yielded by pyrosequencing of the same samples of fresh- 
water and seawater (Table 1). The diversity estimates yielded 
by analysis via MiSeq sequencing, Shannon, Chaol and Ace, 
were also higher than were those in samples analyzed with 
Pyrosequencing. Even in assessing the bacterial commu- 
nities of the same samples, the results of diversity indexing 
were markedly different depending on the form of NGS se- 
quencing used. These results seem to be due to a difference 
in method of analysis. Because the 454 pyrosequencing pro- 
duces longer read lengths than do competing technologies 
(from V1 to V3), most investigators prefer to select 454 
pyrosequencing as their method of choice. However, while 
pyrosequencing was capable of producing longer reads 
lengths, this sequencing produces systemic errors associated 
with insertions and deletions errors which must be removed 
or corrected using time-consuming and intensive software 
before further analysis can be performed (Huse et al., 2007; 
Quince et al., 2009; Huse et al., 2010; Reeder and Knight, 
2010). By contrast, the Illumina MiSeq sequencing method 
has a lower per-base error rate as compared with 454 pyro- 
sequencing (Loman et al., 2012). 

To assess the differences in the microbial communities of 
freshwater and seawater, bacterial composition was distin- 
guished in contrast with the results of the cultured method. 
Freshwater and seawater samples were further analyzed in 
terms of bacterial composition. The dominant phyla in all 
the water samples were Proteobacteria, Bacteroidetes, and 

Actinobacteria. These results were similar to those shown by 
previous studies of the microbial communities in seawater 
(Bolhuis and Stal, 2011; Suh et al., 2014; Suh et al., 2015). 
Representative freshwater bacteria such as the classes Flavo- 
bacteria, Betaproteobacteria, and Actinobacteria classes were 
detected in the Han River sample. Also, a predominance in 
the occurrence of certain marine bacteria including the classes 
Alphaproteobacteria, Gammaproteobacteria, and Betaproteo- 
bacteria were found in the Mallipo seawater sample. 

Based on the bacterial community and diversity index, the 
results related to the MiSeq sequencing represents findings 
more diverse than those yielded by 454 pyrosequencing. 
Therefore, we performed further classificatory analysis at the 
genus level, in order to minutely compare freshwater micro- 
biota with seawater microbiota. At the genus level, Flavo- 
bacterium and Planktophila were identified as being genera 
unique to the freshwater sample; whereas EU801223, OM43, 
and SAR86 were uniquely found only in the seawater 
sample. Unlike the results of the culture-dependent method, 
the bacterial composition of culture-independent method 
showed clear differences between the populations of the 
freshwater and seawater environment. Environmental factors 
can affect the distribution and the abundance of bacteria. 

This study has some limitations, one of which was that 
we could not confirm the degree to which bacterial com- 
position may have been related to diverse environmental 
factors such as temperature, salinity, pH, and oxygen levels 
that could have potentially changed the water-associated 
microbial communities. However, although the present study 
has the above-noted limitation, we demonstrated that Illumina 
MiSeq sequencing of 16S rRNA is a more effective approach 
as compared to other options in that it can analyze to a 
greater degree of specificity the composition of diverse 
microbial populations and can obtain profiling data regarding 
the microbial community in relation to that community's 
ecosystem. Of special importance, this study offers the poten- 
tial of enhancing our comprehension of the marine and 
freshwater ecosystems of South Korea. Understanding the 
patterns of microbial composition and diversity is a necessary 
first step in going on to assess the systemic effects of specific 
microbiota on their respective freshwater or marine eco- 
systems. The present investigation was a pilot study for 
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establishing which method would yield the highest-quality 
findings in terms of specificity. Thus, a greater degree of 
environmental factors relative to water should be examined 
in further studies. A diagnosis of drowning remains one of 
the challenge for forensic medicine because the use of diatom 
as a test of drowning diagnosis has some limitations (Piette 
et al., 2006). Although diatom are not present in all water 
sources or may not be abundant, aquatic microbiota diverse 
between the habitats as shown in the study. Therefore, we 
are also currently in the process of applying the microbial 
community profiling of freshwater and seawater, as obtained 
at this time, to the forensic sciences. 
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