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Abstract A sulfite reductase gene sequence database, which

could facilitate analysis of metagenomic data of a functional gene

from sulfate-reducing bacteria, is described. The database contains

127 aligned nucleotide sequences of a gene (dsrA), encoding a

dissimilatory sulfite reductase alpha subunit, retrieved from

Reference Sequence of GenBank that provides only well-annotated

genome sequences. The dsrA gene sequences were screened for

length and aligned using four multiple sequencing alignment

programs, Mafft, Muscle, Mothur, and Clustal Omega. In addition

to the dsrA gene sequences, 16S ribosomal RNA (rRNA) gene

sequences for the bacterial species appearing in the database were

also retrieved from the GenBank and aligned by a public database

of SILVA in Mothur to examine any potential relationship

between taxonomy of the bacteria and distribution of a functional

gene. The aligned dsrA and 16S rRNA gene sequences were used

to construct neighbor-joining phylogenetic trees for comparison of

the alignments for relative agreement among the aligned sequence

databases. This method of aligned reference database construction

using public database can help provide better insight into

microbial communities by suggesting an alternative approach of

studying metagenomic analysis of functional genes involved in

important ecological processes.

Keywords dissimilatory sulfite reductase gene · functional gene

· metagenomics · reference database

Introduction

Biogeochemical contributions of microorganisms on subsurface

soil and groundwater have been investigated intensively to

discover diverse reactions, since the discovery of metal-reducing

microorganisms (Lovley and Phillips, 1988; Myers and Nealson,

1988). Together with and before the blossom of the topic of

microbial metal reduction, microbial sulfate reduction has also

been one of the main research topics in microbial biogeochemistry

for several decades (Postgate, 1984). Sulfate-reducing bacteria

(SRB) are ubiquitously found in nature, especially in anoxic

environments. Through electron transport chain system to generate

chemical energy in the form of ATP, SRB typically use sulfate as

the terminal electron acceptor for anaerobic respiration of

hydrogen and various organic acids as the electron donors, while

generating hydrogen sulfide (H2S) as a reduction product, a highly

reactive and toxic chemical. SRB play important roles in linking

the sulfur and carbon cycles in many ecological niches, such as

hydrothermal vents and acid mine drainages. In addition, for

environmental applications, SRB have been studied for

bioremediation of toxic metal ions utilizing their metabolism of

direct electron deliver to oxidized metals, including uranium(VI),

technetium(VII), and chromium(VI), reducing them to less

soluble and less mobile forms (Lovley and Phillips, 1992; 1994;

Lloyd et al., 1999; Michel et al., 2001; Payne et al., 2002), as well

as the metabolism of H2S generation inducing precipitation of

metal sulfides in acidic aquatic environments.

In the center of dissimilatory sulfate reduction pathway,

dissimilatory sulfite reductase (Dsr) catalyzes the six-electron

reduction of SO3
2− to H2S, the main energy-conserving step in

sulfate respiration, with prior steps of SO4
2− activation to

adenosine 5'-phosphosulfate (APS) and APS reduction to SO3
2−,

respectively by sulfate adenylyltransferase (Sat) and adenylylsulfate

reductase. Microorganisms capable of reducing sulfite to sulfide

during anaerobic respiration have been reported to harbor Dsr
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systems; therefore, genes encoding these enzymes (dsrAB) have

been widely used as phylogenetic markers (Wagner et al., 1998;

Stahl et al., 2002; Geets et al., 2006 ). By virtue of recent leap of

metagenomic technology (e.g., next generation sequencing, NGS),

microbial DNAs extracted from environmental samples can be

directly sequenced, generating enormous sizes of data. Although

the majority of bacterial community analyses are performed with

16S rRNA gene sequences for their phylogenetic investigations,

any gene can be analyzed by the metagenomic technology, using

nucleotide sequences. However, the reference databases or libraries,

to which the NGS-generated sequences are compared or aligned,

are crucial to the downstream analyses. Quality of reference

sequences and their alignments are also very important factors

controlling the quality of the analytical results to understand the

relationship between gene diversity and function for important

environmental processes. Although public databases for 16S rRNA

genes have been well established as such in SILVA (Quast et al.,

2013) and greengenes (DeSantis et al., 2006), databases for

functional genes to be used as NGS references are still in

development, with database of nifH gene encoding a dinitrogenase

reductase subunit (Gaby and Buckley, 2014) and a database

repository, FunGene (Fish et al., 2013). Here we provide a

database of dsrA gene, encoding a dissimilatory sulfite reductase

alpha subunit, to be used as a reference for metagenomic analyses.

Materials and Methods

dsrA gene collection and screening. The nucleotide sequences of

dsrA gene, encoding dissimilatory sulfite reductase alpha subunit

were retrieved from GenBank (Benson et al., 2013) database as of

4 March 2014. A total of 150 sequences of dsrA were manually

collected only from the Reference Sequence (RefSeq) collection,

which suggests well-annotated genomic DNAs to ensure quality

of the sequences. Due to the wide range of sequence lengths of

150 sequences (111 to 1500 nucleotides with median and mean of

1221 and 993, respectively); sequences shorter than 500 nucleotides

were removed for further analysis, resulting in a total of 127

sequences (546 to 1500 nucleotides with median and mean of

1254 and 1134) (Fig. 1), considering coverage of dsrA gene

sequences, which would be generated by NGS technologies such

as pyrosequencing and Illumina.

16S rRNA gene collection, alignment, and phylogenetic tree

construction. In addition to dsrA gene, 16S rRNA gene

sequences of 83 bacterial species composed 127 dsrA sequences

were also retrieved manually from the GenBank to compare the

relationships of the bacteria in taxonomic space with the

relationships of the functional gene, dsrA without taxonomic

consideration. Some of the bacterial species contained more than

one dsrA gene. Eighty-three 16S rRNA gene sequences were

aligned against SILVA database (Quast et al., 2013) in Mothur

(Schloss et al., 2009), and the aligned sequences were added to

The All-Species Living Tree (LTP) (Yarza et al., 2008) in ARB

(Ludwig et al., 2004).

dsrA gene alignment. A total of 127 dsrA sequences were

aligned using multiple sequencing alignment (MSA) programs,

including Mafft (Katoh et al., 2002), Muscle (Edgar, 2004),

Mothur, and Clustal Omega (Sievers et al., 2011). Unlike the other

standalone MSAs, a seed reference sequence database was

utilized for alignment by Mothur. A preliminary alignment of the

127 sequences by Muscle was clustered with dissimilarity of 3%,

and one representative sequence was chosen from each group

(operational taxonomic unit, OTU) in Mothur, which was used as

the seed for the alignment by Mothur.

Phylogenetic trees for dsrA gene sequences. For comparison of

the alignments generated by the above programs, qualitative

approach was employed rather than quantitative comparison, by

comparing phylogenetic trees of dsrA genes on some of

representative bacterial strains with each other and also with the

tree of 16S rRNA genes. For each alignment, neighbor-joining

phylogenetic tree was constructed from Juke-Cantor-corrected

distance matrix with a bootstrap of 1,000 replicates using ARB.

Results and Discussion

Analysis of the retrieved dsrA gene sequences. Among the

collected dsrA gene sequences retrieved from the public library of

GenBank RefSeq as mentioned above, as much as 68% of the

screened 127 dsrA sequences originated from the members of

classes Clostridia and Deltaproteobacteria (Fig. 2), and used for

the following downstream analysis. Most abundant genera

included Desulfitobacterium, Desulfosporosinus, Desulfotomaculum,

Desulfomonile, and Desulfovibrio (Fig. 2). The sequences were

aligned by four MSA programs as mentioned above, including

Mafft, Muscle, Mothur, and Clustal Omega. The alignments

generated by the MSA programs were not manually modified to

Fig. 1 Box plots displaying summaries of the dsrA gene sequences
before and after removal of sequences less than 500 nucleotides, showing
maximum, 75th percentile, median, 25th percentile, and minimum values
in length.
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compare them. However, the alignments by any of current MSA

programs might not be perfect or might not be easy to assess

accuracy of the alignments. Although many advances have been

achieved in MSA, there are still many challenges in alignment

methods in today’s high throughout biotechnologies (Thompson et

al., 2011).

Comparison analysis of phylogenetic trees for 16S rRNA and

dsrA genes. The phylogenetic tree for 16S rRNA genes was

visualized with only 33 bacterial species, which were selected as

representative species for genera that contained more than two

different species, and an outgroup of Thermaerobacter marianensis

type strain (Fig. 3). In addition, for the dsrA gene phylogenetic

Fig. 2 Taxonomic summary of 127 dsrA gene sequences retrieved from well-annotated public database of genome sequences (RefSeq). Two bar charts
display compositions of the most abundant Classes (Clostridia and Deltaproteobacteria) at genus level.

Fig. 3 Neighbor-joining phylogenetic tree of 16S rRNA gene sequences for 33 representative species appeared in the dsrA gene collection, and
Thermaerobacter marianesis type strain as the outgroup constructed in ARB. Bootstrap percentages larger than 50 were only shown from 1000
replicates. Scale bar indicates 0.1 nucleotide substitution per site.
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trees, due to their large sizes, the trees were trimmed to manageable

sizes with only 48 sequences from the 33 bacterial species that

were used as representatives for 16S rRNA genes, and the others

were excluded from the trees. The trees built for the alignments by

Mafft, Muscle, Mothur, and Clustal Omega are shown in Fig. 4.

The aligned dsrA sequences were grouped into four by comparing

the four trees manually, as indicated in the figures. Whereas

groups 1 and 3 were relatively stable in all the trees, groups 2 and

4 varied between the trees (Fig. 4A, B, C, and D), an indication

that two distinctive types of dsrA genes were clustered separately

and the other two groups (2 and 4) of the gene might share similar

sequences with both the two distinctive groups (1 and 3) partially

or have experienced different evolutionary pathways. The two

distinctive groups have also higher percentages of bootstrap

replicates for the internal nodes and leaves of the trees, more than

the other two variable groups, supporting the obvious divergent

genes by groups 1 and 3. Looking into the trees, sequences from

the same bacterial strains were not frequently found both in

groups 1 and 3 with the exception of 2 strains (Desulfosporosinus

orientis DSM 765, Thioalkalivibrio nitratireducens DSM 14787)

(Fig. 4A and B), whereas two sequences from a single strain,

Desulfovibrio desulfuricans subsp. desulfuricans ATCC 27774

(gi|220903286) were the closest neighbors to each other. In this

case, two very similar genes are duplicated in the same organism.

Thus, understanding and revealing the reason for the presence of

duplicated genes in the same organisms might be a questionable

issue in the future researches. Certain sequences from two strains

of a species were close with each other in certain cases (e.g.,

Desulfitobacterium hafniense strains DCB-2 and Y51 in group 3),

and also were divergent in some other cases (Desulfovibrio vulgaris

strains Hildenborough and DP4, and Chlorobium phaeobacteroides

strains DSM 266 and BS1 in groups 3 and 1, respectively) (Fig.

4C). Certain strains showed multiple inclusion of dsrA genes

widely distributed in 3 groups, such as Desulfosporosinus orientis

DSM 765 in groups 1, 2, and 4, and Desulfitobacterium

dichloroeliminans LMG P-21439 in groups 2, 3, and 4 (Fig. 4D).

Upon comparison of the 4 trees, the trees for Muscle and Clustal

Omega alignments match well rather than the others (Fig. 4B and

D), though all 4 trees resemble each other regardless of the orders

of the groups. Tree for Mothur alignment appears to be close to

the one for Mafft, rather than the Muscle tree, although the

alignment by Mothur was based on a Muscle-seed alignment.

Considering higher bootstrap percentages on groups 1 and 3, and

sequence relationships between neighbors on the phylogenetic

trees described above, alignments by Mothur and Clustal Omega

seem to suggest slightly better results than those by Mafft and

Muscle, although quantitative comparison was not suggested. The

processes for database construction and its validation described in

this study is not a decisive method including certain quantitative

parameters. On the other hand, the alignments by those MSA

programs and examining the results with phylogenetic trees could

suggest an alternative method to construct reference database for

use in metagenomic data processing of functional genes, by

investing humane efforts to examine the positions and

relationships of the sequences in the trees. The methodology of

construction of a functional gene database and alignment can be

extended to diverse genes, and evolutional investigations also can

be considered by comparing phylogenetic relationships of both

bacterial taxonomy and the functional genes.
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