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Bacterial xylose isomerases (XI) are promising resources for efficient biofuel production from xylose in lignocellulosic
biomass. Here, we investigated xylose isomerase gene (xylA) diversity in three soil metagenomes differing in plant
vegetation and geographical location, using an amplicon pyrosequencing approach and two newly-designed primer sets.
A total of 158,555 reads from three metagenomic DNA replicates for each soil sample were classified into 1127 phylo-
types, detected in triplicate and defined by 90% amino acid identity. The phylotype coverage was estimated to be within
the range of 84.0e92.7%. The xylA gene phylotypes obtained were phylogenetically distributed across the two known
xylA groups. They shared 49e100% identities with their closest-related XI sequences in GenBank. Phylotypes demon-
strating <90% identity with known XIs in the database accounted for 89% of the total xylA phylotypes. The differences
among xylA members and compositions within each soil sample were significantly smaller than they were between
different soils based on a UniFrac distance analysis, suggesting soil-specific xylA genotypes and taxonomic compositions.
The differences among xylA members and their compositions in the soil were strongly correlated with 16S rRNA vari-
ation between soil samples, also assessed by amplicon pyrosequencing. This is the first report of xylA diversity in
environmental samples assessed by amplicon pyrosequencing. Our data provide information regarding xylA diversity in
nature, and can be a basis for the screening of novel xylA genotypes for practical applications.
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Xylose, a five-carbon sugar abundant in hardwood and agri-
cultural residues, is a potential resource for biofuel production. The
economic fermentation of xylose using xylose-fermenting micro-
organisms would greatly facilitate the utilization of lignocellulose
biomass (1). Saccharomyces cerevisiae is a well-known producer of
ethanol from glucose. However, no wild S. cerevisiae reported to
date can efficiently ferment xylose. Attempts have been made to
use genetically modified S. cerevisiae to produce bioethanol from
xylose (2e5).

S. cerevisiae lacks the ability to utilize xylose but can utilize and
ferment its isomer D-xylulose (6). On the other hand, some bacteria
and fungi possess xylose isomerases (XIs) (7), which directly
convert xylose to D-xylulose. The introduction of a gene encoding XI
(xylA) into S. cerevisiae, therefore, can theoretically result in re-
combinant yeast cells capable of fermenting xylose to ethanol (5,8).
The xylA genes have been classified into two groups, group I and II,

based on their length, amino acid sequence similarity, and divalent
cation preference (9). Group I XIs have 380 to 390 amino acid
residues while group II XIs have 440 to 460 amino acids. They share
only 20e30 % amino acid identities with each other, but the active
site residues are highly conserved among the two groups and no
general difference in enzymatic properties has been known so far.
Their taxonomic distribution are also different; group I XIs are
mainly in the phyla Actinobacteria and Deinococcus-Thermus, while
group II XIs are mainly in the phyla Proteobacteria and Firmicutes.
Nevertheless, xylose-fermenting activity has remained insufficient
in heterologous hosts with known xylA (5,10). Further exploration
of bacterial xylA is required for improving XI activity. Estimates of
the genetic diversity of xylA in naturewill be helpful for the efficient
screening of suitable genes in S. cerevisiae.

Because diverse microbes inhabit soil environments that
contain lignocellulosic biomass, soil metagenomes could be a
promising resource to explore potential bacterial xylA genes. The
xylA gene diversity in soil may be affected by the following: (i) soil
organic carbon and nutrient content (11), and (ii) xylose sugar and
carbon content, which differ among plant species growing in soil
(12,13), causing variation in plant litter decomposition rates. Thus,
it can be expected that soils that differ in plant vegetation can
contain xylA genes with different levels of genetic diversity.
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High-throughput targeted metagenomics of amplified func-
tional gene sequences based on next generation sequencing (NGS)
has provided deep insights into their diversity, distribution, and
ecological roles as well as into the relationships between microbial
assemblages and particular ecological functions (14e18). Eluci-
dating xylA diversity in soil by gene-targeted metagenomics will
provide a basis for the screening of novel xylA genes useful for
bioethanol production. Parachin and Gorwa-Grauslund (2011) re-
ported the isolation of two novel xylA genes from a soil meta-
genomic library while they did not focus on the diversity and
distribution of xylA genes in soil (10). In this study, we aimed to
uncover the sequence diversity of xylA genes in three different soil
metagenomes by xylA-targeted metagenomics. Although two
degenerate primer sets have been reported to amplify xylA gene
sequences (10), they were designed based on only 11 xylA gene
sequences. Since our purpose was to obtain much more divergent
xylA gene sequences, two sets of new degenerate primers were
designed to explore group I and group II xylA diversity. The mi-
crobial community structures in the soil samples were also
analyzed by amplicon pyrosequencing, and the association be-
tween xylA and 16S rRNA gene diversity was examined.

MATERIALS AND METHODS

Soil sampling Soil samples were collected from three sites: two were
located at Tsukuba mountain (Ibaraki prefecture, Japan) (sites T1 and T2) and one
was located at Shirakaba Lake (Nagano prefecture, Japan) (site S1). Soil samplingwas
conducted on May 2009 at S1 and June 2009 at T1 and T2. After carefully removing
the surface plant litter, soil samples were collected measuring 50 (width) � 50
(length) � 5 (top soil depth) cm. The soil samples were placed into individual sterile
plastic bags and stored at 4�C. Each soil sample was stored in 10 g aliquots at �20�C
for subsequent DNA extraction.

The three sampling sites were chosen due to their differences in plant vegeta-
tion, to maximize the soil microbial composition and abundance. The T1 sampling
site comprises Criptomeria japonica (needle-leaf tree) vegetation, while the T2 and
S1 sites comprise Fagus crenata and Betula platyphylla plant vegetation, respectively,
which are birch-leaf trees. Based on a reported analysis of plant litter composition
(12), the holocellulose fraction in needle- and birch-leaf litter, as a whole, is fairly
constant, while the xylan composition in birch-leaf litter is 2- to 3-fold higher than
that of needle-leaf litter.

DNA extraction Metagenomic DNA was extracted from the aliquot of the
homogenate of each soil sample using ISOIL (Nippongene, Tokyo, Japan) according to
the manufacturer’s instructions. The final DNA concentration was measured spec-
trophotometrically yielding DNA concentrations averaging between 4.6 and 5.2 mg/g

soil. Each soil DNA sample was extracted in triplicate, and each metagenomic DNA
(nine total samples) was used as template DNA for PCR amplification of partial xylA
sequences.

PCR amplification of xylA and 16S rRNA gene To amplify xylA genes from
soil metagenomes, two degenerate primer sets (named A and B) were designed
based on conserved regions of 112 known amino acid XI sequences collected from
the NCBI database. Primer set A consisted of xyl1 (50-TGGGGNGGNCGNGARGGNA-
30) and xyl2 (50-RAAYTSRTCNGTRTCCCARCC-30) (Fig. 1). The two oligonucleotides
were designed manually against the conserved amino acid regions WGGREGY and
GWDTDEF, respectively. Primer set B consisted of xyl30F (50-TGTGTTTTGG
GGCGGNMKNGANGG-30) and xyl30.4R (50-GTTATGGCCCGCCADNKKNKCRTG-30)
(Fig. 1). The primers were designed against the conserved amino acid regions
VFWGGREG and HEQMAGHN, respectively, using the CODEHOP program (19).

Partial fragments of xylA genes were amplified from the respective soil meta-
genomic DNA samples with the following primer sets containing 454 pyrose-
quencing adaptors (underlined), common MID sequence tags for 454
pyrosequencing (indicated in bold), and the degenerate primer sets describe above.
The primer set designated pyro-set A comprised the forward and reverse primers 50-
CCATCTCATCCCTGCGTGCTCCGACTCAG-[common MID]-TGGGGNGGNCGNGARGG
NTA-30 and 50-CCTATCCCCTGTGTGCCTTGGCAGTCTCAGRAAYTSRTCNGTRTCCCARCC-
30 , and the primer set designated pyro-set B comprised the forward and reverse
primers 50-CCATCTCATCCCTGCGTGCTCCGACTCAG-[common MID]-TGTGTTTTG
GGGCGGNMKNGANGG-30 and 50-CCTATCCCCTGTGTGCCTTGGCAGTCTCAGGT-
TATGGCCCGCCADNKKNKCRTG-30 . PCR amplificationwith pyro-set Awas performed
in a 25 mL mixture (total volume) containing 10 ng soil DNA, 2.5 mL 10-fold reaction
Ex Taq buffer, 0.2 mM dNTP, 4 mM of each primer, and 1.25 U Ex Taq HS polymerase
(TaKaRa-Bio Inc., Otsu, Japan) with the following PCR conditions: 2 min of initial
denaturation at 94�C, 25 cycles of 30 s denaturation at 94�C, 30 s annealing at 68�C,
and 30 s extension at 72�C, followed by a 7 min final extension at 72�C. For
amplification using pyro-set B, a second round of PCR was conducted with the PCR
products amplified by primer set B as the template. The amplification using set B and
pyro-set B was performed in a 25 mL mixture (total volume) containing 10 ng soil
DNA, 4 mM of each primer, and 12.5 mL Premix Ex Taq HS polymerase (TaKaRa-Bio
Inc.) with the following PCR conditions: 2 min of initial denaturation at 94�C, 25
cycles of 30 s denaturation at 94�C, 30 s annealing at 58�C, and 15 s extension at
72�C, followed by a 7 min final extension at 72�C. PCR products were then analyzed
by agarose gel electrophoresis and purified using a Gel Extraction Kit (Qiagen GmbH,
Hilden, Germany) according to the manufacturer’s instructions.

16S rRNA genes were amplified with a universal primer set (27F/338R) (20)
accompanied by 454 pyrosequencing adaptors (underlined) and the common MID
tag sequences for each metagenome sample (as indicated in bold). The primer se-
quences were as follows: pyro-27F (50-CCATCTCATCCCTGCGTGTCTCCGACTCAG-
[common MID]-AGAGTTTGATCMTGGCTCAG-30) as the forward primer and pyro-
338R (50-CCTATCCCCTGTGTGCCTTGGCAGTCTCAGTGCTGCCTCCCGTAGGAGT-30) as
the reverse primer. For each sample, PCR amplification of 16S rRNA gene was per-
formed in a 25 mL mixture (total volume) containing 10 ng soil metagenome DNA,
12.5 mL PrimeSTARMax DNA polymerase (Takara) and 0.2 mMof forward and reverse
primers with the following PCR conditions: 5 min of initial denaturation at 98�C, 25
cycles of 10 s denaturation at 98�C, 15 s annealing at 49�C, and 5 s extension at 72�C,

FIG. 1. Multiple sequence alignment of known xylA genes collected from the NCBI database. Species names are followed by accession numbers; A.m, Actinoplanes missouriensis; A,
Arthrobacter sp.; S.r, Streptomyces rubiginosus; T.c, Thermus caldophilus; T.th, Thermus thermophilus; B.c, Bacillus cereus; E.c, Escherichia coli; K.p, Klebsiella pneumoniae; L.b, Lacto-
bacillus brevis; L.l, Lactococcus lactis; L.p, Lactobacillus pentosus; S.x, Staphylococcus xylosus; T.t, Thermoanaerobacterium thermosaccharolyticum). The colors in the alignment indicate
conservation among the sequences; dark blue, completely conserved; pink, �80% conserved; green, �50% conserved. Degenerate primer design for xylA gene amplification was
based on the conserved regions. Primer set A was designed based on conserved regions 1 and 3 with a fragment length of approximately 380 bp, while primer set B was designed
based on conserved regions 1 and 2 with a fragment length of approximately 290 bp. The arrows represent the primer regions. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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