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ABSTRACT The characterization of native polycyclic aromatic hydrocarbon (PAH)-
degrading bacteria is significant for understanding the PAH degradation process in
the natural environment and developing effective remediation technologies. Most
previous investigations of PAH-degrading bacteria in environmental samples employ
pahAc, which encodes the a-subunit of PAH ring-hydroxylating dioxygenase, as a
functional marker gene. However, the poor phylogenetic resolution and nonspecific-
ity of pahAc result in a misestimation of PAH-degrading bacteria. Here, we propose a
PAH hydratase-aldolase-encoding gene, pahE, as a superior biomarker for PAH-
degrading bacteria. Comparative phylogenetic analysis of the key enzymes involved
in the upper pathway of PAH degradation indicated that pahE evolved dependently
from a common ancestor. A phylogenetic tree constructed based on PahE is largely
congruent with PahAc-based phylogenies, except for the dispersion of several clades
of other non-PAH-degrading aromatic hydrocarbon dioxygenases present in the
PahAc tree. Analysis of pure strains by PCR confirmed that pahE can specifically dis-
tinguish PAH-degrading bacteria, while pahAc cannot. lllumina sequencing of pahE
and pahAc amplicons showed more genotypes and higher specificity and resolution
for pahE. Novel reads were also discovered among the pahE amplicons, suggesting
the presence of novel PAH-degrading populations. These results suggest that pahE is
a more powerful biomarker for exploring the ecological role and degradation poten-
tial of PAH-degrading bacteria in ecosystems, which is significant to the bioremedia-
tion of PAH pollution and environmental microbial ecology.

IMPORTANCE PAH contamination has become a worldwide environmental issue be-
cause of the potential toxic effects on natural ecosystems and human health. Bio-
transformation and biodegradation are considered the main natural elimination
forms of PAHs from contaminated sites. Therefore, the knowledge of the degrada-
tion potential of the microbial community in contaminated sites is crucial for PAH
pollution bioremediation. However, the nonspecificity of pahAc as a functional
marker of PAH-degrading bacteria has resulted neither in a reliable prediction of
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effects on the water ecosystem and human health (1, 2). Though bioremediation is
regarded as the most cost-effective and sustainable PAH remediation technology in
natural environments (3, 4), its use is still constrained by limited knowledge of PAH-
degrading bacteria populations in situ. Identification and detection of indigenous PAH
degraders are therefore necessary to better understand natural biodegradation pro-
cesses and for the successful application of bioremediation technologies.

Culture-independent methods targeting the 16S rRNA gene can effectively reveal
the microbial diversity of many PAH-polluted systems (5-7). However, 16S rRNA gene
methods cannot directly identify which organisms are responsible for the degradation
of PAH or have degradation potential (8, 9). Specific metabolic genes provide us with
a powerful molecular tool to infer the metabolic capacity of microbial communities
directly. PAH ring-hydroxylating dioxygenases (PAH-RHD) are multicomponent en-
zymes that catalyze the initial oxidation of PAH via adding dioxygen to aromatic ring
structures, which is thought to be the rate-limiting step in PAH degradation (10, 11). A
gene encoding the a-subunit of PAH-RHD (pahAc) is commonly used as a functional
marker gene of PAH-degrading bacteria (8), because pahAc has been implicated in
substrate specificity and is more conserved than genes encoding other components of
PAH-RHDs (12).

In the last decades, PCR amplification and clone library sequencing using specific or
degenerate primers targeting pahAc have been extensively applied to estimate the
diversity and abundance of PAH-RHD genes in PAH-degrading isolates and multiplex
systems (11, 13-17). In these studies, specific primers are designed to target a rather
narrow range of sequences, e.g., nahAc-, phnAc-, nagAc-, and nidA-type sequences (13,
18), which are useful for describing enriched cultures or isolates but may be less reliable
for detecting the complete diversity of PAH degraders. Variations in pahAc sequences
in PAH-degrading bacteria hinder inclusive targeting of PAH degraders with such highly
specific primers, resulting in an underestimation of PAH degraders at contaminated
sites (19, 20). To circumvent this problem, Cébron and her colleagues (10) used a
two-degenerate-primer system targeting PAH-RHD« genes of Gram-positive and Gram-
negative bacteria, simultaneously detecting many pahAc-like genes (including pahAc-,
nahAc-, phnAc-, nagAc-, nidA3-, and pdoA2-like genes) in contaminated soils and
sediments. Similarly, an investigation of PAH-degrading bacteria in marine sediments
from Patagonia using degenerate primers (21) revealed the nahAc-like and phnAc-like
genes identified in Alcaligenes faecalis AFK2, the phnAT-like genes from Cycloclasticus
spp., and five novel PAH-RHDas. The abundance of these genes was later found to be
correlated with contamination level (22). The major drawback of degenerate primers is
their lack of specificity for PAH-RHDa. PAH-RHDas are typically closely related to the
a-subunits of other aromatic-ring-hydroxylating dioxygenase (other-ArhAc) which can-
not degrade PAH (20, 23). Degenerate primers targeting pahAc are known to cross-react
with other-ArhAc, especially when used for multicontaminated environmental samples
containing complex microbial communities (12, 24-26). For example, Ni Chadhain et al.
(24) found that the degenerate primer pair targeting the Rieske gene fragment from
PAH-RHDa might also target the polychorobiphenyl-, benzene-, toluene-, and xylene-
dioxygenases, along with other sequences that are not closely related to any RHD«
genes present in PAH-spiked soil. Such cross-reactions can occur even when using
specific PAH-RHD« primers, as observed in a study that found operational protein
families (OPFs) affiliated with homogentisate 1,2-dioxygenase (HgmA) from Brevibacil-
lus brevis in contaminated Antarctic soils by using the primer pairs PAH-RHDa-GN-F/
PAH-RHDa-GN-R and PAH-RHDa-GP-F/PAH-RHD«a-GP-R (25). All these cross-reactions
would lead to a misestimation of PAH-RHD diversity and abundance and hinder the
identification and characterization of novel PAH dioxygenase genes.

Effective biomarkers were usually thought to be able to characterize microbial
degradation rate and potential. Previous studies have found that there is a good
positive correlation between the abundance of nahAc and degradation of naphthalene
(27, 28), and the degradation of pyrene is usually positively related to the abundance
and expression of nidA (29, 30). For other PAH substrates, the relationship between
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specific PAH degradation and pahAc is irregular (positive, negative, or no correlation),
and correlations are generally not strong (31-33). Hence, pahAc can neither reliably
predict PAH degradation potential nor accurately assess degradation rate, although it
catalyzes the degradation rate-limited step, a more specific functional biomarker of
PAH-degrading bacteria is urgently needed.

The objective of this study is to use comparative analyses of functional genes to
identify a better biomarker for PAH-degrading bacteria and evaluate different biomark-
ers on specific metrics. As a good functional marker should be associated with a
functional trait, have specificity, and provide fine phylogenetic resolution of closely
related populations (34), we collected the protein sequences of key enzymes (including
PahA, PahB, PahC, PahD, PahE, and PahF) responsible for the upper pathway of PAH
metabolism (Fig. 1) and analyzed their phylogenies with the closely related members
in their protein family. PahE catalyzes the fifth step of the PAH aerobic degradation
process, converting analogues of trans-o-hydroxybenzylidenepyruvate (tHBPA) to alde-
hydes and pyruvic acid (Fig. 1) (35). The gene encoding PAH hydratase-aldolase (pahE)
showed the greatest potential as a suitable functional marker gene of PAH-degrading
bacteria. To evaluate the potential of pahE as a functional marker, degenerate primers
specific for pahE gene sequences in PAH-degrading bacteria and a PCR-based assay
were developed. The specificity and the target range of pahE and pahAc as functional
markers of PAH degradation were then compared by testing their ability to identify PAH
degraders from pure cultures and environmental samples.

RESULTS

pahE is a better functional marker of PAH-degrading bacteria. To select a
suitable functional marker gene for PAH-degrading bacteria, the phylogenies of the key
enzymes, including PahA, PahB, PahC, PahD, PahE, and PahF, responsible for the upper
pathway of PAH metabolism, were analyzed for their similarity with other members of
the same protein family (Fig. 2; see also Table S2 in the supplemental material).

The phylogenetic clustering of the genes encoding these different functional en-
zymes shows that pahE has the greatest potential as a biomarker for PAH-degrading
bacteria. All the PahE enzymes (hydratase-aldolases) cluster in an independent clade
distinct from other subfamilies that are not related to aromatic hydrocarbon degrada-
tion (Fig. 2e and Table S2e) present in the dihydrodipicolinate synthase (DHDPS) family
phylogenetic tree. The distinct deep branching of the pahE genes is favorable for the
identification of PAH hydratase-aldolase through sequence alignment and phyloge-
netic analysis. The genes encoding the PahA, PahB, PahC, and PahF enzymes cluster in
multiple clades separated by clades unrelated to PAH degradation (Fig. 2a and b, c1, c2,
and f and Table S2a, b, c1, c2, and f). Genes encoding PahD also cluster into a single
clade (Fig. 2d and Table S2d). However, since it remains unclear whether Gram-positive
PAH-degrading bacteria require PahD for PAH degradation (36), the pahE gene is more
likely to capture both Gram-positive and Gram-negative PAH degraders when used as
a biomarker.

Based on PahE as a functional marker, a new group of potential PAH-degrading
proteobacteria (indicated by purple branches in each tree) were inferred as their
phylogenetic association with other PAH-degrading bacteria. PahAc/PahB/PahC/PahD/
PahF sequences in the genomes of this new group clustered within the clades defined
by these enzymes, providing evidence that this new group is likely capable of PAH
degradation. These results indicate that pahE has great potential as a functional gene
for identifying PAH-degrading bacteria.

To further assess the potential of pahE as a new functional marker of PAH-degrading
bacteria, the pahE and pahAc trees were directly compared. Curated reference data-
bases of both genes were built based on the same criteria to avoid sampling artifacts,
and the phylogenetic trees of both genes were calculated by two different classic
treeing algorithms to ameliorate problems from individual treeing algorithms, so the
results can be considered reliable phylogenetic estimates. The topological structures of
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FIG 1 The upper consensus metabolic pathway of PAHs, with naphthalene as an example (a), and other
aromatic hydrocarbons, with x-benzene as an example (b). Chemicals are |, cis-1,2-dihydroxy-1,2-
dihydronaphthalene; Il, 1,2-dihydroxynaphthalene; Ill, 2-hydroxy-4-(2'-oxo-3,5-cyclohexadienyl)-buta-2,4-
dienoate; IV, trans-o-hydroxybenzylidenepyruvate; V, salicylaldehyde; VI, pyruvate; VI, salicylate; (1),
x-benzene; (2), cis-5,6-dihydroxy-5,6-dihydro-1-x-benzene; (3), 5,6-dihydroxy-1-x-benzene; (4), 2-hydroxyl-
6-0x0-6-x-2,4-diadienic acid. Enzymes are PahA, naphthalene dioxygenase; PahB, cis-1,2-dihydroxy-1,2-
dihydronaphthalene dehydrogenase; PahC, 1,2-dihydroxynaphthalene dioxygenase; PahD, 2-hydroxy-
chromene-2-carboxylate isomerase; PahE, trans-o-hydroxy- benzylidene pyruvate hydratase-aldolase;
PahF, salicylaldehyde dehydrogenase; ArhA, aromatic hydrocarbon ring-hydroxylating dioxygenase;
ArhB, aromatic hydrocarbon dihydrodiol dehydrogenase; ArhC, aromatic hydrocarbon extradiol dioxy-
genase. Red dotted circle, activated aromatic ring; red dotted box, the reaction catalyzed by PahE; black
dotted box, x-benzene as an example.

the two trees for each gene are similar, so only the neighbor-joining consensus trees
are shown for comparison (Fig. 3 and S2).

The topological structure of the pahE tree is largely congruent with that of pahAc
(Fig. 3 and S2), demonstrating that there is a specific one-to-one correspondence
between the pahE and pahAc genes of PAH-degrading bacteria. Moreover, the presence
of corresponding pahAc and pahE genes (Fig. 3, bold branches) further suggests that
the newly identified potential PAH-degrading taxa have PAH-degrading capacity. The
pahAc tree shows major topological incongruences in other-ArhAc lineages (Fig. 3,
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dashed branches), but these taxa have no corresponding pahE genes in the pahE tree.
This indicates that pahE genes are more specific for PAH-degrading bacteria. Two other
minor incongruences are notable within the Marinomonas sp. strain D104 and Altero-
monas sp. strain SN2 clades and within Burkholderia clades, potentially indicating that
the pahAc and pahE in these groups have been acquired through different horizontal
gene transfer events, as they are different genera but share similar pahAc or pahE. These
comparisons confirmed that pahE is more specific and is therefore more predictive as
a functional marker for PAH-degrading bacteria than pahAc.

Determination of pahE specificity. To test the specificity of pahE genes for
PAH-degrading bacteria, a highly specific PCR-based assay detection system was
developed. Four primer sets were designed to specifically amplify partial stretches of
the pahE gene sequence from different clades (Table 1 and Fig. 4). The coverage and
specificity of each primer set were tested in silico. Of the 73 reference pahE sequences,
68 sequences are specifically targeted (Table S5). Almost every pahE genotype is
targeted except those of the Cycloclasticus genus, which are the dominant PAH-
degrading bacteria in marine environments (37).
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TABLE 1 Primer sets designed for pahE genes and the primer sets chosen for pahAc genes

Applied and Environmental Microbiology

Length of PCR

Primer Sequence? Length (nt) Degeneracy products (bp) T,, (°C)® Reference
pahE1F TGCGGCGGGTGTNAAYGGNAT 21 32 377 57 This study
pahETR CCTGAGGAATCTCGGACATYTSTGCCCARAA 31 8

pahE2F AGCATGGGAACKYTKGGNGA 20 32 366 52 This study
pahE2R TTTGGCGGTVACVACYTG 18 18

pahE3F GACGGCGTSGACGGVATCAT 20 6 323 54 This study
pahE3R TCAGGGTTGTCRTARAKSA 19 16

pahE4F TGGTGCGYGAYGGBGYCGA 19 24 324 54 This study
pahE4R GGCGTGCGGGTTSTSRTARAYCA 23 32

PAH-RHD«-396F ATTGCGCTTAYCAYGGBTGG 20 12 320 57 16
PAH-RHDa-696R ATAGGTGTCTCCAACRAARTT 21 4

9The pahE primers consisted of a 5’ consensus clamp region and a 3’ degenerate core region (italicized in the primer sequences).

b7, melting temperature.

The performance of the pahE and pahAc PCR assays was tested using pure cultured
strains, including reference PAH-degrading bacteria, other aromatic hydrocarbon-
degrading bacteria (those that could not grow on PAHs as the sole carbon source), and
control bacteria (Table S3). The pahAc assays resulted in an ~320-bp amplicon stretch
of the pahAc gene from all of the reference PAH-degrading bacteria, as well as the
homologous stretch of ArhAc from other aromatic hydrocarbon-degrading bacteria
(Table 2). For example, neither Pseudomonas stutzeri ZWLR2-1 nor Comamonas sp.
strain CNB1 degrade PAH, but their dioxygenases are closely homologous with PAH-
RHDa and produced amplicons. Compared with the results of the pahAc PCR assay, the
pahE assay only amplified the specific stretches of pahE from the referenced PAH-
degrading bacteria. Neither nonspecific nor specific products were generated from
other non-PAH-degrading strains. These results demonstrate that the pahE assay could
specifically discriminate the PAH-degrading bacteria from closely related bacteria, while
pahAc could not.

More genotypes and higher specificity detected by pahE. To further evaluate the
specificity and applicability of pahE as a functional marker for PAH-degrading bacteria
in ecological studies, the diversity of pahE and pahAc genes in a selection of different
environmental samples (including a chronically crude oil contaminated soil [ODS], an
activated sludge of urban wastewater treatment plant [BAS], and an enrichment culture
of PAH-degrading bacteria [ASE]; details are described in Tables S3 and S4) was
compared by lllumina amplicon sequencing. In particular, this test was conducted to
determine whether the primers would retrieve only the specific targeted genes (pahE
or pahAc) of PAH-degrading bacteria and whether the approach could detect novel
genotypes of the targets. Additionally, lllumina amplicon sequencing could provide
insight into the diversity of pahE in PAH-degrading bacteria, a topic which has never
been investigated by a specific deep-sequencing approach.

Our quality screening resulted in 308,549 high-quality reads with lengths ranging
from 320 bp to 350 bp for pahAc and 806,682, 2,163, and 255,306 reads, with lengths
ranging from 320 bp to 380 bp for pahE1F/pahE1R amplicons, pahE2F/pahE2R ampli-
cons, and pahE3F/pahE3R amplicons, respectively (Table 3). Phylogenetic classification
of reads from the long-term contaminated soil and enrichment culture revealed that an
average of 98.10% and 93.32% of reads are affiliated with pahAc and pahE (mean value
of pahE1 and pahE2 amplicons), respectively. The large fraction clearly shows the high
selectivity of these primers for pahAc and pahE under the applied PCR conditions.
However, in activated sludge from a wastewater treatment plant (WWTP), the primer
sets for both genes resulted in very low selectivity; only 1.98% and 2.27% of reads were
affiliated with pahAc and pahE, respectively. This result may be unique to the WWTP
sludge used in this study, as it is operated solely for treating domestic sewage, which
has low PAH pollution and hence has few PAH-degrading microorganisms and some
matters leading to nonspecificity. As suggested by Good's coverage parameter (38),
which was above 0.99 for all the sequenced samples (Table 3), the sequencing depth
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FIG 4 Four different degenerate primer pair sets designed based on pahE phylogeny. The coverage and specificity of pahE primers
designed in this study are indicated by colored branches. Green branches, pahE of PAH-degrading bacteria of Betaproteobacteria and
Gammaproteobacteria; olive branches, pahE of PAH-degrading bacteria of Alphaproteobacteria; teal branches, pahE of PAH-degrading
bacteria of Rhodococcus; blue, pahE of PAH-degrading bacteria of Mycobacterium. The scale bar indicates 0.1 branch distance. Accession

numbers are shown to the left of each organism name.

is sufficient to cover a large fraction of the PAH-degrading bacterial richness at the
approximate species level (90% identity of pahAc or pahE) in these environmental
samples. At the 90% nucleic acid identity clustering level, 28 pahAc-affiliated opera-
tional taxonomic units (OTUs) and 42 pahE-affiliated OTUs are represented in total
(Table 3).

A large fraction of the pahAc OTUs matched the previously defined pahAc lineages
of PAH-degrading bacteria, such as nahAc of Pseudomonas spp., nagAc of Ralstonia sp.
strain U2, dntAc and phnAc of Burkholderia spp., bphA1 of Sphingomonas spp., nidA3 of
Mpycobacterium spp., and even pahAc of newly defined potential PAH degraders (Fig. 5,
light-green box). The remaining pahAc reads fell between the defined pahAc lineages
of PAH-degrading bacteria and other non-PAH-degrading aromatic dioxygenase lin-
eages. These reads clustered into two groups, which were defined as ambiguous
groups A and B (Fig. 5, gray box). Ambiguous group A contains 13 reads that show
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TABLE 2 Comparisons of the amplification of pahAc and pahE from reference strains by
pahAc and pahE primer sets, respectively

Amplification

results with
primer sets
for®:
Reference strain Substrate(s)? pahAc  pahE
PAH-degrading bacteriac
Pseudomonas stutzeri 1-5 Phn/Pyr + +
Delftia sp. strain Cs4-1 Phn + +
Marinomonas profundimaris D104 Nah/Ant/Phn/Pyr + +
Sphingomonas sp. strain 1-1 Phn + +
Novosphingobium pentaromativorans US6-1 Nah/Ant/Phn/Pyr/BaP + +
Rhodococcus sp. strain B4 Nah + +
Mycobacterium vanbaalenii PYR-1 Nah/Ant/Phn/Pyr/Fla + +
Thioclava dalianensis DLFJ1-1 New potential degrader + +
Other aromatic hydrocarbon-degrading bacteria?
Pseudomonas stutzeri ZWLR2-1 2-CNB + -
Comamonas sp. strain CNB-1 3-CNB + =

Other strains
E. coli DH5« NO - -
Bacillus subtilis 168 NO - -

aPhn, phenanthrene; Pyr, pyrene; Nah, naphthalene; Ant, anthracene; BaP, benzopyrene; Fla, fluoranthene;
2-CNB, 2-chloronitrobenzene; 3-CNB, 3-chloronitrobenzene; NO, not capable of degrading aromatic
hydrocarbons.

b+, correct sequence was amplified. —, no amplicon.

<Can mineralize PAHs or grow on PAHs as the only carbon source.

dCannot mineralize PAHs or grow on PAHs as the only carbon source.

approximately 50 to 51.3% identity to the dibenzofuran dioxygenase of Terrabacter sp.
strain DBF63 and approximately 50 to 53.7% identity to a new potential PAH dioxyge-
nase (Table S7). The phylogenetic proximity and poor identities to disparate groups in
these make it hard to determine whether they are PAH-RHD« genes or not. Ambiguous
group B contains 3 reads (51.2 to ~67.8% identity), which are most closely related to
the putative naphthalene dioxygenase of Paenibacillus sp. strain TSY30 (Table S7) (39).

In contrast, most of the pahE sequence OTUs obtained fall into the previously
defined pahE lineages of PAH-degrading bacteria (Fig. 5). The pahE OTUs were not only
affiliated with the corresponding pahE of the PAH-degrading bacteria whose pahAc is
also detected (the corresponding relationship between the detected pahAc and pahE

TABLE 3 lllumina sequencing results and observed numbers of OTUs based on reads that were affiliated with pahAc or pahE of PAH-
degrading bacteria

No. of PAH-degrading bacterial

pahAc or pahE reads No. of observed

Primer/primer set  Sample type? No. of high-quality reads  (over 50% identity) Good’s coverage® OTUs (90% identity)
pahAc ODS 75,979 75,363 0.999 19

ASE 172,319 167,140 0.999 6

BAS 60,251 1,194 1 1
pahE1F/pahE1R OoDS 330,283 329,093 0.999 1

ASE 463,897 416,736 0.999 10

BAS 12,502 560 0.999 7
pahE2F/pahE2R ODS 2,163 1,957 0.999 14
pahE3F/pahE3R ODS 62,147 35,071 0.999 13

ASE 60,771 6 0.999 2

BAS 132,388 77 0.999 6

a0DS, contaminated-oilfield soil; ASE, phenanthrene and pyrene enrichment culture; BAS, activated sludge of Bei Xiaohe urban sewage treatment plant.
bCalculated from the number of OTUs (at 90% identity level) represented by only one quality-controlled Illumina read (N,) and the total number of quality-controlled
lllumina reads (N) as 1 - (N;/N).
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FIG 5 Comparison of phylogenetic analysis of lllumina sequencing amplicons classified as pahAc and pahE in the environmental samples. The consensus trees
were based on the translated amino acid of sequenced amplicons of pahAc and pahE by neighbor-joining (NJ) method. Bootstrap support is indicated at
individual branches, and only those over 0.5 were shown. The environmental amplicons are indicated as OTU number, such as “OTU 190,” or “primer OTU
number,” such as “E1/E2/E3 OTU 19,” for pahAc and pahk, respectively. Different color indicates amplicons from different samples according to the color legend.
Corresponding pahE and pahAc are indicated by a green double-sided arrow. Members of the group of newly defined potential PAH degraders are marked by
a light-green box. The gray boxes in the pahAc tree indicate ambiguous groups, while the red boxes in the pahE tree are the additional detected pahE genotypes
with no corresponding pahAc detected. The detected novel pahE genes are indicated by light-sky-blue boxes. The detected pahAc with no corresponding pahE
are labeled by an asterisk. The scale bar indicates 0.1 branch distance. Accession numbers are shown to the left of each organism name.

are indicated by the green two-way arrow, Fig. 5 and Table S8), but also grouped with
pahE of Marinomonas spp., aldolase of other Actinobacteria (Pseudarthrobacter spp. and
Pseudonocardiaceae), and narC of Rhodococcus (Fig. 5, rose-red box). Moreover, some
novel and unknown pahE genes were detected, which fell between the characterized
pahE clades but do not exhibit significant similarity to the characterized pahE (indicated
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by “novel pahE light-blue box,” Fig. 5). In addition, pahE has a more precise resolution
as a functional marker of PAH-degrading bacteria. Based on the same 90% identity
nucleotide acid, pahE could be used to discriminate the different pahE genotypes of the
Pseudomonas genus (Fig. 5, green arc @; Table S8) and to distinguish the pahE genes
of Sphingopyxis spp., Sphingobium spp., and Hyphomonas oceanitis (Fig. 5, green arc @,
and Table S8). Conversely, pahAc defined only one genotype of nahAc in Pseudomonas
and only bphAT1 of Sphingomonadaceae.

DISCUSSION

In this study, we propose the pahE gene as a new functional marker for analyzing
the microbial ecology of PAH-degrading bacteria. Based on the PAH degradative
pathways (Fig. 1) and our phylogenetic analyses (Fig. 2), it can be concluded that pahAc,
pahB, and pahC are not specific to PAH degradation and have evolved closely with
ArhAc, ArhB (aromatic hydrocarbon dihydrodiol dehydrogenases), and ArhC (aromatic
hydrocarbon extradiol dioxygenases) (40-43). pahD and pahE are unique to PAH
degradation and have evolved from a dependent ancestor, but PahD is not necessarily
present in Gram-positive PAH degraders. In 1994, Eaton (44) proposed that PahD and
PahE are unique to the biodegradation of polycyclic aromatic hydrocarbons, and the
genes that encode these enzymes should be valuable as relatively specific probes for
the identification or enumeration of bacteria that degrade polycyclic aromatic com-
pounds. PahE catalyzes the fifth step of the PAH aerobic degradation process, convert-
ing analogues of trans-o-hydroxybenzylidenepyruvate (tHBPA) to aldehydes and pyru-
vic acid (35). This reaction is a significant step in PAH degradation, as degrading
bacteria start to truly obtain energy from PAH degradation at this point. This is why
many other aromatic hydrocarbon-degrading bacteria with dioxygenase but without
PahE can add oxygen to PAH but cannot grow solely on PAH. For example, Comamonas
sp. strain JS756, which lacks PahE, can oxidize naphthalene but does not grow on
naphthalene, although its dioxygenase shows high similarity with the naphthalene
dioxygenase of Pseudomonas spp. (45). In addition, phylogenetic analysis of PahE (Fig.
2) was used to identify a new group of potential PAH degraders in the phylum
Proteobacteria. Members of this group were not previously known to contain corre-
sponding PahA, PahB, PahC, PahD, and PahF, but pahA, pahB, pahD, and pahF, and
possibly pahC, were subsequently identified by genome comparison.

Further phylogenetic analyses showed that pahE genes are more specific for PAH-
degrading bacteria and provide better differentiation of closely related populations
than pahAc (Fig. 3 and S2). pahAc sequences tend to be highly similar to other-ArhAc
(20, 40, 43), and the two are hard to distinguish. For example, Ni Chadhain and his
colleagues (24) designed a degenerate primer set to amplify 78 bp of the Rieske iron
sulfur center to study the diversity of pahAc in soil exposed to different PAHs, detecting
nahAc, nagAc, and phnAc, many other-ArhAc genes (including dbtA1, bphATla, dbfAl,
akbATla, and carAa), and three new equivocal groups. The researchers proposed that
these results are indicative of the wide range of the primers. However, separate studies
using specific primer sets unexpectedly targeted the dinitrotoluene dioxygenase gene
dntAc (approximately 84 to 92% identity to nahAc or nagAc) attempting to specifically
target nahAc expression in contaminated groundwater (46) and to demonstrate the
relationship of nagAc-like gene copies with naphthalene concentrations in coal-tar-
contaminated freshwater sediments (18). In this study, we also found that pahAc
primers amplified homologous stretches in dioxygenase genes from chloro-nitro-
benzene-degrading bacteria (Table 2) and produced ambiguous reads in environmen-
tal samples (Fig. 5). Nonspecificity and poor resolution could result in misidentification
of PAH-degrading bacteria when using pahAc as a functional marker and overestima-
tion of degradation potential in practice. Moreover, it is worth noting that there are
three different genotypes of pahAc but a specific pahE genotype in Mycobacterium spp.
(Fig. 3 and S2). Previous studies found that many PAH-degrading genera have several
copies or genotypes of pahAc, especially Mycobacterium, and these paralogues usually
do not function simultaneously (47, 48). Therefore, when using pahAc as a target gene
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for quantitative PCR (qPCR) analyses of PAH functional gene abundance or expression,
the range of pahAc copies in different PAH-degrading bacteria genomes must be taken
into account.

Universality in ecosystems is important in using marker genes to identify the
ecological role of target organisms. In this study, direct comparison of the performance
of pahE and pahAc in environmental samples showed more genotypes detected, higher
specificity, and better resolution of pahE than of pahAc. Consistent with other studies,
we observed nahAc, nagAc, phnAc, and nidA3, which are found extensively in different
environments (10, 17, 19, 24), among the read set amplified by pahAc primers. nahAc,
nagAc, and phnAc are usually related to low-molecular-weight PAH degradation, while
nidA3 genes are responsible for high-molecular-weight PAH degradation (8, 47). Sph-
ingomonas species are versatile degraders and can use both monocyclic aromatic
hydrocarbon and PAH as carbon sources in different environments (49, 50). pahAc reads
from the potential PAH-degrading bacteria identified in this study were confirmed by
alignment clusters of PAH degradation-associated genes and were identified in envi-
ronmental samples. The pahE genes corresponding to pahAc in the identified potential
PAH degraders were similarly found in environmental samples. These results confirm
that the newly identified potential PAH-degrading genera are in these environments.

For pahE reads, aside from the pahE genes corresponding to the detectable pahAc,
pahE from Marinomonas, narC of Rhodococcus, and aldolase genes of other Actinobac-
teria (Pseudarthrobacter and Pseudonocardiaceae) were also detected (Fig. 5), suggest-
ing that these PAH-degrading genera are also in these systems. In previous studies,
narAc of Rhodococcus and fadA2 of Arthrobacter were also found in contaminated soil
and sediments (25), respectively. A possible, but unlikely, cause of the observed more
pahE genotypes than pahAc could be the differences in the coverage and specificity of
the primer sets used. The primer sets for pahAc were designed by Ding et al. (16) and
had been confirmed to specifically target pahAc of both Gram-negative and Gram-
positive PAH-degrading bacteria. Similarly, the four pahE primer pairs targeting differ-
ent clades of pahE together cover all of pahE genes in PAH-degrading bacteria (Fig. 4).
Amplification bias may also explain at least a portion of the observed differences in
diversity from the two different marker genes (reviewed by von Wintzingerode et al.
[51]). However, it is difficult to quantify PCR biases, and all PCRs were performed with
the same mixtures and on the same equipment machines, except that the primers and
thermal cycling conditions were different. The ambiguous groups and unspecific
targets of pahAc are mainly the result of cross-reaction with other ArhAc clades (20, 43).
It is particularly notable that novel pahE sequences were found, suggesting that there
are unknown potential PAH degraders in these samples and that the approach detailed
here could detect novel genotypes.

The only observed drawback of pahE as a target was that no pahE gene was
detected corresponding to the detectable pahAc of Mycobacterium (nidA3). However,
the detected Mycobacterium nidA3 genes were only found in the activated sludge and
in low abundance (0.045%) (9, 52). Mycobacterium species are known to be prevalent
in high-molecular-weight PAH-polluted sites (8, 53). Low abundance could explain the
failure of the pahE4F/pahE4R primer pair to amplify the specific genes from this
environmental system. Another controversial issue may be that four primer pair sets
were used for detecting pahE, while only one primer set was used for detecting pahAc.
However, nonspecificity and poor resolution of pahAc cannot be avoided even by
multiple primer pair sets, as pahAc genes have evolved closely with other-ArhAc genes
(Fig. 2a). The four pahE primer pairs only target all pahE genes in PAH-degrading
bacteria (Fig. 4). This investigation of pahE as a functional marker utilized four primer
pair sets for detecting pahE, which may complicate analyses and can confound estimate
of the relative abundance based on Illumina sequencing. However, in order to ensure
adequate coverage and specificity and to better understand the biology behind gene
diversity, multiple primer pair sets are sometimes used to compensate for limitations in
both the number of available sequences and conserved regions in functional genes
(54). Similar to all PCR-based approaches, our approach should be assumed to have
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primer bias and cannot be comprehensive or reflect actual quantification. However,
these primers reveal much more sequence information about the genes recovered and
hence provide additional insight natural sequence variation in pahE genes. Moreover,
as a greater diversity of full-length pahE sequences is resolved, a more highly conserved
region could be identified, requiring fewer primers for achieving the same resolution.
Thus, a crucial task might be the identification and discovery of additional pahE genes.
A good functional marker of PAH degradation was usually expected to be able to
characterize microbial degradation rate and potential. Actually, the degradation of
PAHSs in the environment is controlled by many factors, such as the features of PAHs
itself, the species, activity, and quantity of microbes, environmental factors, and so on
(55). However, a better relationship could be expected, as pahE is more specific for
PAH-degrading bacteria than pahAc. The relationship between pahE and PAH degra-
dation rate will be further established in future studies. The use of pahE as a functional
marker of PAH-degrading bacteria will allow us to explore PAH-degrading bacteria and
their degradation potential in ecosystems more precisely and effectively.

MATERIALS AND METHODS

Phylogenetic analyses of enzymes for upper pathway of PAH degradation. To reconstruct the
phylogenies of the key enzymes responsible for the upper pathway of PAH metabolism, we collected the
protein sequences of each enzyme according to Fig. S1. Briefly, the reference protein sequences of each
enzyme were collected by searching publicly referenced databases for known or functionally character-
ized sequences. Then the top x = 1,000 bit score hits were collected from a BLAST search of the NCBI
nonredundant (NR) protein database (excluding uncultured and environmental sequences; other BLASTp
parameters were defaults) with the reference protein sequences as queries. Retrieved sequences were
filtered by length and aligned with MUSCLE (56), and a tentative phylogenetic tree was constructed using
the neighbor-joining method in MEGA 5.0 (57). Then, based on whether the tree covered all seed clades
for each enzyme and whether too many distant sequences were retrieved, x was manually curated until
a sufficient protein sequence database was created for each enzyme. As arhAc genes, which code for the
large subunit of oxygenase, are conserved among all ring-hydroxylating dioxygenase (RHOs) and are
generally used to study the phylogenetic relationship among all RHOs (23, 58, 59), the phylogenies of
PahA were indicated by PahAc.

For the phylogeny analysis, multiple-protein-sequence alignments were constructed using MUSCLE
(56), and positions containing >95% gaps were removed. Phylogenetic trees were built using the
neighbor-joining method within Poisson correction and maximum likelihood method within Poisson
correction in MEGA 5.0 (57). In general, the topologies of trees built by these two methods were
consistent, and hence, only the neighbor-joining trees were presented. For readability and clarity, the
topological structures of the trees for each different enzyme are shown in Fig. 2, and detailed sequence
information for each tree is listed in Table S2. As the original tree for PahF was too big, only a subtree
is displayed here.

Reference databases of PAH-RHD« and PAH hydratase-aldolase. For further analyses of PahE and
PahAc, reference databases of PAH-RHDa (PahAc) and PAH hydratase-aldolase (PahE) were built by
BLASTp analysis, according to previous studies (60, 61). First, we constructed a seed database for both
protein sequences by searching for all well-known (i.e., functionally characterized and fully sequenced)
sequences. To define a bit score threshold for the specific retrieval of PahAc or PahE sequences, each
entry of both seed databases was used as a Basic Local Alignment Search Tool (BLAST) query against all
other seed PahAc or PahE sequences and a set of corresponding outgroup sequences. The highest bit
score of the outgroup entries +10% (to make the search more conservative) was then used as the bit
score threshold for the BLASTp search. To account for the sequence divergence among the seed PahAc
or PahE sequences, the bit score threshold was determined separately for each entry from both seed
databases. Thereafter, each PahAc or PahE entry was used individually as a query for screening the NCBI
nonredundant database, excluding uncultured and environmental sequences with individual bit score
thresholds. Then, all PahAc or PahE sequences were filtered by length, aligned using MUSCLE (56), and
compared using a percent identity matrix to eliminate 100% identical sequences to reduce sequence
redundancy. PahE sequences with 100% identical identity were retained if the PahAc sequence in the
corresponding bacterium was retained, and vice versa. In final curation, only functionally characterized
sequences or those from PAH-degrading bacteria were used as reference PahAc or PahE sequences and
for further analysis. The reference PahAc and PahE sequences are listed in Table S1. The nucleotide
sequences of the reference PahAc and PahE sequences were also collected from the NCBI database.
Further phylogenetic analyses of pahAc and pahE gene sequences were performed using full-length
unambiguously aligned amino acid sequences. Amino acid sequences were preferred over nucleic acid
sequences because of their higher functional conservation. The reference PahAc and PahE sequences
were aligned by MUSCLE (56). Phylogenetic trees were reconstructed using the neighbor-joining method
with Poisson model method and the maximum likelihood method with the Poisson correction model
with MEGA 5.0 (57). Bootstrap support for neighbor-joining and maximum likelihood trees was deter-
mined using 1,000 resamplings. The topological structures of the trees for each gene were similar, so only
the neighbor-joining trees were edited by iTOL online tool (http://itol.embl.de/) and shown.
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Cultured strains and environmental samples. All cultures and environmental samples used for the
examination of PCR assay specificity and screened for pahE and pahAc of PAH-degrading bacteria are
listed together with sampling details and DNA extraction methods in Table S3 in the supplemental
material. Briefly, DNA extraction from bacterial pure cultures was performed using the TIANamp bacteria
DNA kit (Tiangen Biotech [Beijing] Co., Ltd.), according to the manufacturer’s protocol. Genomic DNA of
environmental samples was extracted using the FastDNA Spin kit for soil (MP Biomedicals, LLC), with
modifications to the manufacturer’s instructions (details described in the supplemental material). Qua-
druplicate extractions were performed for each sample and then pooled. The DNA extracts were kept at
—20°C until analyzed. Moreover, the degradation capacity of each environmental sample was analyzed
(Table S4, and other details described in the supplemental material).

PCR primers. Primers for PCR amplification of pahE genes were designed based on the PahE
reference database using Codehop (COnsensus-DEgenerate-Hybrid Oligonucleotide Primer) (62) and
manual curations (details described in the supplemental material). The specificity and coverage of each
primer were tested against the pahE reference database and the GenBank database using NCBI Primer
BLAST (Table S5). The annealing temperature for each clade-specific primer set was optimized using
genomic DNA extracted from the selected reference bacterial strains by gradient temperature PCR.

Two previously published primer sets for amplification PAH-RHD« genes from both Gram-positive
and Gram-negative bacteria were chosen by specificity and coverage. The degenerated primer set
PAH-RHDa-396F/PAH-RHDa-696R (~320-bp amplicon) can target all 40 referenced PAH-RHDa genes
(16), while the primer pairs PAH-RHDa-GN-F/PAH-RHDa-GN-R (~306-bp amplicon) and PAH-RHDa-GP-
F/PAH-RHDa-GP-R (~292-bp amplicon) target the dioxygenase genes specific for the Gram-positive and
Gram-negative PAH-degrading bacteria, respectively (10). The PAH-RHD-396F/PAH-RHDa-696R primer
set amplified the exact fragment from more reference bacteria (data not shown) and so was selected for
further analysis.

Specific PCR assays for recognition of PAH-degrading bacteria. To test the specificity of the pahE
genes and pahAc genes for PAH-degrading bacteria, pahAc and pahE were amplified with the primers
described above. PCR was carried out in a 50-ul reaction mixture containing 25 ul 2X Es Taq (Beijing
ComWin Biotech Co., Ltd.), 0.2 uM both forward and reverse primers, and 20 ng bacterial genomic DNA.
For the pahE primer sets, the thermal cycling conditions were as follows: initial denaturation at 94°C for
5 min, followed by 35 cycles of 94°C for 30's, 52 to ~57°C (annealing temperature for each clade-specific
primer set) for 45s, and 72°C for 30's, with a final extension at 72°C for 10 min. The thermal cycling
conditions for pahAc were according to Ding et al. (16). Amplicons from each culture were cloned into
Escherichia coli DH5« and then sequenced by Sanger sequencing (details described in the supplemental
material). The obtained sequences were compared against the reference database using BLAST to
confirm that the amplicon sequences matched target gene sequences.

Amplicon Illumina sequencing and data analysis. pahE and pahAc amplicons for lllumina sequenc-
ing were generated using the four pahE primer sets designed and the primer set PAH-RHD«-396F/PAH-
RHDa-696R described above, respectively. The only modifications included a barcoded reverse primer for
each primer pair to discriminate among environment samples, a smaller cycle number (25) to reduce
potential PCR biases (51), and a lower annealing temperature for some primer sets to account for
possible base mismatches between the primer and unknown pahE or pahAc in the environmental
samples. Although the lower annealing temperature resulted in increased nonspecific amplification in
some samples, the expected PCR product was the dominant product in all samples. Not all clades of pahE
were amplified from every environmental sample; only the positive amplicons were further sequenced
(Table S6). The PCR products were extracted from 2% agarose gels and purified using the QIAquick gel
extraction kit (Qiagen). After quantification using the Qubit double-stranded DNA (dsDNA) HS assay kit
(Invitrogen, Life Technologies), amplicons from different samples were pooled in equal concentrations.
The pooled library was quantified with a 2100 Bioanalyzer instrument (Agilent Technologies) before
sequencing on an lllumina HiSeq 2500 platform.

Raw sequences were quality screened and trimmed using FastQC 0.11.5 (63). The filtered paired-end
reads were assembled using PANDAseq 2.8 (64), with default parameters. Assembled reads with
mismatches in barcodes or primer sequences were discarded, and the remaining sequences were filtered
for appropriate length (300 to 400 nucleotides [nt]). The remaining high-quality sequences were derep-
licated and clustered at 97% identity and then 90% identity using UPARSE (65), not excluding clusters of
size 1 to avoid omitting correct sequences. Representative sequences of each cluster were screened for
chimeras using UCHIME (66) by searching against the pahAc or pahE reference database, and identified
chimeras were discarded. Remaining sequences were binned into OTUs and used for phylogenetic
assignation. Phylogenetic assignment was performed by aligning OTU representatives individually to the
pahAc or pahE reference database using tblastx. Only OTUs with >50% identity (amino acid) to a
reference database entry with no frameshifts were regarded as pahAc- or pahE-affiliated sequences and
translated into a deduced amino acid sequence. The phylogenetic positions of representative deduced
amino acid sequences of pahAc or pahE OTUs within the consensus trees were inferred independently
by both the distance matrix (neighbor-joining) and maximum likelihood methods within MEGA 5.0 (57).
Bootstrap support for both trees was 1,000. The topological structures of the trees for each gene were
similar, so only the neighbor-joining trees were edited using the iTOL online tool (http://itol.embl.de/)
and shown.

Data availability. The raw sequence data were submitted to the NCBI Sequence Read Archive (SRA)
with accession numbers SRR6287136 to SRR6287145.
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