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Vinyl chloride reductases (VC-RDase) are the key enzymes for complete microbial reductive dehalogenation
of chloroethenes, including the groundwater pollutants tetrachloroethene and trichloroethene. Analysis of the
codon usage of the VC-RDase genes vcrA and bvcA showed that these genes are highly unusual and are
characterized by a low G+C fraction at the third position. The third position of codons in VC-RDase genes is
biased toward the nucleotide T, even though available Dehalococcoides genome sequences indicate the absence
of any tRNAs matching codons that end in T. The comparatively high level of abnormality in the codon usage
of VC-RDase genes suggests an evolutionary history that is different from that of most other Dehalococcoides

genes.

The discovery of microbial growth coupled to reductive de-
halogenation (dehalorespiration) of chloroethenes has led to
development of microbial bioremediation as an important
strategy for remediation of chloroethene-contaminated sites
(14). The microorganisms capable of dehalorespiration of per-
chloroethene and trichloroethene are phylogenetically diverse
and ubiquitous in many soil environments (22). Thus far, only
members of the genus Dehalococcoides are known to dehalo-
respire dichloroethenes and the most toxic congener, vinyl
chloride, to harmless ethene (22). The energy metabolism of
Dehalococcoides species appears to be confined to reductive
dehalogenation with hydrogen as an electron donor, thereby
defining the unique biology of this group of microorganisms
(9, 20).

The enzymes responsible for reductive dehalogenation in
Dehalococcoides have been identified as reductive dehaloge-
nases (RDases) (8, 12, 13, 15, 16). Previous biochemical work
demonstrated the activity and substrate range of the RDase
responsible for trichloroethene reduction, TceA, in Dehalococ-
coides strain 195 (12), as well as the vinyl chloride reductase
(VC-RDase), VcrA, in Dehalococcoides strain VS (16). Indi-
rect evidence identifying the perchloroethene RDase, PceA, in
Dehalococcoides strain 195 (12, 15) and the putative VC-
RDase gene (bvcA) in Dehalococcoides strain BAV1 (8) has
also been obtained. A combination of molecular tools and
whole-genome sequencing projects has led to a database con-
sisting of approximately 90 putative RDase genes for Dehalo-
coccoides (5, 9, 12, 16, 19, 20, 23). Whole-genome sequencing
of isolated Dehalococcoides strains (195, CBDB1, and BAV1
draft) (9, 20; http://genome.ornl.gov/microbial/deha_bavl/;
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http://www.jgi.doe.gov/) has also revealed that many RDase
genes are located in or near putative integrated mobile genetic
elements, indicating that these genes were potentially acquired
through horizontal gene transfer (9, 18, 20).

Here we describe a computational analysis of codon usage
in RDase genes that was performed as a means of obtaining
further insight into a gene family that has been described as
both essential to the biology of Dehalococcoides and asso-
ciated with signatures for lateral gene transfer. Unless oth-
erwise noted, the computational analysis was performed
using the R software language for statistics (version 2.4.1)
and the contributed packages seqinR and ade4 (3, 4, 17).
The R software is available through the CRAN archives
network using the appropriate mirror (http://cran.r-project
.org/mirrors.html). Computational analysis of codon usage
bias has been used extensively in bacteria to estimate rela-
tive expression levels and to identify genes acquired through
recent horizontal transfer (1, 2, 6, 7, 10). We will describe else-
where a correspondence analysis of synonymous codon usage in
Dehalococcoides RDase genes which revealed that the G+C frac-
tion at the third position (GC3) is a major discriminating sta-
tistic for RDase genes (P. J. McMurdie and S. Holmes, un-
published data).

The codon usage bias (CUB) of chloroethene reductase
(CE-RDase) genes was summarized using a weighted mean
of relative synonymous codon usage (RSCU) (21) values for
each nucleotide at the third position, as shown in Fig. 1. The
average values for all open reading frames (ORFs) from the
three available genome sequences were also included for
comparison. As Fig. 1 shows, the third-position nucleotide
usage in VC-RDase genes was different from the third-
position nucleotide usage in other CE-RDase genes and
different from the third-position nucleotide usage in the
average Dehalococcoides gene. A localized scan of third-
position usage for the length of CE-RDase genes did not
reveal any bias due to the position in the gene (data not
shown).

To rigorously evaluate the total differences in synonymous
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FIG. 1. Summary of RSCU by third-position nucleotide in CE-
RDase genes: mean RSCU values (21) for codons having the same
nucleotide at the third position, weighted by the number of codons.
Values for verA, bvcA, tceA, and pceA are shown individually along
with values for the complete genome sequences of D. ethenogenes 195,
strain CBDBI, and strain BAV1.

codon usage between genes or groups of genes, we employed
the following formula, first proposed by Karlin et al. (7):

> fey2) = cley2)] (1)

(xy.z)=a

B(F|C) = 2p.(F)

where f(x,y,z) and c(x,y,z) are the normalized frequencies of
codon xyz in gene(s) F and C, respectively, and p,(F) is the
normalized frequency of amino acid a in gene(s) F. Equation 1
yields a single value, B, representing the total difference in
synonymous codon usage between F and C, where F and C can
be genes or groups of genes (7). When C is defined as all
codons from all ORFs in a genome sequence, the resulting
B(Flall) is referred to as the CUB of gene F relative to the
average codon usage of the genes in genome C. In this way,
CUB was calculated for all available Dehalococcoides RDase
genes, as well as for every ORF from the three available
Dehalococcoides genome sequences. These values were plotted
against the GC3 and are shown in Fig. 2 (top row). As this
figure shows, the VC-RDase genes were unusual compared to
all Dehalococcoides genomes, having both an unusually low
GC3 and a CUB of approximately 0.5, which Karlin et al.
described as “rare” for comparable gene groups (7). The fringe
status of the VC-RDase genes was in contrast to the status of
tceA, pceA, or most Dehalococcoides RDase genes, which ap-
pear to be bounded by the “cloud” of genomic ORFs. For
better resolution, each axis is also displayed as a histogram in
Fig. 2 (middle and bottom rows), and the positions of known
CE-RDase genes are indicated.

We used a Monte Carlo approach to assess the statistical
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significance of differences in codon usage between individual
genes and a whole genome. The CUB was calculated for each
of 10° simulated genes, which were created by a random sam-
pling of codons from all ORFs in the whole genome. We
defined a P value for each Dehalococcoides RDase gene as the
fraction of simulated genes with a CUB value larger than the
CUB value of the RDase gene:

> (CUBs; = CUBy)
N ©)

P(F) =

where P(F) is the P value defined for RDase gene F, N is the
total number of simulated genes, CUBg; is the CUB value for
simulated gene i, and CUB,. is the CUB value for gene F.
Unusual Dehalococcoides RDase genes are shown in Table S1
in the supplemental material. Unusual ORFs in the complete
genome sequences are shown in Table S2 in the supplemental
material. In 20 repeated Monte Carlo trials for each genome
sequence, an average of less than one simulated gene per trial
had a CUB value larger than the value observed for either
VC-RDase gene, corresponding to a P value of <107>. We
concluded that it is highly unlikely (P < 10~°) that the differ-
ence in codon usage between VC-RDase genes and typical
Dehalococcoides genes is a result of random variability in
synonymous codon usage in Dehalococcoides genes.

For some bacteria unusual synonymous codon usage occurs
in highly expressed genes as a consequence of strong selective
forces (7). For example, unusually high levels of expression
have been correlated with a specific unusual codon usage ob-
served in ribosomal protein genes in Escherichia coli (7). How-
ever, a high level of expression of VC-RDase genes does not
explain their unusual codon usage because their codon usage is
distinct from that of any other Dehalococcoides genes that
might be expected to be expressed at high levels in Dehalococ-
coides (data not shown). Furthermore, recent proteomic work
revealed that TceA, Fdh, Hup, the product of the DET1407
gene, and subunits of ATP synthase were the most abundant
proteins in Dehalococcoides ethenogenes strain 195 under chlo-
roethene-dechlorinating conditions (15). The codon usage of
the corresponding genes clustered well within the “cloud” of
genes in Fig. 2 and was significantly different from that of the
VC-RDase genes.

The codon usage in VC-RDase genes was also unusual be-
cause it is not consistent with tRNAs available in the Dehalo-
coccoides genome. While codons having T at the third position
were highly favored in VC-RDase genes (Fig. 1), not a single
tRNA anticodon predicted by Dehalococcoides genome analy-
ses matches codons ending in T (9, 20; http://genome.ornl.gov
/microbial/deha_bavl/; http://www.jgi.doe.gov/). These antico-
don predictions were independently confirmed here using the
tRNAscan-SE analysis available from the genomic tRNA da-
tabase (11). The anticodon predictions were also consistent
with the genome-wide trend to favor codons with G or C at the
third position (Fig. 1). However, codons ending with T are
present throughout the Dehalococcoides genomes at levels that
appear to be neither favored nor disfavored (RSCU value,
~1.0). The significant bias in favor of codons ending in T,
despite the absence of matching tRNAs in Dehalococcoides,
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FIG. 2. CUB of CE-RDase genes relative to the whole genome. (Top row) CUB of individual genes from the complete genomes of D.
ethenogenes 195, CBDB1, and BAV1 plotted against GC3. The ver4 and bveA genes are indicated by solid and open red triangles, while the tceA
and pceA genes are indicated by green and purple triangles, respectively. ORFs from the genomes are indicated by gray circles. ORFs less than
300 codons long are not shown to mitigate the representation of sampling effects. X, ORFs in the immediate vicinity of bvcA4 in the strain BAV1
genome. (Middle row) Histograms for GC3 of all genomic ORFs from the genome of each strain. N is the number of ORFs included in the plot.
The relative positions of CE-RDase genes are indicated by colored triangles, as described above. (Bottom row) Histograms for CUB of all ORFs
from the genome of each strain. Colored triangles indicate the locations of CE-RDase genes, as described above.

further supports the notion that VC-RDase genes have an
unusual evolutionary history.

The codon bias of VC-RDase genes was among the most
severely divergent codon biases of the available Dehalococ-
coides genes. The observation that codon usage in most other
RDase genes was not unusual compared to the codon usage in
the Dehalococcoides genome was consistent with the strong
patterns of operon orientation, strand bias, and localization
near the origin of replication shown previously for many
Dehalococcoides RDase genes (9, 20). It was also consistent

with the hypothesis that there has been rampant movement of
RDase genes within and between the closely related genomes
of different Dehalococcoides strains, which Kube et al. sug-
gested as a possible explanation for the association between
many RDase genes and mobile genetic elements (9). Interest-
ingly, genes in the immediate vicinity of bvcA in the strain
BAV1 genome are characterized by a similarly unusual codon
usage (Fig. 2); these genes include a putative phage integrase
gene adjacent to bveA, which is consistent with the hypothesis
that bveA was acquired by strain BAV1 through phage-associ-
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ated horizontal transfer. While this analysis could not demon-
strate the cause of the unusual codon usage, the extraordinary
difference in codon usage in VC-RDase genes and the poor
adaptability of the codon usage to available tRNAs are con-
sistent with the notion that VC-RDase genes were horizontally
acquired from a previously unknown microorganism. This pre-
diction has important implications for the evolution of reduc-
tive dehalogenation in the environment.
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