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Abstract Polycyclic aromatic compounds (PAH) are a family of chemicals con-
taining two or more fused benzene rings, which present ecotoxicological concerns
ranging from acute toxicity in aquatic organisms to carcinogenesis in mammals. In
contrast, microbial ecotoxicology of PAH centers on metabolic activities that enable
utilization of PAH as growth supporting substrates. This chapter focuses on PAH
biodegradation by aerobic bacteria, and examines characteristics that are important
in PAH metabolism at three levels: enzyme systems that mediate catabolism and
carbon assimilation, regulatory circuitry that controls expression of catabolic
enzymes and cell structures and physiological activities that affect PAH uptake. The
goal is to present a holistic view of the organisms and their biology that is relevant
to PAH biodegradation. Of these areas, catabolism is the most developed and key
enzymes and mechanisms have been elucidated. However, comparatively little is
known about the regulatory systems that control expression of these enzymes.
Uptake from the environment is the single most important factor affecting PAH
degradation and while cellular characteristics that affect uptake are known, the
process is still largely a “black box” and mechanistic details are lacking, especially
regarding molecules that may facilitate PAH access. Mechanisms of regulation and
uptake remain areas in need of future research. Future work should also focus on
moving beyond studies of individual organisms, and gaining an understanding of
PAH biodegradation processes operating within microbial consortia.
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7.1 Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a family of compounds, members of
which contain two or more benzene rings fused in linear, angular or clustered
geometries (Fig. 7.1). While benzene rings form the structural core of PAHs, some
of these chemicals, termed non-alternate PAH (Fig. 7.1), are composed of benzene
rings fused to other non-benzene structures (Harvey 1997). The PAHs of envi-
ronmental concern are categorized as low-molecular weight (LMW, 2–3 rings) or
high-molecular weight (HMW, 4–6 rings) and each group has different toxico-
logical impacts on macrofauna; LMW PAHs may have significant acute toxicity to
aquatic organisms, while some of the HMW are potential carcinogens for both
wildlife and humans. Based upon demonstrated or suspected potential to cause
human cancer, the US EPA identified a subset of 16 PAH as Priority Pollutants
(Fig. 7.1) upon which the majority of research has focused.

PAHs are released into the environment by a variety of natural and anthro-
pogenic processes (Harvey 1997). But, point sources from the latter, primarily spills
or improper disposal of hydrocarbon liquids containing PAHs, represent the main
ecotoxicological concerns, and cases where microbial activity is of greatest interest
vis a vis bioremediation. Marine oil spills, such as those of the Deepwater Horizon,
garner much attention and can inflict widespread ecological damage. But, while the
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Fig. 7.1 Structures of 16 PAH identified by the US EPA as priority pollutants. Values on the left
indicate the number of rings composing the PAH. The PAH are also sorted by structure as alternate
or non-alternate. Compounds classified by the US EPA as probable human carcinogens are
indicated by asterisks
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fate of PAHs released in crude oil is a concern, the PAH content of oil is relatively
small, ranging from 0.2 to 7% (Harvey 1997). Oil-derived fuels (e.g., gasoline,
diesel) are wide spread environmental pollutants, but typically have a PAH content
that is less than the oil parent material. In contrast, in liquids derived from coal (e.g.,
coal tar and creosote), PAHs comprise the largest single class of chemicals (>50%)
and thus pose significant point sources of PAHs (Birak and Miller 2009; Brown
et al. 2006; Wehrer et al. 2011). Coal tar and creosote are primarily threats to
terrestrial ecosystems (soil, ground water, lakes, rivers) as they were associated with
land-based operations; coal tar is a legacy contaminant at former sites of manu-
factured coal gasification plants and creosote (a derivative of coal tar) is a legacy
contaminant at wood- and lumber-treatment facilities. Thus, PAH ecotoxicology
and microbial ecotoxicology is relevant to a wide-range of contaminated environ-
ments, particularly at sites impacted by coal tar or creosote.

Traditional ecotoxicology of PAHs focuses on the deleterious effects of these
chemicals on humans and wildlife. In contrast, microbial ecotoxicology of PAH
includes deleterious impacts on microbes as well as positive interactions of PAH
with these organisms. The latter of these two dimensions has been the dominant
focus in this area, and centers upon the ability of microbes to consume PAH and
obtain carbon and energy to support growth. Microbial biodegradation of PAH is
therefore a potentially important ecosystem service and can mitigate exposure of
humans and wildlife to these chemicals. The scope of research on microbial eco-
toxicology of PAH ranges from single organism studies focused on elucidation of
the molecular mechanisms that enable growth on of PAH, to community-scale
investigations seeking to determine associations between the diversity, abundance
or activity of PAH-degraders and PAH contamination. A variety of microbes and
microbial processes are potentially operative in PAH biodegradation, which
includes transformations mediated by bacteria and fungi in aerobic environments
and bacterial transformations in anaerobic systems (Bouchez-Naitali et al. 2008;
Doyle et al. 2008; Fernandez-Luqueno et al. 2011; Jain 2015; Johnston and
Johnston 2012; Peng et al. 2008; Seo et al. 2009; Van Hamme et al. 2003). This
chapter will focus on PAH biodegradation by aerobic bacteria, which has been the
subject of the vast majority of research in the microbial ecotoxicology of these
chemicals. Genetic adaptations that are key in enabling bacteria to grow on PAH
will be examined at three levels (Fig. 7.2): (1) enzymes that mediate catabolism and
carbon assimilation, (2) regulatory circuitry that controls expression of catabolic
enzymes and (3) cellular structures that affect PAH uptake. All of these charac-
teristics are endowed by an organism’s genotype, and thus as a group represent the
genetic adaptations that affect its capability to degrade PAH. A holistic view such as
this enables recognition of the range of genetic adaptations that affect bacterial
degradation of PAH, and an appreciation of the interactions between adaptations at
different levels that collectively result in PAH biodegradation. For community-level
studies, elucidation of genetic adaptations yields insights into genes that may be
useful as biomarkers of PAH-degrading bacteria. Moreover, an appreciation of the
interactions between a biomarker and other components of a cell that contribute to
the biodegradation process is equally important to understand the extent to which
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inferences can be drawn about interactions between PAH and communities of
PAH-degraders based upon the biomarker analysis. Thus, while this chapter pri-
marily focuses on the cellular systems, examples of applications of PAH
biomarkers to community analysis will also be examined.

7.2 PAH Catabolic Pathways

Bacterial pathways for PAH catabolism have been examined extensively, and are
the subject of a number of reviews to which the reader is referred for details
(Bouchez-Naitali et al. 2008; Doyle et al. 2008; Peng et al. 2008; Seo et al. 2009).
Our understanding of bacterial genetics and metabolism underlying PAH
biodegradation is rooted in the studies of naphthalene done with the archetypical
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Fig. 7.2 Overview of cellular structures and processes affecting PAH biodegradation. Numbers
listed along the left indicate key cellular components: 1 structures involved in uptake, 2 catabolic
enzymes and 3 regulatory systems controlling expression of catabolic enzymes. These components
are grouped (right) as either extracellular (XC) and intracellular (IC). The diagram depicts a model
Proteobacterium possessing exopolymeric substance (EPS), lipopolysaccharide (LPS), outer
membrane (OM), periplasm (PP), cytoplasmic membrane (CM) and cytoplasm (CP). The cell is
growing on the surface of an environmental sorbent (organic matter or hydrocarbon liquid) and
shows the PAH diffusing through the extracellular and intracellular space to reach the catabolic
enzymes of the cytoplasm. Structures that may facilitate diffusion are molecules creating
hydrophobic domains in the polysaccaride matrix of the EPS/LPS (e.g., biosurfactants, lipids,
proteins, shown as green structures in EPS) and OM proteins (OMP). The possibility for active
transport (AT) across the CM is also indicated. Otherwise, PAH diffusion from the sorbent to the
cytoplasm is driven solely by concentration gradients and partitioning behavior of the PAH across
the different EC and IC regions. The catabolic enzymes are depicted as grouped into the upper
pathway (purple rectangle) that transforms the PAH to a monoaromatic acid and lower pathway
(blue rectangle) that completes metabolism. The operons encoding enzymes of the upper and
lower pathways are depicted as purple and blue block arrows, and a regulatory element controlling
expression of the operon is depicted in gray
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plasmid pNAH7 from Pseudomonas putida G7 (Yen and Serdar 1988). A key
concept formulated from those studies is the physiological and genetic division of
PAH catabolism into “upper” and “lower” segments (Schell et al. 1990). The upper
pathways are composed of the initial ring hydroxylating dioxygenases (RHD) and
subsequent enzymes that collectively achieve fission of one of the aromatic rings,
release of carbon (e.g., pyruvate or other aliphatic acid) and generation of an
aromatic acid, which is the starting substrate for the lower pathway (Fig. 7.3). In the
NAH7 model, naphthalene is metabolized via the upper pathway to salicylate and
an adjacent operon encodes the lower pathway for salicylate catabolism (Fig. 7.3).
Both operons are positively regulated by salicylate (Fig. 7.4). While the NAH7
model has been useful to establish many basic principles of bacterial PAH, there are
a number of important differences between it and other PAH pathways. For
example, instead of salicylate, upper pathways may yield o-phthalate, gentisate or
protocatechuate, and which of these compounds is produced depends upon the
parent PAH, variations in regiospecificity of the RHD and the occurrence of upper
pathway enzymes mediating transformations of key intermediates. Differences
between upper pathways in the aromatic acid product are significant, because sal-
icylate is thus far the only compound conclusively identified to regulate tran-
scription of the cognate operons. Thus, for pathways lacking salicylate as an
intermediate, compounds that serve this critical function are unknown. Also, while
upper- and lower-pathway operons on the NAH7 plasmid are in relatively close
proximity, the two operons may be chromosomally encoded in many PAH
degraders, and in these cases it is not uncommon for the upper- and lower-pathway
operons to be encoded at loci distant from each other (Shetty et al. 2015; Tang et al.
2011; Cao et al. 2015; Choi et al. 2015; Dong et al. 2014; Kallimanis et al. 2011;
Kim et al. 2008; Kwak et al. 2014; Lai et al. 2012; Li et al. 2016; Maeda et al. 2013;
Wang et al. 2014a, b, 2015, 2016; Zhang et al. 2012; Messina et al. 2016).

The cornerstone of PAH degradation pathways are the RHD (Rieske non-heme
iron dioxygenase; E.C. 1.14.12), which activate PAH for catabolism via reductive
dihydroxylation. RHD consist of an NADH-dependent reductase, a [2Fe-2S]
ferredoxin and a terminal oxygenase. The latter is comprised of two separate
polypeptides, a large subunit (a-subunit, RHDa) containing [2Fe-2S] and
mononuclear Fe(II) at the active site, and small subunit (b-subunit, RHDb) that
appears to serve a structural function (Parales and Ju 2011). The reductase and
ferredoxin transport electrons to the a-subunit, which inserts molecular oxygen into
the substrate to give cis-dihydrodiols, which are subsequently transformed to diols
by a dehydrogenase (Fig. 7.5). Most PAH RHD are classified as lateral dioxyge-
nases and add oxygen to two adjacent carbon atoms of an aromatic ring PAH
(Fig. 7.5). A smaller group of PAH RHD are categorized as angular dioxygenases,
and act on non-alternate PAH, adding oxygen to the carbon atom of an aromatic
ring and to an adjacent carbon atom bonded to a non-benzene structure (Nojiri et al.
2001; Schuler et al. 2008). To date, the best characterized angular dioxygenase
active in PAH metabolism is the FlnA enzyme in the fluorene-degrader
Sphingomonas sp. LB126 (Schuler et al. 2008).
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PAH RHD are broadly distributed across microbial taxa, and comparisons of
similarities in PAH-RHDa amino acid sequence have revealed distinct PAH-RHDa
families (Habe and Omori 2003; Moser and Stahl 2001), the phylogenies of which
generally follow those of the host (Table 7.1). Thus, PAH-RHDa of Proteobacteria
and Gram-positive bacteria (Actinobacteria) separate into two distinct clades and

(a) (b)

(c) (d)

Fig. 7.3 Production of exopolymeric substance (EPS) by a phenanthrene-degrading biofilm of
Delftia acidovorans Cs1-4. Cells of D. acidovorans Cs1-4 were collected on 0.22 lm
polycarbonate membranes, and then floated on the surface of a mineral salt medium containing
phenanthrene crystals (1 mg/mL). The filters were incubated statically, and growth examined by
scanning electron microscopy (SEM) after 2 d (Panel a) or 7 d (Panels b–d). Sample preparation
for SEM imaging involves dehydration, and thus the originally hydrated EPS appears as an
extensive network of web-like strands (white arrows) connecting and surrounding cells (black
arrows) as well as coating the membrane surface (white boxes). In the early stage (Panel a), cells
are distributed primarily as a dispersed monolayer, which progress to form multilayer cell clumps
(Panel b, black box). In later stages, the EPS serves to encase groups of cells (Panel c, black box)
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within each of these broad groups PAH-RHDa subclades are associated with
particular bacterial classes. In the Proteobacteria, there are at least five PAH-RHDa
families (Table 7.1), the largest of which is the NahAc family that is generally
associated with aquatic/terrestrial bacteria of the Gammaproteobacteria, primarily
pseudomonads. Notably, the PAH-RHDa of marine gammaproteobacterial
PAH-degraders, such as Cycloclasticus, is more closely related to the PAH-RHDa
of the alphaproteobacterial Sphingomonads then it is to the NahAc group (Kasai
et al. 2003). Other proteobacterial PAH-RHDa families are NagAc, PhnAcAFK2,
PhnAcRP007 and AhdA1/BphA1. The NagAc family is closely related to the NahAc

nahABFCED nahGTHILNKnahR

TCA 

lower pathway upper pathway 

Fig. 7.4 PAH degradation based upon the naphthalene-NAH7 model showing catabolic and
regulatory systems in blue and red, respectively. Two operons encode catabolic enzymes that
transform naphthalene to salicylate (upper pathway) and salicylate to TCA intermediates (lower
pathway). The narR gene encodes a LysR-type transcriptional repressor-activator that binds to
promoters upstream of both the upper- and lower-pathways and represses transcription allowing
only a basal level of expression. Binding of salicylate to NahR at the promoters induces a
conformational change in DNA-bound NahR that enables transcription to occur
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Fig. 7.5 Mechanism of reductive ring dihydroxylation by an example PAH RHD, and coupling
of electron flow with subsequent dehydrogenation of the dihydrodiol intermediate. The
enzyme catalyzing Step A is Naphthalene dioxygenase while Step B is mediated by
1,2-Dihydroxy-1,2-dihydronaphthalene dehydrogenase
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group and characteristically produces gentisate, rather than salicylate, as the lower
pathway substrate (Nag = Naphthalene to gentisate (Fuenmayor et al. 1998)). The
PhnAcAFK2 family is named after bacterium in which it was first identified,
Alcaligenes faecalis AFK2 (Kiyohara et al. 1982), and the “Phn” designation is
used to indicate that PAH-degraders with a PhnAcAFK2 genotype are typically
limited to phenanthrene as the sole PAH utilized to support growth. The
PhnAcAFK2–type PAH-RHDa is also characteristically linked to upper pathways
producing o-phthalate (Kiyohara et al. 1982). The PhnAcRP007 family was dis-
covered in Burkholderia sp. RP007 (now Paraburkholderia sartisoli RP007 (Laurie
and Lloyd-Jones 1999)) and despite the similarity in name to PhnAcAFK2,
PhnAcRP007 and PhnAcAFK2 genotypes differ in that the former: (1) utilize naph-
thalene as well as phenanthrene to support growth, and (2) produce salicylate from
the upper pathway rather than o-phthalate (Laurie and Lloyd-Jones 1999). The
PAH-RHDa of Sphingomonands (AhdA1/BphA1) may be associated with upper
pathways generating either salicylate or o-phthalate (Waigi et al. 2015).
Actinobacteria are represented by four groups PAH-RHDa groups, NidA/PdoA1,
NidA3/FadA1NarA and PdoA2/PhdA and are generally associated with upper
pathways that generate o-phthalate (Table 7.1).

A key difference between PAH-RHD are physical characteristics of the active
site, which affect the type and range of PAH on which the enzyme will act and
funnel to a productive catabolic (lower) pathway. Proteobacterial RHD are gener-
ally most active with low molecular weight PAH (� three rings) with high
molecular weight PAH (HMW PAH, � four rings) transformed at comparatively
low levels (Baboshin et al. 2014; Jouanneau et al. 2006). In contrast, RHD of the
actinobacterial NidA and NidA3 families show higher activity towards HMW PAH,
than they do with LMW PAH (Kweon et al. 2010; Krivobok et al. 2003). The
preference for LMW- versus HMW-PAH can be explained at least in part by
differences between RHD in the substrate-binding pocket, which is larger in
NidA/NidA3 enzymes than in proteobacterial RHD (Kweon et al. 2010). Geometry

Table 7.1 Families of PAH upper pathway ring hydroxylating dioxygenases

Family Class or genera Lower pathway

Proteobacteria

NahAc Gamma-/Beta-Proteobacteria Salicylate

NagAc Betaproteobacteria Gentisate

PhnAcAFK2 Betaproteobacteria o-Phthalate

PhnAcRP007 Betaproteobacteria Salicylate

AhdA1/BphA1 Alphaproteobacteria (Sphingomonads) Salicylate or o-Phthalate

Actinobacteria

NidA/PdoA1 Mycobacterium o-Phthalate

NidA3/FadA1 Mycobacterium/Terrabacter o-Phthalate

NarA Rhodococcus Gentisate

PdoA2/PhdA Mycobacterium/Nocardia o-Phthalate
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of the active site also effects regiospecificity of dihydroxylation. For example, the
NidAB and NidA3B3 homologs from Mycobacterium vanbaalenii PYR1 trans-
formed a range of PAH, but displayed the highest regioselectivity with the preferred
substrate, pyrene and fluoranthene, respectively (Kweon et al. 2010).
Regioselective dihydroxylation by RHD is important in yielding products utilized
as substrates for the subsequent enzymes of the upper pathway, and ultimately yield
carbon to central metabolism. The RHD reactions consume electrons (Parales and
Ju 2011) and thereby impose a negative energy yield, unless coupled with a sub-
sequent dehydrogenase that recover electrons (Fig. 7.4). Thus, coordination
between the RHD and dehyrdogenases in the range of substrates utilized by each is
important to minimize energy loss. Nevertheless, PAH-RHD exhibit varying
degrees of non-selectivity, and will hydroxylate PAH that are not utilized as growth
supporting substrates in a process termed cometabolism. For an individual organ-
ism, cometabolism is negative as it results in energy loss, and oxidation of PAH that
are not growth-supporting may compete with that occurring with PAH that do
sustain growth. But, from a community perspective, cometabolism may be bene-
ficial as it could generate metabolites (hydroxylated PAH) that maybe utilized by
commensal organisms.

While the activities of RHD and dehydrogenases are important first steps, pro-
ductive metabolism of a PAH is equally dependent upon the collective activities of
the upper pathway enzymes. For bacteria that utilize more than one PAH as a
growth substrate, or generate multiple pathways for any given PAH (Seo et al.
2012), the upper pathway would include a combination of core enzymes with broad
specificities, which ultimately couple with enzymes producing key aromatic acid
intermediates. For example, in Pseudomomas putida NCIB 9816, a common set of
upper pathway enzymes enables growth on naphthalene, fluorene and phenanthrene
(Yang et al. 1994). Likewise, in Sphingomonas paucimobilis EPA505 mutational
analysis indicated that catabolism of naphthalene, anthracene, and phenanthrene
was mediated by a common set of enzymes (Story et al. 2001).

As noted above, the monoaromatic compounds that link the upper and lower
pathways are limited to salicylate, gentisate or o-phthalate. Pathways for catabolism
of these compounds are wide spread in bacteria, and occur in many organisms that
are not PAH degraders. Thus, these systems are not unique to PAH degraders, and
the reader is referred to reviews for detailed descriptions (Albaiges 2013; Diaz et al.
2013; Ladino-Orjuela et al. 2016; Vamsee-Krishna and Phale 2008). The broad
distribution of the lower pathways in microbial communities may present a
mechanism for cooperative metabolism, wherein organisms that mediate primary
degradation (upper pathway) secrete metabolites that are utilized by commensals.
A number of PAH-degrading consortia have been reported, and commensalism is
generally proposed as a mechanism supporting the stability of these diverse
assemblages although the actual metabolites that might be exchanged are unde-
termined (Boonchan et al. 2000; Kuppusamy et al. 2016; Lafortune et al. 2009;
Stach and Burns 2002; Vinas et al. 2005). Unraveling metabolic interactions
occurring within consortia remains a goal of future research.
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7.3 Regulation of PAH Gene Expression

Regulation of PAH gene expression is a key aspect in controlling the biodegra-
dation activities of bacteria in the environment and also important in applied
technologies such as strain engineering, development of biosensors and devising
strategies for bioremediation. Regulation is multi-tiered system: expression of
enzymes effecting PAH degradation is controlled at the level of the cognate genes
by regulatory proteins (transcription factors) specific for the catabolic operon,
which interact with RNA polymerase (RNAP) to activate or de-repress gene
expression. These genes may also be subject to regulation by elements that operate
globally, and integrate carbon assimilation from PAH into the overall metabolism
of the cell. For example, while most PAH upper pathway operons are transcribed by
a r70-RNAP holoenzyme (e.g., bind to r70-dependent promoter) others are
expressed with the r54-RNAP complex and require interaction with global regu-
latory elements (Table 7.2).

Genes encoding each of the PAH-RHD families tend to be associated with a
specific type of regulatory element from either the LysR, TetR, MarR, GntR or
NtrC classes. However, the only regulatory system that has been studied in detail in
association with PAH metabolism is that of NahR, a LysR-type element that reg-
ulates expression of the NahAc family RHD (and NagAc family, Table 7.2) and the
associated genes of the upper and lower pathways (Park et al. 2002). Thus, most of
the regulatory systems that control expression of enzymes for PAH metabolism are
uncharacterized. This is a key knowledge gap in our understanding PAH
biodegradation, and it’s unknown how differences in these systems may impact
growth of PAH-degraders in the environment. This is significant as PAH-degraders
with LysR systems represent only one segment of environmental communities of
PAH-degraders (nah and nag types, Table 7.2), which often do not appear to be the
most abundant genotype (see section below on microbial ecology and PAH
biomarkers). Thus, information about regulatory elements other than LysR would
benefit our understanding of PAH degradation at the cellular and community levels.

In the NahR system, the gene encoding the regulator (nahR) is immediately
upstream of the of lower pathway operon (Fig. 7.4). NahR is continuously bound to
a promoter between nahR and the downstream operon (Psal), as well as to a pro-
moter upstream of the upper pathway operon (Pnah) and its presence allows only a
low level of a constitutive expression. Repression is lifted when the
promoter-bound NahR binds salicylate (the effector), inducing a conformational
shift that enables RNAP binding and full level transcription of both the upper- and
lower-pathway operons (Schell et al. 1990; Huang and Schell 1991; Lonneborg and
Brzezinski 2011; Park et al. 2005; Wilkinson and Grove 2006; Maddocks and
Oyston 2008; Schell 1985). The Nag RHD family is also associated with an NahR
ortholog (NagR), and although the product of Nag upper pathway is gentisate rather
than salicylate, only the latter compound induces expression (Jones et al. 2003).

In contrast to the Nah model, regulation of PAH degradation by bacteria pos-
sessing a PhnAcAFK2 family RHD appears to be more complex, as the upper
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pathway includes both TetR and MarR regulatory elements while the lower path-
way genes are associated with two additional regulators. The actinobacterial Nid
family also has a gene encoding a MarR regulator (NidR (Kim et al. 2006)) and
expression is presumably controlled by that system, although it has not been
empirically substantiated. The potential functions of TetR or MarR in controlling
phn or nid expression are unknown, but regulatory activities have been elucidated
with other catabolic pathways. For the TetR group, most notably is CymR, which
represses expression of cym genes encoding degradation of p-cymene. CymR
represses cym expression by binding to a an operator adjoining a r70-dependent
promoter and blocking RNAP; repression is released when the CymR binds the
effector, p-cumate a metabolite in the cymene pathway (not the parent compound,
cymene), and subsequently disassociates from the promoter, allowing RNAP access
and transcription. A TetR-type regulator has also recently been shown to negatively
regulate testosterone catabolism in Comamonas testosteroni, however the effector
molecules were not identified (Pan et al. 2015). MarR regulators generally act as
transcriptional repressors in a manner similar to TetR, and bind operators nearby
r70-dependent promoters thereby preventing RNAP binding and transcription of
cognate operons (Alekshun and Levy 1999). MarR regulation has been demon-
strated for operons encoding phenylpropenoid catabolism in Firmicutes (CinR,
Butyrivibrio fibrisolvens (Dalrymple and Swadling 1997)) and in Actinobacteria
(PhdR, Corynebacterium glutamicum (Kallscheuer et al. 2016)). The identities of
effectors were not conclusively determined, but MarR regulators in general may
have an affinity for phenolic compounds (Alekshun and Levy 1999) and, consistent
with that concept, PhdR appeared to have an affinity for hydroxylated phenyl-
propenoids as ligands.

Other actinobacterial PAH genes are associated with GntR, NtrC or AraC reg-
ulatory elements (Table 7.2). The NarA family PAH-RHD associated with
Rhodococcus and related genera is located downstream of two tandemly arranged
transcriptional regulatory genes, narR1 and narR2, which are predicted to encode
proteins of the GntR and NtrC families, respectively (Kulakov et al. 2005; Larkin
et al. 2005). The GntR-type regulators function like the above-described repressors
in preventing effective binding of RNAP to a r70-dependent promoter, which is
lifted by effector binding and consequent disassociation of the GntR from the
operator. For NarR1 regulated operons, the identities of the effectors are unknown.
However, GntR regulation has been established for biphenyl catabolism in
Acidovorax, and in this case the effector ligand for the GntR repressor (BphS) is a
product of biphenyl ring fission, 2-hydroxy-6-oxo-6-phenyl-2,4-dienoic acid
(HODPA (Ohtsubo et al. 2001)). Similar metabolites (i.e., aromatic rings with
extended aliphatic substituents) occur in PAH degradation pathways
(Bouchez-Naitali et al. 2008; Peng et al. 2008, 2011; Seo et al. 2009; Vaidehi and
Kulkarni 2012) and could be candidates as potential effectors.

NtrC-type regulators act as transcriptional activators, and are distinct from all of
the above-mentioned transcription factors in that they: (1) interact with RNAP at
r54-dependent promoters rather than r70-dependent promoters, (2) binds ATP as a
cofactor in addition to an effector molecule, and (3) require a global regulatory
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element (Integration Host Factor). NtrC-type factors are representatives of a broad
group termed the prokaryotic enhancer binding proteins, which bind DNA in areas
called upstream activating sequences (UAS) that are typically located a distance
(ca. � 100 bp) from the cognate r54 promoter. NtrC activation of transcription is
initiated when NtrC dimers in solution bind the effector inducing conformational
changes that enable ATP binding, multimerization and subsequent binding to UAS.
Integration Host Factor (IHF) binds at a site between the UAS and r54 promoter,
which induces bending and allows the DNA-bound NtrC complex to interact with
RNAP bound to the r54 promoter. NtrC then activates RNAP (coupled with ATP
hydrolysis) by inducing a transition in RNAP conformation from closed to open,
thereby enabling transcription.

NtrC regulatory proteins are associated with at least three PAH-RHD families:
AhdA1/BphA1 (Khara et al. 2014), PhnAcRP007 (Laurie and Lloyd-Jones 1999) and
NarA (Kulakov et al. 2005). Details of NtrC regulation have not been developed for
operons encoding PAH upper pathways, but the mechanisms have been explored in
connection with catabolism of other aromatic compounds including phenol,
hydroxybiphenyl, toluene and m-/p-xylene (Diaz and Prieto 2000; Tropel and van
der Meer 2004). In the pathways for which mechanisms of NtrC control have been
defined, the parent compounds as well as some related aromatic compounds act as
effectors (Diaz and Prieto 2000; Tropel and van der Meer 2004). The fact that neutral
compounds such as toluene and xylenes act as effector ligands for NtrC distinguishes
these regulators from all of the others discussed above, for which ligands appear
limited to phenolics or amphiphilic compounds (e.g., HOPDA). For PAH operons,
an affinity of NtrC for neutral ligands may be important, as it raises the possibility
that the PAH parent compounds might act as inducers for their own catabolism.
Notably, growth on naphthalene induced the nar operon in Rhodococcus
(Di Gennaro et al. 2010), which is affiliated with an upstream NtrC-like regulatory
element. But, it’s unclear if naphthalene was an effector, as the cells were able to
metabolize naphthalene to salicylate, which also induced the nar operon.

In contrast to the Nar family, actinobacterial Phd genes are associated with an
AraC-type transcriptional activator (Pagnout et al. 2007). Mechanisms of AraC
regulation that are specific to the phd operon are unknown, and are difficult to infer
because these AraC elements vary widely in fundamental characteristics such as the
types of promoters regulated (r70 and others) and their dependence on other reg-
ulatory factors for maximal activity (e.g., catabolite repression protein (Gallegos
et al. 1997)).

Understanding the mechanisms underlying regulation of genes encoding cata-
bolism of PAH has practical importance in the development of bioremediation
strategies. For example, supplementation of contaminated soil with salicylate as a
potential inducer of PAH degradation genes has been explored. But the results have
been mixed (Song et al. 2015; Carmichael and Pfaender 1997) and are difficult to
interpret: a lack of a stimulation could reflect the fact that salicylate is not an
effector for the PAH operons at a site, or that salicylate is consumed by non-PAH
degraders. Conversely, if stimulation is observed, it’s unclear if that is attributable
to induction of PAH degradation genes or to activation of other unknown enzymes.
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7.4 Cellular Uptake of PAH

The key physicochemical characteristic of PAH affecting uptake by bacteria is their
strong hydrophobicity, which increases significantly with PAH size, and is reflected
in low aqueous solubility and high octanol-water partition coefficients (Kow,
Fig. 7.6). Thus, in the environment, uptake is limited by strong partitioning of PAH
to sorbents, primarily natural organic matter and non-aqueous phase liquids
(NAPL) of which PAH are constituents. Sorbed PAH are typically regarded as
non-bioavailable and inaccessible for uptake, with the transition to a bioavailable
state dependent upon relatively slow rates of PAH desorption (Johnsen and Karlson
2004). Thus, while characteristics of enzymes and regulatory elements that mediate
catabolism are important, these systems are of little use to the cell if the substrate
cannot be acquired. Thus, bioavailability is the single greatest factor limiting
bacterial degradation of PAH in the environment (Johnsen et al. 2005; Pouli and
Agathos 2011; Juhasz et al. 2014; Mahanty et al. 2011; Rojo-Nieto and
Perales-Vargas-Machuca 2012; Simpanen et al. 2016; Yang et al. 2009) and cellular
characteristics that may enhance access to sorbed PAH would be crucial to effective
degradation of these compounds.

Three pathways have been proposed by which PAH are acquired by bacteria
(Fig. 7.7; (Guerin and Boyd 1992; Schippers et al. 2000; Alexander 1994):
(1) uptake from aqueous solution, (2) direct uptake from micelles composed of
exocellular amphiphiles and (3) direct uptake from sorbents. A wide variety of
cellular characteristics and activities can be involved in any of these pathways, but
biosurfactant production has a potential role in all three. Biosurfactants are small,
amphiphilic molecules possessing hydrophilic and hydrophobic domains (Banat
1995; Lawniczak et al. 2013). There are two main groups of bacterial biosurfac-
tants, glycolipids and peptidolipids (e.g., rhamnolipids and surfactins, respectively),
and of these the former have been most extensively studied (Banat 1995;
Lawniczak et al. 2013). The term “surfactant” describes the surface-active behavior
of these molecules, which preferentially adsorb at interfaces: air-water, liquid-liquid
(oil-water) or liquid-solid. The latter two activities are potentially important for
PAH uptake as sorption at oil-water boundaries reduces the liquid-liquid interfacial

Fig. 7.6 Illustration of the
relation between
hydrophobicity (Kow) and
molecular weight for the 16
priority pollutant PAH.
Values below the horizontal
bars indicate the number of
rings in the compounds
plotted
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tension, while sorption at the liquid-solid interface affects the substrate “wettabil-
ity”; both of these activities can facilitate cellular interactions with substrates
containing PAH. If levels of surfactant secretion are sufficiently high, surfactant
monomers aggregate in solution to form colloidal particles called micelles
(Pathways 1 and 2) and the surfactant concentration at which that occurs is termed
the critical micelle concentration.

Pathways 1 and 2 are similar in that interfacial activities of biosurfactants
enhance mass transfer of PAH from a sorbent to the micellar phase, thereby
increasing the apparent aqueous solubility of PAH via pseudo-solubilization or
emulsification. However, in Pathway 1, uptake is dependent upon the release of
PAH from micelles to the aqueous phase, from which bacterial uptake occurs. In
contrast, Pathways 2 and 3 illustrate direct uptake, wherein PAH passes directly
from the micelle or sorbant into the cell. Direct uptake has been indicated in cases
where mineralization rates of PAH or other hydrophobic organic compounds sur-
pass rates that would be predicted if uptake was dependent upon desorption to the
aqueous phase (Calvillo and Alexander 1996; Crocker et al. 1995; Efroymson and
Alexander 1991; Guerin and Boyd 1997; Harms and Zehnder 1995; Lahlou and
Ortega-Calvo 1999; Laor et al. 1999; Tang et al. 1998). Direct uptake has been

1 2 

3 

cells

PAH

biosurfactants

sorbant

Fig. 7.7 Conceptual pathways of PAH uptake by bacteria and potential roles of biosurfactants.
Pathway 1 represents the conventional pathway with uptake occurring from aqueous solution. In
this pathway, biosurfactants potentially enhance mass transfer or extraction of the PAH, but there
is no direct transfer from the biosurfactant micelle to the bacterial cell; uptake occurs from the
PAH dissolved in the aqueous phase. Pathway 2 depicts direct uptake of PAH sorbed by a
biosurfactant micelle. Pathway 3 shows direct uptake of PAH from a sorbent
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indicated for cultures inoculated into soil microcosms, or grown in liquid media
containing synthetic surfactants, or humic substances (Guerin and Boyd 1992;
Vacca et al. 2005; Guha and Jaffe 1996; Guha et al. 1998). Cellular characteristics
that may enable direct uptake are ill defined. But humic acids can interact with
cellular membranes (Elayan et al. 2008; Ojwang and Cook 2013), and some bac-
teria may be able to alter membrane structure in a manner that facilitates direct
transfer of PAH to cells when they interact with humic substances containing
sorbed PAH (Vacca et al. 2005).

Uptake of PAH via Pathway 3 may have the greatest environmental relevance, as
attachment and growth on surfaces as biofilms is the normal state for most bacteria
(Dunne 2002; Hall-Stoodley et al. 2004). The surfaces could be solids, such as soil
organomineral particles to which PAH sorb, or NAPL that contain PAH, like oil.
Direct uptake from these materials is predicated upon adhesion of the cell to the
substrate, which is a complex process affected by characteristics of the cell surfaces,
the substrate and other physicochemical aspects of environment, like pH and
organic and inorganic solutes (Hermansson 1999). Solutes are important in forming
a “conditioning layer” on the substrate surface (Hermansson 1999), which may
modify its physicochemical parameters in a manner that enables a cell surface to
reach close proximity and minimize the effective length of diffusion for a sorbed
PAH to reach the intracellular catabolic enzymes (Johnsen et al. 2005). Cell sur-
faces may also become coated with solutes that affect interaction with the solid
sorbents or NAPL. While a variety of organic and inorganic molecules can con-
tribute to the conditioning layer and cellular coatings (Hermansson 1999) biosur-
factants are potentially of particular importance because of their surface activity
(Feng et al. 2013; Liu et al. 2014; Sotirova et al. 2009).

While biosurfactant secretion could facilitate PAH uptake by any of the three
pathways, this activity may not be specifically induced by growth on PAH
(Chrzanowski et al. 2012). Production of biosurfactants by bacteria growing on
PAH has been demonstrated for some cultures, such as fluorescent pseudomonads
growing on naphthalene (Deziel et al. 1996; Dasari et al. 2014). However, other
investigators have screened a range of Proteobacteria and Actinobacteria grown on
a variety of PAH and found little evidence of significant biosurfactant secretion
(Johnsen and Karlson 2004; Willumsen and Karlson 1997). Absence of a strong
correlation between biosurfactant production and PAH metabolism probably
reflects the fact that global regulatory processes controls the former rather than
variations in physicochemical characteristics of the carbon source supporting
growth (e.g., aqueous solubility (Antoniou et al. 2015)). For example, rhamnolipids
have been the most extensively studied class of bacterial biosurfacants, and their
biosynthesis is regulated primarily via quorum-sensing systems (Perfumo et al.
2013; Reis et al. 2011). Quorum sensing regulation is particularly important in
biofilms, such as those that may be formed by PAH degraders on the surfaces of
NAPL or solid sorbants. For example, in the PAH degrader, Pseudomonas
aeruginosa N6P6, PAH degradation was enhanced by biofilm formation, which in
turn was positively correlated expression of lasI (Mangwani et al. 2015). The latter
is a gene involved in synthesis of quorum sensing signaling molecules, acyl
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homoserine lactones. Conversely, inhibiting production of acyl homoserine lac-
tones by P. aeruginosa N6P6 diminished both biofilm development and PAH
degradation (Mangwani et al. 2015). Thus, quorum sensing can enhance PAH
degradation via the promotion of biofilm development, possibly reflecting the
beneficial effects of exopolymeric substance (EPS, see below) production and/or
biosurfactant secretion. There is as yet no evidence that quorum sensing signaling
molecules directly regulate expression of genes encoding enzymes mediating PAH
metabolism.

Movement of PAH from a sorbent to the cell cytoplasm necessitates the
PAH transverse extra- and intra-cellular regions that differ widely in physico-
chemical characteristics (Fig. 7.2). Of particular importance are differences in
hydrophobicity/hydrophilicity of these regions, which affect the partitioning
behavior of the PAH. As noted above, biofilm formation is likely the natural growth
mode for PAH degraders, and a defining characteristic of these structures is the
envelopment of cells in a matrix of EPS (Fig. 7.3). Polysaccarides are an essential
component of the matrix and provide a foundation for EPS (Bazaka et al. 2011;
Fazli et al. 2014; Vu et al. 2009). But, EPS also contain a range of other molecules
including lipids and proteins (Dohnalkova et al. 2011; Flemming and Wingender
2010). While the EPS matrix is highly hydrated (>95% water), its heterogeneous
composition gives rise to hydrophobic environments on a micro- or nano-scale that
may be favorable for entry of PAH, and diffusion to the cell surface (Hobley et al.
2015; Payne and Boles 2016; Zhang et al. 2015).

For most bacteria, the primary cellular boundary is an outer membrane (Sutcliffe
2010; Devos 2014; Sutcliffe et al. 2010), the permeability of which to hydrophobic
compounds varies across taxa. In the Proteobacteria, the OM is a barrier for uptake
of PAH, a characteristic endowed by the relatively long, hydrophilic carbohydrate
chain of the lipopolysaccharide (LPS) dominating the OM outer leaflet. The pres-
ence of LPS significantly affects the hydrophobic thickness of the OM, which is ca.
22 A°, compared to ca. 28 A° of the phospholipid bilayer comprising the cyto-
plasmic membrane (Wu et al. 2014). As noted above, secreted biosurfactants may
accumulate on the cell surface offsetting the hydrophilic influence of LPS (Mohanty
and Mukherji 2012; Kaczorek et al. 2013; Abbasnezhad et al. 2011), and thereby
establish domains conducive to partitioning of hydrophobic compounds. Movement
of PAH into and across the OM could thus occur non-specifically, and perhaps be
enhanced by biosurfactant modification of cell surface properties (Liu et al. 2014;
Li and Zhu 2014).

Transport of PAH across the OM could also be mediated by specific integral OM
proteins. The OmpW family of OM proteins possesses hydrophobic channels
(Hong et al. 2006; Touw et al. 2010) and has been implicated as important in
naphthalene uptake (Neher and Lueking 2009). Another group of potential OM
transporters for PAH are FadL-like proteins, which facilitate uptake of hydrophobic
compounds by translocation either directly to the periplasm or to the hydrophobic
lumen of the OM (Hearn et al. 2008, 2009; van den Berg 2005; van den Berg et al.
2015). Transport by FadL-like proteins is not energy dependent, but instead is
driven by conformational changes in the protein following substrate binding

7 Genetic Adaptations of Bacteria for Metabolism of Polycyclic … 149



(van den Berg 2005). For hydrocarbons, FadL-like transporters have been best
characterized with monoaromatic compounds (e.g., tolunene) and include the
proteins TodX and TbuX (Kahng et al. 2000; Wang et al. 1995). A FadL-like OM
protein had also been associated with uptake of polychlorophenols (Belchik et al.
2010). Whether or not FadL-like proteins have a role in transport of PAH is
currently unknown, and as PAH are significantly larger than the monoaromatics,
it’s possible that the size of PAH may restrict interactions with these transporters.

Two groups of bacteria with OM structure divergent from that of most
Proteobacteria are the Sphingomonads of the Alphaproteobacteria (genera
Novosphingobium, Sphingobium, Sphingopyxis, and Sphingomonas) and
Corynebacterineae of the Actinobacteria (genera Corynebacterium,
Mycobacterium, Nocardia and Rhodococcus). The OM of Sphingomonads lacks
LPS, and instead contains a unique class of glycolipids, glycosphingolipids, which
have a carbohydrate chain smaller and less complex than that of LPS, making the
OM surface of sphingomonads less hydrophilic than OM containing LPS
(Kawahara et al. 1999). The reduced hydrophilicity of the Sphingomonad OM may
enhance access to PAH and facilitate interaction with hydrophobic surfaces (Waigi
et al. 2015; Regonne et al. 2013). In the Corynebacterineae, the OM is often
referred to as the mycomembrane (Bansal-Mutalik and Nikaido 2014; Bayan et al.
2003; Zuber et al. 2008), and a defining feature are mycolic acids, which are a class
of b-hydroxy fatty acids unique to the Corynebacterinea. Mycolic acids have long
carbon chains, ranging from 30 to 90 carbons in length, which makes the
mycomembrane characteristically highly hydrophobic (Marrakchi et al. 2014) and
growth on PAH can induce a shift in mycolic acid composition that further
enhances hydrophobicity of the mycomembrane (Wick et al. 2002). Consequently,
the mycomembrane is a structure that may facilitate acquisition of hydrophobic
compounds from the environment, and has been cited as factor contributing to the
frequent isolation of genera Mycobacterium, Nocardia and Rhodococcus as
degraders of PAH, especially HMW PAH (Song et al. 2011; Uyttebroek et al. 2006;
Kanaly and Harayama 2010; Kweon et al. 2011; Schneider et al. 1996), and to the
association of these genera with hydrophobic sorbents (Regonne et al. 2013;
Bastiaens et al. 2000).

The cytoplasmic membrane is the final barrier for compounds entering cells, and
for lipophilic chemicals like PAH, passage through this zone can occur primarily by
simple diffusion (Gu et al. 2016). This diffusion process is described by the Overton
rule (Missner and Pohl 2009), which holds that the permeation of solutes through
lipid membranes is proportional to their oil-water partitioning (Kow). Thus for PAH,
permeation decreases with increasing aqueous solubility (e.g., benzo[a]an-
thracene > fluoranthrene, pyrene > anthracene, phenanthrene). Partitioning of PAH
into the cytoplasmic membrane is beneficial as subsequent diffusion to cytoplasm
ultimately supplies the cell with a carbon and energy source. However, growth
benefits of PAH are counterbalanced by potential toxicity, as PAH partitioning into
the lipid bilayer can cause structural deformations that degrade membrane integrity
and function (Sikkema et al. 1995). The levels to which PAH need to accumulate in
cytoplasmic membranes to inflict toxicity are not well defined, and vary as a
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function of the membrane composition, the type of PAH and other environmental
variables (Sikkema et al. 1995). Nevertheless, in model membrane systems,
structural alterations can occur when PAH levels reach 10 mol% (Korchowiec et al.
2008) and are generally fluidizing effects directly correlated with PAH size (Liland
et al. 2014).

The primary cellular response to mitigate deleterious effects of PAH permeation
on the cytoplasmic membrane structure is to modify bilayer fluidity. Fluidity is
affected by many factors, but a fundamental aspect is lipid packing, which is
determined by structural variations in the fatty acyl chain and head group com-
position of the constituent lipids (Sikkema et al. 1995; Denich et al. 2003;
Murinova and Dercova 2014). While systematic studies of alterations in membrane
chemistry that accompany bacterial utilization of PAH are lacking, comparative
analysis of phospholipid fatty acid (PLFA) composition in cells grown on PAH
versus hydrophilic substrates (sugars, complex media) have demonstrated that
growth on PAH induces shifts in PLFA composition that are predicted to result in
increased membrane fluidity. Two of the most common PLFA alterations that
follow PAH exposure are an increased abundance of odd number cyclopropyl fatty
acids and decreased ratios of iso- to anteiso-fatty acids (Vacca et al. 2005; Nam
et al. 2002; Wick et al. 2003; Kallimanis et al. 2007). An increase in bilayer fluidity
may seem counterintuitive as an adaptation for growth on PAH as it would render
the cytoplasmic membrane less permeable to these compounds. However, the shift
in fluidity could be a strategy to modulate PAH partitioning into the membrane that
balances the benefits of PAH uptake that lead to carbon assimilation versus the
drawbacks of membrane damage. The extent to which membrane modification is
induced in bacteria exposed to PAH in contaminated environments is largely
unknown, but there is some evidence that would be consistent with its occurrence.
For example, in soil microcosms spiked with PAH, total PLFA decreased with
increasing PAH but the fraction (mol%) of cyclopropyl fatty acid increased (Su and
Yang 2009). Also, in a creosote-contaminated soil, cyclopropyl fatty acids were
among the most abundant PLFA in locations with the highest PAH levels
(Bengtsson et al. 2010).

Uptake of PAH into the cytoplasm likely occurs primarily via passive diffusion,
but active transport has also been implicated for some strains. In these cases, energy
dependent uptake of PAH (naphthalene or phenanthrene) has been reported for
Mycobacterium (Miyata et al. 2004), Rhodococcus sp. BAP-1, Arthrobacter
(Kallimanis et al. 2007; Li et al. 2014) and Pseudomonas (Whitman et al. 1998).
Also, for Sphingomonas paucimobilis EPA505, specific transport systems have
hypothesized based upon mechanistic interpretations of quantitative structure–-
activity relationship models, which indicated the rate-limiting step in PAH degra-
dation was a binding and transport process, not interaction of the PAH with the
PAH-RHD (Dimitriou-Christidis et al. 2008). Active uptake systems have been
identified for other hydrophobic compounds, and include an ABC transporter for
hexachlorohexane in Sphingobium japonicum UT26 (Endo et al. 2007) and an
ATP-dependent permease for styrene in Pseudomonas putida CA-3 (Mooney et al.
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2006). Similar active transport systems for PAH could be present in cases where
energy dependent uptake has been indicated, but these have yet to be identified.

A final point to consider is the possibility that bacteria may enhance access to
PAH by sensing these compounds and utilize chemotaxis to locate, and move
towards, sources of PAH. Chemotactic responses to naphthalene have been reported
for several Pseudomonas species (Grimm and Harwood 1997; Ortega-Calvo et al.
2003) and in one of these, Pseudomonas putida G3, a gene essential for naph-
thalene chemotaxis was identified (Grimm and Harwood 1999). This gene was
located within the operon encoding naphthalene degradation (nahY) and the pre-
dicted product was a methyl-accepting chemotaxis protein. While the studies with
Pseudomonas strains demonstrated the potential for chemotaxis, the significance of
chemotaxis to PAH biodegradation in the environment is uncertain. A key issue is
the constraints on motility, especially in soil. In this regard, soils represent a par-
tially hydrated environment, and water films in a moist soil (field capacity) are
estimated to be only on the order of 10 nm thick, which is only a fraction of a cell’s
diameter and insufficient to support motility (Ebrahimi and Or 2015; Tecon and Or
2016). The roughness of mineral surfaces is an added constraint (Ebrahimi and Or
2015; Tecon and Or 2016). Models considering hydration level and surface
roughness indicate that motility is supported only in narrow window of moisture
conditions (Ebrahimi and Or 2015; Tecon and Or 2016).

Biomarkers of PAH degradation and their application in microbial ecology.
As PAH-degrading bacteria present a means to mitigate ecotoxicity of PAH,
understanding the environmental activities of these organisms is important, and
biomarkers of PAH biodegradation and/or PAH degrading bacteria are needed to do
so. From the preceding discussion, it’s clear that a myriad of cellular systems
impact the ability of bacteria to degrade PAH. But, of these, the only genotypic
characteristics that are specifically and uniquely affiliated with PAH biodegradation
are genes encoding upper pathway enzymes. The PAH-RHD that initiate upper
pathway metabolism has been studied in greatest detail and, as noted above, the
PAH-RHDa has received particular focus in the development of PAH-RHD fam-
ilies. Thus, genes encoding PAH-RHDa have been targeted as biomarkers for the
analysis of PAH-degraders in the environment, primarily via Polymerase Chain
Reaction (PCR) methods. As the PAH-RHDa are phylogenetically diverse, genes
encoding these polypeptides exhibit relatively low similarity in nucleotide
sequence, and degenerate primers are needed in PCR analyses of PAH-RHDa
genes to encompass as much as possible of the PAH-degrader community.
Consequently, many PCR primer sets have been developed that in principle enable
amplification of different segments of the PAH-RHDa family (Cebron et al. 2008;
Bordenave et al. 2008).

Ecological investigations employing PAH-RHDa analyses have yielded insights
into the distribution of different PAH-RHDa phylotypes in a variety of environ-
ments. These studies have provided information about relationships between
PAH-degrader community structure and environmental variables that may affect
community structure (Bordenave et al. 2008; Chen et al. 2016; Ding et al. 2010;
Flocco et al. 2009; Yang et al. 2014, 2015; Fuentes et al. 2015; Gomes et al. 2007;
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Li et al. 2015; Sauret et al. 2016; Zhou et al. 2006). PAH-RHDa analyses has also
been employed to assess relationships between PAH-degrader abundance and the
PAH levels, and these investigations have yielded mixed results. For example,
significant positive correlations of PAH-RHDa gene abundance with PAH levels
have been reported for coke factory soils (Han et al. 2014), creosote-contaminated
soil (Bengtsson et al. 2013), coal tar-contaminated sediments (Dionisi et al. 2004)
and roadside soils (Li et al. 2015). Conversely, a lack of correlation between
PAH-RHDa gene abundance and PAH concentrations was demonstrated in road-
side soils (Johnsen et al. 2014), oil field soils (Yang et al. 2014) and soils from a
former coking plant (Cebron et al. 2009). Reasons for the varying results are
unknown, and could include technical issues (e.g., PCR bias in RHDa gene
amplification, variations in PAH extraction and analysis, etc.) as well as many
physicochemical factors that affect bacterial growth in the environment. For
example, heterotrophic bacteria that degrade PAH will also grow on a wide range of
other organic compounds that may be present, which could alter PAH-RHDa gene
abundance irrespective of PAH concentration. There may also be inhibitory or
synergistic metabolic interactions between different PAH that uncouple changes in
PAH-RHDa gene abundance from changes in PAH concentration (Hennessee and
Li 2016). Also, PAH degraders can utilize only bioavailable PAH, which is a small,
variable fraction of the total PAH present in soil or sediment. Thus, differences in
total PAH may not be ideal to explain differences in PAH-RHDa gene abundance.
For example, in a study of Yangtze river water and sediment, PAH-RHDa gene
abundance was positively correlated to levels of dissolved PAH (i.e., bioavailable
PAH) in water overlying sediments or in sediment pore water (Xia et al. 2015).
However, PAH-RHDa gene abundance was not correlated to total PAH levels in
sediment (Xia et al. 2015). Thus, while assessments of PAH-RHDa abundance can
be informative about community structure, their use as indicators of PAH
biodegradation potential is limited by unknowns about the environmental biology
of PAH-degraders, as well as by physicochemical complexities of contaminated
soils or sediments containing PAH.

7.5 Summary and Future Directions

After several decades of research, much has been learned about the genetic adap-
tations and processes underlying bacterial metabolism of PAH. The knowledge base
is particularly strong in the area of catabolism and characteristics of key enzymes,
especially PAH-RHD, which have proven to be a diverse group of proteins. The
regulatory systems that control expression of these enzymes have been revealed to
be at least equally diverse. Yet, despite the importance of regulation, comparatively
little is known about mechanisms by which these systems operate and is a
knowledge area in need of significant expansion. Uptake from the environment is
the single most important factor affecting PAH degradation and while cellular
characteristics that affect uptake are known, the process is still largely a “black box”
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and there are few mechanistic details, especially regarding molecules that may
facilitate PAH access. Elucidating the mechanisms of uptake is another key
research need. Lastly, genes encoding PAH-RHDa have served as useful
biomarkers to analyze PAH degrader communities in the environment. Yet, inter-
preting variations in abundance or distribution of different PAH degrader genotypes
has been limited, in part by an incomplete understanding of differences between
genotypes in other dimensions of cell biology that affect PAH metabolism
(i.e., PAH uptake, gene regulation). Filling these knowledge gaps could this help
improve the insights that can be gained in ecological studies of PAH
biodegradation.
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