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INTRODUCTION

A vast quantity of microorganisms 
is present on our planet. Researchers 
have estimated that the total number of 
microorganisms stands at 4 to 6 × 1030 
cells (1) and that there are approxi-
mately 108 different species (2). This 
diversity represents a huge genetic 
and biological resource that has been 
exploited for the recovery of useful 
genes, metabolic pathways, and their 
products (3). Traditionally, screening 
of natural microorganisms has been 
carried out based on cultivation and 
isolation techniques; however, only a 
tiny fraction of natural microorganisms 
can be cultured by conventional micro-
biological techniques (2). Screening 
of environmental metagenomes 
without isolating individual microor-
ganisms has recently been recognized 
as an attractive approach to mining 
novel genetic resources in the natural 
environment (3–7).

Currently, three approaches are 
available for screening of environmental 
metagenomes for isolating novel genes: 

(i) function-based screening; (ii) nucle-
otide sequence-based screening; and 
(iii) gene expression-based screening. 
In the first approach, a shotgun 
metagenomic library is constructed 
and used for screening for acquired 
phenotypes expressed by a cloning host 
(8–10). The second strategy is based on 
conserved nucleotide sequences from 
which hybridization probes and/or 
PCR primers are designed to detect 
and amplify target genes (11–14). In 
addition to these approaches, we have 
recently proposed a third option, called 
substrate-induced gene expression 
screening (SIGEX) (7). This method is 
based on the knowledge that catabolic-
gene expression is generally induced by 
relevant substrates and, in many cases, 
controlled by regulatory elements 
situated proximate to catabolic genes.

It is important to realize that each 
approach has its intrinsic advantages 
and disadvantages. For example, 
the second and third approaches are 
considered to be less laborious than 
the first approach, although they may 
fail to clone complete genes necessary 

for expressing their functions. This is 
particularly true for PCR-mediated 
methods that utilize primers designed 
from inner conserved sequences. It is 
therefore necessary to combine these 
approaches with methods for walking 
across flanking genomic regions.

Several PCR-based methods are 
available for genome walking, including 
adaptor-ligated PCR (15), randomly 
primed PCR (16), suppression PCR 
(17), and inverse PCR (18). These 
methods are potentially applicable to 
walking across genome fragments in 
an environmental metagenome (12), 
but so far, success has been limited 
due to inefficient amplification 
from genome fragments at low copy 
numbers. For instance, in previous 
work, we have tried to apply inverse 
PCR for recovering flanking regions of 
SIGEX-derived fragments (obtained in 
Reference 7) from an original ground-
water metagenome. These trials were, 
however, unsuccessful, probably 
because the copy number of the target 
fragment was too low to apply inverse 
PCR (our unpublished results). Here 
we describe an improved inverse PCR 
scheme (inverse affinity nested PCR or 
IAN-PCR) that enables walking across 
a rare genomic fragment in an environ-
mental metagenome. Its utility was 
demonstrated by fishing chitinase genes 
from a groundwater metagenome.

MATERIALS AND METHODS

Bacterial Strains and Growth 
Conditions

Escherichia coli JM109 was 
grown in LB medium (19) at 37°C, 
while Ralstonia eutropha E2 was 
grown in dLB medium (1/10 diluted 
LB medium) (20) at 30°C. When 
necessary, ampicillin was added at 100 
μg/mL, while kanamycin was added at 
50 μg/mL.

Groundwater Sample and Collection 
of Microorganisms

Oil-contaminated groundwater 
was obtained from a sampling facility 
of the TK101 underground crude 
oil storage cavity at Kuji in Iwate, 
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Japan. Characteristics of this ground-
water have been reported previously 
(21). Microorganisms in the ground-
water (460 L) were collected on a 
0.22-μm pore size membrane filter 
(Millipore, Billerica, MA, USA) by 
filtration within 5 h after sampling. 
Microorganisms were removed from 
the filter by washing it twice with 100 
mL TE buffer (10 mM Tris-HCl, pH 
8.0, 10 mM EDTA) and collected by 
centrifugation at approximately 9000× 
g for 30 min at 4°C.

Purification, Digestion, and Self-
Ligation of Metagenome Fragments

Genomic DNA was extracted 
from the collected microorganisms as 
described by Silhavy et al. (22). After 
3 μg chromosomal DNA were digested 
with a restriction enzyme, 0.75 μg 

digested DNA was circularized by self-
ligation in 50 μL reaction mixture at 
16°C for 16 h. The reaction mixture was 
composed of 66 mM Tris-HCl, pH 7.5, 
6.6 mM MgCl2, 10 mM dithiothreitol 
(DTT), 0.1 mM ATP, and 1 U/mL T4 
DNA ligase (Takara, Ohtsu, Japan). The 
self-ligated DNAs were purified using 
the QIAquick® PCR Purification kit 
(Qiagen, Valencia, CA, USA).

Inverse PCR

Primers used in this study are listed 
in Table 1. The self-ligated DNA (50 
ng) was used as a template for the first-
round inverse PCR. A PCR mixture 
consisted of 2.5 U/μL LA Taq DNA 
polymerase (Takara), 0.4 mM each 
dNTP, 1× GC buffer I (Takara), and 
0.4 μM each primer in a total volume 
of 50 μL. Thermal cycles were as 

follows: 94°C for 1 min, followed by 
32 cycles of 98°C for 20 s, 56°– 62°C 
for 20 s, and 72°C for 8 min. The PCR-
amplified fragments were purified 
using the QIAquick PCR Purification 
kit and dissolved in 25 μL TE buffer.

Affinity Purification

The PCR products were mixed with 
50 μL binding solution containing 
streptavidin-coated magnetic beads 
(Dynal® Dynabeads® Kilobase Binder 
kit; Invitrogen, Carlsbad, CA, USA). 
After incubation at room temperature 
for 3 h, the DNA-bound beads were 
washed twice with a washing buffer (10 
mM Tris-HCl, pH 7.5, 1 mM EDTA, 2 
M NaCl) and once with TE buffer using 
the magnetic system supplied by the 
manufacturer. The beads were finally 
suspended in 20 μL TE buffer.

Table 1. PCR Primers Used in This Study

Primera Sequence Primera Sequence 

PoxA

PoxB

PoxC

PoxD

ChiA-F2

ChiA-R2

CHI01A

CHI01B

CHI01C

CHI01D

CHI03A

CHI03B

CHI03C

CHI03D

CHI05A

CHI05B

CHI05C

CHI05D

CHI08A

CHI08B

CHI08C

CHI08D

5′-GAACAACTCGGACTCGATCAGTTCGTCG-3′

5′-TTCGTGCTGTTTGCCTTCAGCGTCG-3′

5′-ATCAAGACGCAGCAGATCC-3′

5′-CAAGGCCAGGATGGTATCG-3′

5′-CGTGGACATCGACTGGGARTWYCC-3′

5′-CCCAGGCGCCGTAGARRTCRTARSWCA-3′

5′-CCGACAGGCTGTCCAGGGCCTTGCGCAAGG-3′

5′-TACCTGGTGACCAGTGCGATCAATG-3′

5′-GTGCATCAGATCCGCATAACCTTGC-3′

5′-TCTCTGGTGGGCAAGATCAACTACC-3′

5′-CATTCAAACAGTACCTGACCAGGACCGAGC-3′

5′-CCCGGAGCAGCAGTGTGAAGTTTGC-3′

5′-TTGTCCTCCGGACGGAAGACATTCC-3′

5′-ATTCGCGCAGTACGTCAATTACGTC-3′

5′-AGGCGTCGACAAGATCCGGGTTACCGATCC-3′

5′-GGCATCGAGTTGCCGCCTGAACTCC-3′

5′-CGGTGAAGTTCTCGCGGTCTTCAGG-3′

5′-CCAGTACCTCGACGCCATCCTGGTC-3′

5′-GGCACCAAATGGGGATGCCGCTTCACCGAC-3′

5′-CGCCGGAAACCGATCGCCATCGAGG-3′

5′-AGGCCGTCGCGCTCCTGCATGTTCG-3′

5′-CTCCCGCTTCTCGATTTCATCAACG-3′

CHI12A

CHI12B

CHI12C

CHI12D

CHI14A

CHI14B

CHI14C

CHI14D

CHI19A

CHI19B

CHI19C

CHI19D

CHI23A

CHI23B

CHI23C

CHI23D

CHI31A

CHI31B

CHI31C

CHI31D

CHI32A

CHI32B

CHI32C

CHI32D

5′-GACCTGGCAGCATCCGCAATCTGGATCTGC-3′

5′-CAGCGTGAAATTGGCAGTGTCATCG-3′

5′-AACCGTTGGTCAATCCACCGCTGAC-3′

5′-CGTCGCTGTGGACTGGATCAACCTG-3′

5′-TCGTTTCGTGCGCTTGCTACGCTCATCGAG-3′

5′-CCTGCTGCCATTCTATGAAATCGAG-3′

5′-CTTGTCTTCAGGTCGCGAGGCATCC-3′

5′-GCAGGTTACGGACTGGTTCAACCTG-3′

5′-CGTTGATCCAGTTGATGACGAAGTTCTTGC-3′

5′-GTAGACAAGATTGTTAAGTCGGAGC-3′

5′-GTCTTGAGGGCGAACGGTATTTTCG-3′

5′-CATGTCTGTCAGCCTGGACTGGATG-3′

5′-GCAGTTCCTCGACCATCGTGGCATGGTCTG-3′

5′-GACTCGGACTCCGTGTTCGATCACC-3′

5′-GTCTGAGCGCTCTTTGGCGTTCTTC-3′

5′-CCGTCTGAACAAGTCGCTCGACTGG-3′

5′-AACTCCTGAGTTCCTGCTTCAGTTGCGACC-3′

5′-CAGCGACGTGAAGTTGTGGAAATCG-3′

5′-TGGTCGGAAATCGACAAGTATCTCG-3′

5′-CGTTCCCTGATAATTCATGCCCTCG-3′

5′-GCATCGAGCCGCGAGCGAAGCTCTTGCAGC-3′

5′-CCTTCGACGATCGCGAACATGCCAG-3′

5′-TAACGTGTAGTTCTGCTTGTCCTCG-3′

5′-CATGCACGCGCACCTCGACTGGATC-3′
aPrimers whose names contain A or B at the end were used for inverse PCR, while those whose name contain C or D at the end were used for nested PCR. 
Primers whose names contain A at the end were connected to biotin.
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Nested PCR

Five microliters of TE buffer 
containing the DNA-bound beads or 
an inverse-PCR product were used as 
a template. PCR mixture and thermal 
cycles were as described above. The 
PCR products were electrophoresed in a 
0.7% agarose gel, stained with ethidium 
bromide, and visualized under UV light.

Sequence Analysis

PCR products were purified using 
the QIAquick PCR Purification kit and 
used for cloning into vector pGEM®-T 
Easy (Promega, Madison, WI, USA) or 
direct sequencing using ABI Prism® 
BigDye™ terminator cycle sequencing 
ready reaction kit (Applied Biosystems, 
Foster City, CA, USA) and an ABI 
Prism 3700 automatic sequencer 
(Applied Biosystems) as recom-
mended by the manufacturer. E. coli 
JM109 was transformed with ligated 
vectors and grown on LB plates supple-
mented with ampicillin for library 
construction. Nucleotide and amino 
acid sequences were analyzed using 
the GENETYX software (GENETYX 
Software Development, Tokyo, Japan). 
Homology search was conducted using 
the Basic Local Alignment Search Tool 
(BLAST) web site program [National 
Center for Biotechnology Information 
(NCBI), National Institutes of Health 
(NIH)]. The sequences determined 
in this study and those retrieved from 
the databases were aligned by using 
ClustalW, version 1.7 (23), and align-

ments were refined by visual inspection. 
Neighbor-joining trees (24) were 
constructed by using njplot software 
in ClustalW, version 1.7. Nucleotide 
positions at which any sequence had 
a gap or an ambiguous base were not 
included in the calculations.

Nucleotide Sequence Accession 
Numbers

The nucleotide sequence data 
reported herein have been submitted 
to the DNA DataBank of Japan 
(DDBJ), the European Molecular 
Biology Laboratory (EMBL), and the 
GenBank® databases under accession 
nos. AB252234 to AB252271.

RESULTS AND DISCUSSION

Development and Evaluation of 
IAN-PCR

IAN-PCR consists of the following 
three steps: (i) inverse PCR, in which 
one primer is connected to an affinity 
tag (this study used biotin as the affinity 
tag); (ii) affinity purification of PCR 
products for removing the background 
metagenome; and (iii) nested PCR 
to recover target flanking regions. 
We expected IAN-PCR to demon-
strate better amplification efficiency 
than inverse PCR coupled to nested 
PCR (IN-PCR) alone, because the 
background metagenome can seriously 
inhibit PCR amplification.

Figure 1. Relative selectivity of amplification for inverse PCR, inverse PCR coupled to nested PCR 
(IN-PCR), and inverse affinity nested PCR (IAN-PCR). (A) Restriction sites and structure of the 
pox operon in Ralstonia eutropha. The 3.8-kb fragment that is amplified by inverse PCR is indicated. 
Narrow arrows indicate PCR primers, while the circle indicates biotin. (B) Agarose gel electrophoresis 
of PCR products showing the efficiency of amplifying the flanking regions. The Ralstonia (100 to 10-5 
ng) was mixed with 10 ng of the Escherichia genome and subjected to inverse PCR. M, λ HindIII marker 
(Takara).

A B

To evaluate the utility of IAN-PCR, 
we conducted a model experiment, 
in which the R. eutropha genome 
was mixed with the E. coli genome 
at different ratios (100 to 10-5 ng 
Ralstonia genome were mixed with 10 
ng Escherichia genome), and genome 
regions flanking a Ralstonia pox operon 
fragment (encoding a phenol-degra-
dative pathway; see Reference 20) were 
recovered by IAN-PCR (Figure 1). In 
this experiment, the mixed genomes 
were digested with restriction enzyme 
XhoI (see Figure 1A), self-ligated, 
and subjected to PCR amplification 
with primers PoxA and PoxB (inverse 
PCR). Next, the PCR product was 
used for nested PCR (IN-PCR) using 
primers PoxC and PoxD or nested PCR 
with the same primer set after affinity 
purification (IAN-PCR). As presented 
in Figure 1B, PCR products with the 
expected size (3.8 kb) were amplified 
by these inverse PCR schemes. It is also 
shown in this figure that the flanking 
regions were recovered by inverse PCR 
alone (no nested PCR) when the amount 
of the Ralstonia genome was more 
than 1.0 ng (1/10 of the Escherichia 
genome), and they were recovered by 
IN-PCR when it was more than 10-2 
ng (1/1000). In contrast, the flanking 
regions were recovered by IAN-PCR 
when the amount was more than 10-4 
ng (1/100,000) (Figure 1B). This result 
demonstrates that IAN-PCR enables 
amplification of the flanking regions 
from a 10,000-times less abundant 
genomic fragment than inverse PCR 
and a 100-times less abundant fragment 
than IN-PCR. The result that the lower 
limit of amplification by standard 
inverse PCR was 10% (1.0 ng target 
genome per 10 ng background genome) 
indicates that inverse PCR can only 
be used for walking of metagenome 
fragments derived from a limited 
number of very abundant species in a 
microbial community.

Recovery of Putative Chitinase 
Genes from a Metagenome

As described in the Introduction, 
a common method for isolating novel 
genes from environmental metage-
nomes uses PCR cloning with primers 
designed from inner DNA sequences 
conserved among a group of similar 
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genes (11,12). Since DNA fragments 
obtained by such PCR cloning are 
partial and cannot be used for eluci-
dating their functions, genomic regions 
flanking a PCR fragment should be 
subsequently recovered. Here we 
attempted to use IAN-PCR for recov-
ering flanking regions of gene fragments 
PCR-amplified from a metagenome.

We used degenerate PCR primers 
(ChiA-F2 and ChiA-R2) designed 
by Hobel et al. (25), which could 
amplify the central catalytic domain 
of chitinase genes belonging to group 
A of family 18 glycoside hydrolase 
(26,27). The template was a ground-
water metagenome that may have 
contained diverse chitinase genes of 
uncultured microorganisms (21). The 
PCR-amplified DNA fragments, which 
ranged from 230 to 280 bp in size, were 
used to construct an E. coli clone library 

by TA-cloning using a pGEM-T vector. 
From the library, we randomly selected 
100 clones for sequence analysis and 
found that they were divided into 38 
different sequences. Figure 2 shows 
a phylogenetic tree based on amino 
acid sequences showing relation-
ships among the 38 PCR fragments 
and chitinases stored in the nucleotide 
sequence databases (including putative 
chitinases). Homologies of these 
PCR products to the closest database 
chitinase sequences were 34% to 
100%. For example, CHI04 was 100% 
identical to a minor chitinase (69 kDa) 
of Janthinobacterium lividum (28). 
We also found that CHI23 was related 
to a gene product of Drosophila that 
contains the glyco_18 domain and type-
2 chitin binding domain [the NCBI 
conserved domain database (29); ncbi.
nih.gov/Structure/cdd/cdd.shtml]. The 

phylogenetic tree (Figure 2) shows that 
the PCR successfully amplified DNA 
fragments affiliated with the group 
A chitinase, although the presence of 
diverse chitinases in groundwater was 
somewhat unexpected, since chitin is 
mostly produced by eukaryotes, such as 
fungi, insects, and marine animals (30).

We selected 10 PCR products from 
different clusters (marked in Figure 2) 
and attempted to recover their flanking 
regions by IN-PCR and IAN-PCR 
(Figure 3). Self-ligation libraries were 
constructed after the metagenome was 
digested either with ApaLI or EcoRI. 
We first used the ApaLI library for 
IAN-PCR for the 10 PCR products, and 
the EcoRI library was subsequently 
used for those for which IAN-PCR 
products were not obtained from the 
ApaLI library. Inverse PCR (without 
nested PCR) could not amplify suffi-
cient amounts of DNA fragments from 
the self-ligation libraries for each of 
the 10 PCR products (data not shown). 
In contrast, we found that IN-PCR and 
IAN-PCR amplified DNA fragments 
of equivalent size for five putative 
chitinase gene fragments, while, for 
the other five, only IAN-PCR could 
amplify substantial quantities of DNA 
(Figure 3). The IAN-PCR products 
were sequenced, and they were 
assembled with the central domain 
sequences obtained by the first PCR to 
construct entire genes (Table 2). In all 
cases, the assemblage was successful, 
indicating that the target flanking 
regions were obtained by IAN-PCR. 
These results indicate that IAN-PCR is 
applicable to more diverse fragments 
than IN-PCR. The result that a PCR 
product was not obtained by IN-
PCR from CHI01 was unexpected, 
because CHI01 was the most abundant 
sequence type (containing 18 clones) 
among those sequenced. We deduce 
that this was ascribable to amplifi-
cation biases inherent in the first-round 
PCR using the degenerate primers.

In order to identify open reading 
frames of putative chitinase genes, the 
assembled sequences were subjected to 
gene-structure analyses (for checking 
the presence of start and stop codons) 
and database searches (for selecting 
the closest chitinase genes and identi-
fying motifs). The analyses suggest 
that complete chitinase genes could be 

0.1

Streptomyces erythraeus (P14529)
Bacillus circulans (BAA34114)

CHI08 (3) 
CHI20 (1) 

CHI18 (2) 
Clostridium paraputrificum (BAA23796)

CHI10 (5) 
CHI01 (18) 

CHI11 (5) 
Vibrio sp.5SM-1AA (L46648)

Aeromonas hydrophila (AAF70180)
Serratia marcescens (BAA31567)
Serratia marcescens (P07254)

Streptomyces olivaceoviridis (CAB83055)
CHI17 (2) 

CHI23 (1) 
Drosophila melanogaster (AAF46544)

CHI16 (2) 
Photobacterium profundum SS9 (CAG22414)

CHI31 (1) 
CHI33 (1) 
CHI15 (1) 
CHI24 (1) 

CHI27(1) 
CHI14 (1) 

CHI28 (1) 
CHI12 (3) 
CHI13 (3) 

CHI22 (1) 
CHI21 (1) 

CHI26 (1) 
CHI32 (1) 

Bacillus halodurans (BAB04635)
CHI38 (1) 
Bacillus circulans WL-12 (AAA81528)
KurthiaZopfi (BAA09831)

CHI34 (1) 
Bacillus circulans (BAA13974)

CHI37 (1) 
CHI19 (2) 

CHI29 (1) 
CHI30 (1) 
CHI04 (3) 
Janthinobacterium lividum (AAA83223)
CHI25 (1) 
Chromobacterium violaceum (AAQ61900)

CHI05 (4) 
CHI07 (4) 
Lysobacter enzymogenes (AAT77163)
CHI06 (3) 

CHI02 (12) 
CHI09 (3) 

Clostridium thermocellum (EAM4733)
CHI35 (1) 

CHI03 (5) 
CHI36 (1) 

Figure 2. Neighbor-joining tree showing phylogenetic relationships among groundwater clones 
(designated CHI) and reference chitinase sequences retrieved from the databases (indicated with 
host organism names and accession nos. in parentheses). The scale bar represents the expected num-
ber of substitutions per amino acid position. Chitinases of Bacillus circulans (belonging to group B) and 
Streptomyces erythraeus (group C) were used as outgroups. A number of identical clones (out of 100 
sequenced clones) are indicated in parenthesis. Clones used for subsequent inverse PCR are marked with 
closed circles.
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obtained for seven cloned PCR products 
(out of 10), while the other three were 
considered to be still partial (Table 2). 
However, the conserved domain for 
family 18 glycoside hydrolases were 
completely present in all putative 
chitinases (Table 2), and some other 
domain structures were also found. 
For completing the partial chitinase 
genes, libraries constructed using 
different restriction enzymes need to 
be prepared. To confirm if complete 
functional genes were obtained, we are 
also planning to express the putative 
chitinase genes in E. coli and examine 
their enzymatic activities. Nevertheless, 
the data presented herein clearly 
demonstrate the utility of IAN-PCR for 

amplifying flanking regions of PCR-
amplified metagenome fragments.

Other Applications

Screening of a metagenome using 
the SIGEX method (7) also needs to 
subsequently obtain flanking regions for 
cloning of an entire operon. We applied 
IAN-PCR to the problem of cloning 
the remainder of the cytochrome P450 
operon flanking a SIGEX-selected 
metagenome fragment (Bzo71) and 
found that the P450 gene in Bzo71 was 
followed by genes coding for putative 
ferredoxin and ferredoxin reductase 
present in the same transcriptional unit 
(our unpublished results).

In addition, we anticipate that IAN-
PCR will also be applicable to closing 
gaps present in scaffolds assembled 
from metagenomic sequence reads 
and cloning flanking regions of 
metagenome contigs, for example, 
for the purpose of creating complete 
bins and cloning complete genes 
from partial sequences. We therefore 
suggest that IAN-PCR will be widely 
used in association with metagenomic 
approaches to fishing novel genes and 
understanding uncultured organisms.
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