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General introduction

SUMMARY

The Molecular biology have been developed rapidly over the last few decades and
shown that the diversity of environmental microorganism is greater than initially
anticipated. Moreover, more than 99% of the environmental microorganisms are
unculturable. These microorganisms have the potential to be utilized as two major aspects
of biotic function and biological resources. In either case, to utilize the microorganisms
more effectively, it is important for obtaining the microbial community fingerprints.
Recently, some molecular methods have been developed for analysis of the microbial
community structure of environmental samples. Especially, terminal restriction fragment
length polymorphism (T-RFLP) is highly effective in fingerprinting the microbial
community structure. Moreover, a combination of cloning and/or statistical analysis with
T-RFLP is available for monitoring or screening the samples. However, sufficient studies
combined with cloning and/or statistical analysis have not been conducted for monitoring
microbial community transition or screening environmental samples. Hence, it is
significant that T-RFLP combined with cloning and/or statistical analysis is applied to
obtain the microbial community fingerprints for development of environmental

biotechnology and utilization of environmental microorganisms.
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1.1 INTRODUCTION

The field of microbial ecology was revolutionized by molecular biology techniques, which
are independent of cultivation, based on 16S rRNA or DNA gene sequence analysis (25, 41).
Before then, scientists could not appreciate the enormous difference between the number of
microbes cultured in the laboratory and those present in the environment. The application of
universal primers for the direct PCR amplification of 16S rRNA genes from total community
DNA combined with cloning and sequencing technologies has revealed that the microbial world
is enormously diverse and indicated that more than 99% of environmental microorganisms can
not be easily cultivated (8, 26, 38).

The environmental microorganisms have the potential to be utilized as two major aspects of
biotic function and biological resources. In terms of biotic function, the environmental
microorganisms have been utilized for environmental cleanup such as biological wastewater
treatment, biodegradation and bioremediation. We took particular note of the biological
wastewater treatment using activated sludge because of one of the most significant
biotechnological processes. Understanding the structure of microbial communities in the
activated sludge is desirable for correct operation and development of wastewater treatment
processes (29, 37). Thus, monitoring community succession is necessary to understand and
predict future changes in community structure in natural and managed ecosystems (35). On the
other hand, in terms of biological resources, the environmental microorganisms present
enormous genetic pool that remains mostly unexploited for biotechnology. Metagenomic
analysis, which is the culture-independent genomic analysis of the microbial community, has

been developed for the last decades and attempted to obtain novel genes (31). In the
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metagenomic approach, the target genes represent a small proportion of the total nucleic acid
fraction. Thus, pre-enrichment or screening of the sample thus provides an attractive means of
enhancing the positive hit rate (2). Therefore, in either case, to utilize the environmental
microorganisms more effectively, it is important for understanding the microbial community,
especially in obtaining the microbial community fingerprints.

Recently, some culture-independent molecular techniques, such as denaturing gradient gel
electrophoresis (DGGE), single-strand conformation polymorphism (SSCP) and terminal
restriction fragment length polymorphism (T-RFLP) have been developed for analysis of the
microbial community structure of environmental samples (5, 16, 23). For obtaining the
microbial community fingerprints, rapid profiling procedures are necessary. Although DGGE
and SSCP allow the analysis of multiple samples, the community fingerprints obtained by these
techniques do not translate directly into taxonomic information. T-RFLP has been shown to be
reliable fingerprints of complex bacterial communities (24, 28). Moreover, a combination of
cloning and/or statistical analysis with T-RFLP is available for monitoring or screening the
samples.

A combination of cloning and T-RFLP provides useful information about monitoring the
particular bacteria. Although T-RFLP is suitable for this purpose, it has only been applied to
monitor spatial (1) and seasonal changes (18) in the microbial communities, and very few
attempts have been made at monitoring daily changes. Meanwhile, a combination of T-RFLP
with statistical analysis such as principal component analysis and multidimensional scaling
(MDS) analysis provides useful information about visualizing the structure of microbial
communities (3). However, there are very few studies on screening the environmental samples
in metagenomic analysis by applying for T-RFLP combined with statistical analysis. Hence, it is
significant that T-RFLP combined with cloning and/or statistical analysis is applied to obtain the

microbial community fingerprints for development of environmental biotechnology and
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utilization of environmental microorganisms.
This chapter introduces the potential of the microorganisms for environmental biotechnology
such as wastewater treatment processes and metagenomic analysis. Moreover, we describe the

principles, advantages, and disadvantages of fingerprinting techniques.




General introduction

1.2 The potential of the microorganisms for environmental biotechnology

1.2.1 Biological wastewater treatment

Biological wastewater treatment using activated sludge is one of the most significant
biotechnological processes with a lot of microorganisms. Especially, biological nitrogen
removal processes are important because nutrient salts such as nitrogen cause eutrophication
(39). The biological nitrogen removal processes consists of nitrification and denitrification.

Generally, autotrophic bacteria such as ammonia oxidizing bacteria and nitrite oxidizing
bacteria play a main role in nitrification. On the other hand, heterotrophic bacteria take an active
part in denitrification. Thus understanding the structure and stability of microbial communities
is desirable for correct operation of wastewater treatment processes because particular microbial
communities are responsible for the success or failure of the process. Many studies have
addressed microbial community structure in activated sludge (11, 12). However, very few
studies have centered on monitoring of microbial succession and the correlation between the
stability of the microbial community and the performance of systems. Hence, monitoring the
microbial communities is necessary to understand and predict future changes in community

structure in biological wastewater treatment processes.

1.2.2 Metagenomic analysis

Current research indicates that more than 99% of environmental microorganisms can not be
easily cultivated (26). Thus, the genomes of uncultured microorganisms represent unexploited
resource for novel genes and chemical compounds for the development of novel products (17).

Metagenomic analysis, which is the culture-independent genomic analysis of the microbial
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community, has been developed for the last decades and attempted to obtain novel genes (31).
Two major strategies have been used to identify novel genes or biocatalysts in metagenomic
analysis (13). Function-based approach for novel genes has been performed by detecting of the
enzymatic activity on the plates. Recently, functional-based approach has been performed with
high-throughput screening techniques such as substrate-induced gene expression screening
(SIGEX) (34) and metabolite regulated expression screening (METREX) (40). On the other
hand, sequence-based approach has been performed by PCR with oligo primers targeting the
conserved region of gene families which were designed on the basis of the sequence information
in databases. In the metagenomic analysis, the target genes represent a small proportion of the
total nucleic acid fraction. Statistically, for small insert (<10kbp) library, between 10> and 10°
clones need to be obtained for a single positive clone (9). Thus, pre-enrichment or screening of

the sample provides an attractive means of enhancing the positive hit rate (2).

Therefore, in either case, to utilize the environmental microorganisms more effectively, it is
important for understanding the microbial community, especially in obtaining the microbial

community fingerprints.
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1.3 The principles, advantages, and disadvantages of fingerprinting techniques

Fingerprinting techniques have been used to easily examine microbial communities.
Microbial community analyses using fingerprinting techniques were reviewed in detail in Ikeda
et al. (10). Briefly, the principles, advantages, and disadvantages of DGGE, SSCP, and T-RFLP

are described as follows.

Denaturing gradient gel electrophoresis (DGGE)

Tendency for double-strand DNA to be denatured depends on DNA sequence because
connection-strength of double-strand DNA is influenced by GC-content and order of base of
DNA sequence. DGGE can detect this difference by a polyacrylamide gel, which usually
includes an increasing gradient of denaturants such as formamide and urea (19). Briefly, PCR
targeting 16S rRNA gene is performed using special forward primer, which has unique GC-rich
base pair (GC-clamp) at the 5' end, to prevent double-strand DNA from being thoroughly
denatured. After PCR products are electrophoresed in the denaturing gradient polyacrylamide
gel, many bands will be observed (20, 21). Each band represents a microbial species. In addition,
DNA sequences of bands, which are sliced from the gel, can be analyzed to examine microbial

species (5).

Single strand conformation polymorphism (SSCP)
Secondary structures of single-strand DNAs are determined by the nucleotide sequences.
SSCP can detect this difference by a non-denaturing polyacrylamide gel owing to different

mobility that depends on the secondary structures of single-strand DNAs (23). After
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single-strand DNAs of PCR products, which are produced by alkaline solution or heat/cool
conditions, are electrophoresed in the non-denaturing polyacrylamide gel, many bands will be

observed (15).

Terminal restriction fragment length polymorphism (T-RFLP)

T-RFLP is based on differences of digestion sites of DNA sequences by restriction enzyme
among different microorganisms (16). Briefly, PCR products using special forward primer,
which contains a fluorescent dye such as 6-carboxyfluorescein (6-FAM), are digested with an
appropriate restriction enzyme and then electrophoresed in a capillary sequencer to detect only
terminal fragments labeled with the fluorescent dye. After electrophoresis, many fragments will
be observed. Each fragment represents a microbial species. The size of fragment can be
obtained on the basis of internal size standard. In addition, existence of each microbial species

will be observed by height or area of each fragment (18).

Comparison of the advantages and disadvantages of the current molecular techniques for
microbial community analysis

Molecular techniques based on 16S rRNA gene sequences allow microbial community
analyses without cultivation to investigate the community structure, diversity, and phylogeny of
microorganisms (32). However, careful interpretation is needed because each physical, chemical,
and biological step such as DNA extraction and PCR in the molecular techniques is a source of
bias (36). In addition, Forney et al. (6) reported in detail molecular microbial ecology.
Fingerprinting techniques are briefly described as follows. A prime advantage is relative
simplicity and low cost. Since DGGE by gel electrophoresis has not so high resolution, it is
difficult to compare the data obtained in different laboratories, whereas T-RFLP by capillary

sequencer is powerful for rapidly comparing the microbial diversity owing to high resolution
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and high sample throughput.

Furthermore, single DGGE band may represent different microbial species (5, 7, 14). In
addition to the detection limit of DGGE, re-amplificaion of the background smear bands (22)
and microheterogeneity within 16S rRNA gene sequences (27, 30) were reported as DGGE
biases. Meanwhile, T-RFLP has reproducibility and robustness by automatically analyzing
samples using capillary sequencer (24). However, appropriate restriction enzymes and reaction
condition have to be selected. More than two restriction enzymes should be used for microbial
community analysis (4, 33). Microbial diversity may be overestimated because of partially
digested T-RFLP fragments by incomplete enzymatic-digestion (24). Other techniques such as
clone library are required for further examining microbial communities in addition to T-RFLP
because microbial species cannot be identified only by T-RFLP fragments (1). Statistical
analysis in addition to T-RFLP also provides useful information about microbial community

structure (3).

1.4 OBJECTIVE

The objective of this study is to demonstrate the efficacy of T-RFLP in applying for
environmental biotechnology under the following points:

1. Evaluation of monitoring the microbial communities in the wastewater treatment processes
through T-RFLP and MDS analysis,

2. Evaluation of screening the environmental samples through T-RFLP and MDS analysis.

In detail, the efficacy of T-RFLP in monitoring the microbial communities in the wastewater
treatment processes is described in chapter 2-4. Furthermore, the efficacy of T-RFLP in

screening the environmental samples is described in chapter 5 and 6.

10
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Chapter 2

Monitoring the microbial population dynamics at the
start-up stage of wastewater treatment reactor by
terminal restriction fragment length polymorphism

analysis based on 16S rDNA and rRNA gene sequences
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SUMMARY

The microbial population dynamics at the start-up stage of a wastewater treatment
reactor was investigated using terminal restriction fragment length polymorphism
(T-RFLP) analysis based on 16S rDNA and rRNA gene sequences. The results of fragment
peaks suggest that the number and activity of nitrifying bacteria increase in association
with the start of nitrification, and the relative ratios of 16S rRNA of these bacteria change
prior to those of the 16S rDNA. Furthermore, multidimensional scaling (MDS) analysis
has revealed that the 16S rRNA exhibits wider dispersion than the 16S rDNA at the
start-up stage, indicating that the diversity of 16S rRNA in the microbial communities is

strongly affected by environmental changes.

18



Microbial population dynamics monitored by T-RFLP

2.1 INTRODUCTION

Activated sludge systems are widely used as a method of biological wastewater treatment.
Microbial populations in the activated sludge may be markedly affected by environmental
changes (1, 2, 5, 12). Thus, understanding the microbial population is very important to
maintain and develop biological wastewater treatment systems. However, due to their being
time-consuming and labor-intensive, cloning and denaturing gradient gel electrophoresis
(DGGE) analysis of 16S rRNA are unsuitable for the monitoring of microbial populations in
such systems.

Recently, terminal restriction fragment length polymorphism (T-RFLP) analysis has been
shown to be a reliable fingerprint of complex bacterial communities and provides information
on the number of different fragments and their relative abundance (6, 9, 11). Due to its high
resolution, T-RFLP analysis of 16S rDNA was successfully used to detect changes in the
microbial community structure in soil environments, having high levels of microbial species
diversity (4, 7). However, there has not been any detailed investigation of the relationship
between T-RFLP analyses of 16S rDNA genes and 16S rRNA. On the other hand, several
statistical analyses have been applied to the results of T-RFLP analysis. For example, principal
component analysis is a preferred method for the reduction of complex data and has been
frequently used to facilitate the comparison of microbial communities with data derived from
amplified gene restriction patterns (3, 10). Multidimensional scaling (MDS) analysis is also a
preferred method for visualizing patterns of time-dependent microbial community shifts based
on the results of T-RFLP analysis.

The purpose of this chapter is to evaluate the effectiveness of monitoring microbial

19
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community shifts in activated sludge through T-RFLP analysis based on 16S rDNA and rRNA
genes and subsequent MDS analysis for the process control of a biological wastewater treatment

system.
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2.2 MATERIALS AND METHODS

2.2.1 Reactor operation and sampling

The reactor structure and operating conditions are shown in Fig. 1 and Table 1. The reactor
with a working volume of 5.5 / was operated with intermittent aeration providing aerobic
conditions for 30 min and anaerobic conditions for 60 min. The hydraulic residence time was 20
hs. Initially, the concentration of mixed liquor suspended solids was 3500 mg-/". The sludge
return ratio was kept at 50%. The characteristics of the synthetic wastewater were as follows:
total organic carbon, 90 mg-/"'; total nitrogen, 40 mg-/"'; and total phosphorus, 5.0 mg-/".
Ammonia-nitrogen (NH,4-N), nitrite-nitrogen (NO,-N), and nitrate-nitrogen (NO;-N) contents of
the effluent at sampling were measured with a TRACCS-800 analyzer (Bran+Luebbe, Tokyo).
For the characterization of bacterial communities, 10-ml aliquots of liquid samples were
collected on days 0, 3, 7, 9, 13 and 18. The samples were centrifuged at 10,000 x g for 5 min,
and the resultant pellet was resuspended in 2.0 ml of Tris-EDTA (TE) buffer (10 mM Tris and 1
mM EDTA, pH 8.0) and stored at -80°C.

Rotator Air
Influent

vy

o©

Effluent
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Fig. 1 Schematic diagram of biological wastewater treatment reactor

21



Microbial population dynamics monitored by T-RFLP

Table 1 Reactor specifications and operating conditions

Volume (/) 5.5
Hydraulic retention time (h) 20
Aerobic condition (min) 30
Anaerobic condition (min) 60
Suspended solids (mg-/™") 3,500
TOC* (mg-/™") in influent 90
T-N* in influent (mg-7™") 40
T-P* in influent (mg-/™") 5.0

*Total organic carbon, nitrogen, phosphorus, respectively.

2.2.2 DNA extraction

DNA was extracted from samples with the ISOPLANT kit (Nippon Gene, Tokyo), according
to the manufacturer’s instructions, except for the beadbeating step. DNA was liberated from the
cells by ballistic disintegration with 1 g of sterile glass beads (0.1 mm in diameter) in a bead

beater at 5000 x g for 1 min. The concentration of extracted DNA was adjusted to 10 ng-pl™.

2.2.3 RNA extraction and reverse transcription

RNA was extracted from samples with the ISOGEN kit (Nippon Gene), according to the
manufacturer’s instructions, except for the beadbeating step as described above. Then, genomic
DNA was removed from extracted RNA with DNase I (Takara Bio, Shiga), according to the
manufacturer’s instructions. A reverse transcription (RT) reaction of purified RNA (20 ng) was
performed using a random primer. Reaction mixtures contained 2.0 pl of RNA template, and 10
mM deoxyribonucleoside triphosphate (Takara Bio), 5 U of RNase inhibitor, 5 x RT buffer, 25
puM of RT primer, 50 U of RT polymerase (ReverTra Ace; Toyobo, Osaka), and RNase-free
water to achieve a final volume of 10 ul. The RT reaction mixtures were preheated at 30°C for
10 min, incubated at 42°C for 50 min, and inactivated at 99°C for 5 min. Then, the mixtures

were quick-chilled at 4°C for 5 min.
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2.2.4 PCR conditions

PCR amplifications of 10 ng of DNA and cDNA using the universal primers 8f and 926r (6)
were performed with a GeneAmp PCR System 9700 (PerkinElmer, Wellesley, Massachusetts,
USA). Reaction mixtures contained 2.5 uM of each primer, 0.2 mM deoxyribonucleoside
triphosphate, 2.5 mM of MgCl,, 10 x PCR buffer (500 mM KCI and 100 mM Tris-HCIL, pH 8.3)
and 1 U of Tag polymerase (Toyobo), and sterilized water to achieve a final volume of 50 pl.
PCR was performed under the following conditions: initial denaturation at 94°C for 1 min; 30
cycles of 94°C for 20 s, 53°C for 10 s, and 72°C for 30 s; and a final extension step at 72°C for
1 min. Forward primers for amplification of bacterial 16S rDNAs were 5'-end labeled with

6-carboxyfluoresce.

2.2.5 Purification of PCR product and restriction enzyme digestion

PCR products were verified by electrophoresis on 2% (wt/vol) agarose gels, and by staining
with 10 ul-7" ethidium bromide. Then, 40 pl of the products were purified with a Wizard® SV
Gel and PCR Clean-Up System kit (Promega, Madison, Wisconsin, USA). Aliquots (10 ul) of
purified PCR products were digested with Haelll [GG'CC] (where the prime shows the site of

cleavage), Hhal [GCG'C], and Mspl [C'CGG] in a water bath for 4 hs at 37°C.

2.2.6 T-RFLP analysis

Aliquots (8 pl) of the digest were purified with standard ethanol precipitation procedures. The
precipitate was mixed with 0.3 pl of the internal size standard ROX500 (Applied Biosystems,
Foster City, California, USA) and 10 pl of deionized formamide. After denaturing the DNA at
94°C for 5 min and immediate chilling on ice, the fluorescently labeled terminal fragments were
analyzed by electrophoresis on an ABI 3100 avant Genetic Analyzer (Applied Biosystems) in

GeneScan mode. The injection time was 60 s and the run time was 40 min. To avoid detection
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of primers and uncertainties of size determination, terminal fragments smaller than 30 bp and
larger than 900 bp were excluded from the analysis. Reproducibility of patterns was confirmed
by repeated T-RFLP analyses using the same DNA extracts. Microbial communities were
characterized by species richness (the numbers of peaks) and species evenness (the heights of
the peaks). Lengths of 16S rDNA terminal fragments were theoretically compared to those of
aligned sequences using the TAP T-RFLP function of the Ribosomal Database Project program

Beta2, release 7.1 (http:/www.rdp.cme.msu.edu/html).

2.2.7 Multidimensional scaling analysis of T-RFLP data

For statistical analysis, T-RFLP data was evaluated using SPSS 11 software (SPSS Inc.,
Chicago, Illinois, USA). Multidimensional scaling (MDS) analysis was performed on T-RFLP
profiles of 16S rRNA and rDNA genes. Application of MDS analysis in this study was solely to
aid in the visualization of the relationships between the samples (groupings and relative

distances among samples) and not for statistical evaluation.
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2.3 RESULTS AND DISCUSSION

2.3.1 Water quality data

The T-N concentration of the influent and respective nitrogen concentrations (NHy4-N,
NOx-N) of the effluent are shown in Fig. 2. Since the insufficiency of the carbon source in the
influent caused incomplete denitrification, the accumulation of nitrate was observed, and
nitrogen removal efficiency remained at only 40%. The ammonia concentration remained at
approximately 15 mg-I" for the first week, and then decreased to below 5 mg-/'. On the other
hand, the nitrate concentration increased from approximately 10 mg-/" to 15 mg-/". Combining

these data demonstrated that nitrification began to occur between day 7 and day 9.

40 -
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Fig.2 Time course of NH4-N and NOx-N concentrations in the effluent. Symbols: open circles,

NH,-N; closed circles, NOx-N; solid line, T-N in the influent.
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2.3.2 T-RFLP analysis.

The 16S rDNA-targeted T-RFLP electropherograms generated using Hhal are shown in Fig.
3a. The results demonstrated that the composition of microbial communities changed with the
start of nitrification, probably because the number of bacteria increased at this time. In particular,
peaks of 343, 370 and 510 bp became markedly higher on day 13 (370 and 510 bp) and day 18
(343 bp). Identification of these peaks was performed according to Marsh et al. (8). Table 2
shows the 5'-end terminal fragments measured from eubacteria digested with three restriction
enzymes (Hhal, Haelll and Mspl) of the Ribosomal Database Project (RDP-II). The fragments
were sorted first by the lengths of the Hhal fragment and then by the lengths of the Haelll and
Mspl fragments. Only Hhal digestion products between 368 and 371 bp long are summarized in
Table 2. Almost all species can be resolved with two or three digestions. The fragment of 370 bp
is found to partly originate from Nitrosomonas sp., from the result of collating the RDP-II. This
assumption was supported by the electropherograms with Haelll and Mspl in that the 222-bp
(Haelll digestion product) and 82-bp (Mspl digestion product) products partly originating from
Nitrosomonas sp. also became markedly higher on day 13 (data not shown). In our study,
terminal restriction fragments (T-RFs) were accurately sized to +2 bp, which was previously
described by Liu ef al. (6). In a similar way, the fragment of 343 bp was found to partly
originate from Nitrobacter sp, and the fragment of 510 bp was found to partly originate from
Rhodobacter sp. or Paracoccus sp. This fragment could not be identified further because these
bacteria generated the same length fragments upon Hhal, Haelll and Mspl digestion (data not
shown). The other peaks were not identified by the collation with the RDP-II database. It is well
known that Nitrosomonas sp. and Nitrobacter sp. play prominent roles in the nitrification
process of wastewater treatment. Therefore, these results indicate that the relative abundance of

these nitrifying bacteria increase in association with the start of nitrification.
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Table 2 Sorted display of RDP-II (Hhal fragments between 368 bp and 371 bp)

Fragment length (bp)  RDP sequence

Hhal

Haelll Mspl

368

368

369

369

369

369

369

369

370

370

370

370

370

371

371

371

63 123 Thremus thermophilis

227 161 Streptomyces thermodiastaticus
230 140 Anaerobranca horikoshii

67 279 Mycobacterium smegmatis

228 163 Micrococcus luteus

230 502 Desulfovibrio desulfuricans

67 279 Mycobacterium sp.

221 81 Nitrosomonas sp.

229 163 Arthrobacter sp.

230 146 Clavibacter xyli subsp.

67 72 Mycobacterium thermoresistibile
322 546 Ureaplasma urealyticum

229 165 Agromyces mediolanus

39 495 Enterobacter cloacae

39 494 Klebsiella sp.

39 494 Erwinia billingiae
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Fig. 3. T-RFLP electropherograms after digestion with Hhal (a) 16S rDNA, (b) 16S rRNA.

On the other hand, 16S rRNA-targeted T-RFLP electropherograms with Hhal are shown in
Fig. 3b. The number of T-RFs in Fig. 3b was threefold higher than that in Fig. 3a. The lower
diversity of 16S rDNA indicated that most bacteria existed as a small percentage of the total

community in this sample and that they were below the detection limit. This tendency was also
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observed by the electropherograms of 16S rRNA with Haelll and Mspl (data not shown). T-RFs
of 16S rRNA in the sample of day 3 were present in low amounts in the original sample,
although the T-RFs of 16S rDNA were unchanged. This is probably because the activity of
bacteria decreased due to the temporary shock caused by the change in the substrate
composition of the influent wastewater. After the first week, the amounts of almost all
fragments gradually recovered to the original level because the microbial communities became
acclimated to the new substrate composition of the influent wastewater. In particular, the
fragments of 37, 343 and 370 bp, which partly originate from Nitrospira sp., Nitrobacter sp. and
Nitrosomonas sp., respectively, were markedly higher on day 9 (37 bp), day 13 (370 bp) and day
18 (343 bp). Therefore, these results indicate that the activities of these nitrifying bacteria
increase in association with changes in the wastewater quality.

Then, the results of 16S rDNA-targeted T-RFLP analysis were compared with those of 16S
rRNA-targeted T-RFLP analysis by calculating the ratio of peak height of selective peaks to
total peak heights. The data for Nitrospira sp. and Nitrosomonas sp. were chosen because the
heights of the peaks representing these bacteria markedly increased after the start of nitrification.
The relative ratio of each digest was determined by calculating the ratio between the height of
each peak and the total height of all peaks except for fragments smaller than 30 bps. Then, the
ratios obtained for three restriction enzymes were averaged because levels of microbial diversity
could be underestimated using only the result from one restriction enzyme. It was demonstrated
that the relative ratios of 16S rRNA increased prior to those of 16S rDNA (Fig. 4). These results
indicate that the activity of the microbial species increase and subsequently the number of the

microbial species.
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Fig. 4 Relative ratio of peak height. Symbols: open circles, 16S rDNA (370 bp); closed circles,

16S rRNA; open triangles, 16S rDNA (37 bp); closed triangles, 16S rRNA.

2.3.3 Multidimensional scaling analysis

MDS analysis was used to visualize the relationships among the samples based on the results
of T-RFLP analysis. The closer the points in the figure are to each other, the more the microbial
communities represented by the points are similar. As a result, 16S rRNA data exhibited wider
dispersion than 16S rDNA (Fig. 5). These results indicate that the diversity of 16S rRNA in the
microbial community is strongly affected by environmental changes. On the other hand, the
results of samples on days 7, 9 and 13 demonstrated that the composition of the microbial
community changed in association with the start of nitrification. Furthermore, the distance
between the points representing 16S rDNA and 16S rRNA also changed. Initially (on day 0), the
points representing 16S rDNA and 16S rRNA were close to each other, indicating that the
microbial community was in a stable state. However, the distance was greater on day 3, when
only the point representing 16S rRNA shifted. This result indicate that at first the activity of
microbial members increase, which is also observed in the relative abundances of T-RFs with

16S rDNA and 16S rRNA (Fig. 4). At the start of nitrification, the increased distance was
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maintained because the composition of the microbial community changed greatly. However, the
distance returned to the original level on day 18, indicating that the microbial community had

reached another stable state corresponding to the period of adaptation to the new environment.
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Fig. 5 Multidimensional scaling analysis of T-RFLP results. Symbols: open circles,

16S rDNA; closed circles, 16S rRNA; number represents operating days
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2.4 CONCLUSIONS

In this chapter, the microbial population dynamics at the start-up stage of a wastewater
treatment reactor was investigated using terminal restriction fragment length polymorphism
(T-RFLP) analysis based on 16S rDNA and rRNA gene sequences. The experimental results are
summarized as follows.

1. T-RFLP analyses of the 16S rDNA and rRNA genes demonstrate that the relative
abundance and activities of nitrifying bacteria increase in association with the start of
nitrification.

2. The relative ratios of the 16S rRNA of these nitrifying bacteria increase prior to those of
16S rDNA by calculating the ratio of peak height of selective peaks to total peak heights.

3. MDS analysis suggests that the diversity of 16S rRNA in the microbial community is
strongly affected by environmental changes and that the composition of the microbial
community changed in association with the start of nitrification.

Therefore, T-RFLP analysis can be useful to monitor microbial communities in wastewater
treatment systems and to assess the condition of the reactor for control and improvement of

such systems.
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Chapter 3

Molecular analysis of microbial population transition
associated with the start of denitrification

in a wastewater treatment process
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SUMMARY

The objective of this chapter is to determine the bacteria playing an important role in
denitrification by monitoring the molecular dynamics accompanying the start of
denitrification. The cDNA reverse-transcribed from 16S rRNA was amplified with
fluorescent labelled primer for terminal restriction fragment length polymorphism
(T-RFLP) analysis and an unlabelled primer for cloning analysis. The terminal restriction
fragments (T-RFs) increasing in association with the start of denitrification were
determined. These T-RFs were identified by in silico analysis of 16S rRNA sequences
obtained from cloning. As a result, it is clearly observed that the bacteria belonging to the
genera Hydrogenophaga and Acidovorax increase in number after the start of
denitrification. It is demonstrated that T-RFLP analysis targeting 16S rRNA is
appropriate for the daily monitoring of a bacterial community to control wastewater
treatment processes. Combination of the results of T-RFLP analysis and 16S rRNA clone
library indicate that the bacteria belonging to the genera Hydrogenophaga and Acidovorax
play an important role in denitrification. The results of this chapter provide new insight to

the 16S rRNA level of active denitrifying bacteria in wastewater treatment processes.
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3.1 INTRODUCTION

Biological wastewater treatment using activated sludge is one of the most significant
biotechnological processes with important ecological and economic aspects. In addition to
carbon removal, modern nutrient removal plants are designed to eliminate phosphorous and
nitrogen compounds from municipal or industrial sewage. Prokaryotic microorganisms catalyze
the most important transformations in such wastewater treatment plants.

Various approaches, both culture-dependent (24) and independent (7, 16, 29), have been
applied to analyze and compare the microbial community structures of activated sludge samples.
However, culture-dependent methods obviously do not show the real bacterial community
structure because of the selective pressure imposed by the requirement for growth on a solid
substrate.

Recently, the development of culture-independent molecular techniques, such as fluorescence
in situ hybridization (FISH) (1), denaturing gradient gel electrophoresis (DGGE) (10), and
terminal restriction fragment length polymorphism (T-RFLP) (15) have improved the analysis
of the microbial community structure of environmental samples. In several studies, these
techniques have been applied to investigate different types of wastewater treatment plants. In
particular, many studies have been carried out on bacterial communities associated with
nitrification (19, 25). This is because nitrification is the rate-limiting step of nitrogen removal,
and the causes of nitrification breakdown events are not always obvious. In addition, nitrifying
bacteria belong to a few genera, and thus, it is rather easy to correlate diversity analysis based
on the functional gene (amoA: encoding for the active site subunit of the ammonia

monooxygenase present in all ammonia oxidizers) with the analysis based on the 16S rRNA
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gene.

On the other hand, bacterial communities responsible for denitrification, which is the other
primary part of wastewater treatment processes, have not been sufficiently studied, particularly
regarding 16S rRNA sequences. In contrast to ammonia and nitrite oxidation, the capability to
anaerobically respire using nitrate (or nitrite) is widespread in the bacterial and archaeal
domains. Therefore, from the retrieved 16S rRNA sequences, the identification of bacteria that
play the main roles in denitrification is very difficult. Thus, it is very effective to analyze
denitrifying bacteria using genes encoding nitrite reductases (nirS and nirK) as functional
markers (6, 28, 33). However, the database of these genes of pure cultures is not complete.
Actually, there are only approx. 80 nirS sequences of pure culture in the DNA Data Bank of
Japan (DDBJ) and most part of these sequences belong to a few species such as Thauera sp.,
Marinobacter sp. and Pseudomonas sp. Therefore, the analyses on denitrifying functional genes
are hard to correlate with phylogenetic information based on 16S rRNA. Thus, to understand
denitrifying bacteria and to manage wastewater treatment processes, analyzing denitrifying
bacteria by targeting 16S rRNA is very important.

Monitoring microbial community transition based on 16S rRNA associated with the start of
denitrification is an effective approach to determine the bacteria playing important roles in
denitrification. Although T-RFLP is suitable for this purpose, it has only been applied to
monitor spatial (5) and seasonal changes (17) in the microbial population, and very few attempts
have been made at monitoring daily changes.

The objective of this chapter is to determine the key bacteria playing important roles in
denitrification by monitoring the microbial population transition associated with the start of
denitrification in the activated sludge of an intermittent-aeration reactor by T-RFLP.
Furthermore, we established a 16S rRNA clone library from the activated sludge of the reactor

to enable a more precise identification of the bacterial species based on 16S rRNA sequences.
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3.2 MATERIALS AND METHODS

3.2.1 Reactor operation and sampling

The reactor structure and operating conditions are shown in Fig. 1 and Table 1. The
wastewater treatment system was operated with intermittent aeration: aerobic condition for 30
min and anaerobic condition for 90 min. Hydraulic retention time (HRT) was 20 h and
shortened to 10 h on day 100. The chemical and biological parameters of the system, including
ammonia, nitrite, nitrate, phosphorous and total organic carbon (TOC), were routinely
monitored. For the characterization of bacterial communities, 10 ml of liquid sample was
collected from the reactor and centrifuged at 10 000 g for 5 min. The resultant pellet was
resuspended in 2.0 ml of Tris—EDTA (TE) buffer (10 mmol I " Tris and 1 mmol I'" EDTA, pH

8.0) and stored at -80°C.
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Fig. 1 Schematic diagram of biological wastewater treatment reactor
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Table 1 Reactor specifications and operating conditions.

Volume (/) 5.5
Hydraulic retention time (h) 20, 10**
Aerobic condition (min) 30
Anaerobic condition (min) 90
Suspended solids (mg-/™") 3,500
TOC* (mg-/™") in influent 90
T-N* in influent (mg-7™") 40
T-P* in influent (mg-/™") 5.0

*Total organic carbon, nitrogen, phosphorus, respectively.
**Hydraulic retention time was changed to 10 h on day 100.

3.2.2 RNA extraction and reverse transcription (RT)

RNA was extracted from samples using the ISOGEN kit (Nippon Gene, Tokyo, Japan),
according to the manufacturer’s instruction, without the bead-beating step described above.
After the extracted RNA pellet was resuspended in 100 pl of TNMC buffer (40 mM Tris, 10
mM NaCl, 6 mM MgCl, and 10 mM CaCl,, pH7.9) containing 20 U of RNase inhibitor (Toyobo,
Osaka, Japan) and 50 U of DNase I (Takara Bio, Shiga, Japan ), this solution was incubated at
37°C for 60 min to remove DNA. Then, RNA was purified by applying 100 pl of
phenol-chloroform-isoamyl alcohol (25:24:1), following by centrifugation at 15,000 rpm for 10
min. Purified RNA was eluted in 10 pl of 3M sodium acetate and 250 pl of ethanol, and
incubated at -20°C for 20 min. Then RNA was precipitated by centrifugation at 15,000 rpm for
15 min. The RNA pellet was resuspended in 50 pl of RNase-free TE buffer and quantified by
UV absorption at 260 nm. The concentrations of all RNA extracts were adjusted to 10 ng-pl™.
Reverse transcription (RT) reaction of purified RNA (20 ng) was performed using the random
primer. Reaction mixtures contained 5 U of RNase inhibitor (Toyobo), 2.0 ul of 5xRT buffer
(ReverTra Ace, Toyobo), 10 mM deoxyribonucleoside triphosphate (Takara Bio), 25 uM RT
primer, 50 U of RT polymerase (ReverTra Ace, Toyobo), 2.0 ul of RNA template, and 3.5 pl of
RNase-free water. The reverse transcription reaction mixtures were preheated to 30°C for 10

min and incubated at 42°C for 50 min. After the reverse transcriptase was inactivated at 99 for 5
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min, the reaction mixtures were quick-chilled at 4°C for 5 min. Two microliters of the reaction

mixtures was then used as the template for PCR as described below.

3.2.3 PCR conditions

PCR amplifications of DNA and cDNA were performed with a total volume of 50 pl in a
GeneAmp PCR System 9700 (PE Applied Biosystems, Calif., USA). Bacterial 16S rDNAs from
10 ng of DNA extract were amplified using the universal primers 8f (2) and 926r (18). Reaction
mixtures contained 2.5 uM of each primer, 0.2 mM deoxyribonucleoside triphosphate, 2.5 mM
MgCl,, 5 ul of 10xPCR buffer (500 mM KCI and 100 mM Tris-HCI, pH 8.3), 1 U of Tagq
polymerase (Toyobo), and 29.8 pul of sterilized water. After a denaturation step of 1 min at 94°C,
amplification reactions were performed with 30 cycles of denaturation (20 s, 94°C), primer
annealing (10 s, 53°C), and primer extension (30 s, 72°C) and a final extension step of 1 min at
72°C. Forward primers for amplification of bacterial 16S rDNAs were 5'-end labeled with

6-carboxyfluoresce.

3.2.4 Purification of PCR product and restriction enzyme digestion

PCR products were verified by electrophoresis on 2% (wt/vol) agarose gels, followed by 20
min of staining with ethidium bromide (10 pl-1"). Fluorescently labeled PCR products (40 ul)
were purified with a QIAquick PCR purification kit (Promega). Aliquots (10 ul) of purified
PCR products were cleaved for 4 h in a water bath at 37°C using three different restriction
endonucleases in digestions with a single tetrameric enzyme each (for bacterial 16S rDNAs,
Haelll [GG'CC] [where the prime indicates the site of cleavage], Cfol (an isoschizomer of

Hhal) [GCG'C], and Mspl [C'CGG] (Promega).
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3.2.5 T-RFLP analysis

Aliquots (8 ul) of the digest were purified by ethanol precipitation. The precipitate was mixed
with 0.3 ul of GeneScan -500 size standard (Applied Biosystems) and 10 ul of deionized
formamide. After DNA denaturation at 94°C for 5 min and immediate chilling on ice, the
fluorescently labeled terminal fragments were analyzed by electrophoresis on an ABI PRISM
3100-Avant Genetic Analyzer automated sequence analyzer (Applied Biosystems) in the
GeneScan mode. The injection time was 30 s and the run time was 40 min. Reproducibility of
patterns was confirmed by repeated T-RFLP analyses using the same RNA extracts. Signals with
a peak area contribution below 1% (17) were regarded as background noise and excluded from
analysis. Moreover, to avoid detection of primers and uncertainties of size determination,
terminal fragments smaller than 30 bp and larger than 900 bp were excluded from further
analysis. Reproducibility of patterns was confirmed for repeated T-RFLP analyses using the
same DNA extracts. The relative abundance of terminal fragments within the sections was
determined by calculating the ratio between the height of each peak and the total height of all
peaks within one sample. Lengths of predominant bacterial 16S rDNA terminal fragments were
theoretically compared to those found in the clonal library using GENETYX-MAC software

(Genetyx, Tokyo, Japan).

3.2.6 Cloning of PCR products

The PCR products from the sample of day 104 were purified by Wizard SV gel and a PCR
clean-up system (Promega, Wis., USA) in accordance with the manufacturer’s instruction. The
eluted PCR products were cloned using a QIAGEN PCR cloning kit (QIAGEN, Hilden,
Germany) according to the manufacturer's instructions. Cell material picked at random was
suspended in 20 pl of Insert Check Ready solution (TOYOBO). The amplified inserts were run

on 2% agarose gels. The samples including inserts of the estimated size were used for
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subsequent sequencing.

3.2.7 Sequencing

The DNA insert was amplified and used as template DNA in a cycle sequencing reaction with
a DYEnamic ET Terminator Cycle Sequencing kit (Amersham Biosciences, Freiburg, Germany)
according to the manufacturer's instructions. The DNA fragments were sequenced with an ABI
PRISM 3100-Avant DNA Sequencing system (Applied Biosystems). In total, 121 sequences

were determined.

3.2.8 Diversity analysis and phylogenetic analyses

A database search was conducted using BLAST from the DDBJ (DNA Data Bank of Japan).
The sequences determined in this study and those retrieved from the database were aligned
using Clustal W (32). Phylogenetic trees were constructed using Clustal W and Tree View (20)

by the neighbor-joining method (27).

3.2.9 Nucleic sequence accession numbers
The sequences from this study are available through DDBJ under accession numbers

AB184978 to AB185018.
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3.3 RESULTS

3.3.1 Nitrogen removal characteristics

Time course of nitrogen removal characteristics is shown in Fig. 2. When HRT was 20 h
(until day 100), denitrification did not sufficiently occur although NH," was complementary
oxidized to NO5". Total nitrogen concentration in the effluent was approximately 20 mg- /"', and
almost all nitrogen was derived from NOj". After shortening the HRT, denitrification completely
occurred. All the remaining nitrogen in the effluent (10 mg-/") was derived from NH,", and thus,
NO; and NO,™ did not remain at all.

HRT: 20 h HRT: 10 h

Concentration (mgel )
[y=]
o

0
0 20 40 60 80 100 120 140
Time (day)

Fig. 2 Time course of NO;-N and T-N (total nitrogen) concentrations in the effluent. Open

circles show NO;-N, closed circles indicates T-N, and the solid line indicate T-N in the influent

3.3.2 16S rRNA diversity study

To further investigate the community structure in the reactor, cDNA reverse-transcribed from

16S rRNA was amplified with an unlabeled primer set, and then cloned and sequenced. A total
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of 119 clones were obtained. Most clone sequences were affiliated with the o- Proteobacteria
(37 clones), followed by the - Proteobacteria (31 clones), and the Bacteroidetes (22 clones). As
for the other division, 3 clones belonged to Firmicutes, 2 clones belonged to Chloroflexi, 3
clones belonged to the Verrucomicrobia division, 1 clone belonged to Acidobacteria, and the

other clones were unclassified.

3.3.3 Phylogeny inference of the cloned 16S rRNA sequence

The affiliations of these molecular isolates are depicted in the phylogenetic trees shown in Fig.
3. The trees were constructed using the neighbor-joining method. The genetic distances were
calculated using Kimura's two-parameter method. The numbers on the nodes indicate the
number of times (percentage) the species (shown on the right) grouped together in 1,000
bootstrap samples. The theoretical length of T-RFs in in silico analysis is shown in parentheses.
Scale bar = 10% estimated difference in nucleotide sequence position. Boldface type indicates
clones obtained in this study. With respect to the a-Proteobacteria, as shown in Fig. 3a, the 17
clones were closely related with Sphingomonas sp. The remaining 19 clones represented nine
OTUs, indicating a phylogenetically diverse assemblage of microorganisms in the sample. The
29 clones were affiliated with the P-Proteobacteria. The 18 clones were closely related to
Janthinobacterium lividum, and the 10 clones were related to Hydrogenophaga palleronii and
Acidovorax sp. AHL 5. The remaining clones were closely related to Alcaligenes faecalis. These
bacteria had less diversity than the o-Proteobacteria. Interestingly, none of the ammonia
oxidizers belonging to the B-Proteobacteria were detected. In the CFB division, 22 of the
obtained clones formed seven OTUs. The 12 clones were closely related to clones from gold

and diamond mines (Fig. 3b).
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Fig. 3 Phylogenetic dendrogram based on 16S rRNA gene sequences in relation to representive

members of Proteobacteria (a) and Bacteroidetes, Chloroflexi/GNS group, and Verrucomicrobia

group (b).
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3.3.4 T-RFLP analyses

For Cfol and Haelll digestion, T-RFLP community fingerprint patterns were in the steady
state until the HRT was shortened to 10 h (data not shown). In the case of Cfol digestion,
throughout all the periods analyzed, the community fingerprint patterns were characterized by
T-RFs with sizes of 76, 204, 208, 341, 564, 884 and 913 bp (Fig. 4a). In this study, T-RFs that
increase after the start of denitrification were focused on for the determination of the microbial
population associated with denitrification. After the start of denitrification, the peak height of
T-RFs with sizes of 204, 341, and 884 bp increased. The time course of the relative abundance
of these peaks is shown in Fig. 5a. The relative abundance of T-RFs with sizes of 204, 341 and
884 bp was in the range of 2-4% before the start of denitrification. After the start of
denitrification, this increased markedly and reached 5-9%.

On the other hand, for Haelll digestion, the predominant peaks were 65, 191, 217, 258, 272
and 884 bp (Fig. 4b). The peak height of T-RFs with sizes of 65, 191 and 884 bp increased with
the start of denitrification. The time course of the relative abundance of these three T-RFs is
shown in Fig. 5b. The relative abundance of 3—4% increased after the start of denitrification,

and reached 5-10%.

3.3.5 Identification of predominant T-RFs

To identify the bacterial groups that correspond to the T-RFs associated with denitrification,
16S rRNA sequences from clones were analysed in silico with respect to Cfol and Haelll
restriction sites, and the calculated T-RFs showed the expected results (shown in parenthesis in
Fig. 3a,b). Some undigested fragments of approx. 900 bp were generated in this study. However,
from the results of in silico analysis, it was revealed that a few clones generated undigested
fragments. Since the sizes of almost all these undigested fragments were different from each

other, it is possible to assign these large T-RFs.
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Fig. 4 Transition of bacterial community structure at the start of denitrification as determined by

T-RFLP analysis using the restriction enzymes Cfol (a) and Haelll (b). After HRT was

shortened on day 100, denitrification started.
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Rich et al. (26) reported that individual T-RFs differed in size by an average of 1.5 bp over a

range of 0.3-5.1 bp. Therefore, a gap of less than 4 bp was found acceptable for the

identification of the predominant T-RFs in this study. The results of the identification of the

T-RFs that increased in number in association with denitrification are shown in Table 2. In the

case of Cfol digestion, the 204 bp T-RFs represented the clones TH-3, 9 and 63 affiliated with

Acidovorax sp. and Hydrogenophaga sp., the 341 bp T-RFs represented the clone TH-61

affiliated with uncultured bacteria found to belong to a-Proteobacteria, and the 884 bp fragment

that was not cleaved using the enzyme represented the clones TH-127 and 75 affiliated with

unclassified bacteria.

Table 2 Comparison of the 16S rRNA genes from the clone libraries with the T-RFs obtained by

digestion with Cfol (a)/Haelll (b) and with sequences in the DNA Data Bank of Japan

Table 2(a)

Fragment size

Fragment size

(T-RFs) clone (in silico) Most similar sequence Phylogenetic group
204 bp TH-3 204 bp Acidovorax sp. (AY379977) beta-class of Proteobacteria
TH-9 207, 208 bp Hydrogenophaga palleronii (AF019073) beta-class of Proteobacteria
TH-63 205 bp Hydrogenophaga palleronii (AF019073) beta-class of Proteobacteria
341 bp TH-61 341 bp Uncultured bacterium clone HP1B78 (AF502220)  alpha-class of Proteobacteria
884 bp TH-127 883 bp Uncultured bacterium DSSD70 (AY328768) Unclassified
TH-75 883 bp Uncultured bacterium HOCICi47 (AY328596) Unclassified
Table 2(b)
Fragment size clone Fragment size Most similar sequence Phylogenetic group
(T-RFs) (in silico)
65 bp TH-15 69 bp rhizosphere soil bacterium (AJ252698) alpha-class of Proteobacteria
TH-64, 67 69,71 bp Sphingomonas sp. (AB033949) alpha-class of Proteobacteria
TH-63 69 bp Hydrogenophaga palleronii (AF019073) beta-class of Proteobacteria
191 bp TH-14 191 bp Sinorhizobium terangae (X68387) alpha-class of Proteobacteria
TH-61 193 bp Uncultured bacterium HP1B78 (AF502220) alpha-class of Proteobacteria
TH-97 189 bp Unidentified eubacterium clone (U81641) Unclassified
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On the other hand, as for Haelll digestion, 65 bp T-RFs represented the clones TH-15, 63, 64
and 77 affiliated with an uncultured rhizosphere soil bacterium, Sphingomonas sp., and
Hydrogenophaga sp.; 191 bp T-RFs represented the clones TH-14 and 61 affiliated with
Sinorhizobium sp. and an uncultured bacterium belonging to the o-Proteobacteria; and T-RFs
represented the clone TH-97 affiliated with unclassified bacteria. The T-RFs of 884 bp size that
increase in association with denitrification (Fig. 5b) could not be identified under this condition
(possible deviation of up to 4 bp). From the in silico analysis of the obtained clone library, it
was found that the clone TH-1 affiliated with an wunclassified clone obtained from
nitrifying—denitrifying activated sludge generated 878 bp T-RF. Therefore, this 884 bp T-RF

was considered to represent these clones.
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Fig. 5 Time course of relative abundance of key T-RFs for dentrification. (a) Cfol digestion, (b)

Haelll digestion
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3.4 DISCUSSIONS

In this study, the transition of the microbial community structure was monitored by T-RFLP
targeting 16S rRNA in detail. The reason rRNA was focused on for the monitoring of microbial
population dynamics is as follows. In general, metabolically active cells have a higher ribosome
content than those that are in the stationary growth phase (3, 23). Hence, the content of rRNA
found in a microbial group represents both metabolic activity and population size. Several
studies support this matter. DGGE profiles targeting DNA and RNA from samples obtained
from the same environment differed from each other (9, 31). This phenomenon was interpreted
as resulting from the difference between the genetic potential (DNA level) and the active
portion (RNA level). In this study, our assumption is that DNA and RNA fingerprints are
similar when the microbial community structure is in a steady state, but are different when the
microbial community is disturbed by environmental change. In our previous study, the
microbial population dynamics at the start-up stage of a wastewater treatment reactor was
investigated using T-RFLP targeting 16S rDNA and rRNA. The results of fragment peaks
suggested that the number and activity of nitrifying bacteria increased with the start of
nitrification, and 16S rRNA of these bacteria changed prior to 16S rRNA gene analysis (30). In
brief, the activity of the microbial communities increased, and subsequently, the number of
microbial species increased. Therefore, targeting rRNA is suitable for short-period monitoring
(e.g. daily change) and targeting rDNA for long-period monitoring (e.g. seasonal change). For
these reasons, rRNA was targeted in this study; as a result, the transition of the microbial
community structure could be sensitively monitored, and thus, this method is suitable for the

management of wastewater treatment processes.
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As for the comparison between T-RFLP analysis and in silico analysis, the relative
abundance of the predominant T-RFs of each method on day 104 is shown in Table 3. These
results seem to be reasonable except for the 564 bp (Cfol; Table 3a) and 217 bp (Haelll; Table

3b) T-RFs.

Table 3 Comparison between relative abundance of predominant T-RFs obtained from T-RFLP
analysis and that obtained from in silico analysis of clonal library (results of Cfol (a) and Haelll

(b) digestion) on day 104.

(a)
Fragment size of T-RFs (bp)
Relative abundance
76 204 208 341 564 884 913
T-RFLP analysis (%) 430 7.09 9.13 560 498 549 345
In silico analysis (%) 1.68 840 10.08 336 15.13 252 3.36
(b)

Fragment size of T-RFs (bp)

Relative abundance
66 191 217 258 884

T-RFLP analysis (%) 8.89 9.50 881 892 7.52

In silico analysis (%)  7.56 5.04 21.01 11.76 5.04

These fragments were mainly generated from the clones affiliated with the genus
Janthinobadterium (18/119 clones). Such discrepancies have also been observed in other studies
(12, 22) in which no simple explanation for this phenomenon has been made. Egert and
Friedrich (8) demonstrated that unexpected T-RFs (pseudo-T-RFs, that is, those not predicted
from sequence data and which therefore have to be regarded as false T-RFs) resulted from the

presence of at least partly single stranded DNA amplicons unsuitable for the restriction
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endonuclease. Thus, these pseudo-T-RFs corresponded to restriction sites downstream of the
primary site. Assuming that this phenomenon caused disagreement between the T-RFLP and in
silico analysis in this study, these clones have a second restriction site downstream of the
primary one and generate pseudo-T-RFs. The fragment size of T-RFs that cleaved at the second
restriction site was determined to be 404 bp by Haelll digestion. In the case of Cfol digestion,
the clones have no second restriction site, and generate a 913 bp fragment. However, the 404 bp
T-RF was not observed by Haelll digestion (Fig. 4b). In contrast, the 913 bp T-RF was
observed (Fig. 4a) by Cfol digestion. From the in silico analysis, it was found that the clone
TH-55 generated this T-RF and the results of the T-RFLP and in silico analysis are in good
agreement (Table 3a). Therefore, it is reasonable to presume that almost all 913 bp T-RFs were
obtained from these clones. Moreover, according to Egert and Friedrich (8), the extent of
pseudo-T-RF formation decreased with increasing distance of the terminal restriction site from
the 5°-labeled end of the amplicon and few pseudo-T-RFs were generated when the distance
was longer than 300 bp. Therefore, the discrepancy in this study did not result from
pseudo-T-RFs, but is due to some unavoidable bias associated with cloning in Escherichia coli
or from the underestimation of the limited number of rDNA clones sequenced. In any case, the
dynamics of the relative abundance of the key T-RFs for denitrification was not significantly
affected by these phenomena.

Two restriction enzymes were used in this study. Although the T-RFs that increase in number
in association with the start of denitrification were focused on, the dynamics of these T-RFs
observed using the two enzymes were different from each other (Table 2a, 2b). The increase in
the relative abundance of T-RFs generated from clone TH-63 affiliated with Hydrogenophaga
and TH-61 was confirmed using both enzymes. However, the results were not in good
agreement with each other, which is probably due to the low resolution of either enzyme. For

instance, clones TH-9 and 3 generated approx. 204 bp T-RFs with Cfol digestion and approx.
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220 bp T-RFs with Haelll digestion. This 220 bp T-RF hid in the peak of the clones TH-111
and 13, both of which were predominant clones affiliated with J. /ividum. For this reason,
T-RFLP analysis with even two restriction enzymes is insufficient for the observation of
population dynamics, and it is advisable to perform T-RFLP analysis using more restriction
enzymes.

The results clearly showed that the metabolic activity of the bacteria belonging to
Hydrogenophaga, Acidovorax and Sphingomonas increased with the start of denitrification. In
previous studies, these genera have been reported as denitrifying bacteria (11, 13, 21).
Accordingly, it is reasonable to assume that they carry out denitrification. It was assumed that
these bacteria took up carbon mainly under aerobic condition and did not play a role in
denitrification before day 100. Carbon uptake under aerobic condition resulted in the complete
consumption of the carbon source for denitrification under anaerobic condition. After day 100,
carbon still remained until the end of aerobic condition due to the shorter HRT, which resulted
in a sufficient amount of carbon source for denitrification under anaerobic condition. Therefore,

these bacteria played an active role in denitrification.
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3.5 CONCLUSIONS

In this chapter, the bacteria playing an important role in denitrification was investigated by
monitoring the molecular dynamics accompanying the start of denitrification using T-RFLP.
The experimental results are summarized as follows.

1. The bacteria belonging to the genera Hydrogenophaga and Acidovorax increase in number
after the start of denitrification

2. Combination of the results of T-RFLP analysis and 16S rRNA clone library indicate that
the bacteria belonging to the genera Hydrogenophaga and Acidovorax play an important
role in denitrification

The results of this study provide new insight to the 16S rRNA level of active denitrifying
bacteria in wastewater treatment processes. Furthermore, the results obtained in this study show
the potential of monitoring the transition of the microbial structure using T-RFLP targeting 16S
rRNA for identification of the microbial population associated with denitrification. It is
anticipated that genes and transcripts of nitrite reductase (nirS and nirK) will be analyzed by
micro autoradiography (MAR) - FISH (14) and/or stable isotope probing (SIP) methods (4), and
the combination of the results based on 16S rRNA and functional genes can determine the

bacteria that actually perform denitrification in wastewater treatment processes.

56



Molecular analysis of denitrifying population

3.6 REFERENCES

Amann, R., L. Krumholz, and D. Stahl. 1990. Fluorescent-oligonucleotide probing of
whole cells for determinative, phylogenetic, and environmental studies in microbiology.
J. Bacteriol. 172:762-770.

Amann, R. 1., W. Ludwig, and K. H. Schleifer. 1995. Phylogenetic identification and
in situ detection of individual microbial cells without cultivation. Microbiol. Rev.
59:143-169.

Aviv, M., H. Giladi, A. B. Oppenheim, and G. Glaser. 1996. Analysis of the shut-off
of ribosomal RNA promoters in Escherichia coli upon entering the stationary phase of
growth. FEMS Microbiol. Lett. 140:71-6.

Boschker, H. T. S., S. C. Nold, P. Wellsbury, D. Bos, W. De Graaf, R. Pel, R. J.
Parkes, and T. E. Cappenberg. 1998. Direct linking of microbial populations to
specific biogeochemical processes by 13 C-labelling of biomarkers. Nature
392:801-805.

Braker, G. 2001. Community Structure of Denitrifiers, Bacteria, and Archaea along
Redox Gradients in Pacific Northwest Marine Sediments by Terminal Restriction
Fragment Length Polymorphism Analysis of Amplified Nitrite Reductase (nirS) and
16S rRNA Genes. Appl. Environ.Microbiol. 67:1893.

Cole, A. C., M. J. Semmens, and T. M. LaPara. 2004. Stratification of Activity and
Bacterial Community Structure in Biofilms Grown on Membranes Transferring Oxygen.
Appl. Environ.Microbiol. 70:1982.

Daims, H., U. Purkhold, L. Bjerrum, E. Arnold, P. A. Wilderer, and M. Wagner.

57



Molecular analysis of denitrifying population

10.

11.

12.

13.

14.

2001. Nitrification in sequencing biofilm batch reactors: lessons from molecular
approaches. Water Sci. Technol. 43:9-18.

Egert, M., and M. W. Friedrich. 2003. Formation of Pseudo-Terminal Restriction
Fragments, a PCR-Related Bias Affecting Terminal Restriction Fragment Length
Polymorphism Analysis of Microbial Community Structure. Appl. Environ.Microbiol.
69:2555.

Felske, A., H. Rheims, A. Wolterink, E. Stackebrandt, and A. D. Akkermans. 1997.
Ribosome analysis reveals prominent activity of an uncultured member of the class
Actinobacteria in grassland soils. Microbiology 143:2983-2989.

Ferris, M., G. Muyzer, and D. Ward. 1996. Denaturing gradient gel electrophoresis
profiles of 16S rRNA-defined populations inhabiting a hot spring microbial mat
community. Appl. Environ.Microbiol. 62:340-346.

Ginige, M. P., P. Hugenholtz, H. Daims, M. Wagner, J. Keller, and L. L. Blackall.
2004. Use of Stable-Isotope Probing, Full-Cycle rRNA Analysis, and Fluorescence In
Situ Hybridization-Microautoradiography To Study a Methanol-Fed Denitrifying
Microbial Community. Appl. Environ.Microbiol. 70:588.

Horz, H. P., M. T. Yimga, and W. Liesack. 2001. Detection of Methanotroph Diversity
on Roots of Submerged Rice Plants by Molecular Retrieval of pmoA, mmoX, mxaF,
and 16S rRNA and Ribosomal DNA, Including pmoA-Based Terminal Restriction
Fragment Length Polymorphism Profiling. Appl. Environ.Microbiol. 67:4177.
Kniemeyer, O., C. Probian, R. Rossello-Mora, and J. Harder. 1999. Anaerobic
Mineralization of Quaternary Carbon Atoms: Isolation of Denitrifying Bacteria on
Dimethylmalonate. Appl. Environ.Microbiol. 65:3319.

Lee, N., P. H. Nielsen, K. H. Andreasen, S. Juretschko, J. L. Nielsen, K. H. Schleifer,

and M. Wagner. 1999. Combination of Fluorescent In Situ Hybridization and

58



Molecular analysis of denitrifying population

15.

16.

17.

18.

19.

20.

21.

22.

Microautoradiography---a New Tool for Structure-Function Analyses in Microbial
Ecology. Appl. Environ.Microbiol. 65:1289.

Liu, W. T., T. L. Marsh, H. Cheng, and L. J. Forney. 1997. Characterization of
microbial diversity by determining terminal restriction fragment length polymorphisms
of genes encoding 16S rRNA. Appl. Environ.Microbiol. 63:4516.

Liu, W. T., A. T. Nielsen, J. H. Wu, C. S. Tsai, Y. Matsuo, and S. Molin. 2001. In situ
identification of polyphosphate- and polyhydroxyalkanoate-accumulating traits for
microbial populations in a biological phosphorus removal process. Environ. Microbiol.
3:110-122.

Lukow, T., P. F. Dunfield, and W. Liesack. 2000. Use of the T-RFLP technique to
assess spatial and temporal changes in the bacterial community structure within an
agricultural soil planted with transgenic and non-transgenic potato plants. FEMS
Microbiol. Ecol. 32:241-247.

Muyzer, G., A. Teske, C. O. Wirsen, and H. W. Jannasch. 1995. Phylogenetic
relationships of Thiomicrospira species and their identification in deep-sea hydrothermal
vent samples by denaturing gradient gel electrophoresis of 16S rDNA fragments. Arch.
Microbiol. 164:165-172.

Nogueira, R., L. F. Melo, U. Purkhold, S. Wuertz, and M. Wagner. 2002. Nitrifying
and heterotrophic population dynamics in biofilm reactors: effects of hydraulic retention
time and the presence of organic carbon. Water Res. 36:469-481.

Page, R. 1996. TREEVIEW: An application to display phylogenetic trees on personal
computers. Comput. Appl. Biosci 12:357-358.

Patureau, D. 2000. Aerobic Denitrifiers Isolated from Diverse Natural and Managed
Ecosystems. Microb. Ecol. 39:145-152.

Pester, M., M. W. Friedrich, B. Schink, and A. Brune. 2004. pmoA-Based Analysis

59



Molecular analysis of denitrifying population

23.

24.

25.

26.

27.

28.

29.

30.

of Methanotrophs in a Littoral Lake Sediment Reveals a Diverse and Stable Community
in a Dynamic Environment. Appl. Environ.Microbiol. 70:3138-3142.

Poulsen, L. K., G. Ballard, and D. A. Stahl. 1993. Use of rRNA fluorescence in situ
hybridization for measuring the activity of single cells in young and established
biofilms. Appl. Environ.Microbiol. 59:1354.

Prakasam, T. B. S., and N. C. Dondero. 1967. Aecrobic heterotrophic bacterial
populations of sewage and activated sludge. I: Enumeration. Appl. Microbiol. 15:461-7.
Purkhold, U., A. Pommerening-Roser, S. Juretschko, M. C. Schmid, H. P. Koops,
and M. Wagner. 2000. Phylogeny of All Recognized Species of Ammonia Oxidizers
Based on Comparative 16S rRNA and amoA Sequence Analysis: Implications for
Molecular Diversity Surveys. Appl. Environ.Microbiol. 66:5368.

Rich, J. J., R. S. Heichen, P. J. Bottomley, K. Cromack Jr, and D. D. Myrold. 2003.
Community Composition and Functioning of Denitrifying Bacteria from Adjacent
Meadow and Forest Soils. Appl. Environ.Microbiol. 69:5974.

Saitou, N. 1987. The neighbor-joining method: a new method for reconstructing
phylogenetic trees. Mol. Biol. Evol. 4:406-425.

Sakano, Y., K. D. Pickering, P. F. Strom, and L. J. Kerkhof. 2002. Spatial
distribution of total, ammonia-oxidizing, and denitrifying bacteria in biological
wastewater treatment reactors for bioregenerative life support. Appl. Environ.Microbiol.
68:2285-2293.

Snaidr, J., R. Amann, I. Huber, W. Ludwig, and K. H. Schleifer. 1997. Phylogenetic
analysis and in situ identification of bacteria in activated sludge. Appl.
Environ.Microbiol. 63:2884.

Terahara, T., T. Hoshino, S. Tsuneda, A. Hirata, and Y. Inamori. 2004. Monitoring

the microbial population dynamics at the start-up stage of wastewater treatment reactor

60



Molecular analysis of denitrifying population

31.

32.

33.

by terminal restriction fragment length polymorphism analysis based on 16S rDNA and
rRNA gene sequences. J. Biosci. Bioeng. 98:425-428.

Teske, A., C. Wawer, G. Muyzer, and N. Ramsing. 1996. Distribution of
sulfate-reducing bacteria in a stratified fjord (Mariager Fjord, Denmark) as evaluated by
most-probable-number counts and denaturing gradient gel electrophoresis of
PCR-amplified ribosomal DNA fragments. Appl. Environ.Microbiol. 62:1405-1415.
Thompson, J. D., D. G. Higgins, and T. J. Gibson. 1994. CLUSTAL W: improving the
sensitivity of progressive multiple sequence alignment through sequence weighting,
position-specific gap penalties and weight matrix choice. Nucleic Acids Res.
22:4673-4680.

Yoshie, S., N. Noda, S. Tsuneda, A. Hirata, and Y. Inamori. 2004. Salinity Decreases
Nitrite Reductase Gene Diversity in Denitrifying Bacteria of Wastewater Treatment

Systems. Appl. Environ.Microbiol. 70:3152-3157.

61



Succession of microbial community in a circulation flush toilet

Chapter 4

Long-term monitoring of the succession of a microbial
community in activated sludge from a circulation flush

toilet as a closed system
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SUMMARY

The microbial diversity and community succession of a circulation flush toilet were
investigated by terminal restriction fragment length polymorphism (T-RFLP) and cloning
analyses. Clone libraries of 16S rRNA gene on day 3 and day 127 were constructed. On
day 3, 102 clones were sequenced and Proteobacteria and Bacteroidetes accounted for 27%
and 45%, respectively. On the other hand, Proteobacteria increased to 43% and
Bacteroidetes decreased to 26% of a total of 100 clones on day 127. Moreover, T-RFLP
peaks were identified by in silico analysis of clone libraries. Consequently, the relative
abundances of Nitrosomonas increased from 1% to 6% with commencement of
nitrification and denitrification. Similarly, relative abundance of T-RFs generated from
Xanthomonas increased from 3% to 10%. Therefore, these bacteria could play a
prominent role in this process. Finally, to reveal the relationship between stability of the
microbial community and performance of the system, microbial community succession
was visualized by multidimensional scaling (MDS) analysis. As a result, the microbial
community structure changed markedly, particularly during the start-up period of the
system. The plots then became stable after the start of nitrification and denitrification.
This result suggests that the succession of microbial community structure has a correlation

with performance of the system.
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4.1 INTRODUCTION

Biological wastewater treatment using activated sludge is one of the most significant
biotechnological processes with important ecological and economic aspects. Understanding the
structure and stability of microbial communities is desirable for correct operation of wastewater
treatment processes because particular microbial communities are responsible for the success or
failure of the process. Monitoring community succession is necessary to understand and predict
future changes in community structure in natural and managed ecosystems.

Recently, some culture-independent molecular techniques, such as denaturing gradient gel
electrophoresis (DGGE) (5), temperature gradient gel electrophoresis (TGGE) (24),
single-strand conformation polymorphism (SSCP) (22) and terminal restriction fragment length
polymorphism (T-RFLP) (14) have been developed for analysis of the microbial community
structure of environmental samples. For investigation of changes in community structure in
relation to changing physicochemical and biological conditions over space and time, rapid
profiling procedures are necessary. Although DGGE, TGGE and SSCP allow the analysis of
multiple samples, the community fingerprints obtained from these techniques do not directly
translate into taxonomic information. A combination of cloning and T-RFLP analyses provides
information about the population dynamics of particular bacteria. Therefore, T-RFLP has an
advantage when monitoring bacterial communities, and thus, many researchers have determined
microbial community succession in various natural environments by T-RFLP (2, 15, 23).

With respect to wastewater treatment processes, many studies have addressed microbial
community structure in activated sludge (10, 11, 31). However, very few studies have centered

on statistical analysis of microbial succession and correlation between the stability of the
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microbial community and the performance of systems.

The circulation flush toilet can save water and can be used anywhere where there is sufficient
the space. In this system, human waste flowing into an activated sludge tank is treated,
deodorized and decolorized by ozone, and then water is reused to flush the toilet. Therefore, in
this system, water and solid phase did not flow out. Although it is important for reusable water
to be deodorized and decolorized sufficiently, nitrite and/or nitrate can be an obstacle to this
objective. Therefore, sufficient nitrification and denitrification are also required in this
wastewater treatment process.

The major questions address in this chapter include (1) which microorganisms are present in
the system and whether they differ from those previously reported, and (2) whether the
microbial community is stable, and does the stability of the community relate to the
performance of the system. To address these questions, we monitored the microbial community
structure for 6 months by T-RFLP targeting 16S rRNA gene. Furthermore, we established a 16S
rRNA gene clone library to enable a more precise identification of the bacterial species based on

16S rRNA gene sequences.
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4.2 MATERIAL AND METHODS

4.2.1 Reactor operation and sampling

The reactor structure is shown in Figure 1. Dewatered sludge obtained from a livestock
excreta treatment process was used as the seed sludge. Sewage from the toilet entered the
intermittent aeration tank, and organic and nitrogenous compounds were removed. The volume
of the intermittent aeration tank was 3.0 m>. Then, the liquid phase was separated from the solid
phase in the membrane filtration tank. pH in this tank was maintained at 6.5 to 8.0 throughout
the experiment. The volume of the filtration tank is 0.5 m’. The usable area of the membrane is
0.8 m” and pore size is 0.4 um (Kubota). A total of 10 membranes were used in this study. To
prevent fouling of the membrane filter, the sludge was aerated in this tank. Excess sludge in this
tank was returned to the intermittent aeration tank. Finally, water was decolorized and
deodorized by ozonation in the decolorization tank and reused as flushing water. Additionally,
an evaporation tank was set for adjustment of the water level in the entire system because water
did not flow out. Fifty liters of water evaporated a day in the tank. The total volume of
decolorization tank and evaporation tank was 0.8 m’. The frequency of use of toilets was
approximately 240 times for urinating and 40 times for defecating per day. The system was
routinely monitored in terms of chemical and biological parameters, including ammonia, nitrite,
nitrate and phosphorous. Hydraulic retention time of this system was 2 days. For
characterization of bacterial communities, 50-ml liquid samples were collected from the
intermittent aeration tank every one or two weeks and stored at -20°C until DNA extraction. A

total of 21 samples were obtained during the 200 days of the experimental period.
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Flushing water

Intermittent Evaporation tank "t
aeration tank Decolorization tank
Filtration tank

Fig. 1 Schematic diagram of a circulation flush toilet (side view). Total volume of the system is
5.4 m’. The letters enclosed with squares indicate the following components. B: blower, O:

ozone generator, P: pump, F: filtration membrane.

4.2.2 DNA extraction

DNA was extracted from samples with the ISOPLANT kit (NIPPON GENE), according to the
manufacturer’s instructions, except for the bead-beating step. DNA was liberated from the cells
by ballistic disintegration with 1 g of sterile glass beads (0.1 mm in diameter) in a bead beater at

5,000 x g for 1 min. The concentration of extracted DNA was adjusted to 10 ng-pl™.

4.2.3 PCR conditions

PCR amplifications of DNA were performed in a total volume of 50 pl in a GeneAmp PCR
System 9700 (Perkin Elmer). Bacterial 16S rDNAs from 10 ng of DNA extract were amplified
using the universal primers 341f (20) and 926r (21). Reaction mixtures contained each primer at

2.5 uM, 0.2 mM deoxyribonucleoside triphosphate, 2.5 mM MgCl,, 5 pl of 10xPCR buffer (500
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mM KCI and 100 mM of Tris-HCI, pH8.3), 1U of Tag polymerase (TOYOBO), and 29.8 ul of
sterilized water. After a denaturation step of 1 min at 94°C, amplification reactions were
performed with 30 cycles of denaturation (20 sec, 94°C), primer annealing (10 sec, 53°C), and
primer extension (30 sec, 72°C) and a final extension step of 1 min at 72°C. For T-RFLP
analysis, the reverse primer for amplification of bacterial 16S rDNAs was 5'-HEX labeled (4, 14,

17).

4.2.4 Purification of PCR products and restriction enzyme digestion

PCR products were verified by electrophoresis on 2% (wt/vol) agarose gels, followed by 20
min of staining with ethidium bromide (10 pl liter™"). Fluorescently labeled PCR products were
purified with the QIAquick PCR purification kit (Promega). Aliquots of purified PCR products
were cleaved for 4 h in a water bath at 37°C with three different restriction endonucleases in
digestions with a single tetrameric enzyme each for bacterial 16S rDNAs, Haelll [GG'CC]
[where the prime shows the site of cleavage], Cfol (an isoschizomer of Hhal) [GCG'C], and

Mspl [C'CGG] (Promega).

4.2.5 T-RFLP analysis

Aliquots of the digest were purified by ethanol precipitation. The precipitate was mixed with
0.3 pl of GeneScan -1000 size standard (Applied Biosystems) and 10 pl of deionized
formamide. After denaturing of the DNA at 94°C for 5 min and immediate chilling on ice, the
fluorescently labeled terminal fragments were analyzed by electrophoresis on an ABI 3100
Avant Genetic Analyzer automated sequence analyzer (Applied Biosystems) in GeneScan mode.
The injection time was 30 s and the run time was 40 min. Reproducibility of patterns was
confirmed by triplicate T-RFLP analyses using the same DNA extract. Lengths of predominant

bacterial 16S rDNA terminal fragments were theoretically compared to clone library generated
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in this study using GENETY X-MAC software (Genetyx).

4.2.6 Cloning of PCR products

The PCR products from samples taken on August 21, 2003 and December 23, 2003 were
purified by Wizard SV gel and a PCR clean-up system (Promega) in accordance with the
manufacturer’s instructions. The eluted PCR products were cloned using a QIAGEN PCR
cloning kit (QIAGEN) according to the manufacturer's instructions. White colonies of
transferring cells picked at random were suspended in 20 pl of Insert Check Ready solution
(TOYOBO) containing primers and DNA polymerase. PCR was performed as described above.
The amplified inserts were run on 2% agarose gels. The samples including inserts of the

estimated size were used for subsequent sequencing.

4.2.7 Sequencing

The DNA insert was amplified and used as template DNA in a cycle sequencing reaction with
a DYEnamic ET Terminator Cycle Sequencing kit (Amersham Biosciences) according to the
manufacturer's instructions. The DNA fragments were sequenced with an ABI PRISM
3100-4vant DNA Sequencing system (Applied Biosystems). In total, about 100 sequences were

determined.

4.2.8 Diversity and phylogenetic analyses

A database search was conducted using BLAST from the DNA Data Bank of Japan (DDBJ).
The sequences determined in this study and those retrieved from the database were aligned
using Clustal W (28). A phylogenetic tree was constructed using the njplot program in Clustal W,

version 1.7 by the neighbor-joining methods (25).
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4.2.9 Analysis of T-RFLP data

Signals with a peak area contribution below 1% (16) were regarded as background noise and
excluded from analysis. Moreover, to avoid detection of primers and uncertainties of size
determination, terminal fragments smaller than 30 bp and larger than 600 bp were excluded
from further analysis. The relative abundance of terminal fragments within the sections was
determined by calculating the ratio between the peak height of each peak and the total peak
height of all peaks within one sample. The Euclidean distance between each sample was
calculated based on the data of peak size and relative abundance. Differences in community
structure were assessed graphically using the ordination method of nonmetric multidimensional
scaling (MDS) calculated on the basis of Euclidean distance (12). All statistical analyses were

performed using SPSS software (SPSS Inc.).

4.2.10 Nucleic sequence accession numbers
The sequences from this study are available through the DDBJ under accession numbers

AB196002 to AB196121.
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4.3 RESULTS

4.3.1 Water quality data

The time course of NH4-N and NO;-N concentrations in the decolorization tank is shown in
Fig. 2. The concentration of NH4-N increased until approximately day 100. Similarly, the
NOs-N concentration increased during this period. Almost all of the nitrogen in the sewage was
derived from NH, indicating that NH," was partially oxidized. Consequently, non-oxidized
NH," and NOs resulting from oxidation were accumulated. Nitrate was accumulated because
denitrification was not incomplete. The system was improved to enhance the agitation of sludge
in the intermittent aeration tank by strengthening aeration on day 100. This improvement
appeared to enable the bacteria to use the carbon source easily. Thereafter, denitrification and
nitrification began to occur simultaneously (Fig.2a). The pH in the reactor was 6.5 to 8.0
throughout the experiment. The concentrations of PO,, CI', and SO,” increased throughout the
experimental period (Fig. 2b). Of these ions, the concentration of chloride ion is the most
critical parameter for bacterial growth. The concentration of the chloride ion in the reactor was
less than 5,000 mg/L. Mixed liquor suspended solids (MLSS) in the intermittent in the
intermittent aeration tank also increased throughout the experimental period. At the end of
experiment, MLSS reached to 14,000 mg/I (Fig. 2c¢). While chemical oxygen demand (COD) in
influent varied from 100 to 600 mg/l, COD in the decolorization was below 60 mg/I throughout
the experiment (Fig. 2d). This fact indicated that organic carbon was successfully removed in
the intermittent aeration tank and filtration tank. Oxidation reduction potential (ORP) in the
intermittent aeration tank and the filtration tank widely fluctuated until day 100. However, ORP

became stable at -40 mV after day 100.
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Fig. 2. Time course of water quality. (a) NH4-N, NO;-N concentration in the decolorization
tank: closed circles indicate NH4-N and open circles indicate NO3-N. (b) PO4-P, CI', and SO~
concentration in the decolorization tank: closed circles indicate PO,4-P, open circles indicate CI,
and open squares indicate SO, (c) MLSS in the intermittent aeration tank. (d) COD: closed
circles indicate COD in influent, open circle indicate COD in the decolorization tank. (¢) ORP:
closed circles indicate ORP in the intermittent aeration tank, open circles indicate ORP in the

filtration tank.
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4.3.2 16S rRNA diversity of microbial communities in the toilet
To investigate the community structure in the reactor, 16S rRNA gene was amplified with an
unlabeled primer set, and then cloned and sequenced. A total of 102 and 100 clones were

obtained from the samples on day 3 and day 127, respectively (Table 1).

Table 1 Number of the clones obtained in this study

No. of clones
Group

day3 day127

Proteobacteria
a—Proteobacteria

Sphingomonadaceae 3 1
Caulobacteraceae 1 0
Hypomicrobiaceae 0 1
Rhodobacteraceae 0 4
Hypomicrobiaceae 2 0
unclassified a—Proteobacteria 1 0
B—Proteobacteria
Nitrosomonadaceae 0 3
Rhodocyclaceae 6 9
Comamonadaceae 1 4
unclassified Burkholderiales 5 5
unclassified B—Proteobacteria 1 3
y—Proteobacteria
Xanthomonadaceae 2 7
unclassified y—Proteobacteria 2 4
0—Proteobacteria
Desulfobacteraceae 1 0
Polyangiaceae 0 1
Clostridiales 1 0
unclassified Proteobacteria 2 1
Bacteroidetes
Sphingobacteriales 38 24
Flavobacteriaceae 0 1
unclassified Bacteroidetes 8 1
Actinobacteria 0 3
Acidobacteria 4 6
Firmicutes 1 1
Chloroflexi 10 14
Nitrospira 0 1
Candidate division 3 0
unclassified Bacteria 10 6
Total 102 100
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As for the sample on day 3, most clone sequences were affiliated with the Bacteroidetes (46
clones), followed by the B-Proteobacteria (13 clones), and the a-Proteobacteria (7 clones). As
for the other sample (on day 127), most clone sequences were affliated with the Bacteroidetes
(26 clones), followed by the B-Proteobacteria (24 clones), and the y-Proteobacteria (11 clones).
The clone sequences belonging to the Proteobacteria increased from 27% (day 3) to 43% (day

127), whereas Bacteroidetes sequences decreased from 45% to 26% (Table 1).

4.3.3 Phylogeny inference of the cloned16S rRNA gene sequences

The affiliations of these molecular isolates are depicted in the phylogenetic trees shown in
Fig. 3a—d. Thirty-seven clones were affiliated with the Betaproteobacteria. These clones
represented 27 operation taxonomic units (OTUs), indicating a phylogenetically diverse
assemblage of microorganisms in the samples (Fig. 3a). A total of 15 clones belonged to the
order Burkholderiales. Five of these clones were affiliated with the family Comamonadaseae.
As for bacteria playing important roles in nitrogen removal from sewage, three clones affiliated
with the genus Nitrosomonas, representative of ammonia-oxidizing bacteria, were detected in
the sample on day 127. Fifteen clones belonged to the family Rhodocyclaceae; eight of these
were affiliated with the genus Thauera, which has been reported as representing denitrifying
bacteria in wastewater treatment processes (4, 27).

Thirteen clones belonged to the Alphaproteobacteria. Almost all clones obtained on day 3
belonged to the family Sphingomonadaseae (three clones) and Hyphomicrobiaceae (two clones).
By contrast, four of six clones obtained on day 127 belonged to the Rhodobacterceae. A total of
15 clones belonged to the Gammaproteobacteria, and nine of these belonged to the family
Xanthomonadaceae. Three clones were obtained for Deltaproteobacteria, belonging to
Desulfobacteraceae, Polyangiaceae, and Clostridiales.

In the phylum Bacteroidetes, 72 clones were obtained and classified into 17 OTUs; 62 of
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these belonged to the order Sphingobacteriales (Fig. 3c).

Many identical sequences were obtained in this phylum: 23 clones were related to uncultured
Bacteroides bacterium (AJ318154), and 18 clones were related to uncultured bacterium
PHOS-HE35 (AF314431). Almost none of the other 59 clones were closely related to the type
strains. These clones belonged to the following phylogenetic lineage: phylum Actinobacteria,
three clones; phylum Acidobacteria, 10 clones; phylum Firmicutes, two clones; phylum
Chloroflexi, 24 clones; phylum Nitrospira, one clone; genus Candidate division OP11, three

clones (Fig. 3d).
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4.3.4 Relative abundance of terminal restriction fragments

Changes in community structure can be seen in detail in Fig. 4, which shows the relative
abundance of each fragment over time. The relative abundance of individual peaks did not
exceed 8%, indicating that a high microbial diversity existed in the reactor. Following Cfol and
Haelll digestion, several T-RFs of around 580 bp appeared (Fig. 4a—b). These T-RFs might
represent undigested PCR products. There are no peaks for Mspl digestion around 580 bp (Fig.
4c). However, Mspl digestion generated the fewest number of peaks and could not sufficiently
reflect the microbial diversity. In any case, it is impossible that a T-RF from one restriction
enzyme attributed to only one phylogenetic group.

The population dynamics of phylum Bacteroidetes, Betaproteobacteria, family Xanthomonas,
and genus Nitrosomonas were determined by measuring the relative abundance of T-RFs. In
general, in T-RFLP analysis, the T-RF fragment size provides phylogenetic information, and the
relative abundance provides population information. Although the relative abundance of T-RF
did not reflect the accurate population size of a certain member, it has been used for analyzing
population dynamics in several studies (15, 30). However, there are some difficulties when
bacteria in different phylogenetic positions produce the same size T-RF. Therefore, specific
T-RFs representing these bacteria were chosen by in silico analysis of clone libraries with three
restriction enzymes.

Bacteroidetes generate 364, 368 and 369 bp T-RFs by Mspl digestion. In this study, 72 clones
belonging to the Bacteroidetes were obtained, and 60 clones generated these T-RFs. The other
clones did not generate T-RFs of a specific size. Almost all clones for Betaproteobacteria
(35/37) generated specific T-RFs of 311, 312, 313 and 314 bp by Mspl digestion. All clones
belonging to the family Xanthomonadaceae specifically generated T-RFs of 547, 548, 586 and
587 bp using Cfol. The clones affiliated with the genus Nitrosomonas generated T-RFs 510 bp

in size by Haelll digestion.
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Fig. 4. Time course of relative abundance of bacterial terminal restriction fragments (T-RFs).
Graph (a) shows the profile with Cfol digestion, graph (b) with Haelll digestion, and graph (c)

with Mspl digestion.
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The population dynamics of these bacteria are shown in Fig. 5. The population of
Bacteroidetes fluctuated markedly until day 50, and then became stable. The population of
Betaproteobacteria gradually decreased to 5%, and then increased after day 100 and reached
12%. Nitrosomonas exhibited similar behavior: the population decreased to 0% and remained at
this level until day 70, and then gradually increased to 7% on day 141. Family
Xanthomonadaceae could hardly be detected until day 70, and then significantly increased to

10%.
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Fig. 5. Time course of relative abundance of terminal restriction fragments representing
Bacteroidetes (a), Betaproteobacteria (b), genus Nitrosomonas (c), and family Xanthomonas (d).
Points and error bars indicate the average and standard deviation based on three experiments.

For points without error bars, the value is less than the height of the symbol.
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4.3.5 Multidimensional scaling analysis

MDS analysis was used to visualize the relationships among the samples based on the results
of T-RFLP analysis. Points close to each other mean that the microbial communities were
similar (Fig. 6). In this study, T-RFLP profiles obtained using three enzymes and triplicate
experiments were used for MDS analysis (Fig. 6). Three runs of T-RFLP analyses indicated the
same MDS pattern of the plots. The two dimensional solution was chosen in this study because
it could be interpreted readily and produced an acceptable combination of goodness-of-fit to the
data (stress value, 0.336; RSQ, 0.586). This result indicated that the microbial community
structure changed in relation to changing physicochemical and/or biological conditions over
time. The microbial community structure changed markedly especially during the start-up
period of the system. However, the plots started to become similar after day 102, indicating that

the microbial community gradually reached a stable level.
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Fig. 6. Nonmetric multidimensional scaling plots of terminal restriction fragment plot results.

Numbers beside plots indicate sampling day. Stress value for plots is 0.336.
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4.4 DISCUSSIONS

With respect to the results of cloning analysis, the ratio of the clones affiliated with the
Proteobacteria was lower than the ratio in normal activated sludge for wastewater treatment.
However, phylum Bacteroidetes clones exhibited a relatively high ratio. Proteobacteria have
been recognized as a key division in municipal wastewater treatment processes and are the most
abundant phylum found (10, 29). This discrepancy might be due to the completely closed
circulation flush toilet. In this system, once bacteria have entered, they do not leave, and even
bacteria with low activity can be retained easily in the reactor. The cell material of dead cells is
then used as a carbon source by the other bacteria. Therefore, it is thought that microbial
community structure can be easily affected by the microbial community of influent. The only
influent of this system was human waste. However, genus Bacteroides, which is well-known as
the dominant bacteria in human feces (6, 7, 18), was not detected in this study. Instead, almost
all clones belonging to this phylum Bacteroidetes fell in the order Sphingobacteriales. This
result indicates that intestinal bacteria can not survive in this system. In fact, intestinal bacteria
were not detected in biological wastewater treatment reactors for life bioregenerative support
which only treated human waste (26).

We found no other reports that the order Sphingobacteriales were dominant in activated
sludge of wastewater treatment process. High rates of Sphingobacteriales clones were detected
day 3 and seemed to be dominant in the seed sludge. These bacteria were retained in the reactor
throughout the experiment and high rates were also detected on day 127, although these could
easily decrease in commonly used wastewater treatment processes.

Understanding microbial community succession in a reactor is desirable for optimizing
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performance and stability of wastewater treatment plants because wastewater treatment plants
often suffer from unpredictable breakdowns in performance. However, conventional methods,
such as cloning combined with fluorescence in situ hybridization (FISH) analysis, are very
time-consuming, which is a disadvantage when identifying individual bacterial species in a
reactor. In this study, identification of T-RFs by comparison with in silico digestion analysis of
clone libraries made it possible to investigate the population dynamics of some bacterial species.
Nitrosomonas, Xanthomonas and Betaproteobacteria increased their relative abundance after
day 100, when denitrification and nitrification started. Nitrosomonas are typical
ammonia-oxidizing bacteria, and Betaproteobacteria have been recognized as an important
subdivision in municipal wastewater treatment processes, as described above. Moreover,
Xanthomonas have been reported to be active denitrifiers in a sequencing batch reactor (19) and
heterotrophic nitrifiers in a biological wastewater treatment system treating acrylonitrile,
butadiene and styrene resin wastewater (9). Therefore, it is reasonable to assume that these
bacteria play an important role in improving the water quality in this system.

T-RFLP is a simple and powerful method for fingerprinting of the microbial community.
However, it is necessary to bear in mind that T-RFLP has the drawback of quantitative
estimation. This method is subject to a potential PCR bias, which can be excluded only by
PCR-independent approaches, e.g. FISH; that is, the relative abundance of T-RF does not
necessarily correspond to the real population size. Furthermore, a problem unique to T-RFLP
was demonstrated (3); pseudo T-RFs (those not predicted from sequence data and which
therefore have to be regarded as false T-RFs) resulted from the presence of at least partly single-
stranded DNA amplicons unsuitable for the restriction endonuclease. As these pseudo-T-RFs
were not detected in our previous study in which T-RFLP was performed under the same
experimental conditions (8), this phenomenon did not have much effect on the results of this

study. It is reasonable to suppose that increases and decreases of the relative abundance of a
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certain T-RF reflect those of bacteria, although quantitative data should be treated with caution.

Three restriction enzymes were used in this study because the results with one restriction
enzyme were insufficient to study the population dynamics of some bacterial species using
T-RFLP (13). The bacteria with a phylogenetically close relationship could generate different
sizes of T-RFs, or, conversely, phylogenetically distant bacteria could generate identically sized
T-RFs. In this study the population dynamics of the family Xanthomonas were investigated
using T-RFs of 547, 548 and 586 bp by Cfol digestion. As Haelll digestion of the family
Xanthomonas generated many sizes of T-RFs such as 77, 184, 185, 193 and 510 bp, these
T-RFs could not be identified. Moreover, bacteria generating T-RFs of 30-31 bp by Haelll
existed in each phylum. Hence, it is essential that T-RFLP analysis is performed using several
restriction enzymes for investigation of the population dynamics of particular bacteria. This is
also important for fingerprinting of the microbial community.

Using MDS analysis, microbial community succession was successfully visualized. The
microbial community structure changed significantly up until day 100. This is probably because
the seed sludge was used originally to treat livestock excreta; some bacteria in the reactor could
not survive in the presence of different substrates, or human waste. During this period, it was
observed that the plots fluctuated wildly, suggesting that the microbial community structure was
relatively unstable. By contrast, after day 100, when nitrification and denitrification started, the
microbial community structure fluctuated less. It is not certain whether the stability of the
microbial community structure improved the nitrogen removal performance of the system or
whether starting the nitrification/dinitrification reaction made the microbial community stable.
In any case, it was demonstrated that the stability of the microbial community correlated with
the nitrogen removal efficiency of this system. The plots were gathering around the plots of
days 148 and 161. Therefore, it is presumed that the observable microbial community is in a

steady state around these points.
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4.5 CONCLUSIONS

In this chapter, the microbial population and its succession in a circulation flush toilet were
monitored by T-RFLP and cloning analyses. Clone libraries of 16S rRNA gene on day 3 and
day 127 were constructed. The experimental results are summarized as follows.

1. On day 3, 102 clones were sequenced and Proteobacteria and Bacteroidetes accounted for
27% and 45%, respectively. On the other hand, Proteobacteria increased to 43% and
Bacteroidetes decreased to 26% of a total of 100 clones on day 127.

2. In T-RFLP analysis, the relative abundances of Nitrosomonas increased from 1% to 6% with
commencement of nitrification and denitrification. Similarly, relative abundance of T-RFs
generated from Xanthomonas increased from 3% to 10%. Therefore, these bacteria could
play a prominent role in this process.

3. The microbial community structure changed markedly, particularly during the start-up
period of the system. The plots then became stable after the start of nitrification and
denitrification by multidimensional scaling (MDS) analysis. This result suggests that the
succession of microbial community structure has a correlation with performance of the
system.

Information on the microbial population is important to establish and enhance the reliability
of this system for long-term operation without maintenance. It is anticipated that further
monitoring and accumulation of T-RFLP data would enable us to predict the deterioration of
water quality. Further work is needed to determine the active portion of the bacteria concerned
with nitrification and denitrification. A combination of T-RFLP analysis and stable isotope

probing methods (1) will clarify these points.
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Chapter 5

Molecular diversity of bacterial chitinases in arable soils
and effects of environmental factors on chitinolytic

bacterial community
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SUMMARY

The molecular diversity of bacterial chitinases in the bulk soils of arable lands was
investigated using culture-independent methods. The results suggest that the bacterial
chitinase genes in arable soils are highly diverse and contain the unique groups of
bacterial chitinases when compared to sequences presently in the public databases.
Secondly, the compositions of bacterial chitinase genes were evaluated based on the
polyphasic analyses including the conventional phylogenetic analysis, the application of
UniFrac analysis and MDS analysis to T-RFLP profiles of bacterial chitinase genes for
elucidating the relationship between the diversity of bacterial chitinases and soil
characteristics. The results indicate that the environmental factors such as soil types and
pH could be responsible for shaping the compositions of bacterial chitinases. Moreover,
the potential usefulness of the combination with UniFrac analysis and MDS analysis to
T-RFLP profiles are shown in the assessment of bacterial chitinase compositions,

indicating the importance of polyphasic analyses.
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5.1 INTRODUCTION

Chitin is the second most abundant polysaccharides in nature and is widely distributed across
diverse environments as a constituent of several organisms, including fungal cell walls and the
exoskeletons of insects (12). Chitin degradation is one of the key steps in the recycling of
carbon and nitrogen resources in soil ecosystems. Chitin degrading enzymes, the chitinases, are
also found in a wide variety of organisms, including fungi, plants, insects, crustaceans and
bacteria (6). In bacteria, the primary role of the chitinases is thought to be the digestion and
utilization of chitin as a carbon and energy source (2). Bacterial chitinases are often associated
with the outer membrane or are secreted as extracellular enzymes (19, 20).

Chitinases are classified as either family 18 or 19 of the glycosyl hydrolases based on amino
acid sequence similarity (13). The vast majority of known bacterial chitinases is grouped into
family 18 (37). Previous studies have proposed to subdivide family 18 bacterial chitinases into
groups A, B, and C, based on their amino acid sequence similarities in the catalytic domains
(36). So far, the most information on the diversity and distribution of the bacterial chitinases is
obtainable for the group A enzymes, and it has been speculated that the group A chitinase genes
are more abundant than the group B or C enzymes in nature (28).

To date, only a few studies have investigated chitinase diversity within terrestrial ecosystems
such as the chitin bags (28), and rhizosphere (18), whereas bacterial chitinases have been widely
retrieved from aquatic ecosystems by culture-independent methods (3, 4, 32). These studies
were evaluated on the analyses of one or a few environmental samples. While these studies
revealed the high diversity and the presence of novel groups of bacterial chitinases in various

environments, little is known about the relationships between the compositions of bacterial
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chitinases and environmental factors. This is because of that most of previous studies
investigated the diversity of bacterial chitinases in each sample not multiple samples by the
application of conventional phylogenetic analysis. In addition, it would be difficult to visualize
the relationships among multiple environmental samples based on the large set of sequence data.
However, comparisons of bacterial chitinase sequences retrieved from multiple soil samples
with distinct chemical and physical characteristics may yield insights into how soil
environmental conditions affect the structure of chitinolytic bacterial communities.

Recently, new phylogenetic methods, such as UniFrac (25) and TreeClimber (34), have been
introduced in order to measure the distance of molecular diversities between microbial
communities. While these methods so far have been used on the basis of 16S rDNA sequence
data (26, 41), no attempt has been made on the basis of functional genes such as bacterial
chitinases with these new approaches. Meanwhile, terminal restriction fragment length
polymorphism (T-RFLP) analysis has been shown to be a reliable fingerprint method for
analyzing complex bacterial communities in nature (15, 16, 24, 31). In previous studies, the
potential usefulness of T-RFLP analysis was demonstrated for analyzing the molecular diversity
of bacterial chitinases in soils (16). Furthermore, statistical analyses, such as principal
component analysis (PCA) and multidimensional scaling (MDS) analysis, of T-RFLP
fingerprinting profiles are preferred methods for visualizing microbial diversity to facilitate the
comparisons of complex microbial communities (5, 14, 42).

The aim of this chapter is to investigate the molecular diversity of bacterial chitinases in the
bulk soils of multiple arable lands and effects of environmental factors on the compositions of
bacterial chitinases. The compositions of bacterial chitinases were evaluated based on the
polyphasic analyses including the conventional phylogenetic analysis, the application of
UniFrac analysis, and MDS analysis to T-RFLP profiles of bacterial chitinases for elucidating

the relationships between the diversity of bacterial chitinases and soil characteristics.
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5.2 MATERIALS AND METHODS

5.2.1 Soil samples and DNA extraction

The soil collection sites and soil properties are shown in Table 1 as previously described (17).
The soil samples were collected from diverse geological locations in Japan (Table 1). Briefly,
about 1 kg of soil was sampled in each location from a 2~20 cm depth, without the surface soil

[0~2 cm depth), and immediately transported to our laboratory and stored at 4°C.

Table 1. Sampling locations and soil characteristics.

Tame  Prewcurey  solgouping  PHEC PACT %Ot o' (BN Content 06
EH Hokkaido/Eniwa Andosol 54 10.2 1930 3.8 0.7 11 8.5
GG Gifu/Gifu Andosol 6 7.5 544 1.3 0.5 4.1 2.7
HA Aomori/Hirosaki Andosol 5.2 81.7 1880 6.5 0.9 16.6 13.1
HO Osaka/Habikino Andosol 52 333 470 1.9 0.5 4.6 3.9
IN Nagasaki/Isahaya Acrisol 42 248 1200 1 0.6 11.6 2.5
KH Hokkaido/Kasai Andosol 5.6 12.6 1750 2.8 0.6 9.8 7
KK Kagawa/Takamatsu Andosol 6 10.7 516 1.6 0.5 39 3.9
KN Nara/Kasihara Gleysol 5.4 13.9 826 2 0.8 54 8.9
MH Hokkaido/Bibai Histosol 7.1 16.4 976 3.8 0.6 8.6 6.1

MH2 Hokkaido/Bibai Histosol 5.6 73.6 1590 17.2 1.4 33 39.8
MI Iwate/Morioka Andosol 5.8 11.7 2370 9.3 1 23.6 21.1
SA Akita/Daisen Andosol 6.5 6.2 1550 3.2 0.5 11.3 7
ST Tochigi/Sakura Andosol 7.6 12.2 1980 3 0.5 15.1 7.2
UT Ibaraki/Tsukuba Andosol 6.1 6.6 1880 43 0.6 15.9 10.2
YH Hyogo/Kato Cambisol 5.5 16.7 802 2.8 0.6 6.7 10.3

“The east longitude. "The north latitude. “Electrical conductivity. “Phosphate adsorption coefficient. *Total carbon level. 'Total
nitrogen level.

After sieving the soils (2 mm, diameter), 0.5 g aliquots were collected into 2 ml microtubes

and stored at -80°C. All samples were collected between the end of October and the beginning
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of November, 2004. The quantified soil characteristics that we previously reported (17) were
subjected to principal component analysis using the software ‘Excel statistics 2002’ (Social
Survey Research Information Co., Ltd, Tokyo, Japan). DNA extraction was carried out by a soil

DNA extraction method previously reported by our group (17).

5.2.2 PCR amplification of bacterial chitinase gene

PCR amplifications of bacterial chitinase gene were carried out based on a protocol as
previously described (18). Briefly, the PCR primers used were GA1F (cgt cga cat cga ctg gga
rtd bee) and GAIR (acg ccg gtc cag cen ckn cer ta), as previously reported (43). The PCR
reaction mixture (total 25 pl) contained 2.5 pl of 10 x buffer, 5 ug of BSA, 0.5 uM of primers,
200 uM of each dNTP and 2 U of Ex Tag HS DNA polymerase (TaKaRa Bio, Shiga, Japan).
One microliter (5 ng of DNA) of soil DNA was used in each amplification reaction as a
template. The PCR amplification program consisted of 2 min at 94°C, 35 cycles of 30 sec at
94°C and 30 sec at 68°C, and a final extension time of 7 min at 72°C in a GeneAmp PCR
System 9700 (Applied Biosystems, Tokyo, Japan). PCR products were verified by
electrophoresis on 2% (w/v) agarose gels, followed by 20 min of staining with ethidium

bromide (10 pl 1.

5.2.3 Cloning and sequencing of PCR products

The resulting PCR products (10 pl) were then purified with Microcon YM-100 (Millipore,
Bedford, Mass.) and eluted in 20 pl of TE buffer. These purified PCR products were
subsequently ligated to a pCR4-TOPO Vector and transformed into ECOS Competent E. coli
DH5a Cells (NIPPON GENE, Tokyo, Japan) using a TOPO TA cloning kit (Invitrogen Corp.,
Carlsbad, CA, USA). Transformants were plated on LB-agar containing 50 pg/ml ampicillin,

and were incubated overnight at 37°C. Colonies of transformed cells were picked at random,
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and were suspended in PCR reaction mixtures for insert check. The PCR reaction mixture (total
20 pl) contained 2 pl of 10 x buffer, 0.4 uM of M13 primers, 200 uM of each dNTP and 0.5 U
of Blend 7ag -Plus- DNA polymerase (TOYOBO, Osaka, Japan). The PCR amplification
program used for insert check consisted of 2 min at 94°C, 30 cycles of 30 sec at 94°C, 20 sec at
55°C and 1 min at 72°C, and a final extension time of 7 min at 72°C. The amplified inserts were
verified by electrophoresis on 2% (w/v) agarose gels as described above. The amplified inserts
(10 pl) were then purified with Montage PCR kit (Millipore) and eluted in 15 pl of TE buffer.
DNA sequencing reactions were performed by using M13 reverse and forward primers and a
BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) according to the
manufacturer’s protocol, and the reaction products were analyzed on ABI3130 Genetic Analyzer.

Sequence data were assembled using ATGC software (GENETYX corporation, Tokyo, Japan).

5.2.4 Sequence analyses

Sequence data were compared to public database entries using BLASTX and sequence
matches were considered to be significant for scores >50 (29). For phylogenetic analysis,
alignments of deduced amino acid sequences were performed using the CLUSTAL W program
(39) and the neighbor-joining method was used for building the phylogenetic trees (33). The
Phylip format tree output was applied using the bootstrapping procedure (7) (the number of
bootstrap trials used was 1000).

UniFrac (25) was applied to a test for examining statistical differences of bacterial chitinase
compositions among soil samples. First, phylogenetic trees were constructed for the chitinase
gene sequences using the neighbor-joining method as implemented in PAUP 4.0 beta Win.
Testing was then carried out to detect differences of molecular diversity of bacterial chitinases

among soil samples using the UniFrac statistics (http://bmf.colorado.edu/unifrac/index.psp).
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5.2.5 T-RFLP analysis

Terminal restriction fragment length polymorphism (T-RFLP) analysis was carried out with
the minor modifications previously described (38). Briefly, PCR amplifications were performed
essentially as described above, except that the 5° end of the reverse primer was labeled with
6-carboxyrhodamine (Sigma Genosys, Hokkaido, Japan) for fluorescent detection. PCR
products were verified by electrophoresis on 2% (w/v) agarose gels as described above.
Fluorescently labeled PCR products (10 pl) were purified with a Microcon YM-100 (Millipore)
and eluted in 20 pl of TE buffer. Aliquots (5 ul) were then digested in a total volume of 20ul for
4 h at 37°C with Afal and Hhal (TaKaRa Bio), respectively. Two restriction enzymes were used
in the present study, because the results with one restriction enzyme may be insufficient to
evaluate the microbial diversity using T-RFLP due to the possible bias of restriction sites (23).
The digests (10 pl) were purified by ethanol precipitation. The precipitate was mixed with 0.5 pl
of GeneScan 500-LIZ size standard (Applied Biosystems) and 30 ul of deionized formamide.
After DNA denaturation at 94°C for 5 min and immediate chilling on ice, the fluorescently
labeled terminal fragments were analyzed by electrophoresis on an ABI PRISM 3100 Genetic
Analyser automated sequence analyser (Applied Biosystems) in the GeneMapper mode. The
injection time was 15 sec and the run time was 30 min. Reproducibility of T-RFLP profiles was

confirmed by conducting duplicate T-RFLP analyses using the same DNA extract.

5.2.6 MDS Analysis of T-RFLP profiles for bacterial chitinase genes

Signals with a peak area contribution below 1% (27) were regarded as background noise and
excluded from analysis. Moreover, in order to avoid detection of primers and uncertainties of
size determination, terminal fragments smaller than 30 bp were excluded from further analysis.
The relative abundance of terminal fragments within the sections was determined by calculating

the ratio between the height of each peak and the total height of all peaks within one sample.
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The Euclidean distance between each sample was calculated based on the data of peak size and
relative abundance, and then, differences among communities were assessed graphically using
the ordination method of nonmetric multidimensional scaling (MDS) (21). All statistical

analyses were performed using SPSS software (SPSS Inc., Chicago, IL).

5.2.7 Nucleic sequence accession numbers
Bacterial chitinase genes sequenced in the present study have been deposited in the DDBJ

database under the accession numbers AB361658-AB362158.
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5.3 RESULTS

5.3.1 Soil analysis

The similarities of soil characteristics among the samples were examined by PCA. The first
principal component, PC1, and the second principal component, PC2, explained 64.7 and 19.2%
of the variance of the data, respectively (Fig. 1). The results of PCA showed that the ordering on
PC1 mostly corresponded to organic and humic acid content, since high-content samples and
low-content samples were located at opposite ends on the PC1 axis, respectively. Likewise, the

ordering on PC2 mostly corresponded to pH of soil samples (Fig. 1).
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Fig. 1 PCA analysis of soil characteristics
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5.3.2 Phylogeny inference of the bacterial chitinases cloned from bulk soils

In order to investigate the diversity of bacterial chitinases in bulk soils, 15 arable soil samples
were selected based on the results of PCA for the soil characteristics. Bacterial chitinase genes
were amplified, cloned, and then sequenced. A total of 501 clones were obtained from 15 arable
soil samples. BLASTX searches of these clones revealed that these sequences had 40 to 70%
similarities to chitinases listed in the current public databases at the amino acid level (August
2007). About 100 sequences of bacterial chitinases were appended to the phylogenetic analysis,
whose sequences are composed of the representative chitinase genes and the most closely
related genes of each of clones with respect to BLASTX searches. Phylogenetic analysis placed
the deduced amino acid sequences of chitinases cloned in the present study into nine clusters,

designated clusters A to I (Fig. 2).
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Clusters A and E contained a number of known chitinase genes. Cluster A contained the
chitinases of Bacillus and Streptomyces sp. such as Chi C of Bacillus circulans (D89568), Chi B
of Bacillus cereus (AAS39432), Chi C of Streptomyces avermitilis (NC003155) and Chi D of
Streptomyces coelicolor (AB017011). Cluster E contained the chitinases from a wide range of
known species such as Burkholderia cepacia (ABI86986), Chi A of Alteromonas sp. (D13762),
Chi II of Saccharopolyspora erythraea (CAMO05726) and so on. The other clusters contained
only a few chitinases retrieved from culturable bacteria in each cluster. Especially cluster H

contained only the sequences cloned in the present study.

5.3.3 The polyphasic analyses of the diversity of bacterial chitinase genes

UniFrac analysis and MDS analysis to T-RFLP profiles were employed in order to compare
the diversity of bacterial chitinases among soil samples. Firstly, the diversity of bacterial
chitinases was evaluated by UniFrac analysis using sequence data as shown in Fig. 3 (25). The
andosol samples converged in a large cluster (cluster A in Fig. 3). The other samples with
different soil types such as acrisol, cambisol, histosol and gleysol were branched in deep-rooted

positions of the dendrogram (cluster B in Fig. 3).
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Secondly, the similarity of compositions of bacterial chitinases was visualized by MDS
analysis to T-RFLP profiles. Amplification of bacterial chitinase genes with a fluorescently
labeled primer set yielded a single band of the expected size (approximately 400 bp). T-RFLP
profiles were generated using PCR products digested with Afal and Hhal (data not shown). In
the present study, duplicate experiments of T-RFLP analyses with Afal and Hhal showed the
identical MDS patterns, respectively, indicating high reproducibility of T-RFLP profiles. MDS
analysis to T-RFLP profiles with Afal digestions placed fifteen soil samples into three clusters
(Fig. 4-A). On the other hand, as for Hhal digestions, MDS analysis placed fifteen soil samples
into two clusters and several scattered points (Fig. 4-B). One cluster with both Afal and Hhal
digestions consisted of same soil samples (GG, KH, KK, MH2, MI, SA1, and UT). The other
cluster with both Afal and Hhal digestions consisted of almost all same soil samples (EH, HA,
and KN) except for the samples (IN and MH). These results indicated that the diversity of

chitinases was successfully visualized using MDS analysis to T-RFLP profiles.
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5.4 DISCUSSION

5.4.1 Phylogeny inference of the bacterial chitinases cloned from bulk soils

Phylogenetic analysis indicate the cloned chitinases are evenly distributed among each of
clusters regardless of the types of soil samples, suggesting that there is no clear relationship
between the molecular diversity of bacterial chitinases and soil characteristics. About 40% of
sequences cloned in the present study are included in the cluster A (Fig. 2). Cluster A contained
a number of chitinases of Bacillus and Streptomyces species, both of which are well known as
important chitin degraders in soils (10, 11, 30, 40, 43). Thus, it is reasonable to assume that
about 40% of sequences cloned in the present study are shown to be closely related to the
chitinases of Bacillus and Streptomyces species. In contrast, the other clusters contained only a
few chitinases retrieved from culturable bacteria in each cluster, except for cluster E that
contained chitinases from a wide range of bacterial species. These clusters suggest the presence
of novel groups of bacterial chitinases in bulk soils of arable lands. Especially, the phylogenetic
analysis clearly indicate that clusters G and H are quite unique groups because a few sequences
presently in the public databases are included in the cluster G and H, according to phylogenetic
analysis appended to 2,690 sequences of bacterial chitinases. A total of 2,690 sequences of
bacterial chitinases were collected from GenBank as of 4 January 2008 [We estimated the total
number of sequences of bacterial chitinases published in GenBank with an Entrez search with
chitinase AND bacteria.] in order to compare with bacterial chitinase sequences currently
deposited in the public databases.

Then, the chitinases sequenced in the present study were compared with the chitinases

retrieved from the chitin bags, since this report described the first molecular diversity of
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chitinase in terrestrial ecosystems (28). Although the same primers were employed, the
chitinases of our results were noticeably different. All the chitinases retrieved from the chitin
bags were contained in the cluster E (data not shown). This difference might be explained by
several reasons such as the biased diversity of microbial communities within chitin bags, the
difference of soil types, or the use of different conditions for PCR amplifications. Secondly, the
chitinases sequenced in the present study were compared with the chitinases of a maize field
(18), since this report described the first molecular diversity of bacterial chitinases retrieved
from DNA extracted from soil samples. The chitinases retrieved from the maize field were also
included into the clusters A to I, except for cluster G (data not shown). According to
phylogenetic analysis appended to 2,690 sequences of bacterial chitinases, cluster G contained
bacterial chitinases retrieved from aquatic ecosystems such as marine sediment and intertidal
hot spring. Thus, the chitinases in the cluster G were first shown to be present in terrestrial
ecosystems in the present study. As for the cluster H, the chitinases retrieved from rhizosphere
and ground water were merged (data not shown). Thus the chitinases in the cluster H were first
shown to be present in bulk soils of arable lands in the present study. These results clearly
indicate that the compositons of bacterial chitinases in bulk soils of arable lands are diverse and
unique than those of previous studies based on both cultured and uncultured based

methodologies.

5.4.2 The polyphasic analyses of the diversity of bacterial chitinase genes

UniFrac analysis and MDS analysis of T-RFLP profiles were employed in order to compare
the diversity of bacterial chitinases among soil samples with the distinct characteristics. To date,
a few studies have compared the molecular diversity of chitinases across a broad range of
distinct environments (22). UniFrac analysis is a suit of tools for the comparison of microbial

communities using phylogenetic information, and has been used on the basis of sequence data
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of 16S rRNA (26, 41). In the present study, UniFrac analysis was adapted on the basis of
sequence data of bacterial chitinases. The results indicate that the compositions of the bacterial
chitinases are mostly affected by soil types as shown by clusters A and B in Fig. 4. Similar
results were reported in the previous studies showing that soil type was the key factor
determining bacterial community composition in soil environments such as the rhizosphere (1)
and three separate arable farm soils (9). Moreover another previous study described that the
bacterial community were significantly affected by particle size (35). Thus it is reasonable to
assume that the bacterial chitinases are affected by soil types. Meanwhile three sub-clusters (Al,
A2 and A3 in Fig. 4) formed within cluster A ranged in pH 5.2-5.6, pH 5.2-6.1 and pH 6.0-7.6,
respectively. This result further suggests that the soil pH may be partially responsible for
shaping the compositions of bacterial chitinases. Previous study have shown that the diversity
and richness of soil bacterial communities could largely be explained by soil pH (8).

As contrasted with the sequence-based analyses, T-RFLP is a simple and powerful
fingerprinting method for evaluating the diversity of a microbial community. However, a few
studies have analyzed the diversity of functional genes using a T-RFLP profiles (44). MDS
analysis was used to visualize the relationships among the samples based on the results of
T-RFLP analysis. The distance among plots in MDS analysis indicates the similarity among the
samples (Fig. 5). We focused our attention on the cluster contained same number of the samples
both Afal and Hhal (GG, KH, KK, MH2, MI, SA1, and UT in Fig. 4). The pH of these soil
samples ranged 5.6-6.5, whereas pH of other scattered samples ranged below 5.5 or above 7.1.
This result indicates that compositions of bacterial chitnases around pH 6 are broad range of
chitinolytic bacterial communities and suggests that soil pH could be partially responsible for
shaping the compositions of bacterial chitinases, similar to the results of UniFrac analysis.

With regard to usefulness of polyphasic analyses, it is assumed to be inappropriate for

phylogenetic analysis to visualize the relationships among soil samples because of the large set
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of sequence data. Compared to phylogenetic analysis, UniFrac analysis and MDS analysis to
T-RFLP profiles were available for visualizing the relationships among multiple environmental
samples. However, there were significant differences in existence or nonexistence of sequence
data between UniFrac analysis and MDS analysis to T-RFLP profiles. A bias of cloning
experiment via E. coli cells should be considered in UniFrac analysis, since UniFrac analysis
must be based on the phylogenetic information on sequenced chitinases whereas MDS analysis
to T-RFLP profiles might be evaluated all amplified chitinase genes. On the other hand, MDS
analysis to T-RFLP profiles should consider a bias of restriction sites, although two restriction
enzymes were used in the present study. In the present study, the result of UniFrac analysis
clearly suggests that soil characteristics such as soil types and pH are important factors for
affecting the compositions of the bacterial chitinases in bulk soils of arable lands. Meanwhile,
the result of MDS analysis to T-RFLP profiles suggests that the soil pH may be partially
responsible for shaping the compositions of bacterial chitinases. Thus these results indicates that
soil pH may have a stronger influence on the compositions of bacterial chitinases than the soil
types. Moreover, MDS analysis to T-RFLP profiles is effective in reducing a bias of cloning

experiment via E. coli cells for the assessments of molecular diversity of functional genes.
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5.5 CONCLUSION

In this chapter, we investigated the molecular diversity of bacterial chitinases in the bulk soils
of multiple arable lands and effects of environmental factors on the compositions of bacterial
chitinases. The compositions of bacterial chitinases were evaluated based on the polyphasic
analyses including the conventional phylogenetic analysis, the application of UniFrac analysis,
and MDS analysis to T-RFLP profiles of bacterial chitinases for elucidating the relationships
between the diversity of bacterial chitinases and soil characteristics. The experimental results
are summarized as follows.

1. The results in the present study suggest the high diversity of bacterial chitinases in bulk
soils of arable lands and imply the presence of unique groups of bacterial chitinases.

2. The results also indicate that the environmental factors such as soil types and pH could be
responsible for shaping the compositions of bacterial chitinases. Especially, the influence of
the pH of soil samples is suggested by the both results of UniFrac analysis and MDS
analysis to T-RFLP profiles.

3. These results indicate the potential usefulness of UniFrac analysis and MDS analysis to
T-RFLP profiles in addition to a conventional phylogenetic analysis based on a sequence
data set.

Thus the polyphasic analyses in the combinations of these molecular methods would facilitate
the assessments of molecular diversity of functional genes in nature. Moreover, MDS analysis to
T-RFLP profiles is effective in profiling the molecular diversity of functional genes and
reducing a bias of cloning experiment via E. coli cells for the assessments of molecular diversity

of functional genes.
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Chapter 6

The effectiveness of screening of environmental samples

in metagenomic analysis using T-RFLP analysis
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SUMMARY

The target genes represent a small proportion of the total nucleic acid fraction in the
metagenomic analysis. It is important for suggesting the existence of the target genes,
especially in the genes that include novel base sequence and/or characteristics. In this
chapter, several environmental samples were profiled with T-RFLP and MDS analysis to
assess the effectiveness of screening of environmental samples in metagenomic analysis.
First, the molecular diversity of esterases among the environmental samples was
investigated using T-RFLP and MDS analysis. MDS pattern indicate that there are
different types of esterases among three clusters, while there are similar types of esterases
among the same kinds of samples. Secondly, novel esterase genes were retrieved from
environmental samples, and then examined the relationship between molecular diversity
of esterases through MDS pattern and characteristics of novel esterase genes through
phylogenetic analysis. As compared with MDS pattern, phylogenetic analysis of novel
esterase genes shows a little relationship of MDS pattern. The potential usefulness of MDS
analysis to T-RFLP profiles are shown in the assessment of the effectiveness of screening
of environmental samples in metagenomic analysis. Thus MDS analyses to T-RFLP
profiles make it possible to place the types of novel esterases based on the sequence

similarity into each cluster corresponding to MDS pattern among environmental samples.
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6.1 INTRODUCTION

Esterases (EC 3.1.1.x) are defined as hydrolases catalyzing the cleavage and formation of ester
bonds and are considered to be some of the most useful biocatalysts in the synthetic organic
chemistry (3). Two major classes of hydrolases are of utmost importance: carboxylesterases (EC
3.1.1.1) and lipases (EC 3.1.1.3). For example, lipases (EC 3.1.1.3) are defined as
carboxylesterases which catalyze the hydrolysis of long-chain acylglycerols and .play an
important role in a variety of biotechnological applications such as the processing of oils and
fats, detergent manufacturing (8). Esterases are widely distributed in animals, plants and
microorganisms. Especially, microorganisms have been found to be a major source of a variety
of esterases.

However, current research indicates that more than 99% of the microorganisms in the
environment can not be easily cultivated (1, 10). The genomes of as yet uncultured
microorganisms represent rich repositories of genetic resources for novel genes and chemical
compounds (9, 13). To overcome the difficulties and limitations associated with cultivation
techniques, a new technology of the culture-independent genomic analysis of environmental
DNA, metagenomics, has been developed over the past decade and has led to the discovery and
characterization of a wide range of novel genes or biocatalysts (5, 12). In the metagenomics, the
target genes represent a small proportion of the total nucleic acid fraction. Thus, pre-enrichment
or screening of the sample thus provides an attractive means of enhancing the positive hit rate
4).

On the other hand, terminal restriction fragment length polymorphism (T-RFLP) is highly

effective in fingerprinting the microbial community structure. Moreover, a combination of
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T-RFLP with statistical analysis such as principal component analysis and multidimensional
scaling (MDS) analysis provides useful information about visualizing the structure of microbial
communities (6). However, there are very few studies on screening of the environmental
samples in metagenomic analysis by applying for T-RFLP combined with statistical analysis.
Hence, it is significant that T-RFLP combined with cloning and/or statistical analysis is applied
to obtain the microbial community fingerprints for screening environmental samples.

The objective of this chapter is to evaluate the effectiveness of screening of environmental
samples in metagenomic analysis through T-RFLP combined with cloning and/or statistical
analysis. We have chosen the novel esterase as our target enzyme. We examined the relationship
between molecular diversity of bacterial esterases through T-RFLP combined with statistical

analysis and characteristics of novel esterase genes retrieved from environmental samples.
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6.2 MATERIAL AND METHODS

6.2.1 DNA extraction from environmental samples

Environmental samples were collected from activated sludges, soils, stools, composts and
appendices. DNA was extracted from approximately 5 g of each sample using ISOIL
(NIPPONGENE, Toyama, Japan) according to the manufacturer’s instructions. The yield and
quality of the DNA were checked by measuring absorbance at 260 nm and 280 nm using a

BECKMAN COULTER DU"640 spectrophotometer (Palo Alto, Calif).

6.2.2 PCR conditions

PCR amplifications were carried out using the minor modification as previously described by
Bell et al (2). Briefly, the PCR primers used for the amplification of putative esterases were
OXF1 (ccy gtk gts ytn gtn cay gg) and ACR1 (agg cen ccc akn gar tgn sc). For fluorescence
detection, the 5’ end of the forward primer was labeled with BODIPY®FL (J-Bio21, Ibaraki,
Japan). The PCR reaction mixture (total 25 pl) contained 2.5 ul of 10 x buffer, 4 pM of primers,
200 uM of each dNTP and 1 U of Blend Tag —Plus- DNA polymerase (TOYOBO, Osaka,
Japan). Three microliter (10 ng/ul of DNA) of environmental DNA was used in each
amplification reaction as the template. The PCR amplification program consisted of 2 min at
94°C, 50 cycles of 30 sec at 94°C, 30 sec at 50°C and 90 sec at 72°C, and a final extension time
of 7 min at 72°C in a GeneAmp PCR System 9700 (Applied Biosystems, Tokyo, Japan). PCR
products were verified by electrophoresis on 2% (w/v) agarose gels, followed by 20 min of

staining with ethidium bromide (10 pl ™).

121



Screening of environmental samples using T-RFLP

6.2.3 T-RFLP and MDS analysis

T-RFLP analysis was carried out according to the method previously described (14). Briefly,
fluorescently labeled PCR products (10 ul) were purified with a Microcon YM-100 (Millipore)
and eluted in 20 pl of TE buffer. Aliquots (5 ul) were then digested in a total volume of 20ul for
4 h at 37°C with Hhal (TaKaRa Bio). The digests (10 pl) were purified by ethanol precipitation.
The precipitate was mixed with 0.5 pl of GeneScan 500-LIZ size standard (Applied Biosystems)
and 30 pl of deionized formamide. After DNA denaturation at 94°C for 5 min and immediate
chilling on ice, the fluorescently labeled terminal fragments were analyzed by electrophoresis
on an ABI PRISM 3100 Genetic Analyser automated sequence analyser (Applied Biosystems)
in the GeneMapper mode. Reproducibility of T-RFLP profiles was confirmed by conducting
duplicate T-RFLP analyses using the same DNA extract. Then, multidimensional scaling
(MDS) analysis was also carried out according to the protocol previously described (14). All

statistical analyses were performed using SPSS software (SPSS Inc., Chicago, IL).

6.2.4 Retrieval of putative esterase genes from environmental samples

Putative esterase genes were retrieved from environmental samples according to the method,
pre-amplified inverse PCR (PAI-PCR), previously described (18). Open reading flame (ORF)
analysis was performed using GENETYX software (GENETY X, Tokyo, Japan). Putative ORFs

were translated and used as queries for blastp searches against the NCBI protein database.

6.2.5 Phylogenetic analysis

For phylogenetic analysis, alignments of deduced amino acid sequences were performed
using the CLUSTAL W program (15) and the neighbor-joining method was used for building
the phylogenetic trees (11). The Phylip format tree output was applied using the bootstrapping

procedure (7) (the number of bootstrap trials used was 1000).
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6.3 RESULTS

6.3.1 T-RFLP and MDS analysis

Several environmental samples were profiled with T-RFLP and MDS analysis to assess the
effectiveness of screening of environmental samples in metagenomic analysis. Environmental
samples were collected from activated sludges, soils, stools, composts and appendices. PCR
products from each environmental DNA were obtained using a degenerate esterase-targeted
primer set labeled with BODIPY®FL to amplify appropriate 200-250 bp fragments (data not
shown). T-RFLP electropherograms were generated using PCR products digested with Hhal.
T-RFLP electropherograms differ significantly among environmental samples (Fig. 1). This

result indicated that there were different types of esterases among environmental samples.
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Fig. 1. T-RFLP electropherograms after digestion with Hhal

(a) activated sludge, (b) soil, (c)stool
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Secondly, MDS analysis was then used to visualize the relationships among the samples
based on the results of T-RFLP analysis. In this study, duplicate experiments of T-RFLP
analyses with Hhal showed the MDS pattern. Points close to each other mean that the sequence
similarity of esterases between samples is probably similar. The result indicated that MDS
pattern of T-RFLP profiles with Hhal digestions placed nineteen environmental samples into
three clusters (Fig. 2). The first cluster is composed of activated sludges and composts (Cluster
I). The second cluster is composed of soils (Cluster II). The third cluster is composed of stools
and appendix of horses (Cluster III). Moreover, points were close to each other among the same
kinds of samples. For example, all points of activated sludges were included in cluster I, and all
points of stools were included in cluster III, and so on. Thus, these results indicated that there
were different types of esterases among three clusters, while there were similar types of

esterases among the same kinds of samples.
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Fig. 2 Multidimensional scaling analysis of T-RFLP results. Symbols: closed circles; activated

sludge, open circles; soil, open triangles; compost, crosses; stool, open square; appendix,
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6.3.2 Retrieval of putative esterase genes from environmental samples

Putative esterase genes were retrieved from environmental samples according to PAI-PCR

(18). PCR amplifications were performed essentially as described above, except that the 5° end

of the forward primer was not labeled with BODIPY®FL. PCR products were ligated into a

TA-cloning vector, and used to transform cells of E. coli. Transformants were randomly picked

up and then the sequences were determined. The sequence similarity to the known esterases was

used to select for the clones which should be amplified by PAI-PCR. Sequencing analysis of the

amplification products by PAI-PCR demonstrated that thirteen putative novel esterase genes

were retrieved from several environmental samples (Table 1).

Table 1 Characterization of putative esterase genes cloned from environmental samples

Gene | Sample Size (aa) | Identities | E-value | Accession No. Homologue
® Sludge 304 37% 1.00E-38 | ABDO05759 Alpha/beta hydrolase [Rhodopseudomonas palustris HaA2]
@ Sludge 304 33% 7.00E-37 | EAXA43775 putative hydrolase protein [Ralstonia pickettii 12]J]
©)) Soil 293 76% 1.00E-95 | ABF40304 | hypothetical protein Acid345_ 1302 [Acidobacteria bacterium Ellin345]
@ Soil 291 41% 4.00E-57 | AAG06337 probable lipase [Pseudomonas aeruginosa PAO1]
® Soil 290 49% 3.00E-73 | ABD25138 | alpha/beta hydrolase [Novosphingobium aromaticivorans DSM 12444]
® Compost 261 45% 8.00E-46 | ABQ92942 alpha/beta hydrolase [Rseiflexus sp. RS-1]
@ Soil 315 36% 7.00E-47 | AAMA40072 conserved hypothetical protein [Xanthomonas campestris]
Stool 289 32% 1.00E-30 | AAZ32719 lipase/esterase [uncultured bacterium]
©) Soil 260 72% 4.00E-66 | ABC91194 putative hydrolase protein [Rhizobium etli CFN 42]
Stool 272 41% 1.00E-37 | ABQ46908 phospholipase/Carboxylesterase [ Thermotoga petrophila RKU-1]
) Soil 231 46% 4.00E-50 | EAP71282 esterase [Ralstonia solanacearum UW551]
@ Compost 315 48% 2.00E-75 | CAKO08822 putative lipase [Rhizobium leguminosarum bv. viciae 3841]
® Soil 279 63% 4.00E-74 | EAV06637 alpha/beta hydrolase fold [Burkholderia phytofirmans PsJN]
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About thirty sequences of esterases were appended to the phylogenetic analysis, whose

sequences are composed of the obtained putative esterases and the closely related genes of each

of clones with respect to BLASTX searches. Phylogenetic analysis placed the deduced amino

acid sequences of esterases cloned in the present study into four clusters, designated clusters A

to D (Fig. 3).
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Fig. 3. Phylogenetic dendrogram based on the obtained esterases and the closely related genes
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As compared with MDS analyses to T-RFLP profiles, phylogenetic analysis showed a little
relationship of MDS pattern. Cluster A contained putative esterases retrieved from the sample
of cluster I and II. Cluster B contained only putative esterases retrieved from the sample of
cluster II. Cluster C contained only one putative esterase retrieved from the sample of cluster III.
Cluster D contained putative esterases retrieved from the sample of all kinds of clusters. These
results raised the high possibility that different types of esterases were retrieved from the
samples shown different cluster by MDS pattern. Each cluster of MDS pattern roughly
corresponded to the cluster in phylogenetic analysis. Thus, MDS analysis to T-RFLP profiles
made it possible to place the types of novel esterases based on the sequence similarity into each

cluster corresponding to MDS pattern among environmental samples.
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6.4 DISCUSSIONS

Microbial communities are characterized by extraordinary numbers of cells and species
richness (16). The target genes represent a small proportion of the total nucleic acid fraction in
the metagenomic analysis. Thus it is important for suggesting the existence of the target genes,
especially in the genes that include novel base sequence and/or characteristics. In this study,
MDS analysis to T-RFLP profiles was adapted to esterases in order to elucidate the relationships
between the diversity of esterases and characteristics of novel esterase genes among
environmental samples. As contrasted with the sequence-based analyses, T-RFLP is a simple
and powerful fingerprinting method for evaluating the diversity of a microbial community. On
the other hand, T-RFLP profiles should consider the bias of PCR, degenerate primer set and
restriction sites. However, a few studies have analyzed the diversity of functional genes using a
T-RFLP profiles (17). MDS analysis was used to visualize the relationships among the samples
based on the results of T-RFLP analysis. First, the molecular diversity of esterases among the
environmental samples was investigated using T-RFLP and MDS analysis. The distance among
plots in MDS analysis indicates the similarity among the samples (Fig. 2). We focused our
attention on the samples forming a same cluster. Secondly, novel esterase genes were retrieved
from environmental samples, and then examined the relationship between molecular diversity of
esterases through MDS pattern and characteristics of novel esterase genes through phylogenetic
analysis. The phylogenetic analysis raised the high possibility that different types of esterases
were retrieved from the samples shown different cluster by MDS pattern. As compared with
phylogenetic analysis, MDS analysis to T-RFLP profiles shows a little relationship of

characteristics of novel esterase genes among environmental samples. Thus MDS analysis to
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T-RFLP profiles makes it possible to place the types of novel esterases based on the sequence

similarity into each cluster corresponding to MDS pattern among environmental samples.

129



Screening of environmental samples using T-RFLP

6.5 CONCLUSIONS

In this chapter, several environmental samples were profiled with T-RFLP and MDS analysis
to assess the effectiveness of screening of environmental samples in metagenomic analysis. First,
the molecular diversity of esterases among the environmental samples was investigated using
T-RFLP and MDS analysis. Secondly, novel esterase genes were retrieved from environmental
samples, and then examined the relationship between molecular diversity of esterases through
MDS pattern and characteristics of novel esterase genes. The experimental results are
summarized as follows.

1. MDS pattern indicate that there are different types of esterases among three clusters, while
there are similar types of esterases among the same kinds of samples. The first cluster is
composed of activated sludges and composts (Cluster I). The second cluster is composed of
soils (Cluster II). The third cluster is composed of stools and appendix of horses (Cluster
II).

2. Thirteen putative novel esterase genes were retrieved from several environmental samples.
According to phylogenetic analysis, phylogenetic analysis placed the deduced amino acid
sequences of esterases cloned in the present study into four clusters. As compared with
MDS pattern, phylogenetic analysis shows a little relationship of MDS pattern.

The potential usefulness of MDS analysis to T-RFLP profiles are shown in the assessment of
the effectiveness of screening of environmental samples in metagenomic analysis. MDS
analyses to T-RFLP profiles make it possible to place the types of novel esterases based on the
sequence similarity into each cluster corresponding to MDS pattern among environmental

samples.
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7.1 Summary of this study and conclusive remarks

The Molecular biology have been developed rapidly over the last few decades and shown that
the diversity of environmental microorganism is greater than initially anticipated. Moreover,
more than 99% of the environmental microorganisms are unculturable. These microorganisms
have the potential to be utilized as two major aspects of biotic function and biological resources.
In either case, to utilize the microorganisms more effectively, it is important for obtaining the
microbial community fingerprints. Recently, some molecular methods have been developed for
analysis of the microbial community structure of environmental samples. Especially, terminal
restriction fragment length polymorphism (T-RFLP) is highly effective in fingerprinting the
microbial community structure. Moreover, a combination of cloning and/or statistical analysis
with T-RFLP is available for monitoring or screening the samples. However, sufficient studies
combined with cloning and/or statistical analysis have not been conducted for monitoring
microbial community transition or screening environmental samples. Hence, it is significant that
T-RFLP combined with cloning and/or statistical analysis is applied to obtain the microbial
community fingerprints for development of environmental biotechnology and utilization of
environmental microorganisms.

Thus, the objective of this study is to demonstrate the efficacy of T-RFLP in applying for
environmental biotechnology under the following points:

1. Evaluation of monitoring the microbial communities in the wastewater treatment processes
through T-RFLP and MDS analysis,

2. Evaluation of screening the environmental samples through T-RFLP and MDS analysis.

Summary of each chapter is described as follows.
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In chapter 1, the potential of the microorganisms for environmental biotechnology such as
wastewater treatment processes and metagenomic analysis is described. Moreover, the
principles, advantages, and disadvantages of fingerprinting techniques are described. And also,

the meaning and objectives are indicated.

In detail, the efficacy of T-RFLP in monitoring the microbial communities in the wastewater
treatment processes is described in chapter 2-4. Furthermore, the efficacy of T-RFLP in

screening the environmental samples is described in chapter 5 and 6.

In chapter 2, the microbial population dynamics at the start-up stage of a wastewater
treatment reactor was investigated using terminal restriction fragment length polymorphism
(T-RFLP) analysis based on 16S rDNA and rRNA gene sequences. The experimental results are
summarized as follows.

4. T-RFLP analyses of the 16S rDNA and rRNA genes demonstrate that the relative
abundance and activities of nitrifying bacteria increase in association with the start of
nitrification.

5. The relative ratios of the 16S rRNA of these nitrifying bacteria increase prior to those of
16S rDNA by calculating the ratio of peak height of selective peaks to total peak heights.

6. MDS analysis suggests that the diversity of 16S rRNA in the microbial community is
strongly affected by environmental changes and that the composition of the microbial
community changed in association with the start of nitrification.

Therefore, T-RFLP analysis can be useful to monitor microbial communities in wastewater
treatment systems and to assess the condition of the reactor for control and improvement of

such systems.
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In chapter 3, the bacteria playing an important role in denitrification was investigated by
monitoring the molecular dynamics accompanying the start of denitrification using T-RFLP.
The experimental results are summarized as follows.

3. The bacteria belonging to the genera Hydrogenophaga and Acidovorax were increased in
number after the start of denitrification

4. Combination of the results of T-RFLP analysis and 16S rRNA clone library indicate that
the bacteria belonging to the genera Hydrogenophaga and Acidovorax play an important
role in denitrification

The results of this study provide new insight to the 16S rRNA level of active denitrifying
bacteria in wastewater treatment processes. Furthermore, the results obtained in this study show
the potential of monitoring the transition of the microbial structure using T-RFLP targeting 16S
rRNA for identification of the microbial population associated with denitrification. It is
anticipated that genes and transcripts of nitrite reductase (nirS and nirK) will be analyzed by
micro autoradiography (MAR)-FISH and/or stable isotope probing (SIP) methods, and the
combination of the results based on 16S rRNA and functional genes could determine the

bacteria that actually perform denitrification in wastewater treatment processes.

In chapter 4, the microbial population and its succession in a circulation flush toilet were
monitored by T-RFLP and cloning analyses. Clone libraries of 16S rRNA gene on day 3 and
day 127 were constructed. The experimental results are summarized as follows.

4. On day 3, 102 clones were sequenced and Proteobacteria and Bacteroidetes accounted for
27% and 45%, respectively. On the other hand, Proteobacteria increased to 43% and
Bacteroidetes decreased to 26% of a total of 100 clones on day 127.

5. In T-RFLP analysis, the relative abundances of Nitrosomonas increased from 1% to 6% with

commencement of nitrification and denitrification. Similarly, relative abundance of T-RFs
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generated from Xanthomonas increased from 3% to 10%. Therefore, these bacteria could
play a prominent role in this process.

6. The microbial community structure changed markedly, particularly during the start-up
period of the system. The plots then became stable after the start of nitrification and
denitrification by multidimensional scaling (MDS) analysis. This result suggests that the
succession of microbial community structure has a correlation with performance of the
system.

Information on the microbial population is important to establish and enhance the reliability
of this system for long-term operation without maintenance. It is anticipated that further
monitoring and accumulation of T-RFLP data would enable us to predict the deterioration of
water quality. Further work is needed to determine the active portion of the bacteria concerned
with nitrification and denitrification. A combination of T-RFLP analysis and stable isotope

probing methods will clarify these points.

In chapter 5, we investigated the molecular diversity of bacterial chitinases in the bulk soils
of multiple arable lands and effects of environmental factors on the compositions of bacterial
chitinases. The compositions of bacterial chitinases were evaluated based on the polyphasic
analyses including the conventional phylogenetic analysis, the application of UniFrac analysis,
and MDS analysis to T-RFLP profiles of bacterial chitinases for elucidating the relationships
between the diversity of bacterial chitinases and soil characteristics. The experimental results
are summarized as follows.

4. The results in the present study suggest the high diversity of bacterial chitinases in bulk
soils of arable lands and imply the presence of unique groups of bacterial chitinases.
5. The results also indicate that the environmental factors such as soil types and pH could be

responsible for shaping the compositions of bacterial chitinases. Especially, the influence of
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the pH of soil samples is suggested by the both results of UniFrac analysis and MDS
analysis to T-RFLP profiles.

6. These results indicate the potential usefulness of UniFrac analysis and MDS analysis to
T-RFLP profiles in addition to a conventional phylogenetic analysis based on a sequence
data set.

Thus the polyphasic analyses in the combinations of these molecular methods would facilitate
the assessments of molecular diversity of functional genes in nature. Moreover, MDS analysis to
T-RFLP profiles is effective in profiling the molecular diversity of functional genes and
reducing a bias of cloning experiment via E. coli cells for the assessments of molecular diversity

of functional genes.

In chapter 6, several environmental samples were profiled with T-RFLP and MDS analysis to
assess the effectiveness of screening of environmental samples in metagenomic analysis. First,
the molecular diversity of esterases among the environmental samples was investigated using
T-RFLP and MDS analysis. Secondly, novel esterase genes were retrieved from environmental
samples, and then examined the relationship between molecular diversity of esterases through
MDS pattern and characteristics of novel esterase genes. The experimental results are
summarized as follows.

3. MDS pattern indicates that there are different types of esterases among three clusters, while
there are similar types of esterases among the same kinds of samples. The first cluster is
composed of activated sludges and composts (Cluster I). The second cluster is composed of
soils (Cluster II). The third cluster is composed of stools and appendix of horses (Cluster
I1I).

4. Thirteen putative novel esterase genes were retrieved from several environmental samples.

According to phylogenetic analysis, phylogenetic analysis placed the deduced amino acid

140



Conclusion and perspectives

sequences of esterases cloned in the present study into four clusters. As compared with
MBDS pattern, phylogenetic analysis shows a little relationship of MDS pattern.

The potential usefulness of MDS analysis to T-RFLP profiles are shown in the assessment of
the effectiveness of screening of environmental samples in metagenomic analysis. MDS
analyses to T-RFLP profiles make it possible to place the types of novel esterases based on the
sequence similarity into each cluster corresponding to MDS pattern among environmental

samples.
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7.2 Perspective

T-RFLP was successfully applied to monitoring the microbial communities in the wastewater
treatment processes and screening the environmental samples in combination with MDS
analysis in this study. However, application of T-RFLP to environmental biotechnology remains
some problems in analyzing microbial communities.

Monitoring the microbial communities is limited by a resolution of T-RFLP. The information
of microbial community acquired by 16S rRNA gene analysis can not directly correlate with
those acquired by functional gene analysis in the wastewater treatment processes. Thus we
should investigate functional genes such as ammonia monooxygenase and nitrite reductase gene
using T-RFLP, whereas sequence data of functional genes are very similar among different
bacterial species. Therefore it seems to be difficult that T-RFLP is applied to analyze microbial
communities by targeting functional genes because it is difficult to identify bacterial species
from T-RFLP results. Recently, some techniques such as stable isotope probing and
micro-autoradiography (MAR)-FISH have been developed to elucidate bacterial activity.
Application of these techniques may bring some new information of microbial community.

On the other hand, screening the environmental samples is limited by numerous peaks
obtained form T-RFLP. It seems to be difficult to narrow down samples that include abundant
novel genes. Some hybridization techniques such as southern hybridization may be useful for
screening the environmental samples when genome database is considered to be dramatically

increased.
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