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Comparison of the Specificities and Efficacies of Primers
for Aromatic Dioxygenase Gene Analysis of
Environmental Samples”
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Aromatic dioxygenase genes have long been of interest for bioremediation and aromatic carbon cycling
studies. To date, 115 primers and probes have been designed and used to analyze dioxygenase gene diversities
in environmental samples. Here we analyze those primers’ specificities, coverages, and PCR product lengths
compared to known aromatic dioxygenase genes based on in silico analysis as well as summarize their differing
advantages or effectiveness from over 50 reported experimental studies. We also provide some guidance for

primer use in future studies.

Aromatic compounds, such as polycyclic aromatic hydrocar-
bons (PAHSs), biphenyls, and dioxins, are widespread contam-
inants due to human activities as well as from natural events (6,
10). Aromatic dioxygenases, which initiate the aerobic degra-
dation of these compounds, have been of considerable interest
for bioremediation. Furthermore, these aromatic hydrocar-
bons have basic structures similar to some plant and soil aro-
matic compounds, and hence these and similar dioxygenase
genes are likely involved in the natural carbon cycle. Improved
understanding of the microbial contribution to terrestrial car-
bon turnover, especially of its more resistant aromatic compo-
nents, is of increasing importance for predicting and poten-
tially influencing the carbon cycle, and hence affect climate
change (1).

The o-subunits of these multicomponent dioxygenases
have a well-known, common structure central to their elec-
tron transfer and catalysis, called the Rieske center, and mono-
nuclear iron and are called Rieske nonheme iron oxygenases
(8). These dioxygenases have been divided into four groups
based on the substrates metabolized, which also correspond
to their phylogeny: toluene/biphenyl (T/B), naphthalene (or
PAH), benzoate, and phthalate dioxygenases (8). The first two
groups have been the most studied, and 115 primers and
probes have been reported for their study (see Table S1 in the
supplemental material). As more recent studies have revealed
much greater diversity of these genes in nature (3, 11, 13, 16,
25), an evaluation of the current primers is timely for inform-
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ing future studies. Primer coverage and specificity, which are
important factors in choosing a primer set appropriate for
experimental purposes, have never been compared and dis-
cussed. In this review, we compare the 115 primer sets in terms
of specificity, coverage, and length of the products by using in
silico analysis and by summarizing their performance from
published studies.

BIPHENYL AND PAH DIOXYGENASE GENES

As reference sequences, we retrieved 464 Rieske nonheme
iron dioxygenase genes from the Pfam protein family database
(7) that are more than 350 amino acids in length and have both
the Rieske family domain (Pfam PF00355) (Rieske center) and
the Ring hydroxyl A family domain (Pfam PF00848) (iron
binding site). Retrieved protein sequences were aligned using
MUSCLE (4), and dissimilarity matrices were calculated and
used in DOTUR (19) for complete linkage clustering. A dis-
tance cutoff of 0.2 produced 120 clusters. The middle distance
sequence in each cluster was selected as a representative se-
quence for the cluster. The representative sequences were used
for constructing a phylogenetic tree by using the neighbor-
joining method and Phylip 3.67 software (5) (Fig. 1). Of the
retrieved genes, the aromatic dioxygenase genes, including
well-characterized toluene/biphenyl and PAH dioxygenase
genes, are located in red branches in Fig. 1. The rest of the
gene clusters located in the bottom half of the tree are benzo-
ate dioxygenases or are not functionally characterized Rieske-
type dioxygenases. Since aromatic dioxygenase genes usually
indicate genes in the red-branched clade and thus most of the
primers were designed for those genes, we used the 44 clusters
that represent 204 dioxygenase genes in this large clade as
reference sequences in this study. We grouped those reference
genes into five subclades: PAH dioxygenases from Gram-neg-
ative bacteria (PAH-GN; blue circles), toluene/biphenyl dioxy-
genases (T/B; green circles), other dioxygenases I and II (OT-I
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FIG. 1. Phylogenetic analysis of 120 Rieske nonheme iron dioxygenase clusters representing 464 genes. The middle distance sequence in each
cluster was used to build a tree as a representative sequence for the cluster. Numbers in parentheses identify assigned cluster numbers to be used
to cross-reference with Table S2. The red branches highlight the clades and their reference genes used in this study. Clusters were grouped into
five subclades (coded by color in all figures): PAH-GP, PAH dioxygenases from Gram-positive bacteria; T/B, toluene/biphenyl dioxygenases; OT-1,
other dioxygenases I; PAH-GN, PAH dioxygenases from Gram-negative bacteria; OT-II, other dioxygenases II. The sizes of circles correspond to
the number of members in each reference gene cluster (see Table S2 in the supplemental material for a complete list of members in each cluster).

and -II; yellow circles), and PAH dioxygenases from Gram-
positive bacteria (PAH-GP; orange circles) (Fig. 1).

PRIMER SELECTION: IMPORTANCE OF PRIMER
COVERAGE, SPECIFICITY, AND PCR
PRODUCT LENGTH

In addition to basic primer design strategies described
elsewhere (18), three criteria should be considered for di-
oxygenase primer selection: coverage, specificity, and PCR

product length. Primer coverage, which is the number of al-
leles of the target gene that should be amplified by the primer
set during PCR as estimated from known sequences, is a key
parameter because it suggests the possible diversity of the
sequences that will be recovered from natural samples. The
coverage range depends on the conservation of the primer
region, degeneracy of the primer, and PCR conditions that
may allow some primer-template mismatches. Second, speci-
ficity, or the extent to which the primers align with the correct
genes while not aligning with other undesired genes, is also
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FIG. 2. Primer coverage pattern against 204 reference dioxygenase genes. Each box indicates a perfect match between the gene and the primer.
Primers can be classified into the six classes noted on the left, based on their coverages: class A targets all five reference subclades; class B targets
PAH-GN,; class C targets PAH-GN and T/B; class D targets T/B; class E targets dioxin dioxygenases in OT-I; class F targets PAH-GP. Figure S1
in the supplemental material expands this figure to show each primer name, its computed degeneracies, and the number of perfect matches to the

corresponding gene’s nucleic acid and protein identification number.

critical. Specificity is counter to coverage. Higher degeneracy is
often used to increase coverage to more alleles, but this may
result in lower specificity. Primer coverage-specificity rela-
tionships are especially critical when using primers for
deep sequencing methodologies such as pyrosequencing:
less specificity increases the chances of obtaining many non-
target sequences. Thus, an appropriate balance of coverage
and specificity for each primer should be examined. If a highly
degenerate primer is selected for one end of the amplicon, a
low-degeneracy one could be chosen for the other end to
increase the specificity of the primer set. Another important
consideration is that different samples have different dioxygen-
ase gene contents. Therefore, it is always important to test
multiple annealing temperatures on the particular samples to
determine the specificity of the primer set. Third, PCR product
length, or the distance between forward and reverse primers, is
an important consideration since the currently available instru-
ments provide sequence for only partial gene lengths. For
traditional Sanger sequencing, up to around 700 bp can be
sequenced. For pyrosequencing using the current Genome Se-
quencer FLX Titanium system (454 Life Sciences, Branford,
CT), sequences up to 400 to 500 bp can be obtained from PCR
product sizes of 200 to 600 bp. By using Genome Analyzer
(Illumina, San Diego, CA), 150 bp is currently the longest
obtained sequence. Longer sequences of course lead to a bet-
ter understanding of the gene, which is the ultimate goal, but
the higher capacities of the 454 and Illumina technologies
provide a much greater sampling of nature’s gene diversity,
also is an important goal.

ROLE OF PRIMER DESIGN: LESSONS FROM
PREVIOUS STUDIES

Considerable research has taken place in trying to under-
stand the aromatic degradation potentials of bacteria in terms
of diversity of dioxygenases in the environment and for the
type of dioxygenase contained within a bacterial isolate(s) with
known aromatic degradation capacity. As noted, 115 primers
have been reported for environmental studies (see Table S1 in
the supplemental material). The questions for future studies
are which primers do I use and are further improvements
possible? We considered the role of target gene specificity,
clade coverage, amplicon length, and reference sequences used
in primer design as the parameters for judging quality of prim-
ers, and then we related this to the experimental outcomes
from use of these primer sets.

COVERAGE OF PREVIOUS PRIMERS

To summarize the coverage of previously reported primers,
each primer was searched against 204 reference dioxygenase
genes using BLAST+ (2), and perfect match genes were
mapped. From the overall patterns that indicate the coverages
of amplified genes (Fig. 2; shown by the densities of boxes in
subclades), primers were grouped into six classes. The first
class (class A) covers all five reference subclades. (DP2 or
Rieske_f [17] and Nah-for [26] primers showed especially high
coverage of more than 100 genes [see Fig. S1 in the supple-
mental material]. Those high-coverage primers have high de-
generacy and were designed to target the highly conserved
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Rieske motifs.] The other classes are more specific to each
target subclade(s): class B targets PAH-GN, class C targets
PAH-GN and T/B, class D targets T/B, class E targets es-
pecially dioxin dioxygenases in OT-I, and class F targets
PAH-GP. An expanded, readable map of target genes for
each primer is shown in Fig. S1 of the supplemental mate-
rial.

While the published studies used various techniques to ac-
complish different goals, in terms of coverage of primers, Lo-
zada et al. (15) highlighted a comparison of a broad coverage
primer set with a narrow coverage primer set. The Acl14F/
Ac596R primer set has been used frequently (9, 12, 20, 21, 23)
with fairly consistent success. In the Lozada et al. study (15),
clone libraries were constructed using the Acl14F/Ac596R
primer set, yielding seven distinct sequence clusters, five of
them novel (only 58% to 68% identical to known amino acid
sequences). Using the narrow-coverage Cyc372F/Cyc854R
primer set, which targets phnAl from Burkholderia sp. strain
RP007, all sequences showed high amino acid identity (98.6 to
100%) to Cycloclasticus isolates. Those authors were able to
detect broad diversity with the Ac144F/Ac596R primer set and
then find specific genes, possibly specific to Cycloclasticus, with
the second primer set. Primers specific to other phylotypes
were attempted for this second step, but they did not result in
amplification.

Primer set P8073/P9047 is also an instructive example. This
primer set was designed with one reference sequence, phnAc
(14), and our BLASTn results also showed that it is the only
sequence with a perfect match (see Fig. S1 in the supplemental
material). In multiple studies, this primer set was more specific
to apparent PAH dioxygenases contained in uncultured bacte-
ria. In two studies, strains isolated by PAH enrichment did not
produce amplicons using these primers, yet the primer did
produce amplicons in soils and a biofilm contaminated with
phenanthrene (14, 20). In two other studies, this primer set was
able to produce amplicons from PAH-degrading isolates, while
primer sets targeting the nahAc gene were less successful (22,
24). In the latter study, the authors postulated that the phnAc
gene was horizontally transferred, because identical copies of
the gene were detected in phylogenetically diverse isolates
(24). Apparently, the primer set targets a broad set of genes
that may be dissimilar to those currently known. These exam-
ples indicate that previously known genes are only part of
nature’s diverse gene pool and that in silico analysis based on
previous sequence data is a helpful first step in estimating
primer coverage but is not (and should not) be expected to be
completely accurate.

CONTROL OF PRIMER SPECIFICITY

Perfect match sequences are not only the products of PCR
amplification. Some primers showed a lower number of perfect
match genes or even no matches, although the primers were
designed to target a wide range of genes. For example, the
pah-rhda primers used by Ding et al. (3) have no perfect match
sequence in reference genes. Those primers were designed to
use a lower annealing temperature and allow several mis-
matches during PCR in order to amplify a broader set of target
genes. This effect could not be reflected in Fig. 2 because we
were not able to estimate the effects of PCR conditions on
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specificity. Thus, the summary of previous studies in Table S3
of the supplemental material can help in understanding actual
primer coverage, including the effects of PCR conditions.

Targeting conserved motifs within the target gene enhances
primer specificity to the target gene. Ni Chadhain et al. (17), as
have others, designed a primer set targeting the Rieske center
of the dioxygenase, a highly conserved portion of the gene, as
indicated by arrows in Fig. 3. Those investigators included
degenerate bases to increase coverage but relied on the con-
served positions to maintain specificity. Clone libraries were
constructed in two studies (17, 25), and in both studies the
amplicons formed many clusters. Some clusters were distantly
related to reference sequences, indicating that the primer am-
plified a gene similar to those from both cultured and uncul-
tured bacteria.

Another method of ensuring specificity is to use a large
number of reference sequences with which to find consensus
sequences within the gene for use in primer design. Recently
we designed the BPHD-f3/BPHD-r1 primer set with 31 refer-
ence sequences to ensure that the positions selected as primers
were conserved between many strains. This allowed known
conserved motifs to be contained within the amplicon to use as
a quality filter during pyrosequencing data analysis. As a result,
we found that the bphA1I genes in the environment were mainly
novel, with only a few similar to known sequences (11). This
result suggests that the current knowledge severely underrep-
resents bphAlsequences in nature, which may be the case for
many organic carbon-degrading genes, and indicates that new
strategies are needed for assessing nature’s gene repertoire.

PCR PRODUCT LENGTH OF DIOXYGENASE PRIMERS

Since PCR product length is limited for certain sequencing
technologies, we have summarized the positions of each primer
for easy calculation of estimated product length with different
combinations of primers. By using MUSCLE alignment of 204
dioxygenase genes, primer annealing positions were calcu-
lated based on bphA from Burkholderia xenovorans 1L.B400
(GenBank accession number M86348) (Fig. 3). The length of the
PCR product in each primer pair varies from less than 100 bp
to the entire a-subunit. Although two of the primer sets in class
A target genes from all subclades, the amplified product
lengths of both are 78 bp, which limits classification and diver-
sity assessment of these sequenced PCR products. The primers
in Fig. 3 could be tried in different combinations after consid-
eration of similar annealing temperatures and the coverage of
subclades, depending on the purpose of the study or the loca-
tion of conserved motifs within the gene.

CHOOSING APPROPRIATE PRIMER SETS

We recommend the following general steps in choosing
primers for gene-targeted (amplicon) metagenomics. (i) Select
the target subclade, e.g., all, PAH-GN, T/B, or PAH-GP (Fig.
1). (ii) Collect a set of candidate primers from each of the
groups based on success of past studies (see Table S3 in the
supplemental material) and their coverage against the desired
genes (see Fig. S1 in the supplemental material). (iii) The
amplicon length should be as long as possible to gain maximum
information but short enough so that it can be sequenced
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FIG. 3. Primer annealing positions. Positions are based on bphA from Burkholderia xenovorans 1LB400. If the primer annealing position did not
exist on the bphA gene because of gaps, the closest position number was used. Arrows indicate the positions of well-known conserved structures:

the Rieske center and iron binding site.
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through the reverse primer for quality control (the current 454
Titanium version of pyrosequencing is able to sequence up to
500 bp). (iv) Include conserved regions within the amplicon so
that those sequences can be used as a quality filter in process-
ing. We considered all primers as candidates for forward or
reverse primers; however, it is possible that a primer will not
function as well for the reverse complement, especially due to
low GC content in the 3’ end (=40% in last five bases). All
primers should be tested empirically, since predictions are not
reality. Amplification conditions may also need further opti-
mization for the type of sample matrix.

From our evaluation of past work, we offer a few primer pair
suggestions. For the most comprehensive targeting of dioxygen-
ase clades (all; our category A), we suggest DP1/Rieske_f and
ARHD2R. For other subclades, such as PAH-GN, T/B, and
PAH-GP, we suggest (i) AcS96R (for use as a reverse comple-
ment) and NAPH-2R, (ii) adoB1 (for use as a reverse com-
plement) and BPHD-r1, and (iii) NidA-forward and pdol-r,
respectively. We also recommend DP1/Rieske _f and Nah-for
(for use as a reverse complement), which covers 92 of the
reference genes from all classes, as a general primer set to
determine if a novel isolate or gene contains a Rieske dioxy-
genase motif, but these are not generally recommended for
amplicon sequencing due to their short length, 77 bp.

CONCLUSIONS

Many recent studies have revealed a much higher diversity
of aromatic dioxygenases in environmental samples than pre-
viously thought, and hence these studies suggest a need for a
better approach. One key is the selection of primer sets. The
primer coverages, specificities, and lengths that we have sum-
marized as well as our summary of the experimental studies
will help guide experimenters in choosing the most appropriate
primer sets for new studies. We also expect that the current
expansion of environmental metagenome sequencing projects
will provide an additional sequence resource for evaluating
and improving primers, as that data will not be limited by what
is in GenBank, which is biased toward easily cultured strains.
For example, about 100 Gbp of soil metagenomic data contains
about 1,000 biphenyl dioxygenase-like genes (J. R. Cole, per-
sonal communication). During the time that we wrote this
review, soil metagenome projects have produced terabases of
sequences. The next phase in primer design may entail detec-
tion and assessment of the dioxygenase-like genes in these
resources for improvement in our knowledge of nature’s aro-
matic degradation capacity.
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