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1             Introduction 

 The aromatic compounds present in the environment are from natural sources and 
anthropogenic activities. The chemical characteristic of these compounds is the 
presence of one benzene ring (monoaromatic hydrocarbon—MAHs) or more than 
one fused rings (polyaromatic hydrocarbon—PAHs) (Favre and Powell  2013 ). 
The ring provides structural and chemical stabilities due to a symmetric π-electron 
system and therefore recalcitrance of these compounds (Vogt et al.  2011 ). In accor-
dance with Molecular Orbital Theory, in a molecule of benzene the p electrons on 
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each carbon atom are delocalized and contribute to the development of the so-called 
π system. An electrostatic potential map of benzene (Fig.  1 ) shows that the electrons 
in the  π-system   are evenly distributed around the ring (Bruice  2004 ).

   Aromatic hydrocarbons are classifi ed as biological and non-biological com-
pounds. Biological aromatic hydrocarbons are produced by plants and by microor-
ganisms. In plants, this is mainly through the shikimic acid pathway (Ghosh et al. 
 2012 ) and microorganisms mainly via the malonic acid pathway (Zhan  2009 ). 
Capsaicin, estradiol, caffeine, theobromine, gallic acid, aromatic aminoacids (tyro-
sine, phenylalanine, and tryptophan), salicylic acid and the monolignols (p- coumaryl, 
coniferyl, and sinapyl) of lignin are the most well-known. 

 The  monolignols   are synthesized in plants via the shikimic acid pathway and are 
the most important natural aromatic compounds since they appear in large quanti-
ties in the environment as lignin and humic acids. p-coumaryl is a minor component 
of grass and forage type lignins, and coniferyl is the predominant lignin monomer 
found in softwoods (hence the name). Both coniferyl and sinapyl are the building 
blocks of hardwood lignin (Li and Chapple  2010 ). 

 The main sources of non-biological aromatics hydrocarbons are the effl uents 
from fuel, chemical, plastic, explosive, ink, metal, pharmaceutical, and electric 
industries among others (Table  1 ). These compounds are called xenobiotics in func-
tion of their  non-biological origin   and their bioaccumulation, toxicity and carcino-
genic action are well documented (USEPA  2005 ).

   The  physic-chemical properties   of aromatic hydrocarbons have environmental 
signifi cance because they determine fate in soil, water and atmosphere. For instance, 
adsorption on soils or sediments, due to hydrophobicity, is a major factor in their 
transportation and eventual degradation (Karickhoff  1981 ). The soil organic carbon- 
water partitioning coeffi cient (K OC ), that refl ects the ratio between the quantity of 
the compound absorbed in the soil (normalized to organic carbon content) and the 
concentration in water has been used in predicting the mobility and bioavailability 
of organic soil contaminants. Low K OC  values correlate to more mobile organic 
chemicals and higher bioavailability (Wilczyńska-Piliszek et al.  2012 ) (Table  1 ). 

 The United States Environmental Protection Agency (USEPA  2005 ) published in 
1986 guidelines to characterize the human carcinogenic potential of agents according 
to the Weight of Evidence (WoE). The  characterization   was done by a six-category 

  Fig. 1    Electron delocalization of π-electron system in benzene ring. ( a ) Shows the sigma-bonding 
framework of benzene. ( b ) Shows the  p  orbitals which form the delocalized π-bonding system 
in benzene. ( c ) Shape of the π-electron clouds above and below the plane of the ring in benzene. 
( d ) Electrostatic potential map of benzene (Bruice  2004 )       
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alphanumeric classifi cation system (A, B1, B2, C, D and E). Group A includes human 
carcinogenic agents and Group E is for substances with evidence of non-carcinoge-
nicity. The approach outlined in USEPA’s guidelines for carcinogen risk assessment 
(USEPA  2005 ) considers all scientifi c information in determining whether, and under 
what conditions, an agent may cause cancer in humans and provides a narrative 
approach to characterize carcinogenicity rather than categories (Table  1 ). 

 Among the techniques for the study of metabolic pathways of aromatic hydro-
carbon degradation by bacteria, the molecular biology technique  Stable Isotope 
Probing (SIP)   is particularly interesting because it allows for detailed metabolic and 
taxonomic analysis.  SIP   involves the incorporation of heavy isotopes ( 13 C,  15 N or 
 18 O) into newly synthesized nucleic acids allowing the metabolic capacity of culti-
vated or uncultivated microorganisms to be linked to taxonomic identity (Aanderud 
and Lennon  2011 ; Abu Laban et al.  2015 ; Cupples  2011 ; Rettedal and Brözel  2015 ; 
Taubert et al.  2012 ; Zhang et al.  2012b ). Briefl y, in the nucleic acid-based SIP with 
carbon, light  12 C nucleic acid and heavy  13 C nucleic acid (DNA or RNA) are sepa-
rated through ultracentrifugation and then characterized by denaturing gradient gel 
electrophoresis (DGGE) or terminal restriction fragment length polymorphism 
(T-RFLP) and sequencing of 16S rRNA gene. These results are used for genomic 
and/or metagenomic analysis (Cupples  2011 ; Kim et al.  2014 ; Kleinsteuber et al. 
 2012 ; Zhang et al.  2012b ). The protein-based SIP relies on the detection and quan-
tifi cation of the peptides that incorporate heavy isotope  13 C or  15 N for proteomic 
and/or metaproteomic analysis using high-resolution mass spectrometry 
(Kleinsteuber et al.  2012 ; Taubert et al.  2012 ).  

2     Biodegradation of Aromatic Compounds 

 The hydrophobicity and chemical stability of aromatic hydrocarbons, described 
above, give negligible biological activity to these molecules. Therefore, to break them 
down, in either aerobic or anaerobic conditions, bacteria need to destabilize the ben-
zene ring through reversible and irreversible chemical modifi cations (Díaz et al.  2013 ). 

     Table 1    Aromatic compounds from industrial activities   

 Compound  Formula  WoE *   K oc   CASRN 

 Aniline  C 6 H 5 NH 2   B2  0.96  62-53-3 
 Phenol  C 6 H 6 O  D  1.24  108-95-2 
 Benzene  C 6 H 6   A  1.82  71-43-2 
 2,4,6 Trinitrotoluene  C 6 H 2 CH 3 (NO 2 ) 3   C  2.48  118-96-7 
 Bisphenol A  C 15 H 16 O 2   N.A.  2.74  80-05-7 
 Tetrachlorobenzene 1,2,3,4  C 6 H 2 Cl 4   N.A.  4.60  634-66-2 
 Benzo-a-pyrene  C 20 H 12   B2  5.98  50-32-8 

   *  WoE  weight of evidence approach,  N.A.  not applicable,  K   oc   sorption coeffi cient (log L/Kg), 
 CASRN  chemical abstract service registry numbers  
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 In both aerobic and anaerobic pathways of aromatic hydrocarbon biodegradation 
a  Terminal Electron Acceptor (TEA)   is required. TEA determines the energy bal-
ance and the metabolic reaction used by microorganisms (Table  2 ) (Philipp and 
Schink  2012 ; Schink et al.  2000 ). However, studies with microcosms and stable 
isotope probing (SIP) have shown that, in environments dominated by a particular 
TEA, the dominant bacterial strain was not specialized to degrade the aromatic 
hydrocarbon being evaluated (Kleinsteuber et al.  2012 ; Pilloni et al.  2011 ). These 
results suggest that aromatic-degrading strains are specialized and the dominant 
bacterial strains are generalists and are able to use compounds other than aromatic 
hydrocarbons as carbon and energy sources (Staats et al.  2011 ).

   The aerobic and anaerobic processes of aromatic hydrocarbon biodegradation 
have been divided (see also below) into upper pathways, which go from the original 
aromatic compound to so-called central intermediates, and lower pathways, which 
go from the ring cleavage of intermediates down to molecules for biomass (Cafaro 
et al.  2004 ; Carmona et al.  2009 ). 

2.1     Aromatic Hydrocarbon Biodegradation Under Aerobic 
Conditions 

 In nature, oxygen is the most common and strongest oxidizing agent found (DeLaune 
and Reddy  2005 ). In this sense, bacteria will fi rstly use oxygen as the  TEA   to 
degrade aromatic hydrocarbons. 

 In aerobic conditions, the fi rst step of upper pathways is an oxidation catalyzed 
by monooxygenases (hydroxylases) or by dioxygenases (Huijbers et al.  2014 ; 
Parales and Resnick  2004 ). 

 The  monooxygenases   catalyze the cleavage of the oxygen-oxygen bond of O 2 , 
inserting one oxygen atom into the aromatic ring while the other is reduced to H 2 O 
(Fig.  2 ). These enzymes are classifi ed in eight groups according to their structure, 
sequence, type of reaction catalyzed and type of electron donor. The group A–B 

   Table 2    TEAs (terminal electron acceptors) used by bacteria for aromatic hydrocarbon degradation   

 Anaerobic  Aerobic 
 Environmental 
condition 

 Highly 
reduced  Reduced 

 Moderately 
reduced  Oxidized  Redox condition 

  CO 2   SO 4  2−  Fe(III)  Mn(IV) NO 3  −   O 2   Terminal Electron 
Acceptor (TEA) 

   CH 4   HS −    Fe(II)     Mn(II)    NO 2   H 2 O  Products 

 Anaerobic  Facultative  Aerobic  Microbial metabolism 
 −300   −200   −100   0   +100   +200   +300     +400 +500 +600 +700  E° (mV) 
          

  Downward arrow indicates products of TEAs reduction. Dashed arrow indicates sequential order 
of TEAs preferences from higher redox potential (E° = +) to lower redox potential (E° = −) 
(DeLaune and Reddy  2005 ; Gibson and Harwood C  2002 )  
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monooxygenases (EC 1.14.13) includes enzymes whose cofactor is the Flavin 
Adenine Dinucleotide (FAD) and the electron donor is the Nicotinamide Adenine 
Dinucleotide Phosphate NAD(P)H. They are able to catalyze hydroxylation, sulf-
oxidation, heteroatom oxygenation, N-hydroxylation and oxidative decarboxylation 
reactions. Group C-D monooxygenases (EC 1.14.14) require FAD or fl avin mono-
nucleotide (FMN) as cofactor and FMNH 2  or FADH 2  as electron donor and cata-
lyzes hydroxylation, sulfoxidation, oxidation, epoxidation and desulfurization 
reactions. Group E–G has FAD as cofactor and FADH 2  or a substrate as electron 
donor. This group includes internal fl avoprotein monooxygenases that reduce the 
fl avin cofactor through substrate oxidation, and catalyze halogenation, sulfoxida-
tion and oxidative decarboxylation (Huijbers et al.  2014 ).

   Monooxygenases can oxidize both monoaromatic and polyaromatic hydrocar-
bons. Some examples are phenol hydroxylase and toluene/o-Xylene monooxygen-
ase catalyzing benzene and phenol oxidation as reported by Cafaro et al. ( 2004 ) 
from  Pseudomonas stutzeri  OX1 and 4-hydroxyphenyl acetate 1-monooxygenase 
catalyzing oxidation of 4-hydroxyphenyl acetate as reported by Hareland et al. 
( 1975 ) from  P. acidovorans . In the case of PAHs, there was reported oxidation of 
naphthalene and fl uorene catalyzed by a toluene 4-monooxygenase following a 
similar route to monoaromatic hydrocarbons (Tao et al.  2005 ) (Fig.  2 ). 

 While  monooxygenases   sequentially add hydroxyl groups to the aromatic ring, 
using molecular oxygen as substrate, forming phenols and then catechols, the diox-
ygenases catalyze, in the upper pathway, the reductive dihydroxylation of the aro-
matic ring forming cis-dihydrodiols (Fig.  3 ), then funneled by specifi c cis-dihydrodiol 
dehydrogenases to catechols as  c  entral intermediates. These dioxygenases are 
cofactor-requiring multicomponent heteromultimeric proteins (EC 1.14.12) (Parales 
and Resnick  2004 ).

  Fig. 2    Process of oxidation of benzene ( a ), 4-hydroxyphenyl acetic acid ( b ), naphthalene ( c ), and 
fl uorene ( d ) catalyzed by monooxygenases       
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   A group named Rieske non-heme iron-dependent oxygenase systems, also 
important in aromatic hydrocarbon oxidation, are NADH-dependent and composed 
of a fl avoprotein reductase, an iron-sulfur ferredoxin, and an iron-sulfur ferredoxin 
as catalytic component (Barry and Challis  2013 ; Ferraro et al.  2005 ). 

 The upper pathways begin with an oxidation and fi nish with the formation of 
central intermediates, which can be catechols or  non-catecholic compounds   (Fig.  4 ). 
The former have cis-dihydrodiols groups (Ma et al.  2013 ; Tao et al.  2005 ) and latter 
are hydroxy-substituted aromatic carboxylic acids (Fetzner  2012 ) resulting from 
reactions catalyzed by monooxygenases and dioxygenases.

    Catechol   was found by Loh and Chua ( 2002 ) evaluating the ability of  P. putida  
ATCC 49451 to degrade sodium benzoate. Catechol was also reported by Karigar 
et al. ( 2006 ) as an intermediate of the phenol metabolic pathway by  Arthrobacter 
citreus . (Chloro)hydroxyquinol was reported by Pérez-Pantoja et al. ( 2008 ) as a 
central intermediate of 2,4,6 trichlorophenol degradation by  Cupriavidus necator  
JMP134. It was also reported by Khan et al. ( 2013 ) in the metabolism of 2-chloro- 
4-nitroaniline by  Rhodococcus  sp. Strain MB-P1. In the metabolism of para- 
nitrophenol in  Pseudomonas  sp. strain 1–7, Zhang et al. ( 2012a ,  b ) found the 
hydroquinone and hydroxyhydroquinone as central intermediates. 

 The central intermediates that are non-catechols are hydroxy-substituted aromatic 
carboxylic acids (Fetzner  2012 ) (Fig.  4 ). Among the intermediates reported are the 
gentisate found by Romero-Silva et al. ( 2013 ) studying the peripheral pathways of 
3-hydroxybenzoate and 4-hydroxybenzoate degradation by  Burkholderia xenovo-
rans  LB400.  Protocatechuate   was reported by Kim et al. ( 2006 ) as an intermediate in 

  Fig. 3    Formation of cis-dihydrodiols of toluene, naphthalene and pyrene catalyzed by diooxygenases       
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the metabolism of para-hydroxybenzoate and vanilline in  P. putida  KT2440. The 
homogentisate and homoprotocatechuate were reported by Méndez et al. ( 2011 ) in 
studies with  Burkholderia xenovorans  LB400 degrading 3-hydroxybenzoate. 

  2-Hydroxy-1-naphtoic acid and salicylic acid   were reported by Mallick and 
Dutta ( 2008 ) studying naphthalene degradation by  Staphylococcus  sp. strain 
PN/Y. The  3-hydroxyanthranilate   was reported by Hasegawa et al. ( 2000 ) as part of 
degradative pathway of 2-nitrobenzoate by  P. fl uorescens  strain KU-7. 

 The lower pathways refer to the dearomatization of central intermediates and ring 
cleavage to tricarboxylic acids (Fig.  5 ). The fi rst reaction of lower pathways com-
prises of the de-aromatization of central intermediates, which, thereafter, undergo 
ortho-, meta- or para-cleavage by dioxygenases (Harwood and Parales  1996 ).  Ortho-
cleavage  , also known as the β-ketoadipate pathway, is between two hydroxyl groups 
and catalyzed by intradiol-type dioxygenases using Fe(II) as cofactor (Guzik et al. 
 2013 ). Meta-cleavage is on the carbon-carbon bond adjacent to the hydroxyl groups 
through the formation of an α-keto-lactone intermediate, catalyzed by extradiol-type 
dioxygenases, using Fe(III) as cofactor (Suenaga et al.  2014 ). Ortho cleavage of the 
catechol ring is catalyzed by catechol 1,2-dioxygenase to cis,cis-muconate; catechol 
meta-cleavage is catalyzed by catechol 2,3-dioxygenase to 2-hydroxy-muconic 
semialdehyde. Both cleavage pathways were reported by Loh and Chua ( 2002 ) in 
benzoate degradation by  P. putida . The para-cleavage pathway is followed in 
hydroxy-substituted aromatic carboxylic acids between the carboxyl- substituted and 
the adjacent hydroxylated carbon atom. This para- cleavage pathway was reported by 
Dagley ( 1971 ) catalyzed by 2,3-gentisate dioxygenase to gentisate. Crawford ( 1975 ) 
also reported para-cleavage to protocatechuate, catalyzed by 2,3-protocatechuate 
dioxygenase in  Bacillus circulans  metabolizing 4-hydroxyphenyl propionic acid.

   The  ring cleavage  , of hydroxy-substituted aromatic carboxylic acids, is catalyzed 
by enzymes that belong to the cupin superfamily. Most cupin-type ring cleavage 
dioxygenases use an Fe(II) center for catalysis and an action mechanism similar to 
extradiol dioxygenases (Fetzner  2012 ).  

  Fig. 4    Central intermediates formed in upper pathway under aerobic conditions. ( a ) Dihydrodiols 
( 1 ) Hydroquinone, ( 2 ) Catechol, ( 3 ) (Chloro)hydroxyquinol, ( 4 ) Hydroxyhydroquinone, ( b ) 
hydroxy-substituted aromatic carboxylic acids, ( 5 ) Gentisate, ( 6 ) Protocatechuate, ( 7 ) 
Homogentisate, ( 8 ) Homoprotocatechuate, ( 9 ) 2-hydroxy-1-naphtoic acid, ( 10 ) Salicylic acid       
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2.2     Aromatic Hydrocarbon Biodegradation Under Anaerobic 
Conditions 

 In the absence of oxygen, oxidized inorganic compounds such as nitrate (NO 3  −1 ), 
manganese (Mn(IV)), iron (Fe(III)), sulfate (SO 4  −2 )and carbon dioxide (CO 2 ) act as 
the terminal electron acceptors (TEAs) (Fuchs et al.  2011 ; Vogt et al.  2011 ). The 
methanogenic reduction also plays an important role in anaerobic biodegradation, 
particularly at sites that have been contaminated for longer periods of time where 
other  TEAs   have been depleted (Lovley  1997 ). 

 Most studies reported that, under anaerobic conditions, activation in the upper 
pathways is by a reduction catalyzed by synthases, dehydrogenases and  carboxylases 
(Chakraborty and Coates  2005 ; Heider  2007 ; Meckenstock and Mouttaki  2011 ). 
However, Philipp and Schink ( 1998 ) reported evidence of two oxidative reactions as 
the activation reaction in anaerobic degradation of resorcinol. 

  Fig. 5    Schematic representation of metabolic pathways of aromatic hydrocarbons by bacteria 
under aerobic conditions. Upper pathways are through hydrocarbon molecule to central intermedi-
ates. Lower pathways go from destabilization of central intermediates to biomass yield. Electron 
donors: NAD(P)H, FMNH 2  or FADH 2 , ferredoxin, NADH.  TEA  terminal electron acceptor, 
Dihydrodiols = catechol, (chloro)catechol, (nitro)catechol, (chloro)hydroxyquinol, hydroquinone, 
hydroxyhydroquinone, ( 1 ) Mooxygenases or dioxygenases enzymes. HSACA (hydroxy- 
substituted aromatic carboxylic acids) = gentisate, protocatechuate, homogentisate, homoprotocat-
echuate, 2-hydroxy-1-naphtoic acid, salicylic acid, 3-hydroxyanthranilate       
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 Currently, the following fi ve ways of activation of aromatic hydrocarbons activa-
tion are being discussed: (1)   Phosphorylation   . Activation occurs by insertion of a 
phosphate group. In the case of phenol in  Tauera aromatica  catalysis occurs by a 
phenylphosphate synthase (Narmandakh et al.  2006 ; Schmeling et al.  2004 ). 
(2)   Fumarate insertion   . Alkylated aromatic hydrocarbons such as toluene, cresols 
and xylenes are activated by radical-based addition of a fumarate to the methyl 
group and, in the case of ethylbenzene onto the side chain (Heider  2007 ). (3)   O   2   - 
independent   hydroxylation   . Vogel and Grbìc-Galìc ( 1986 ) using partially  18 O-labelled 
water in an enrichment culture in methanogenic incubations presented toluene and 
benzene hydroxylation indicating that the hydroxyl group originated from water. 
Johnson et al. ( 2001 ) showed that an ethylbenzene dehydrogenase in  Azoarcus  sp. 
strain EB1 catalyzes the insertion of one hydroxyl group onto ethylbenzene to pro-
duce (S)-(−)-1-phenylethanol (Fig.  6 ). (4)   Carboxylation   . Also called the “biologi-
cal Kolbe-Schmitt reaction”, the carboxylation reaction has been  suggested for 
monoaromatic hydrocarbons and non-substituted PAHs as follows. The carboxyl-
ation of phenol in para-position yielding 4-hydroxybenzoate by strains K172 and 
S100 was proposed by Tschech and Fuchs ( 1987 ). Zhang and Young ( 1997 ) work-
ing with enrichment cultures with [ 13 C]bicarbonate and sulfate reducing conditions 
found 2-naphthoate and phenanthrene carboxylic acid indicating that naphthalene 
and phenanthrene carboxylation. (5)   Methylation   . Also called Friedel-Crafts- type 
methylation, it was reported by Safi nowski and Meckenstock ( 2006 ) as the initial 
reaction in the anaerobic degradation of naphthalene by sulfate-reducing enrichment 
cultures. Mouttaki et al. ( 2012 ) reported the methylation of naphthalene as the fi rst 
breakdown reaction by enrichment culture N47 in sulphate-reducing conditions.

  Fig. 6    The current fi ve activation ways studied as the fi rst step of upper pathways under anaerobic 
conditions. ( 1 ) Phosphorylation, ( 2 ) Fumarate insertion, ( 3 ) O 2 -independente hydroxylation, ( 4 ) 
Carboxylation, ( 5 ) Methylation. Phenol can be phosphorylated or carboxylated       
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   The upper pathways are characterized by different metabolic pathways with several 
central intermediates, here we review seven of them (Fig.  7 ). The most common is 
benzoyl-CoA with 2-amino, 3-hydroxy and 3-methyl derivatives (Boll and Fuchs  1995 ; 
Koch and Fuchs  1992 ; Laempe et al.  1999 ; Merkel et al.  1989 ; Philipp and Schink 
 2012 ). Resorcinol was reported by Boyd et al. ( 1983 ) in studies of degradation of 
several aromatic hydrocarbons.  Phloroglucinol   was reported by Brune et al. ( 1992 ) 
as the intermediate in the metabolism of pyrogallol by  Pelobacter massiliensis . 
Hydroxyhydroquinone (HHQ) was reported in the nitrate-reducing bacterium  Azoarcus 
anaerobius  strain LuFRes1 from hydroxylation of resorcinol (Philipp and Schink  1998 ).

   The lower pathways begin with  dearomatization   of the central intermediates and 
can be by reductive or oxidative reactions throughout as will be described below. 

 Dearomatization of  benzoyl-CoA  is catalyzed by benzoyl-CoA reductase that 
seems to follow a Birch-like mechanism to yield cyclohexadiene-carbonyl-CoA 
(1,5-dienoyl-CoA). 

 Two classes of benzoyl-CoA reductases ( BCR     ) have been reported. Class I BCR 
is ATP-consuming and found in facultative microorganisms (Boll and Fuchs  1995 ; 
Egland et al.  1997 ) and class II BCR is found in strictly anaerobic microorganisms 
being ATP-independent (Holmes et al.  2012 ). Both classes of BCR produce 
1,5-dienoyl-CoA. However, when class I BCR catalyzes, the reaction requires one 
molecule of the reduced protein ferredoxin as electron donor (E° = −420 mV), two 
molecules of ATP and two molecules of water (Boll and Fuchs  1995 ). The electron 
donor for class II BCR is unknown (Holmes et al.  2012 ). 

 For the de-aromatization of resorcinol ( 1,3-dihydrobenzene  ), two different 
pathways have been reported. The fi rst is a reductive reaction as reported by 
Tschech and Schink ( 1985 ) and by Kluge et al. ( 1990 ) in  Clostridium  sp. and 
 Campylobacter  sp. co-culture named KN245, catalyzed by a resorcinol reductase 
yielding 1,3 cyclohexanedione. The second one, is an oxidative reaction releasing 
 hydroxyhydroquinone (HHQ) described for the nitrate reducing bacterium 
 Azoarcus anaerobius  strain LuFRes1 (Philipp and Schink  1998 ). 

 De-aromatization of phloroglucinol had been studied in detail with  Eubacterium 
oxidoreducens  and  Pellobacter acidigallici . This compound is reduced to dihydro-
phloroglucinol by an NADPH-dependent reductase (Armstrong and Patel  1994 ; 
Boll  2005 ; Brune and Schink  1992 ). 

  Fig. 7    Central intermediates 
of anaerobic biodegradation 
of aromatic hydrocarbons. ( 1 ) 
Benzoyl-CoA, ( 2 ) 3-methyl-
benzoyl-CoA, ( 3 ) 3-hydroxy-
benzoyl-CoA, ( 4 ) 
2-amino-benzoyl-CoA, ( 5 ) 
Phloroglucinol, ( 6 ) 
Resorcinol, ( 7 ) 
Hydroxyhydroquinone       
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 There are three metabolic pathways to de-aromatize  Hydroxyhydroquinone   
(HHQ). The isomerization to phloroglucinol by the fermentative bacterium  Pellobacter 
massiliensis  (Brune et al.  1992 ), the reduction to dihydro-HHQ was observed with the 
sulfate reducing bacterium  Desulfovibrio inopinatus  (Philipp and Schink  2012 ) and 
an oxidative degradation to 2-hydroxy-1,4-benzoquinone by the nitrate-reducing bac-
terium  Azoarcus anaerobius  strain LuFRes1 (Philipp and Schink  1998 ). 

 The  ring cleavage   is a reductive step of the lower pathways. Benzoyl-CoA is 
transformed to 6-oxo-2-hydroxycyclo-hexane-1-carboxyl-CoA that still maintains 
the carbon ring. Fission of this ring is catalyzed by the 6-oxo-2-hydroxycyclo-
hexane- 1-carboxyl-CoA hydrolase using one molecule of water to produce 
3-hydroxypimelyl-CoA (UM-BBD  2015 ). 

 Philipp and Schink ( 2012 ) reported that 1,3-cyclohexadione, a reductive inter-
mediate of resorcinol, is hydrolytically cleaved to 5-oxocaproic acid that is break-
down to an acetate and a butyrate. 

 Dihydroxyphloroglucinol, originated from phloroglucinol de-aromatization, is 
cleaved hydrolytically yielding 3-hydroxy-5-oxohexanoic acid, which is then oxi-
dized to triacetic acid (3,5-dioxohexanoic acid) (Brune and Schink  1992 ). 

 The  fi rst   reaction for ring cleavage of HHQ is an oxidation catalyzed by a 
membrane- bound HHQ-dehydrogenase and then channeled to acetate, malate and 
succinate (Darley et al.  2007 ) (Fig.  8 ). Information about particular compounds 
undergoing ring cleavage was not found.

  Fig. 8    Schematic representation of upper and lower pathways of aromatic hydrocarbon degrada-
tion under anaerobic conditions by bacteria. Electron donors: NAD(P)H, Ferredoxin. Enzymes ( 1 ): 
Synthases, Carboxylases, Dehydrogenases. B-Coa: Benzoyl-CoA; B-CoA derivatives are 2-amino 
benzoyl-CoA, 3-hydroxy benzoyl-CoA, 4-methyl benzoyl-CoA.  R  resorcinol,  PhG  phloroglu-
cinol,  HHQ  hydroxyhydroquinone. dearomatization ( 2 ) is the initial step of lower pathway       
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3         Practical Applications of Knowledge About Metabolic 
Pathways 

 The knowledge about the metabolism  o  f aromatic hydrocarbons could result in 
environmentally-friendly practical applications. The cleanup of pollutants by 
 bioaugmentation (introducing bacteria from external sites), and/or biostimulation 
(providing nutrients or electron acceptors stimulating native populations) in natural 
or enhanced conditions are the best-known techniques (Prince  2010 ). 

 The 1,2- and 1,3-cyclohexanedione, derivatives of the metabolism of resorcinol 
are cyclic b-triketones able to inactivate toxin A (enterotoxin) and toxin B (cyto-
toxin) of  C. diffi cile  with a promising use in medicine (Balfanz and Rautenberg 
 1989 ). Their food, antibiotic, antimalarial, antidiabetic and anticancer therapeutical 
properties have also been reviewed (Blanco et al.  2003 ). 

 Muconic acid obtained from the ortho-cleavage of catechol has potential applica-
tions in the production of resins, bio-plastics, food additives, agrochemicals and 
pharmaceuticals (Xie et al.  2014 ). Lin et al. ( 2014 ) devised a novel artifi cial path-
way for the effi cient production of muconic acid based on the salicylic acid degrada-
tion pathway.  

4     Summary 

 The aim of this review was to build an updated collection of information focused on 
the mechanisms and elements involved in metabolic pathways of aromatic hydro-
carbons by bacteria. Enzymes as an expression of the genetic load and the type of 
electron acceptor available, as an environmental factor, were highlighted. In gen-
eral, the review showed that both aerobic routes and anaerobic routes for the degra-
dation of aromatic hydrocarbons are divided into two pathways. The fi rst, named 
the upper pathways, entails the route from the original compound to central inter-
mediate compounds still containing the aromatic ring but with the benzene nucleus 
chemically destabilized. The second, named the lower pathway, begins with ring 
de-aromatization and subsequent cleavage, resulting in metabolites that can be used 
by bacteria in the production of biomass. Under anaerobic conditions the fi ve mech-
anisms of activation of the benzene ring described show the diversity of chemical 
reactions that can take place. Obtaining carbon and energy from an aromatic hydro-
carbon molecule is a process that exhibits the high complexity level of the metabolic 
apparatus of anaerobic microorganisms. The ability of these bacteria to express 
enzymes that catalyze reactions, known only in non-biological conditions, using 
fi nal electron acceptors with a low redox potential, is a most interesting topic. The 
discovery of phylogenetic and functional characteristics of cultivable and non- 
cultivable hydrocarbon degrading bacteria has been made possible by improve-
ments in molecular research techniques such as SIP (stable isotope probing) tracing 
the incorporation of  13 C,  15 N and  18 O into nucleic acids and proteins. 

G. Ladino-Orjuela et al.



117

 Since many metabolic pathways in which enzyme and metabolite participants 
are still unknown, much new research is required. Therefore, it will surely allow 
enhancing the known and future applications in practice.     
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