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Abstract : Culture-independent methods to detect microorganisms have been developed in parallel with traditional
culture-based methods ever since the classification of bacteria based on 16S rRNA gene sequences was advocated
in the 1970s. The development and the prevalence of culture-independent molecular technologies have provided
revolutionary progress in microbial studies. The development of these technologies contributes significantly to
the research of microorganisms that cannot be detected by traditional methods such as culture-dependent methods.
Many molecular methods targeting the 16S rRNA gene, such as fluorescence in situ hybridization (FISH), quanti-
tative PCR, terminal restriction fragment length polymorphism (T-RFLP), denaturing-gradient gel electrophoresis
(DGGE), clone library analysis, and next-generation DNA sequencing (NGS) technologies, have been applied to
various microbial studies. Notably, the advent of NGS technologies enabled a large-scale research of the bacterial
community. Many recent studies using the NGS technologies have revealed that a larger number of bacteria and taxa
than previously thought inhabit various parts of the human body and various places on the earth. The principles and
characteristics of each molecular method are different, and each method possesses individual advantages; for exam-
ple target specificity, comprehensiveness, rapidness, and cost efficiency. Therefore it is important that the methods
used in studies are suitable for the objective and materials. Herein, we highlights molecular approaches targeting the
16S rRNA gene in bacterial community analysis, and focuses on the advantages and limitations of each technology.
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Introduction

It is important to detect and identify the causative
agent(s) in the diagnosis of infectious diseases. Gram-
staining and cultivation methods are usually used as
basic strategies to detect pathogens, but clinical cases
in which a causative agent could not be detected by the
culture methods are currently increasing. Moreover,
antibiotic treatments according to the results of con-

ventional methods are not effective occasionally. The
present situation in the field of infectious disease diag-
nosis suggests that causative agents which are difficult
to detect by traditional methods or complicated patho-
gens lurk in many patients. The remarkable advance
of medical technology has led to the improvement of
diagnoses and treatment of patients with infectious
disease, although patients taking certain immunosup-
pressive drugs (such as cancer and transplant patients)
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are relatively increasing.

Mixed infections consisting of commensal micro-
organisms -- usually deemed “non-pathogenic micro-
organism” in healthy subjects -- become the target of
antibiotic treatments in immunocompromised patients.
In cases in which only commensal microorganisms are
detected from clinical speciments, it is difficult to judge
whether the detected microorganisms are causative
agents or not. In these circumstances, in addition to
the conventional methods, exhaustive methods to ana-
lyze the “real causative agents” are necessary for the
accurate diagnosis of infectious diseases.

The development and prevalence of polymerase
chain reaction (PCR) and DNA sequencing technolo-
gies [1] have expanded microbiological studies in vari-
ous environments harboring vast microbial diversity
that cannot be covered by culture-methods [2]. Mo-
lecular methods using PCR usually detect the “house
keeping gene(s)” of the bacteria. The 16S ribosomal
RNA (16S rRNA) gene is the most popular target gene
in many molecular methods because the nucleotide
sequences of the gene are used for the classification
of organisms and are required for registering in pub-
lic databases such as the DNA Data Bank of Japan
(DDBJ) (http://www.ddbj.nig.ac.jp), GenBank (http://
www.ncbi.nlm.nih.gov), the European Molecular Bi-
ology Laboratory (EMBL) (http://www.embl.org), etc.

A number of approaches have been developed to
improve the detection and resolution methods target-
ing the 16S rRNA gene, including fluorescence in situ
hybridization (FISH) [3], terminal restriction frag-
ment length polymorphism (T-RFLP) [4] and denatur-
ing gradient gel electrophoresis (DGGE)[5]. Though
these methods, not a required sequencing process, can
clarify the differences in bacterial community com-
position among samples simultaneously, the results
are insufficient for discussing phylogenetic diversity
in detail. When more specific phylogenetic informa-
tion is desired, researchers employ the more laborious
strategy of constructing a clone library of 16S rRNA
gene amplicons [6]. This approach has made it pos-
sible to determine the fine-scale taxonomic assign-
ment of dominant community members. Currently,
next-generation sequencing (NGS) technologies, more
cost effective tools, are available for studying micro-
bial communities.

In this review, we outline the bacterial community
analysis technologies targeting the 16S rRNA gene
and describe the present situation of their practical us-
age. We also discuss their limitations and suitability
for analyzing the bacterial community.

About the 16S rRNA gene

The schema of the ribosome structure and the 16S
rRNA gene is shown in Fig. 1. Ribosome is a complex
of plural proteins and RNA subunits found within all
living cells, that plays an important role in biological
protein synthesis (translation). Ribosome is composed
of two major components: the small ribosomal subunit
(30S ribosomal subunit in prokaryotic cells), and the
large subunit (50S ribosomal subunit in prokaryotic
cells). Each subunit contains one or more ribosomal
RNA (rRNA) molecules and a variety of ribosomal
proteins. The 16S rRNA gene encodes a ribosomal
RNA molecule of 30S ribosomal subunit present in
all prokaryotic cells, including bacteria and archaea.
The 23S rRNA and 5S rRNA are the rRNA subunits
contained in the 50S ribosomal subunit. The genes
that encode for the components of ribosome have been
mostly conserved, meaning that their structures have
changed very little over time due to their important
function, translating mRNA into proteins. Therefore,
the genes are used as “house keeping genes”. The clas-
sification of three domains (Eukarya, Bacteria and Ar-
chaea) was proposed in accordance with the phyloge-
netic tree based on rRNA gene sequences [7].

The 16S rRNA gene is a tool commonly used for
identifying bacteria for several reasons. First, the gene
is relatively short (approximately 1,500 bp). Second,
there are ten regions in the 16S rRNA gene sequence
that are common among most bacteria (conserved re-
gion) and are separated into nine diverse regions (hy-
pervariable regions)(Fig. 1). Therefore, some univer-
sal primers are established in the conserved regions
[8]. Third, the gene sequences registered in public da-
tabases are increasing substantially, because the gene
sequence is important information for identification
and classification in bacterial taxonomic studies.
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Fig. 1. The schema of ribosome complex and 16S rRNA gene. The white and grey boxes
indicate conserved regions and hypervariable regions respectively. The bold arrows are shown
approximate positions of universal primers on 16S rRNA gene sequence of Escherichia coli. [1:
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conserved regions, [: hypervariable regions (V1-V9).

Characteristic of the molecular methods targeting
the 16S rRNA gene

The characteristics of the major molecular approach-
es targeting the 16S rRNA gene (Fig. 2) are described
as follows.

Fluorescence in situ hybridization (FISH)

Fluorescence in situ hybridization (FISH) enables in
situ phylogenetic identification and specification of indi-
vidual microbial cells by hybridization of fluorescence-
labeled oligonucleotide probes [3]. This method doesn't
require DNA extraction or PCR processes. Moreover, it
can show the shape and localization of target bacteria in
the samples within a relatively short time. However, a
large number of molecular probes labeled with different
fluorescent materials are needed when various kinds of
bacteria in the sample are targeted.

Quantitative PCR (Q-PCR)

Quantitative PCR (Q-PCR) has been used in micro-
bial investigations to measure the abundance of the
16S rRNA genes in target bacteria [9]. Q-PCR uses
either intercalating fluorescent dyes such as SYBR
Green or fluorescent probes (TagMan) to measure the
accumulation of amplicons in real time during each

cycle of the PCR. This method can detect only the
bacteria whose 16S rRNA gene sequences have been
determined.

Terminal restriction fragment length polymorphism
(T-RFLP)

Terminal restriction fragment length polymorphism
(T-RFLP) is based on DNA sequence variations pres-
ent in PCR-amplified 16S rRNA genes [4]. PCR is
performed with a fluorescently labeled primer. After
PCR products are digested with restriction enzyme(s),
the fluorescently labeled terminal fragments are sepa-
rated and detected by high performance liquid chroma-
tography (HPLC) or a DNA sequencer. The bacterial
community diversity in a sample is estimated by ana-
lyzing the size, numbers, and peak heights of resulting
fragment patterns.

Denaturing-gradient gel electrophoresis (DGGE)

The PCR products are amplified from extracted
DNA using 16S rRNA gene universal primers pos-
sessing an additional Guanine-Cytosine (GC) -rich
sequence (GC-clump), and then electrophoresed on
a polyacrylamide gel containing a linear gradient of
DNA denaturant such as a mixture of urea and for-
mamide [5]. The sequence variation among different
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Fig. 2. Work flow of molecular methods targeting 16S rRNA gene. Each molecular method is
indicated in a bold box. The broken line encircles the methods based on sequencing technologies.
FISH: fluorescence in situ hybridization, Q-PCR: quantitative polymerase chain reaction, T-RFLP:
terminal restriction fragment length polymorphism, DGGE: denaturing gradient gel electrophoresis,
NGS analysis: next-generation sequencing analysis, HPLC: high performance liquid chromatography.

PCR amplicons determines the melting behavior, and
therefore different amplicons stop migrating at differ-
ent positions in the gel. This analysis can rapidly de-
tect the bacterial community diversity and difference
of community compositions of each sample.

Clone library analysis

After DNA extraction from the sample, 16S rRNA
gene fragments are amplified with PCR, and then
the amplicons are cloned into Escherichia coli using
plasmid vector. The transformed Escherichia clones
are randomly chosen, and each insert is sequenced by
the Sanger method. Sanger sequencing, developed in
1975 by Frederick Sanger [10], is a useful technol-

ogy that is still being used for various studies. The
obtained high-quality sequences are compared to 16S
rRNA gene sequences in databases using the Basic
Local Alignment Search Tools (BLAST) algorithm.
Clone libraries of 16S rRNA genes are suitable for a
survey of diversity and identification of novel taxo-
nomic linage in the samples. A capillary type sequenc-
er using the Sanger-method gives the highest accuracy
sequences among the current sequencing technologies.
Therefore, the resolution of the results covers a wide
range of taxonomic hierarchy. Typically, sequences
are assigned to phylum, class, order, family, genus, or
species at sequence similarity cut-off values of 80, 85,
90, 92, 94, or 97%, respectively [11].
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Next-generation sequencing (NGS) technologies

Next-generation sequencing (NGS) represents a num-
ber of different current sequencing technologies follow-
ing first-generation sequencing, known as Sanger se-
quencing. In the past decade, various NGS platforms
have provided low-cost, high-throughput sequencing
[12]. NGS platforms, including 454 GS FLX (Roche),
HiSeq/MiSeq (Illumina), SOLiD (Applied Biosys-
tems), and lon PGM (Ion Torrent), possess the abil-
ity to sequence millions of DNA fragments in a few
days. The process of amplifying the 16S rRNA gene
using universal primers is necessary for both the NGS
and the clone library method. NGS analyses, however,
are strikingly different from the clone library method
in the following two points. First, NGS methods do
not require the construction of a clone library using
E. coli. Second, the number of sequences read in one
analysis using the platform is considerably larger than
the usual Sanger-sequence method.

The NGS technologies, especially 454 GS FLX and
[Mlumina platforms, have been commonly used for bac-
terial community studies. In the 454 GS FLX platform
procedure, each PCR amplicon (16S rRNA genes) that
has specific adapters on either end is fixed to a micro-
bead individually, then the DNA fragments are ampli-
fied with an emulsion PCR. After that, the resulting
beads, each of which contains many cloned copies of
the same DNA fragment, are placed into a microwell
(~29 pm diameter). The wells are also filled with a se-
quencing reaction mixture. This platform employs py-
rosequencing chemistry, which utilizes pyrophosphate
released during a polymerase reaction [13].

[llumina HiSeq and MiSeq platforms are most
widely used for microbial community studies. In the
sequencing technology of Illumina platforms, DNA
fragments with specific adapters added on to either
end hybridize to oligonucleotides-probes attached to
the flow cell. Each fragment is then amplified to make
a cluster of identical fragments (Bridge amplifica-
tion). The sequencing chemistry of Illumina is simi-
lar to Sanger sequencing chemistry, but it is different
from the Sanger method in that the dye terminators are
reversible. After each reaction cycle, the dye at the
3" end of the nucleotides of the extending nucleotide
chains are removed for the next reversible dye-termi-
nated nucleotide [14].

Application of bacterial community analyses us-
ing molecular methods

The molecular methods without a sequencing pro-
cess, such as FISH, Q-PCR, T-RFLP, and DGGE, are
continuously used to analyze microbial communities
in various samples, mainly from environments [15-
19]. In order to evaluate the correlation between the
diseases and the microbiota, and also to discover new
pathogens, bacterial communities in various clinical
specimens have been analyzed using the clone library
method with Sanger sequencing [20-22]. The bacte-
rial compositions in the samples were detailed and
quantitatively evaluated by this method. In a study of
bacterial pleurisy specimens, the clinical significance
of the anaerobe, which is difficult to detect by routine
culture-methods, was displayed [23]. In addition, it
was strongly suggested that anaerobes and oral bacte-
ria play more important roles in community-acquired
pneumonia than previously believed [24]. In a study
of bacterial vaginosis specimens, the significance of
the relative ratio of Lactobacillus spp., Atopobium
vaginae, and anaerobes in the bacterial community of
vaginosis was clarified [25]. Moreover, in bacterial
conjunctivitis, it has been revealed that indigenous
bacteria are often causative-agents [26]. These results
revealed that there are many clinical cases with high
heterogeneous infections, and it is difficult to find
them out only by clinical routine methods, such as cul-
ture methods and urinary antigen tests.

NGS platforms run much faster and give larger scale
information than the Sanger method [12]. Therefore,
these NGS technologies are suitable for analyzing
highly diverse communities containing a large num-
ber of microbial cells. For example, it is estimated
that within the human body there is a large number of
microbial cells, more than 10-fold that of human cells
[27]. The microbial cells assume the metabolic reac-
tions that are necessary for human health. Therefore
the microbial communities harboring in the human
body have been compared to “another organ”.

The Roche 454 platforms were used in the Hu-
man Microbiome Project (HMP), and produced about
7,000 sequences (16S rRNA gene) per specimen from
more than 10,000 specimens from healthy adults [28].
The Illumina platform was used in a large cohort of re-
spiratory bacterial communities in patients with adult
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cystic fibrosis, to determine the individual bacterial
communities in the airways of patients, to assess their
relation to host factors, and to determine their dynam-
ics in individual patients [29]. Because of the larger
number of reads and the cost performance, the Roche
platforms and Illumina platforms are becoming more
widely used for 16S rRNA gene-sequence profiling
in the microbiome-analysis trend of deeper sampling.
The NGS platforms have been increasingly used in mi-
crobial community studies in various fields [30-32].

Limitations and problems

DNA extraction is the first process in microbial
community analyses (Fig. 2). Analyses of microbial
communities by nucleic acids-based methods (except
FISH) are based on the assumption that the DNA is ex-
tracted equally from all the microbial cells in a sample;
nevertheless, there are few descriptions of the cell lysis
efficiency in the DNA extraction methods used thus
far. The ease of bacterial destruction depends on the
bacterial species and the type of sample. In fact, it
has been reported that cell lysis efficiency differs ac-
cording to the soil sample type, even when the same
method was used [33]. However, researchers rarely
try to judge whether their results correctly reflect the
bacterial populations in the communities examined.

Using the clone library method for bacterial com-
munity analyses, we concurrently evaluate the cell ly-
sis efficiency resulting from the DNA extraction pro-
cess. We count bacterial cells stained with ethidium
bromide under an epifluorescence microscope before
and after the DNA extraction. Then cell lysis efficien-
cy is calculated as the ratio of the number of bacteria
remaining after the DNA extraction treatment to the
total number before the treatment [23, 24, 26]. We en-
deavor to choose the effective DNA extraction method
for the samples.

The PCR process has to be strictly considered, es-
pecially in the selection of primers, because the influ-
ences of primer mismatch on bacterial community
analysis have been reported previously [34, 35]. The
primers well known as “universal primers” were as-
sessed by using the Probe Match program under at the
Ribosomal Database Project (RDP II) website (http://
rdp.cme.msu.edu). The results are shown in Table 1.

The ratios of the bacteria possessing a 16S rRNA gene
sequence completely identical to primer sequence vary
among universal primers. The 341F, 530F, 907R, and
1392R primers were completely conserved in over
90% of 9,752 16S rDNA sequences of bacterial type
strains (being over 1,200 bp with good quality) in the
RDP II data set. On the other hand, only less than
40% of the 16S rRNA gene sequences of bacterial type
strains completely match with 27F and 1492R primer
sequences. A nucleotide sequence of approximately
the full length of 16S rDNA is required for the clas-
sification of bacterial species. Nearly the full length
of the gene is usually amplified by PCR using 27F
and 1492R primers. Therefore, the data set contains
many sequences lacking in the 27F and 1492R primer
regions. Unfortunately, a genuine universal sequence
that completely covers all bacteria does not exist on
the 16S rRNA gene. Furthermore, it has been sug-
gested that the degree of sequence diversity is different
among nine hypervariable regions on the 16S rRNA
gene [36]. As described above, researchers should
consider the following 2 points when choosing primers
for a bacterial community analysis: First, the primer
sequences should have a high coverage ratio; second,
the resulting PCR amplicon should include enough in-
formation for identification.

Until recently, the Sanger sequencing method has
been used in molecular microbial surveys. The sig-
nificant advantage of this technology is its sequence
accuracy. The capillary sequencer using the Sanger
method can read comparatively long sequences (700 to
1000 bp) with high accuracy (99.999%) (Table 2) [37].
However, using the Sanger technique, the process of
clone library construction is required before sequenc-
ing. This method is more complicated and needs more
time than the procedures of NGS technologies. Con-
sequently, most of the studies using the Sanger method
provide only a few hundred sequencing reads from a
clone library. Sequencing of a small number of clones
determines only the dominants of microbial communi-
ties. On the other hand, the Roche platform can pro-
duce approximately 1 million reads (read lengths 400
to 600 bp) in 10 hours with an accuracy of over 99%
(Table 2) [38]. As a limitation of the Roche platform,
relatively error-prone raw sequence data related to
homopolymers, especially associated with insertion-
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Table 1. Conservation ratio of universal primers in bacterial type strains

Name Sequence (5 to 3") Probe match result Coverage (%) reference
27F AGAGTTTGATCMTGGCTCAG 1846/9752 18.9 [8]

109R ACGYGTTACKCACCCGT 6741/9752 69.1 4

341F CCTACGGGAGGCAGCAG 9261/9752 94.9 7

530F GTGCCAGCMGCCGCGG 9576/9752 98.2 4

685R TCTRCGCATTYCACCGCTAC 5976/9752 61.3 s

907R CCGTCAATTCMTTTRAGTTT 9047/9752 92.8 7

1100R GGGTTGCGCTCGTTG 8424/9752 86.4 4

1392R ACGGGCGGTGTGTRC 9237/9752 94.7 7

1492R TACGGYTACCTTGTTACGACTT 3687/9752 37.8 4

Numbered primers are named for the approximate position on the E. coli 16S rRNA molecule. The locations are shown in
Fig.1. Probe match program is available at Ribosomal Database Project (RDP-II) website. Sequences completely matched

with primer sequences are searched in 9,752 sequences of bacterial type strains (>1,200 bp with high quality).

Table 2. Comparison of Sanger sequencing and major NGS platforms

Sequencer First generation NGS technology

ABI 3730x1 454 GSFLX HiSeq 2000
Clonal amplification Cloning using E.coli Emulsion PCR Bridge amplification
Sequensing chemistry Sanger sequencing Pyrosequencing Reversible dye terminator
Read length 700 to 1000 bp 400 to 600 bp 100 to 150 bp
Read number/run 96 1 million 1000 million
Accuracy 99.999% 99% 99.5%

NGS: next-generation sequencing

deletions, was reported [38].

The Illumina HiSeq 2000 Genome Analyzer (one of
the Illumina platforms) produces approximately 1,000
million reads (100 to 150 bp) with an accuracy of more
than 99.5% (Table 2) [38]. The NGS technologies can
demonstrate significantly high-throughput ability but
are inferior to the Sanger method in the read length
and accuracy. Previous studies using these NGS plat-
forms showed that various environmental samples,
including soil and water, and specimens from the hu-
man body are composed of highly diverse microbial
communities. Most of these studies analyzed the mi-
crobial communities at a higher taxonomic level, such
as phylum, class, order or family. This low resolution
might depend on the sequence length and accuracy of
the NGS technologies, which were originally devel-
oped to determine long DNA sequences (for example
“genomic DNA") at once or in a few operations.

The sequence accuracy of the NGS technologies de-

pends on the alignment depth with enormous sequence
reads (comparatively short and low quality) rather than
on the individual sequence reads. Therefore each se-
quence read of the NGS technologies is more irreg-
ular than the Sanger method in length and accuracy.
Though the problems have already been pointed out
and improved methods to exclude low accurate reads
have been contrived [39-41], the NGS approaches
seem to be suitable for studies to elucidate the whole
picture and alteration of heavily complicated com-
munities. On the contrary, the Sanger method should
be applied in studies to clarify only the predominant
bacteria in a community, even in detail (at the genus
or species level). The clone library method should be
used in studies to identify causative agent(s) in clini-
cal specimens usually containing a small number of
microbes.
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Conclusion

As a result of the exceptional increases in the num-
ber of reads and the lower cost, NGS technologies are
becoming more widely used for 16S rRNA gene se-
quencing and continue to be used in microbial com-
The NGS technologies allow for
cost-effective large cohorts, which are needed to reach

munity analysis.

statistically significant conclusions. However, when
using 16S rRNA gene sequencing to determine caus-
ative agents in patients, more accurate identification
is indispensable. In clinical situations that required
speed and accuracy, the sequence reads produced by
NGS platforms might be excessive and their accuracy
might be insufficient. Researchers have to select a
method suitable for their study objective and the ana-
lyzed sample, understanding both the advantages and

limitations of technologies.
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16S rRNAE T 2 HE1) & L 7240 0 # AT 1932

fEH FIIE, /NI A ED, B w3k, FEE Stk

BRI B BeEme

= & 197044812 16S rRNA =T DRI FD MR O AAGH 7 A AR R 5 HEE S T LR,
WIS 5720, TEROBEEFIINZ, BBEIKE L 2 W TAEYENFENIERSINTE . ZORELE
FAIPAENIZE i et 2 5 725 L, RO FRE TR TE 2 WHIE OIZEICKE L HFS LT, &
I in situ )NA T) 4 ¥ — 3 2 (FISH), 5E 8 PCR(Q-PCR) , AR Ui I aik il RE% S I F 2 44T (T-RFLP) , Z8 P41
FER BT VRS UKEN L (DGGE), 7 20— 94 7 71) — T LR B DNA & — 7 = > A f§ffT 72 £ 0 16S rRNA 1t
BT E2ENE L2 TAEYFNTEL, SEFSERMEWTRICH SN TS, FFHZ, RIREDNA Y -7 2 >
P =% NS L ORI, KB MEEBAT Z RICLTB Y, RIEDE L OIFRIEAED & T T 2R,
WEEO S FEF LGN TFHLU OB EBEOMBENEL L TVWALIEZHONIILTWAE, ZNSD5TEY
FHFEE, N ENOFHETHIECHRBIL R 2 D, BRI, R, Sl EFE SR LICBW T, Eneium
HOMEEALTWAS, FNW 2, EOHNRPHRIIGET, BLATEEZRINGT LI L IEETHL. AT
1, A E AT IS 515 16S IRNA EE T2 IE & LFEICOWTHRL L, 2NN FHEOF G LRIz
WTERET 5.

X —7— K 1 16S RNAEE T, fIFHFEFHNT, DNA > — 7 ~ A,
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