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Microbial diversity in natural and artificial environments can 
be accessed using molecular methods such as denaturing 
gradient gel electrophoresis (DGGE), temperature gradient 
gel electrophoresis (TGGE), terminal restriction fragment 
length polymorphism (T-RFLP) and pyrosequencing (Dar et 
al., 2005; Petersen and Dahllof, 2005; Abdo et al., 2006; 
Martinez et al., 2006; Wilms et al., 2006b; Huber et al., 2007). 
Among these methods, pyrosequencing has been developed 
more recently and can generate hundreds of thousands of 
sequences in a single run (Ronaghi et al., 1998; Gharizadeh 
et al., 2002). Even though the read length of sequence is 
short (average 100 or 250 bp), this new method has been 
successfully applied to various microbiological applications: 
analysis of single nucleotide polymorphisms (SNPs) (Isola et 
al., 2005), sequencing of deep mine metagenomes (Edwards 
et al., 2006), bacterial and fungal typing (Jonasson et al., 
2002; Ronaghi and Elahi, 2002) and microbial community 
analysis of the deep sea environments (Sogin et al., 2006; 
Huber et al., 2007) and macaque gut (McKenna et al., 2008).
  In the present study, we applied pyrosequencing to inves-
tigate prokaryotic community structure in tidal flat sediments 
and compared these with the results from the previous clone 
library analysis. Tidal flats are characterized by high primary 

production rates and intense remineralization in sediments 
(Carling, 1982). These characteristics may enhance microbial 
abundance and diversity, thus high microbial heterogeneities 
have been reported from tidal flat sediments (Mussmann et 
al., 2005; Wilms et al., 2006b). Previously, we reported the 
presence of diverse prokaryotic species in tidal flat sedi-
ments in Korea using conventional clone libraries (Kim et 
al., 2004; Kim et al., 2005a). Here, we demonstrated that 
pyrosequencing and a subsequent bioinformatic analysis pro-
vide an accurate, cost-effective and reliable way of obtaining 
qualitative and quantitative information on prokaryotic com-
munity structure in natural environments.

We used DNA samples which were used in the previous 
studies (Kim et al., 2004; Kim et al., 2005a). The DNA was 
extracted from the tidal flat sediments of Dongmak, 
Ganghwa Island, Korea (depth 1 to 10 cm). Geochemical 
analyses were performed in previous studies and the con-
centration of SO4

2- was determined by ion chromatography 
(DX-120, Dionex, USA).
  PCR primers were designed to amplify the V3 region of 
16S rRNA genes to produce amplicons suitable for pyrose-
quencing which allows the sequencing of approximately 100 
bases from the 5’ end of a DNA molecule. The designed 
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 The number of OTUs and richness estimates based on the DOTUR (Schloss and Handelsman, 2005)

Cluster distance

0.03a 0.05b

Method Primers Sequences
analyzed OTU Chao1 ACE OTU Chao1 ACE

Clone library
Bacteriac 103 60 417 628 57 312 513

Archaead 102 32 55 65 27 42 43

Pyrosequencing

Bacteria (forward) 3,591 1,539 3,437 3,875 1,327 2,674 3,047

Bacteria (reverse) 1,561 770 1,459 1,640 689 1,182 1,266

Archaea (forward) 1,414 508 574 606 474 512 538

Archaea (reverse) 741 222 278 279 212 260 259
a OTU was defined at 3% difference level.
b OTU was defined at 5% difference level.
c Data obtained from Kim et al. (2004)
d Data obtained from Kim et al. (2005a)

primer pairs were Bact363F; 5’-CAA TGG RSG VRA SYC 
TGA HS-3’ and Bact531R; 5’-CTN YGT MTT ACC GCG 
GCT GC-3’ for amplification of the bacterial 16S rRNA 
gene, and Arch339F; 5’-GGY GCA SCA GGC GCG VAW-3’ 
and Arch523R; 5’-TMC CGC GGC KGC TGV CAS C-3’ 
for the archaeal 16S rRNA gene. In order to reduce PCR- 
driven bias, we used three different Taq polymerases inde-
pendently in each PCR reaction and reduced the number 
of PCR cycles (Head et al., 1998; Kanagawa, 2003; Kurata 
et al., 2004; Acinas et al., 2005). PCR amplification proce-
dures were performed as follows: 100 ng of template DNA, 
1 nM of each primer, 10× buffers, dNTP, and each Taq 
polymerase to a final volume of 50 �l with sterile water. 
After an initial denaturation step of 5 min at 94°C, amplifi-
cation reactions were performed with 25 cycles of denatura-
tion (30 sec, 94°C), primer annealing (30 sec, temperatures 
were verified from 48°C to 57°C), and primer extension [30 
sec, 72°C for Ex Taq (TaKaRa, Japan) or 67°C for Ampli 
Taq (Applied Biosystems, USA) and AccuPrime Taq (Invi-
trogen, USA)] and a final extension step of 5 min at 72°C 
or 67°C. The presence of PCR products was confirmed by 
2% agarose gel analysis. The DNA amplicons were obtained 
from a total of 30 PCR reactions based on different poly-
merases and annealing temperatures, pooled, concentrated 
and purified with Qiaquick Gel Extraction Kit (QIAGEN, 
USA).

To obtain bacterial and archaeal sequences in a single se-
quencing reaction, bacterial and archaeal PCR products 
were mixed. The quality of the product was assessed on a 
Bioanalyzer 2100 (Agilent, USA) using a DNA1000 LabChip. 
The sample used for pyrosequencing showed the proper size 
of the amplification products (approximately 20 ng) and 
were fed on a 454 Life Sciences sequencer (Branford, USA). 
The sequencing was carried out according to the manufac-
turer’s instructions using a Genome Sequencer 20 system 
(Roche, Switzerland). A 454 Life Sciences PicoTiterPlate, 
where the pyrosequencing occurs, was masked into one zone 
to get approximately 10,000 sequencing reads.

To facilitate the taxonomic/phylogenetic assignment of each 

sequences, we developed a database, designated REF16S, 
containing 16S rRNA gene sequences of validly published 
bacterial and archaeal species (Chun et al., 2007), and rep-
resentatives of cyanobacteria, chloroplasts, mitochondria and 
environmental clones. The REF16S database contains 8,500 
representative, non-redundant sequences with hierarchical 
taxonomic information. A bioinformatic pipeline was con-
structed for the automated taxonomic assignment of se-
quences using MySQL and JAVA under a Linux operating 
system. Firstly, the resultant sequences were divided into 
bacterial and archaeal subsets based on the presence of for-
ward or reverse primer sequences used for amplification. 
Then, the primer sequences were trimmed from the sequen-
ces using the global pairwise alignment algorithm of Myers 
and Miller (1988). The processed sequences were subjected 
to a similarity-based search using the BLAST program 
(Altschul et al., 1990) against the REP16S database. The 
five sequences showing the highest BLAST e-values were 
selected and used to align against the query sequence using 
the algorithm of Myers and Miller (1988). The sequence 
similarity values were calculated and the sequence with the 
highest similarity was selected for hierarchical taxonomic as-
signment using the information held in the REP16S database. 
JAVA-based versatile analysis tools for pyrosequencing data 
are under development and will be introduced elsewhere. 
The program DOTUR (Schloss and Handelsman, 2005) was 
employed to calculate diversity estimates, namely the abun-
dance-based coverage estimator ACE (Chao and Lee, 1992) 
and species diversity estimator Chao1 (Chao, 1984) by using 
sampling without replacement.

PCR amplifications of 16S rRNA V3 regions were success-
fully achieved from tidal flat sediment DNAs. The sizes of 
the PCR products were 170~180 bp from primers Bact363F/ 
Bact531R and 150~170 bp from primers Arch339F/Arch523R. 
A total of 10,166 sequences were obtained by pyrosequenc-
ing, where the average length was 103.52 bp. The quality 
score of sequences are provided by 454 Life Sciences, 
which is a measure of the confidence that the homopol-
ymer length at that position is correct (Margulies et al., 



Vol. 46, No. 4 Dissection of prokaryotic community using pyrosequencing 359

 Assignment of bacterial candidate divisions. The percentage of each candidate division was calculated and shown if it is higher than 3%.

 Phylogenetic composition of bacterial pyrosequences in tidal flat of Dongmak. The percentage of each division was calculated and 
shown if it is higher than 3%. The composition and percentage of proteobacteria is shown in the sector of proteobacteria.

2005; Huse et al., 2007). The average of the mean quality 
score was 26.01.
  173 sequences (1.7% of total) containing one or more 
ambiguous bases (N) were excluded as these may contain 
high sequencing errors (Huse et al., 2007). 1,282 sequences 
out of 9,993 did not contain amplification primer sequences 
of bacteria or archaea and were removed from further 
analysis. These sequences might be occurred when DNA 
capture beads attached to middle of templates in emulsion 

PCR step. Of the remainder, 6,065 sequences included bacte-
rial primers and 2,646 sequences contained archaeal primers. 
Sequences which were shorter than 50 bp were omitted 
from further analysis (570 for bacteria and 11 for archaea). 
The remaining 8,130 sequences were analyzed by a BLAST 
search against REF 16S database (Chun et al., 2007). Among 
the bacterial sequences, 251 were thought to be eukaryotic 
origin (mitochondria or plastids).
  The taxonomic assignment of each sequence was done in 
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 Comparison of 16S rRNA gene sequences from pyrosequencing analysis and previous clone library-based analysis. The white bars 
represent taxonomic lineages of the clone library and the dark bars from pyrosequencing sequences. Other divisions which were detected 
only in pyrosequencing were removed in this figure.

an automated manner, and the results were the list of the 
taxonomic assignment of each amplicon and the number of 
amplicons in each major taxonomic rank. The statistical rich-
ness estimates of ACE and Chao1 determined by DOTUR 
were given in Table 1. The read length obtained from a 454 
sequencer was shorter than that of amplified product and 
the direction of read could be both forward and reverse. 
Thus we divide forward and reverse sequence of prokar-
yotes by detect primer sequences. Our sampling of prokary-
otic richness was far from complete, rarefaction curves were 
not shown.

Taxonomic/phylogenetic assignment of bacterial sequences 
indicated that the sample contained 21 divisions and 37 
candidate divisions at the division level. Proteobacteria was 
the most abundant in tidal flat sediments (2,993 sequences, 
58.09% of total bacteria), followed by Cytophaga-Flavobac-
terium-Bacteroides (CFB) group (795, 15.4%), Verrucomicrobia 
(227, 4.41%), Firmicute (202, 3.92%), and Cyanobacteria 
(180, 3.49%). The other 16 divisions were present only in 
minor components (Fig. 1). Among the Proteobacteria, Gam-
maproteobacteria (1,445 sequences, 48.28% of proteobac-
teria) was the most abundant, followed by Deltaproteobac-
teria (1,109, 37.05%).
  464 sequences were assigned to 37 candidate divisions for 
which no cultural representatives are available (Fig. 2). Can-
didate division WS3 was the most abundant group among 
the candidate divisions (101 sequences, 21.77%), followed 
by candidate divisions OD1 (63, 13.58%), RC1 (43, 9.27%), 
TG1 (36, 7.76%), OP11 (35, 7.54%), SB1 group (20, 4.31%), 
and OS-K (18, 3.88%).
  The bacterial community profile revealed by pyrose-
quencing was compared with those previously obtained by 
the clone library analysis at the division/class level (Fig. 3). 
The bacterial community structures from the conventional 
clone library and pyrosequencing analyses are similar at 
these high taxonomic ranks. The sequences of the previous 
clone library study fell into 7 divisions and 4 candidate divi-
sions (Kim et al., 2004). Among them, Gamma- and Delta-
proteobacteria were the most abundant bacteria; the fact is 

now confirmed by in-depth investigation based on pyrose-
quencing. Similar results were reported from marine sedi-
ments in previous studies (Gray and Herwig, 1996; Urakawa 
et al., 1999; Kim et al., 2004).
  Geochemical data of sampling sites were investigated in 
previous clone library study in which the concentration of 
SO4

2- in our sediment sample was found to be 0.518 (mg/g 
dry soil). This concentration was about a hundredfold of that 
of nitrate, which suggests that sulfur may be the major elec-
tron acceptor in tidal flat sediments (Wilms et al., 2006a; 
Wilms et al., 2006b). The pH was 8.13 and the concentration 
of nitrate was 2.79 (�g/g dry soil). Even though Delta- and 
Gamma-proteobacteria are known to play important role in 
sulfur metabolism in marine sediments (Ravenschlag et al., 
1999; Kim et al., 2004), community structure revealed in 
this study may not conclusively supports this finding, as 
physiology can not be assumed from phylogenetic assignment. 
Indeed, we found that the major component (43%) of 
Gamma-proteobacteria is a close neighbor to the uncultured 
clone MSB-2D6 (GenBank accession no. EF125435) which 
any physiological inference is not possible.
  Despite of similarity in community structure at higher taxo-
nomic ranks, substantial increases in the number of OTUs 
and statistical diversity estimates were evident in pyrose-
quencing over the previous clone library study (Table 1), 
which attributes to the significant increase in sampling size 
(15~35 fold) in pyrosequencing. Notable differences between 
two studies were found in the minor components of prokary-
otic community. For instance, minor but significant number 
of Firmicute sequences were found (202, 3.92% of total 
bacteria) in pyrosequencing, while none was recovered in 
the clone library study. Various reports provide supporting 
evidence that Firmicute is present in tidal flat sediment 
(Yoon et al., 2003; Kim et al., 2005b; Kim et al., 2006). 
Thus, it is fair to say that pyrosequencing gives a more 
comprehensive survey of prokaryotic structure than the con-
ventional method. A total of 15 divisions, including Firmicute, 
were detected only in pyrosequencing data. Acidobacteria, 
Alphaproteobacteria, and Chloroflexi were more abundant in 
the clone library than in the pyrosequencing data. However, 
Verrucomicrobia and the CFB group were observed less fre-
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 Phylogenetic composition of archaeal sequences in tidal flats of Dongmak. The percentage of each archaeal group was calculated 
and shown if it is higher than 3%.

quently in the clone library than in pyrosequencing. These 
discrepancies attribute to the difference in sampling size as 
well as the use of different primers and amplification con-
ditions in two experiments.
  A total of 37 candidate divisions were detected in py-
rosequencing whereas only 4 candidate divisions (OP11, 
BRC1, KSB1, and WS3) were recovered in the clone li-
brary study. Candidate division WS3, the most abundant 
component, has been found in the methanogenic zone of a 
contaminated aquifer (Dojka et al., 1998) and methane has 
been detected in anoxic-tidal flat sediments (Wilms et al., 
2006b). Methanogens are likely to be active in tidal flat, 
which explains the co-existence of WS3 division in tidal flat 
sediments. The WS3 division was also detected from various 
environments (Nesbo et al., 2005; Tringe et al., 2005; Ley et 
al., 2006; Wilms et al., 2006a). GN candidate divisions and 
several OP candidate divisions were also found in tidal flat. 
These bacteria were widespread in various habitats including 
hypersaline microbial mat, Yellowstone hot springs, Amazo-
nian soil and bay sediment (Borneman and Triplett, 1997; 
Hugenholtz et al., 1998; Papineau et al., 2005; Ley et al., 
2006). Candidate divisions of OD1 (13.58% of the total can-
didate division sequence), TG1 (7.76%), SB1 group (4.31%), 
and OS-K (3.88%) were detected by pyrosequencing but 
not by the clone library method.

The all four known archaeal phyla have been detected in 
tidal flat sediments (Fig. 4). The Euryarchaeota was the most 
abundant taxon (1,628 sequences, 75.55% of total archaea), 
followed by Crenarchaeota (449, 20.84%), Korarchaeota 
(62, 2.88%), and Nanoarchaeota (16, 0.74%). A total of 8 
classes and 11 unclassified euryarchaeotal groups were ob-

served in sequences of Euryarchaeota. 515 sequences (23.9% 
of total archaeal sequences) belonged to candidate division 
‘sediment archaea-1’ of Euryarchaeota, implying that the 
significant role of these organisms in tidal flat sediment. 
Pure culturing and the subsequent physiological and geno-
mics studies are at premium need to understand ecology of 
tidal flat environment. Other taxa found were Halobacteria 
(245 sequences, 11.37%), Methanomicrobia (208, 9.65%), 
Methanococci (153, 7.1%), and Thermoplasmata (100, 4.64%). 
Among the Crenarchaeota, uncultured marine archaeal group 
1 (237 sequences, 11% of total archaeal sequences) was the 
most abundant. The ancient archaeal group (AAG) and un-
cultured korarchaeota were two major components among 
Korarchaeota.
  The presence of major amounts of Euryarchaeota and 
Crenarchaeota largely agrees with the previous clone library 
study (Kim et al., 2005a), though pyrosequencing showed 
that Euryarchaeota was more abundant and diverse. Most 
of Euryarchaeota fall into methaongen and Halobacteria 
groups, implying active methanogenesis and heterotrophy in 
tidal flat. Methanogens consisted of Methanococci, Methano-
bacteria, Methanopyri, and Methanomicrobia. Both pyrose-
quencing and clone library studies indicated that Methanomi-
crobia is the most abundant among methanogens. The anae-
robic methane oxidizing archaea (ANME) group, known to 
form symbiosis with sulfate reducing bacteria (SRB), were 
less numerous (3.53% of total archaea) than reported in 
the earlier studies (Kim et al., 2004; Kim et al., 2005a). It 
is likely that archaea other than the ANME are largely re-
sponsible for sulfur metabolism in tidal flat sediments.
  The marine archaeal group 1, the most abundant Cre-
narchaeota, has been isolated from diverse marine environ-
ments (Eder et al., 2002; Konneke et al., 2005). The diversity 
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estimates of tidal flat (Table 1) are generally lower than 
those of deep sea (Huber et al., 2007), which is largely due 
to the different sampling sizes in two studies.

In this study, we investigated bacterial and archaeal com-
munity structure in tidal flat sediments using pyrosequencing 
and a newly developed bioinformatics pipeline. A larger 
and in-depth amount of community information was obtained 
through this method. We also compared the resultant com-
munity structure with that obtained from the previous clone 
library-based studies (Kim et al., 2004; Kim et al., 2005a). 
The major groups of microbial community in the Dongmak 
tidal flat analyzed using pyrosequencing were overall similar 
to those based on the clone library studies. Even though py-
rosequencing does not exhaustively detect all of prokaryotic 
cells in a sample, it can produce substantially larger number 
of sequences in a single sequencing run than conventional 
clone library method. As shown in this study, pyrosequencing 
is suitable to dissect community structure of very complex 
environment such as tidal flat sediments. Finally, the short 
lengths of sequences used in this study may not warrantee 
the identify prokaryotes at species level, but this limitation 
will be overcome through improved technologies.
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