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Abstract  

Removal of aromatic compounds, which mostly derive from the polymer lignin, fossil 

fuel reservoirs, and industrial activities, is very important both for a balanced global 

carbon budget and to protect natural ecosystems and human health from the toxic effect 

of some of these environmental pollutants. Whereas the aerobic catabolism of aromatic 

compounds has been extensively studied for many decades, the anaerobic catabolism is 

a more recently discovered and so far poorly characterized microbial capacity despite 

the fact that anoxic conditions dominate in many natural habitats and contaminated 

sites. The anaerobic catabolism of aromatic compounds by some specialized bacteria 

becomes, thus, crucial for the biogeochemical cycles and for the sustainable 

development of the biosphere. Moreover, anaerobic degradation of aromatic compounds 

involves a variety of intriguing biochemically unprecedented reactions that are also of 

great biotechnological potential as alternatives to the current synthesis processes and for 

the anaerobic valorization of aromatic compounds to produce biofuels, biopolymers, 

and commodity chemicals. In this chapter we summarize the major degradation 

pathways and the associated cellular responses when bacteria grow anaerobically in the 

presence of aromatic compounds. The unexplored potential and some biotechnological 

applications of the anaerobic catabolism of aromatic compounds are also discussed.  
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13.1 Introduction 

Aromatic compounds are the second most abundant class of organic compounds in 

nature after carbohydrates and they derive mostly from the polymer lignin. Soluble 

plant-derived secondary compounds, such as flavonoids, tannins, and quinones, as well 

as aromatic amino acids are also natural sources of aromatic compounds. Aromatic 

hydrocarbons are highly abundant in worldwide fossil fuel reservoirs that have formed 

over geological time scales and they are highly valuable natural resources for energy 

generation and the petrochemical industry. They can be also formed as secondary 

metabolites by microorganisms, plants and animals, or by abiotic thermogenic processes 

in deep sea-sediments. Industrial activities are also an important source of aromatic 

compounds, many of which are foreign to nature (xenobiotics). Due to the 

thermodynamic stability of the aromatic ring, aromatic compounds are difficult to 

degrade and they tend to persist in the environment for long periods of time. Moreover, 

many of these compounds are toxic and/or carcinogenic, thus representing major 

persistent environmental pollutants. Therefore, removal of aromatic compounds is very 

important both for a balanced global carbon budget and to protect wildlife and human 

health. Some specialized microorganisms (bacteria, archaea, and fungi) have adapted to 

use aromatic compounds as a sole carbon and energy source (mineralization) or, at least, 

partially degrade these molecules to less-toxic and persistent compounds.1,2

Microorganisms use two major strategies to attack aromatic compounds depending on 

the availability of molecular oxygen. In the aerobic catabolism of aromatics, oxygen is 

not only the final electron acceptor but a co-substrate for the hydroxylation and 

oxygenolytic cleavage of the aromatic ring. In contrast, in the absence of oxygen 

(anaerobic catabolism) the aromatic ring is dearomatized by reductive reactions. 

Whereas the aerobic catabolism of aromatic compounds has been extensively studied 

for many decades, anaerobic aromatic catabolism is a more recently discovered and so 

far poorly characterized microbial capacity despite of the fact that anoxic conditions 

dominate in many natural habitats and contaminated sites, e.g., aquifers, aquatic 

sediments and submerged soils, sludge digesters, intestinal contents, etc. The anaerobic 

catabolism of aromatic compounds by microorganisms becomes, thus, crucial for the 

biogeochemical cycles and for the sustainable development of the biosphere. Moreover, 

anaerobic degradation of aromatic compounds involves a variety of intriguing 

biochemically unprecedented reactions that are also of great biotechnological potential 
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as alternatives to the current organic synthesis processes that typically require expensive 

transition metal catalysts and do not exhibit enantioselectivity. Since anaerobic 

microorganisms play an important role in the alteration processes that generate heavy 

oil in deep subsurface petroleum reservoirs, their study is of fundamental geological and 

industrial interest.1–3

A wide diversity of facultative or obligate anaerobic bacterial pure cultures and 

enrichments has been reported to degrade aromatic compounds under anoxic conditions 

respiring various electron acceptors, e.g., nitrate, sulfate, iron(III), manganese (IV), 

(per)chlorate, by anoxygenic photosynthesis (energy derived from light), or by 

fermentation (usually coupled to energetically favorable syntrophic processes). 

Generally, bacteria capable of aromatic compound degradation are typically found 

within the families Rhodocyclaceae (Betaproteobacteria), e.g., Azoarcus, Aromatoleum 

and Thauera strains, Rhodobacteraceae, Rhodospirillaceae (Alfaproteobacteria), e.g. 

Rhodopseudomonas, and Magnetospirillum strains, Geobacteraceae, 

Desulfobacteraceae, Syntrophobacteraceae (Deltaproteobacteria), e.g.. Geobacter, 

Desulfobacterium, Desulfococcus, Desulfobacula, Desulfotignum, Syntrophus, and 

Syntrophorhabdus strains, Sedimenticolaceae (Gammaproteobacteria), e.g., 

Sedimenticola and Dechloromarinus strains, and Peptococaccaceae (Clostridia), e.g. 

Desulfitobacterium, Pelotomaculum, and Desulfotomaculum strains. Some archaea, 

such as Ferroglobus placidus, can also degrade a number of aromatic compounds under 

anoxic conditions. Among facultative anaerobes, the denitrifying Thauera aromatica, 

Aromatoleum aromaticum, Azoarcus and Magnetospirillum strains, and the 

photoheterotroph Rhodopseudomonas palustris, have been established as model 

organisms for the investigation of anaerobic degradation of aromatic compounds. 

Among strict anaerobes, Geobacter metallireducens and Ferroglobus placidus (iron 

reducers) and Syntrophus aciditrophicus (fermenter), have been commonly used as 

model species.1,3–16

Similar to the very well known aerobic degradation strategies, the anaerobic degradation 

of aromatic compounds channels a wide variety of compounds into a few central 

intermediates through devoted peripheral degradation pathways (catabolic funnel).1 The 

redox potential of the electron acceptor used by the bacteria is critical to determine the 

the biochemical strategy used for the anaerobic degradation of aromatic compounds, 
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thus explaining the wide diversity of anaerobic pathways.  Thus, the same compound 

can follow a more energy-demanding biochemical pathway in facultative anaerobes, 

e.g., denitrifying bacteria, than in obligate anaerobes, e.g., sulfate-reducers or 

fermenters, that show a poor bioenergetic balance 6,17. Even different peripheral 

pathways for the same compound can be found in bacteria that use the same terminal 

electron acceptor and belong to the same species. The different peripheral pathways 

converge into a few central pathways that carry out the reductive dearomatization and 

further conversion of the central intermediates to compounds of the central metabolism 

of the cell. Most monocyclic aromatic compounds are channeled and activated to 

arylcarboxyl-coenzyme A (CoA) esters, i.e., benzoyl-CoA or benzoyl-CoA analogs with 

halide, methyl, amino, or hydroxyl substituents. Polycyclic aromatic compounds, such 

as naphthalene and its derivatives, appear to be degraded via the corresponding 2-

arylcarboxyl-CoA intermediates rather than converging into the benzoyl-CoA central 

pathway. On the other hand, aromatic compounds of weak aromatic character, such as 

N-heteroaromatic compounds, e.g., pyridines, and aromatic compounds with meta-

positioned hydroxyl groups, e.g., resorcinol, phoroglucinol, serve as substrates for 

dearomatization by dehydrogenases/reductases without activation to CoA esters.1–3,6,8

In this chapter we will summarize the major degradation pathways and the associated 

cellular responses when bacteria grow anaerobically in the presence of mainly 

homocyclic aromatic compounds. Some biotechnological applications of the catabolic 

and regulatory genes involved in the anaerobic catabolism of aromatic compounds are 

also discussed. For a more detailed information and source of original references of 

many of the pathways that are presented in this chapter, authors should see the more 

extensive reviews of Schink et al.17 and Carmona et al.1

13.2 The Benzoyl-CoA Central Pathway 

The most studied and widespread central pathway for the anaerobic degradation of 

aromatic compounds is the benzoyl-CoA central pathway. Benzoate has been used as 

the model growth substrate to study the benzoyl-CoA central pathway. Anaerobic 

benzoate degradation involves a one-step peripheral pathway that activates this aromatic 

acid to benzoyl-CoA. Usually this activation step requires an ATP-dependent benzoate-

CoA ligase that releases AMP and PPi (Figure 13.1). The genes encoding benzoate-

CoA ligases may be co-transcribed with those encoding the benzoyl-CoA central 
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pathway.1 A succinyl-CoA:benzoate CoA transferase has been shown to be an 

alternative energetically less demanding enzyme that can activate benzoate and replace 

the benzoate-CoA ligase in members of the Fe(III)-respiring Geobacteriaceae, but it 

might also be present in sulfate-reducing or fermenting bacteria (Figure 13.1).11,18 Other 

aromatic/alicyclic acid-CoA ligases of the cell can also recognize benzoate as substrate 

and, for instance, R. palustris synthesizes at least three different enzymes, i.e., the BadA 

benzoate-CoA ligase, the HbaA 4-hydroxybenzoate-CoA ligase and the AliA 

cyclohexanecarboxylate-CoA ligase, that can catalyze the activation of benzoate to 

benzoyl-CoA during the anaerobic growth with benzoate.19 By contrast, some bacteria 

as T. aromatica and Magnetospirillum strains have evolved a single benzoate-CoA 

ligase whose product is shared by the aerobic hybrid pathway (box pathway) and the 

anaerobic pathway for benzoate degradation.1 The substrate specificity of benzoate-CoA 

ligases can differ depending on the host strain, but it is common that these enzymes can 

recognize and activate not only benzoate but also halobenzoates and other benzoate 

derivatives, such as 2-aminobenzoate, to their corresponding benzoyl-CoA analogs (see 

below).  

    [Figure 13.1 near here] 

The catabolic genes encoding the benzoyl-CoA central pathway enzymes are usually 

arranged in large chromosomal clusters that also contain  the specific transcriptional 

regulators and the benzoate transport genes.1,4,7,9,20–22 In A. aromaticum EbN1 

anaerobically grown at low benzoate concentrations, benzoate uptake is suggested to 

primarily involve a high affinity ABC transporter; high benzoate concentrations might 

involve a second transporter, i.e., the benzoate:H+ symporter BenK.9 The anaerobic 

degradation of benzoyl-CoA is organized into two major metabolic blocks: i) the upper 

benzoyl-CoA pathway that converts benzoyl-CoA to aliphatic C7-dicarboxyl-CoA 

derivative compounds, and ii) the lower benzoyl-CoA pathway that converts the C7-

dicarboxylic CoA esters to acetyl-CoA and CO2.1

13.2.1. The Upper Benzoyl-CoA Pathway

The key step in anaerobic degradation of benzoyl-CoA is the dearomatization of the 

benzene ring by the benzoyl-CoA reductase (BCR), the only oxygen sensitive enzyme 

within the benzoyl-CoA pathway. Two classes of BCRs that follow completely different 
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mechanistic strategies have been described so far, i.e. ATP-dependent (Class I) and 

ATP-independent (Class II) reductases. Both classes of BCRs promote a reduction of 

benzoyl-CoA to a non-aromatic cyclohexene-carboxyl-CoA through a sequential 

transfer of single electrons and protons at extremely low redox potential (Figure 13.2A). 

The formation of CoA esters greatly facilitates the stabilization of the intermediates in 

the reduction reaction and may also help to accumulate these compounds inside the cells 

(CoA esters cannot permeate through the cell membranes), thus explaining why 

anaerobic pathways are mainly channeled through CoA thioesters.8,23

    [Figure 13.2 near here] 

Class I BCRs hydrolyze two ATP molecules to couple the transfer of two electrons 

from a reduced ferredoxin to the aromatic ring (Figure 13.2A). This strategy is found in 

facultative anaerobic bacteria that utilize final electron acceptors that render high energy 

yields, such as nitrate (denitrification), or that perform anoxygenic photosynthesis.8 The 

Class I BCR from T. aromatica has been biochemically characterized and it is 

organized in an electron activation module (BcrAD) and a ring reduction module 

(BcrBC) both of which contain [4Fe-4S] clusters. Phylogenetic studies suggest the 

existence of two types of class I BCRs, i.e., the Bcr-type present, among others, in 

Thauera, Rhodopseudomonas (here named BadDEFG), Magnetospirillum, 

Rhodomicrobium and Sedimenticola strains, and the Bzd-type (BzdNOPQ) present, 

among others, in Azoarcus, Aromatoleum and Herminiimonas strains (Figure 

13.2A)1,5,8,13,15,16,20,24 Whereas the natural electron donor ferredoxin is reduced by a two-

subunit 2-oxoglutarate:ferredoxin oxidoreductase KGOR (KorAB) in T. aromatica, a 

three-component NADP-dependent 2-oxoglutarate:ferredoxin oxidoreductase KGOR 

(KorABC), as well as a NADPH:ferredoxin oxidoreductase (likely encoded by the bzdV

gene), are involved in the system that regenerates the electron donor of BCR in 

Azoarcus strains (Figure 13.2A).1,8,25 In R. palustris, this regeneration system was 

suggested to be carried out by a protein that resembles a NADPH:quinone 

oxidoreductase (BadC).26

Strict anaerobes, i.e., Fe(III)-reducing (e.g., Geobacter species), sulfate-reducing (e.g., 

Desulfococcus multivorans, Desulfobacula toluolica,                                                                                                                            

Desulfotomaculum gibsoniae, NaphS2 strain), and fermentative microorganisms (e.g.,
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Syntrophus aciditrophicus and Syntrophorhabdus aromaticivorans) are able to de-

aromatize benzoyl-CoA by using an ATP-independent Class II BCR (Figure 

13.2A).7,11,12,21,27,28 This reductase has been studied in detail in the Fe(III)-reducing G. 

metallireducens, and it is a complex enzyme formed by the BamBCDEFGHI subunits. 

The BamB subunit contains the active site and harbors a tungstopterin-cofactor and a 

[4Fe-4S] cluster; BamC contains three additional FeS clusters and is similar to the 

subunits involved in electron transfer found in hydrogenases.29 The BamDEFGHI 

subunits are assumed to be involved in an ATP-independent electron transfer driven by 

flavin-based electron bifurcation and energy-conserving Hdr hydrogenase modules.8,12

The observation that Class I and Class II BCRs are present is facultative and strict 

anaerobes, respectively, strongly suggests the existence of a correlation between the 

energy metabolism and the type of benzoyl-CoA reduction mechanism8, with the only 

known exception of the hyperthermophilic archaeon Fe(III)-respiring F. placidus, and 

likely Geoglobus acetivorans, that seem to use an ATP-dependent benzoyl-CoA 

reductase of the Bzd-type.4,30 Interestingly, this hyperthermophilic BCR was expressed 

in E. coli, opening the door for future structural insights that have been so far 

unsuccessful due to the instability of the enzyme from mesophiles.31

Although totally different BCR enzymes are present in facultative and obligate 

anaerobes, the benzoyl-CoA dearomatization product appears to be in most cases a 

cyclohexa-1,5-diene-1-carbonyl-CoA (1,5-dienoyl-CoA) (compound 1, Figure 13.2A)1. 

Further degradation of this compound resembles a modified β-oxidation pathway 

(Thauera-type β-oxidation) with an addition of water to a double bond (acyl-CoA 

hydratase; Dch/BamR/BzdW), a dehydrogenation reaction (hydroxyacyl-CoA 

dehydrogenase; Had/BamQ/BzdX), and a hydrolytic ring fission (oxoacyl-CoA 

hydrolase; Oah/BamA/BzdY), generating finally 3-hydroxy-pimelyl-CoA (Figure 

13.2A)1. Sequence comparison analyses of the Thauera-type β-oxidation enzymes 

revealed the existence of two-phylogenetic groups, one including the enzymes from 

Thauera, Magnetospirillum, and Geobacter strains, and a second group that includes the 

enzymes from Azoarcus, Aromatoleum, and Syntrophus strains. In the archaeon F. 

placidus (and likely in G. acetivorans), a Thauera-type β-oxidation pathway has been 

also suggested.31 However, in the phototroph R. palustris a four-electron reduction 

variant of Class I BCR yields cyclohex-1-ene-1-carbonyl-CoA as the dearomatization 

product (compound 2 in Figure 13.2A), which leads to a different modified β-oxidation 
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pathway (Rhodopseudomonas-type β-oxidation) catalyzed by the BadK, BadH and BadI 

enzymes that generates pimelyl-CoA as final product (Figure 13.2A). This Bad pathway 

is also shared for the degradation of the alicyclic cyclohexane carboxylate in R. 

palustris.1,20

13.2.2. The Lower Benzoyl-CoA Pathway 

The degradation of the aliphatic C7-dicarboxyl-CoA derivative formed by the upper 

benzoyl-CoA pathway generates three acetyl-CoA molecules and CO2 (Figure 13.3).1,32

    [Figure 13.3 near here]  

Normally, bacteria carry different sets of enzymes involved in the metabolism of 

medium-chain length dicarboxylic acids. In R. palustris the products of the 

pimFABCDE genes, likely in combination with other putative sets of β-oxidation 

enzymes, participate in the β-oxidation of odd-chain dicarboxylic acids, such as 

pimelate, to glutaryl-CoA (Figure 13.3).32 Similar genes and enzymes have been also 

identified in A. aromaticum EbN133 and G. metallireducens34 grown anaerobically in 

benzoate. This lower pathway also involves electron-transferring flavoproteins (ETF 

systems) that channel the electrons from acyl-CoA dehydrogenases to the membrane 

quinones of the respiratory chain. In facultative anaerobes and Fe(III)-respiring 

organisms, the oxidation and decarboxylation of glutaryl-CoA to crotonyl-CoA is 

catalyzed by a bifunctional FAD-containing glutaryl-CoA dehydrogenase 

(GcdH/BamM) that forms glutaconyl-CoA as an enzyme-bound reaction intermediate 

and requires an ETF system  (BamOP in G. metallireducens) as electron acceptor 

(Figure 13.3).10,21,32,35,36 In contrast to the redundancy observed for the genes encoding 

the β-oxidation enzymes that generate glutaryl-CoA, the gcdH/bamM gene is usually 

present as a single chromosomal copy. In sulfate-reducing and fermenting bacteria, 

glutaryl-CoA is first oxidized with the participation of a NAD-dependent non-

decarboxylating glutaryl-CoA dehydrogenase and then decarboxylated to crotonyl-CoA 

by a membrane-bound multicomponent glutaconyl-CoA decarboxylase that leads to the 

synthesis of ATP by coupling this reaction to a sodium ion translocation across the 

membrane (Figure 13.3).37,38 The decarboxylation of glutaryl-CoA coupled to the 

formation of ATP can be regarded as an additional means of energy conservation 

imposed by the strict energy constraints of syntrophic metabolism.39 Finally, the 

Comentario [G1]: Okay change?

Comentario [E2]: We usually use lower 
case (without italics) for pathways and 
upper case for enzymes. However, if you 
think that  is more correct to name 
pathways with upper case, no problem with 
us.  
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enzymatic activities responsible for crotonyl-CoA metabolism via acetoacetyl-CoA to 

acetyl-CoA (Figure 13.3), have been detected in several bacteria and the corresponding 

genes have been proposed by genomic searches in different anaerobic 

biodegraders.1,10,31,39

13.3 Central Pathways for Degradation of Substituted Benzoyl-CoA Analogs 

In several anaerobes, degradation of some substituted benzoyl-CoA analogs, i.e., 

benzoyl-CoA with hydroxyl or methyl substituents, follows a similar strategy to that of 

benzoyl-CoA. 

13.3.1 3-Hydroxybenzoyl-CoA Catabolism 

In T. aromatica, 3-hydroxybenzoyl-CoA is reduced to a cyclic oxocyclohexene-1-

carbonyl-CoA in a two-electron step reaction coupled to the hydrolysis of two 

molecules of ATP (Figure 13.2B). Although the reduction of 3-hydroxybenzoyl-CoA 

can be carried out by the purified BCR (BcrABCD), the existence of a specific 3-

hydroxybenzoyl-CoA reductase isoenzyme cannot be ruled out.40 A gene cluster likely 

encoding modified β-oxidation-like reactions that are specific for the further 

degradation of the 3-hydroxybenzoyl-CoA reduction product has been identified40

(Figure 13.2B). The genomes of A. aromaticum strain EbN1 and Azoarcus sp. CIB 

encode 3-hydroxybenzoate-induced gene clusters containing orthologs of the 3-

hydroxybenzoate degradation genes from T. aromatica.24,33,41 These gene clusters 

contain paralogs (hbrABCD) of the bzdNOPQ genes that encode the BCR and, 

therefore, they have been suggested to encode a specific 3-hydroxybenzoyl-CoA-

reductase of the Bzd-type in strains EbN1 and CIB (Figure 13.2B). The ferredoxin that 

transfers the electrons to the reductase and the ferredoxin reactivation system are likely 

to be the same than those of the benzoyl-CoA central pathway.1 The aliphatic C7-

dicarboxyl-CoA derivative generated after ring-cleavage is then subjected to β-

oxidation reactions that lead to the formation of glutaryl-CoA35,42 and finally to acetyl-

CoA.1

13.3.2 3-Methylbenzoyl-CoA Catabolism 

3-methylbenzoyl-CoA is a central intermediate formed during the anaerobic degradation 

of 3-methylbenzoate, m-xylene, and o-cresol.1,43 In Azoarcus sp. CIB the enzymes 

involved in 3-methylbenzoate catabolism are encoded in the mbd gene cluster.44 The 
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activation of 3-methylbenzoate is carried out by a broad substrate range 3-

methylbenzoate-CoA ligase (MbdA). 3-methylbenzoyl-CoA is then reduced to a 3- or 

5-methylated cyclohex-1,5-diene-1-carbonyl-CoA by an ATP-dependent 3-

methylbenzoyl-CoA reductase (MbdONPQ) (Figure 13.2C) that likely uses a specific 

MbdM ferredoxin and a two-component KGOR (KorA2B2) regenerating system. 

Interestingly, the 3-methylbenzoyl-CoA reductase and its associated electron transfer 

functions are phylogenetically more close to the Thauera-type than to the Azoarcus-type 

reductases.44 A modified β-oxidation pathway catalyzes the conversion of the reduction 

product to a 3-hydroxy-methyl-pimelyl-CoA compound (Figure 13.2C). Further 

degradation of this methylated aliphatic acid is predicted to be accomplished via a 

specific lower pathway (encoded within the mbd cluster) similar to that of the benzoyl-

CoA pathway but capable of dealing with the meta-methyl group, likely generating 4- 

or 2-methylglutaryl-CoA, that would be further degraded to acetyl-CoA and propionyl-

CoA.44 In the sulfate-reducing Desulfobacterium sp., a putative 3-methylbenzoyl-CoA 

reductase homologous to ATP-independent Class II BCRs has been shown to be 

specifically induced when the cells are grown in m-xylene.45

13.3.3 4-Methylbenzoyl-CoA Catabolism 

The anaerobic catabolism of the 4-methylbenzoate, which can be generated from p-

xylene degradation, has been analyzed in detail in the denitrifying Magnetospirillum sp. 

strain pMbN1, and it follows a route analogous to the benzoyl-CoA pathway but in 

which the p-methyl group is retained beyond dearomatization and ring-cleavage.5,46

After the activation of 4-methylbenzoate to 4-methylbenzoyl-CoA by the MclA ligase, 

the reduction reaction is the responsibility of one specific 4-methylbenzoyl-CoA 

reductase (MbrCBAD) that produces 4-methylcyclohexadienecarbonyl-CoA (Figure 

13.2D) and that may represent, together with the 3-methylbenzoyl-CoA reductase, a 

novel subclass of class I BCRs.5,44,46 Then, a modified β-oxidation step is performed by 

a specific hydratase (Dch-2), dehydrogenase (Had-2), and hydrolase (Oah-2) that 

generate the ring-cleavage product 3-hydroxy-5-methyl-pimelyl-CoA (Figure 13.2D). 

This methylated aliphatic acid is further oxidized via a specific lower pathway to the 

corresponding 3-methylglutaryl-CoA and, finally, to acetoacetyl-CoA.5,46 The genes 

coding for the 4-methylbenzoyl-CoA pathway are organized in two distinct clusters on 

the chromosome of strain pMbN1.5,46
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13.4 Peripheral Pathways for the Anaerobic Catabolism of Aromatic Compounds

13.4.1 Catabolism of Hydroxybenzoates 

4-hydroxybenzoate (4HBA) is a central metabolite to which many phenolic compounds, 

such as phenol, p-cresol, and phenylpropanoid compounds derived from lignin 

degradation converge. The peripheral pathway for the anaerobic degradation of 4HBA 

involves two catabolic steps, a CoA-dependent activation driven by a 4HBA-CoA ligase 

(HbaA/HcrL) and a further reductive dehydroxylation to benzoyl-CoA driven by a 4-

hydroxybenzoyl-CoA reductase (Figure 13.4).1

     [Figure 13.4 near here]  

The 4-hydroxybenzoyl-CoA reductase (dehydroxylating) is an oxygen-sensitive enzyme 

composed by three-subunits that catalyzes the removal of the phenolic hydroxyl group 

of 4-hydroxybenzoyl-CoA by a two-electron reduction, yielding water and the central 

intermediate benzoyl-CoA (Figure 13.4). This enzyme belongs to the xanthine oxidase 

family, containing two [2Fe-2S] clusters, one [4Fe-4S] cluster, one FAD, and one 

molybdopterin cytosine dinucleotide cofactor per monomer. Although the same reduced 

ferredoxin may serve as an electron donor for 4-hydroxybenzoyl-CoA reductase and 

BCR, the former does not require the input of external energy (ATP) to promote the 

electron transfer at a physiological rate.47,48 The genes encoding the 4-hydroxybenzoyl-

CoA reductase (hcrCAB) are associated to those encoding a putative transcriptional 

regulator and a permease that might be involved in uptake of 4HBA in T. aromatica. In 

R. palustris, the genes encoding the 4-hydroxybenzoyl-CoA reductase (hbaBCD) are 

associated to a transcriptional activator (hbaR), to the gene encoding the 4HBA-CoA 

ligase (hbaA), and to the hbaEFGH genes encoding a putative ABC transporter of 

4HBA.1,20 hcr and hba orthologs have been identified in the genomes of other 

facultative anaerobes capable to degrade 4HBA anaerobically such as M. magneticum

AMB-1, Azoarcus, Aromatoleum, and Herminiimonas strains.1,15,24,33 As in T. 

aromatica, the gene encoding the 4HBA-CoA ligase (hcrL) is not linked to the hcr

clusters. The purified HcrL enzyme from A. aromaticum EbN1 was shown to act not 

only on 4HBA but also on protocatechuate, 3-hydroxybenzoate, and benzoate.49
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The anaerobic catabolism of 4HBA has been also investigated in obligate anaerobes. 

Orthologs of the genes encoding the 4-hydroxybenzoyl-CoA reductase from facultative 

anaerobes have been identified in obligate anaerobes, e.g., G. metallireducens and D. 

gibsoniae strains (pcm genes), and in the genome of the syntrophic bacterium S.  

aromaticivorans (hcr genes).11,12,34,50 However, the amino acid sequence analyses of 

some subunits of the 4-hydroxybenzoyl-CoA reductase of G. metallireducens 

(PcmRST) (Figure 13.4) suggest a mechanism of electron transfer to the substrate that 

differs from that described in facultative anaerobes.50

Three different strategies have been postulated for the anaerobic catabolism of 3-

hydroxybenzoate (3HBA). A distinct 3-hydroxybenzoyl-CoA central route is present in 

some facultative anaerobes (Figure 13.2B) (see above). The first step during the 

catabolism of 3-hydroxybenzoate in T. aromatica involves its activation to 3-

hydroxybenzoyl-CoA by a CoA ligase (HbcL) whose expression is induced when cells 

are grown in 3HBA (Figure 13.5).40 The purified HbcL enzyme was shown to be a 

promiscuous aromatic acid-CoA ligase that acts not only on 3HBA but also on 

protocatechuate, 4HBA, benzoate, and gallate (3,4,5-trihydroxybenzoate).49 In 

fermenting bacteria, such as Sporotomaculum hydroxybenzoicum, 3HBA is activated to 

3-hydroxybenzoyl-CoA by a CoA transferase (rather than by a standard CoA ligase) 

and the hydroxyl group is reductively eliminated with the formation of benzoyl-CoA as 

central intermediate.17 Although R. palustris cannot grow photoheterotrophically in 

meta-hydroxy-aromatic acids as sole carbon source, it can use them via the standard 

benzoyl-CoA pathway when grown in the presence of one or more benzoyl-CoA 

pathway inducers. This reflects that expression of the benzoyl-CoA pathway genes in R. 

palustris is only induced by a narrow set of allosteric effectors but the pathway enzymes 

exhibit activity toward a broader set of aromatic growth substrates.51 An alternative 

3HBA degradation pathway without ATP consumption and that likely involves 

formation of hydroxyhydroquinone (HHQ) was described for the denitrifying bacterium 

strain BoNHB.17

    [Figure 13.5 near here] 

Similarly to 4HBA, the anaerobic degradation of 2-hydroxybenzoate (salicylate) and 

2,5-dihydroxybenzoate (gentisate) appears to involve initial activation by CoA ligases 



16 

and further reductive dehydroxylation to benzoyl-CoA by hydroxybenzoyl-CoA 

reductases. The genes responsible for these peripheral pathways have not yet been 

characterized.1,52

13.4.2. Catabolism of Halobenzoates  

The benzoyl-CoA pathway can be used to catabolize some halobenzoates derived from 

halogenated-phenols, -toluene, or -benzene. Thus, the relaxed substrate specificity of the 

benzoate-CoA ligase allows the activation of some halobenzoates, e.g. 2-

fluorobenzoate, to the corresponding CoA esters. The fluoride ion can then be 

eliminated gratuitously by a regioselective reaction carried out by the BCR.1

Nevertheless, a devoted peripheral pathway for the catabolism of 3-halobenzoates has 

been reported in R. palustris RCB100 and Thauera chlorobenzoica (Fig. 13.1).53,54 This 

peripheral pathway involves the ATP-dependent activation of 3-halobenzoates to the 

corresponding 3-halobenzoyl-CoA esters by an halobenzoate-CoA ligase that is likely 

evolved from benzoate-CoA ligases.53,54 The removal of the halide from the 3-Cl/3-Br-

benzoyl-CoA in T. chlorobenzoica occurs by the intrinsic dehalogenation/elimination 

activity of the class I BCR generating benzoyl-CoA (Fig. 13.1).54 In R. palustris the 

suggested reductive dehalogenation of 3-Cl-benzoyl-CoA to benzoyl-CoA has not yet 

been demonstrated, but it is known that 3-Cl-benzoate only supports photoheterotrophic 

growth in the presence of benzoate, suggesting that the benzoyl-CoA pathway enzymes 

are the ones involved in the catabolism of this halobenzoate.53,55

13.4.3 Catabolism of Aminobenzoates  

2-aminobenzoate (anthranilate) is a central metabolite formed during the anaerobic 

degradation of some nitrogen-containing xenobiotics and N-heterocyclic aromatics, e.g., 

tryptophan, indole, indoleacetic acid (IAA), and derived compounds.1 In some bacteria, 

such as in T. aromatica and A. aromaticum EbN1, the activation of 2-aminobenzoate to 

2-aminobenzoyl-CoA is carried out by the enzymes involved in benzoate (BclA) and 

3HBA (HbcL) activation, respectively (Figure 13.6).41,56 However, in A. evansii, the 

anaerobic activation of 2-aminobenzoate can be carried out by different CoA ligases 

such as the BzdA anaerobic benzoate-CoA ligase, a devoted anaerobic 2-

aminobenzoate-CoA ligase, and a minor aerobic 2-aminobenzoate-CoA ligase.57 In T. 

aromatica 2-aminobenzoyl-CoA is suggested to be reduced by the BCR to a 
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corresponding 2-amino-1,5-dienoyl-CoA (Figure  13.6), followed by spontaneous 

hydrolysis of the latter to a ketone plus ammonia.47 In A. aromaticum EbN1, it was 

suggested that the 3-hydroxybenzoyl-CoA reductase was involved in the de-

aromatization of 2-aminobenzoyl-CoA.41 Whether the subsequent catabolism of the 

non-aromatic intermediate requires a specific modified β-oxidation pathway remains 

unknown.  

    [Figure 13.6 near here]

Other aminobenzoates, such as 4-aminobenzoate which is formed by carboxylation of 

aniline (aminobenzene), are also activated to the CoA thioester (4-aminobenzoyl-CoA) 

and further reductively deaminated to benzoyl-CoA in some sulfate-reducing bacteria.58

The genome of Desulfobacterium anilini strain Anil1 has been sequenced and two 

clusters containing genes that may encode UbiD-like carboxylases (see below) have 

been identified.59

13.4.4 Catabolism of Phenylalanine/Phenylacetate 

In fermenting bacteria, such as Clostridium strains, phenylalanine is converted to 

phenylacetate as the final product. However, phototrophs and anaerobic respirers can 

further oxidize phenylacetate.1 In the anaerobic conversion of phenylalanine into 

phenylacetate (Figure 13.1), the first reaction is the transamination of L-phenylalanine 

to phenylpyruvate by a phenylalanine aminotransferase (Pat). The second step is 

performed by a phenylpyruvate decarboxylase (Pdc) that generates phenylacetaldehyde. 

This anaerobic enzyme has been described in some members of β-proteobacteria, such 

as T. aromatica and A. aromaticum EbN1, but also suggested in the hyperthermophilic 

archaeon F. placidus.10,41 Phenylacetaldehyde is then oxidized to phenylacetate by a 

phenylacetaldehyde-oxidizing enzyme in the third step of the phenylalanine degradation 

pathway (Figure 13.1). A NAD-dependent phenylacetaldehyde dehydrogenase (Pdh) is 

the primary enzyme during anaerobic oxidation of phenylacetaldehyde in A. 

aromaticum EbN1.60 However, a tungsten-containing aldehyde:ferredoxin 

oxidoreductase (Aor), which is encoded in an operon together with the cognate 

ferredoxin and ferredoxin:NADH oxidoreductase, may substitute Pdh if high aldehyde 

concentrations accumulate in the cytoplasm and lead to substrate inhibition of Pdh in 

strain EbN1 (Figure 13.1).60
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In the sulfate-reducing D. toluolica Tol2 strain, the conversion of phenylalanine to 

phenylacetate involves a different three-step peripheral pathway. Initial non-oxidative 

deamination by a phenylalanine ammonia-lyase (Pal) yields cinnamate, which is then 

subject to α-oxidation to produce phenylpyruvate. Finally, phenylpyruvate is suggested 

to be decarboxylated (IorA2B2) and CoA-activated (AtoAD) to phenylacetyl-CoA.7

In the three-step Pad pathway for the anaerobic α-oxidation of the side chain of 

phenylacetate to benzoyl-CoA (Figure 13.1), the first reaction involves the activation of 

the aromatic acid to phenylacetyl-CoA by a specific anaerobic phenylacetate-CoA 

ligase (PadJ). In T. aromatica and A. evansii, the activated phenylacetyl-CoA becomes 

oxidized by a membrane-bound molybdenum-iron-sulfur enzyme, phenylacetyl-

CoA:acceptor oxidoreductase (PadBCD), generating phenylglyoxylate and releasing 

CoA.61 Ubiquinone is most likely to act as the electron acceptor, and the oxygen atom 

introduced into the product is derived from water (Figure 13.1).61 The last step is an 

oxidative decarboxylation of phenylglyoxylate to benzoyl-CoA catalyzed by an oxygen-

sensitive membrane-bound phenylglyoxylate:NAD+ oxidoreductase (CoA benzoylating; 

PadEFGHI) (Figure 13.1).62 A similarly organized pad cluster likely encoding the three-

step anaerobic phenylacetate degradation pathway has been identified in the genomes of 

several facultative anaerobes, e.g. Azoarcus, Aromatoleum, Rhodopseudomonas, 

Herminiimonas, Sedimenticola, and Magnetospirillum strains.1,15,16,24 In the sulfate-

reducing D. toluolica Tol2 and D. gibsoniae strains, and in the archaeon F. placidus, 

several gene clusters have been suggested to be involved in the phenylacetate peripheral 

pathway.7,10,11

13.4.5 Catabolism of Tyrosine/4-Hydroxyphenylacetate 

The anaerobic degradation of tyrosine generates 4-hydroxyphenylacetate following a 

reaction scheme similar to that for phenylalanine.10 Further catabolism of 4-

hydroxyphenylacetate takes place through the Pad pathway (see above), although the 

activation to the 4-hydroxyphenylacetyl-CoA intermediate seems to involve a different 

CoA ligase than that acting on phenylacetate63, and the final product is 4-

hydroxybenzoyl-CoA rather than benzoyl-CoA (Figure 13.4).1,24 In fermenting bacteria, 

4-hydroxyphenylacetate is decarboxylated to p-cresol by the two-component enzyme 

system 4-hydroxyphenylacetate decarboxylase and its cognate activating enzyme.64



19 

13.4.6 Catabolism of Tryptophan/Indoleacetate  

In contrast to the anaerobic degradation of phenylalanine and tyrosine, pathways 

involved in the complete oxidation of tryptophan under anaerobic conditions have not 

been well characterized so far. It has been described that tryptophan can be converted to 

indole-3-acetyl-CoA via indolylpyruvate by an aminotransferase and 

indolepyruvate:ferredoxin oxidoreductase (IorAB), respectively (Figure 13.6).1,10

Indole-3-acetyl-CoA is further converted to a compound,  2-(2´-aminophenyl)succinyl-

CoA, that converges with the indole-3-acetate (IAA) pathway (Figure 13.6).10 A 

peripheral pathway for the anaerobic conversion of IAA to 2-aminobenzoyl-CoA is 

encoded by the iaa cluster from A. aromaticum EbN1 (Figure 13.6).65 A similar gene 

cluster was suggested to be involved in IAA degradation in R. palustris, the NaphS2 

sulfate-reducing strain, and the iron-reducing archaeon F. placidus.10,65 This pathway 

starts with the water-dependent hydroxylation of IAA to 2-oxoindoleacetate by the 

IaaIJK molibdoenzyme. Cleavage of the indole ring is accomplished by an ATP-

dependent hydantoinase (IaaCE) that generates (2-aminophenyl)succinate. All the other 

five predicted enzymes encoded by the IAA-induced gene cluster form or act on CoA 

thioesters, and they involve: i) CoA activation by a CoA ligase and/or CoA transferase, 

ii) carbon-skeleton rearrangement by a B12-dependent mutase, iii) β-oxidation by an 

acyl-CoA dehydrogenase and a predicted bi-functional hydratase/hydroxyacyl-CoA 

dehydrogenase enzyme, and iv) CoA-dependent thiolytic cleavage yielding acetyl-CoA 

and 2-aminobenzoyl-CoA (Figure 13.6).65

13.4.7 Catabolism of Phenylpropanoids  

Lignin depolymerization is the major source of phenylpropanoid compounds in nature. 

Deamination of phenylalanine/tyrosine gives also phenylpropanoid compounds, i.e., 

cinnamate and p-coumarate (4-hydroxycinnamate), respectively.1,7 The peripheral 

pathway for the anaerobic degradation of p-coumarate in R. palustris involves its 

conversion to 4HBA through a non-β-oxidation route.66 The couB and couA genes 

encode a CoA ligase and an enoyl-CoA hydratase/lyase that activate p-coumarate to p-

coumaroyl-CoA and cleave the later to acetyl-CoA and p-hydroxybenzaldehyde, 

respectively (Figure 13.7A).67 4-hydroxybenzaldehyde is then oxidized to 4HBA by one 

or more of a number of putative aldehyde dehydrogenases. 4HBA-CoA ligase (HbaA) is 

also substantially up-regulated when R. palustris grows in p-coumarate, confirming that 
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a large flux of 4HBA exists during p-coumarate catabolism.66 The Cou enzymes are 

also responsible for degradation of some other p-hydroxycinnamates, e.g., ferulate (4-

hydroxy-3-methoxy)cinnamate and caffeate (3,4-dihydroxy)cinnamate, to the 

corresponding aldehydes. Whereas R. palustris completely degrades these compounds 

aerobically, under anaerobic conditions this strain can use only the acetyl-CoA 

generated and is unable to degrade vanillate (4-hydroxy-3-methoxybenzoate) and 

protocatechuate generated from ferulate and caffeate, respectively.67 The cou cluster 

also contains genes encoding the CouR transcriptional regulator and two redundant but 

energetically distinct primary and secondary transporters for lignin-derived aromatic 

substrates, i.e., an ABC uptake system (CouPSTU) and a TRAP transporter 

(TraPQM).68

    [Figure 13.7 near here] 

A. aromaticum EbN1 utilizes different phenylpropanoids as sole carbon and energy 

source. Thus, the strain degrades both aerobically and anaerobically cinnamate/ 

hydrocinnamate (phenylpropionate) as well as p-coumarate/p-hydroxyphenylpropionate, 

to benzoyl-CoA and 4-hydroxybenzoyl-CoA, respectively, through a β-oxidation 

pathway (Figure 13.7B).69 The genes encoding the β-oxidation of phenylpropanoids 

form an operon-like structure located directly downstream of the bzd gene cluster 

encoding the benzoyl-CoA central pathway.69 However, the gene cluster for β-oxidation 

of p-coumarate, cinnamate, and phenylpropionate is not linked to the bzd cluster in the 

genome of Azoarcus sp. CIB.24 In strain EbN1, the proposed β-oxidation route is also 

responsible for the catabolism of other 3-phenylpropanoids, such as m-coumarate, 

caffeate, and (3,4-dihydroxy)phenylpropionate, although thiolytic cleavage of the 

respective m-hydroxylated or 3,4-dihydroxylated benzoylacetyl-CoA would result in 3-

hydroxybenzoyl-CoA or protocatechuyl-CoA, respectively (Figure 13.7B).69 Cinnamate 

degradation in the sulfate-reducing D. toluolica Tol2 strain has been suggested to 

involve α-oxidation of the alkyl-side chain to produce phenylpyruvate, which would be 

then decarboxylated and CoA-activated to phenylacetyl-CoA by the action of a 

IorA2B2 and AtoAD enzymes (see above).7

Methoxylated aromatic compounds, such as vanillate (3-methoxy-4-hydroxybenzoate) 

or syringate (3,5-dimethoxy-4-hydroxybenzoate), are formed from lignin 
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depolymerization and/or by oxidation of the corresponding phenylpropanoids, i.e., 

ferulate and sinapate. These phenylmethylethers can be anaerobically attacked by 

acetogenic bacteria that do not metabolize the aromatic ring itself (4HBA) (Figure 13.4) 

but use the O-methyl group as one-carbon growth substrate through the Wood-

Ljungdahl pathway. The enzymes that catalyze the transfer of the methyl group of 

methoxylated aromatic compounds to tetrahydrofolate are encoded by the mtvABC 

genes.70 Moorella thermoacetica has two nearly identical mtvA genes, each of which is 

next to a mtvB gene. Both mtvA and mtvC genes are similar to cobalamin-dependent 

methionine synthase. Homologs of the M. thermoacetica MtvA and C proteins are also 

found in Desulfitobacterium hafniense, which can also demethylate methoxylated 

aromatic compounds.71,72

13.4.8 Catabolism of Aromatic Alcohols

Benzyl alcohol is one of the main aromatic alcohols present in nature, e.g., as a 

fragrance of some flowers, and it can be also originated as a metabolic intermediate in 

the degradation of aromatic hydrocarbons.1 The oxidation of benzyl alcohol via 

benzaldehyde to benzoate follows a similar pathway both under aerobic and anaerobic 

conditions (Figure 13.1), but the genes encoding the benzyl alcohol and benzaldehyde 

dehydrogenases have been only characterized in aerobic bacteria.1 Nevertheless, a 

NAD-dependent benzyl alcohol dehydrogenase capable of generating benzaldehyde has 

been purified from T. aromatica cells grown anaerobically in benzyl alcohol.73 The 

genome of A. aromaticum EbN1 shows a diverse set of genes located at different 

regions that are likely involved in the peripheral catabolism of different aromatic 

alcohols and aldehydes to the corresponding carboxylic acids. However, a proteomic 

study with EbN1 cells grown in benzyl alcohol or benzaldehyde revealed that most 

putative benzyl alcohol and benzaldehyde dehydrogenases were not significantly 

increased in abundance, or they were non-specifically induced in cells grown in other 

aromatic compounds, such as phenol, providing no clear evidence for their involvement 

in benzyl alcohol and benzaldehyde oxidation.41 Nevertheless, a predicted aldehyde 

dehydrogenase (Ald) is located within a cluster that contains a gene (ebA5637) showing 

the strongest increase in abundance during the anaerobic growth of strain EbN1 with 

benzyl alcohol and benzaldehyde. Interestingly, cinnamyl alcohol, a common alcohol 

derived from lignin degradation, is also a growth substrate for A. aromaticum EbN1 and 
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it was proposed to be converted to cinnamate by the action of an up-regulated alcohol 

dehydrogenase (EbA5670) and the Ald aldehyde dehydrogenase (Figure 13.7B).69

2-Phenylethanol is oxidized to phenylacetaldehyde through the action of a predicted 

periplasmic PQQ-dependent phenylethanol dehydrogenase enzyme (PedE and/or PedH) 

that transfer the electrons to a cytochrome c (PedF) when Pseudomonas putida grows 

aerobically in this aromatic alcohol.74 A similar enzyme system has been proposed for 

the initial anaerobic degradation of 2-phenylethanol in Azoarcus sp. CIB (Figure 

13.1).24

13.4.9 Catabolism of Phenolic Compounds 

13.4.9.1 Phenol Catabolism 

Phenol is formed from a variety of natural compounds, e.g., tyrosine (by the action of 

tyrosinase), lignin, and phenylpropanoid compounds. Phenol is also produced in large 

quantities by industrial activities.1 The phenol degradation pathway has been well 

studied in T. aromatica, which proceeds via a two-step process involving para-

carboxylation of phenol (biological Kolbe-Schmitt carboxylation) (Figure 13.4).75 The 

first reaction is catalyzed by an ATP-dependent phenylphosphate synthase (PpsABC) 

which converts phenol to phenylphosphate to facilitate the subsequent carboxylation 

reaction.75 The second reaction is catalyzed by a phenylphosphate carboxylase 

(PpcABCD), which converts phenylphosphate to 4HBA and causes the hydrolysis of 

the phosphoester bond (Figure 13.4). This carboxylase belongs to the steadily growing 

UbiD (de)carboxylases enzyme superfamily (UbiD is involved in ubiquinone 

biosynthesis) that act on phenolic compounds, use CO2 rather than bicarbonate as 

substrate, do not contain biotin or thiamine diphosphate as cofactors, require K+ and a 

divalent metal cation (Mg2+ or Mn2+) for activity, and are usually inhibited by oxygen.  

Detailed structural and functional insights have only recently been reported with an 

UbiD-like enzyme involved in the decarboxylation of cinnamate to styrene. UbiD-like 

enzymes use a prenylated flavin mononucleotide-cofactor that is formed by a 

prenyltransferase UbiX protein encoded adjacent to the ubiD gene.76,77 The 

phenylphosphate synthase and phenylphosphate carboxylase are encoded within the 

phenol gene cluster which also contains other phenol-induced genes that may play a role 

in the metabolism (carboxylation or decarboxylation) of other phenolic compounds.1
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Anaerobic phenol catabolism has also been studied in other denitrifying bacteria such as 

A. aromaticum strain EbN1 and Magnetospirillum strains78, as well as in strict 

anaerobes such as the syntrophic S. aromaticivorans strain UI12, the sulfate-reducers 

Desulfobacterium anilini 79 and D. gibsoniae11, the Fe(III)-reducing G. metallireducens

GS-15 80, and the hyperthermophilic archaeon F. placidus.4 In all cases, phenol-induced 

genes that may encode a phenylphosphate synthase and carboxylase were reported.  

In some strict anaerobes that encounter high phenol and CO2 concentrations in their 

natural habitat, such as Clostridium hydroxybenzoicum, direct phenol carboxylation to 

4HBA without previous phosphorylation is carried out by a reversible, non-oxidative, 

cofactor-independent hydroxyarylic acid decarboxylase/carboxylase encoded by the 

shdC (ubiD homolog), sdhB (ubiX homolog) and shdD genes. This enzyme family 

represents another group of UbiD-like enzymes acting in anaerobic decarboxylation of 

aromatic compounds such as gallate (3,4,5-trihydroxybenzoate) or vanillate (4-hydroxy-

3-methoxybenzoate).81,82

13.4.9.2 Alkylphenols Catabolism

The anaerobic metabolism of cresols (methylphenols), which are produced in large 

amounts in the petrochemical industry but can be also generated by decarboxylation of 

hydroxyphenylacetates is different depending on the position of the hydroxyl group.1 o-

Cresol (2-methylphenol) is transformed into 3-methyl-4-hydroxybenzoate through a 

carboxylation, followed by an activation to its CoA thioester and then dehydroxylated to 

3-methylbenzoyl-CoA.43

p-Cresol (4-methylphenol) is degraded anaerobically to 4HBA (Figure 13.4). In 

denitrifying bacteria, the enzymatic oxidation of p-cresol to p-hydroxybenzyl alcohol, 

which may be further oxidized to p-hydroxybenzaldehyde, is catalyzed by a periplasmic 

flavocytochrome c p-cresol methylhydroxylase (Pch) that is supposed to be similar to 

the equivalent enzyme in p-cresol degrading aerobic bacteria (Figure 13.4).1 In 

Pseudomonas strains p-cresol methylhydroxylase is composed of an active site subunit 

with a covalently bound FAD and an electron transferring cytochrome c subunit.1,8

Since p-cresol functions as a gratuitous inducer of other anaerobic peripheral pathways, 

it is difficult to identify the dedicated p-cresol hydroxylation genes (pch) among those 

that become induced when A. aromaticum  EbN1 cells are cultivated in the presence of 
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this compound.1,41 In the Fe(III)-reducing G. metallireducens bacterium, the p-cresol 

methylhydroxylase encoded by the pcm gene cluster is membrane bound and it is 

proposed to be associated with a cytochrome bc1-like complex. The pcmIJ and pcmG

genes encode the FAD-containing and cytochrome c-like α and β subunits, respectively, 

involved in the oxidation of p-cresol to p-hydroxybenzyl alcohol. The pcmCDEF gene 

products constitute the membrane-bound ubiquinol:cytochrome b oxidoreductase 

(cytochrome bc1 complex) that is believed to be involved in transferring the electrons 

derived from the oxidation of p-hydroxybenzyl alcohol to the menaquinone pool 

yielding finally p-hydroxybenzaldehyde (Figure 13.4).8,83,84 The oxidation of p-

hydroxybenzaldehyde is accomplished by a NAD(P)-dependent p-hydroxybenzaldehyde 

dehydrogenase to form 4HBA (Figure 13.4). The pcd (ebA5381) and pcmO genes are 

suggested to encode the p-hydroxybenzaldehyde dehydrogenase in A. aromaticum and 

G. metallireducens, respectively.41,83 In G. metallireducens the pcm genes responsible 

for the conversion of p-cresol to 4HBA form a supraoperonic cluster with the pcmRST

genes encoding the 4-hydroxybenzoyl-CoA reductase to finally generate benzoyl-

CoA.1,83 Energy-limited organisms, such as sulfate-reducing or fermenting bacteria, 

cannot afford the oxidation of the alkyl side chain of p-cresol by a hydroxylase and they 

activate p-cresol by the addition of fumarate to the methyl group by a p-cresol-specific 

p-hydroxybenzylsuccinate synthase (HBSS), followed by CoA thioesterification and a 

β-oxidation-like pathway similar to that of toluene degradation (see below) to yield 4-

hydroxybenzoyl-CoA.1 In the sulfate-reducing D. toluolica Tol2 and D. gibsoniae

strains, a hbs-bhs gene cluster coding for HBSS and for the enzymes involved in the 

subsequent β-oxidation, respectively, has been identified.7,11 m-cresol (3-methylphenol) 

degradation starts also with a fumarate addition to the methyl group by an 

alkylsuccinate synthase fumarate-adding enzyme, followed by its activation to a CoA 

esther and β-oxidation to yield 3-hydroxybenzoyl-CoA.11,85

In A. aromaticum EbN1 all the enzymes involved in p-ethylphenol degradation are 

encoded in a large operon-like structure that forms a cluster with genes suggested to be 

involved in a specific RND-type solvent efflux system.86 The anaerobic degradation of 

p-ethylphenol is initiated by a flavocytochrome c-type p-ethylphenol 

methylenehydroxylase enzyme (PehCF), different to the p-cresol methylhydroxylase 

enzyme (see above), which hydroxylates p-ethylphenol into 1-(4-hydroxyphenyl)-

ethanol.87 The next step is a dehydrogenation to form p-hydroxyacetophenone catalyzed 
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by the 1-(4-hydroxyphenyl)-ethanol dehydrogenase enzyme (HpeD, former ChnA) that 

belongs to the short-chain alcohol dehydrogenase/reductase (SDR) superfamily (Figure 

13.4).88 Further degradation of p-hydroxyacetophenone was proposed to follow a 

similar pathway than that for ethylbenzene degradation (see below) but carried out by 

enzymes that do not share similarity with those of ethylbenzene catabolism. This 

pathway involves, i) carboxylation of p-hydroxyacetophenone by a biotin-dependent 

carboxylase (XccABC), ii) activation to the respective CoA ester by an acetoacetyl-CoA 

like synthase (AcsA), and iii) thiolytic cleavage by the TioL thiolase to form acetyl-

CoA and 4-hydroxybenzoyl-CoA (Figure 13. 4).9,86,87

13.4.9.3 Catechol and Hydroquinone Catabolism

Degradation of catechol (1,2-dihydroxybenzene) which may derive, for instance, from 

decarboxylation of 2,3-dihydroxybenzoate, has been studied in sulfate- and nitrate-

reducing bacteria.17,49 The first step is a carboxylation initiated by the addition of a 

carboxyl group to produce protocatechuate (Figure 13.5). In T. aromatica, this reaction 

is catalyzed by the enzymes phenylphosphate synthase and phenylphosphate 

carboxylase from the phenol degradation pathway (see above). Protocatechuate is 

activated to protocatechuyl-CoA through the 3-hydroxybenzoate-CoA ligase enzyme. 

Then, protocatechuyl-CoA is reductively dehydroxylated, possibly by the action of a 4-

hydroxybenzoyl-CoA reductase, to 3-hydroxybenzoyl-CoA (Figure 13.5), which is later 

on metabolized by the corresponding 3-hydroxybenzoyl-CoA central pathway (Figure 

13.2B). Thus, the proposed pathway for the anaerobic degradation of catechol in T. 

aromatica involves functional modules of the phenol, 3-hydroxybenzoate, 4HBA and 

benzoate metabolism.49 Anaerobic degradation of catechol via protocatechuyl-CoA was 

also observed in the sulfate reducer Desulfobacterium sp. strain Cat2, and it was 

suggested to be initiated by the enzymes of phenol degradation.17 The anaerobic 

catabolism of some other diphenolic compounds, such as hydroquinone (1,4-

dihydroxybenzene), can take place in sulfate-reducing and fermenting bacteria via 

oxygen-sensitive carboxylation to gentisate (2,5-dihydroxybenzoate) that is further 

activated to its CoA ester (gentisyl-CoA) and reductively dehydroxylated to benzoyl-

CoA.17

13.4.10 Catabolism of Phthalates  
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Phthalates (benzoic acids with one additional carboxylic group in either ortho, meta or 

para position) predominantly derive from biodegradation of the phthalates esters 

worldwide used as platicizers, and from the catabolism of polycyclic aromatic 

hydrocarbons.13 Phthalate esters are harmful to humans and wildlife owing to their 

hepatotoxic, carcinogenic, and endocrine disrupting activities. The pht genes coding for 

putative uptake systems and enzymes involved in the anaerobic conversion of o-

phthalate (1,2-dicarboxybenzene) to benzoyl-CoA have been recently identified in 

several denitrifying microorganisms, i.e, Azoarcus sp. PA0113, Thauera chlorobenzoica

3CB-1, A. aromaticum EbN1 and Azoarcus toluclasticus.89 o-Phthalate is first activated 

to o-phthaloyl-CoA by a two-component succinyl-CoA:o-phthalate-CoA transferase 

(PhtSa/PhtSb) (Figure 13.1) that is highly specific for o-phthalate and does not accept 

isophthalate or terephthalate. o-phthaloyl-CoA is subsequently decarboxylated to 

benzoyl-CoA by the action of an o-phthaloyl-CoA decarboxylase (Figure 13.1) that 

does not show activity with other phthaloyl-CoA isomers. The phthaloyl-CoA 

decarboxylase (PhtDa) is a novel member of the UbiD-like (de)carboxylase enzyme 

family that requires a prenylated enzyme-bound flavin mononucleotide cofactor formed 

by a FMN-binding UbiX-like prenyltransferase (PhtDb) encoded by a gene located 

upstream of phtDa.13,89 The pht genes are located in conjugative plasmids, as in A. 

aromaticum EbN1, or flanked by insertion sequences, as in T. chlorobenzoica and 

Azoarcus strains, suggesting an ongoing rapid distribution of a xenobiotic degradation 

pathway by lateral gene transfer.89

Terephthalate (1,4-dicarboxybenzene) is degraded anaerobically by two obligate 

syntrophic bacteria, Pelotomaculum spp. and S. aromaticivorans strain UI, that generate 

acetate, butyrate, and H2/CO2, which are then converted to methane by the 

methanogenic archaea present in the anaerobic consortia.12,90 Metagenomic and 

metaproteomic analyses suggested that terephthalate degradation involved its activation 

to terephthaloyl-CoA and its subsequent decarboxylation to benzoyl-CoA via an 

UbiD/UbiX-like terephthaloyl-CoA decarboxylase.12

13.4.11 Catabolism of Aromatic Hydrocarbons

Aromatic hydrocarbons from fossil fuels are frequently released to the environment as a 

result of human activities. Moreover, smaller quantities of aromatic hydrocarbons are 

produced by some microorganisms, plants, and animals.1 Thus far, most of the research 
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on anaerobic catabolism of aromatic hydrocarbons has been conducted on benzene, 

toluene, ethylbenzene, and xylene isomers, collectively known as BTEX, and on 

naphthalene, as a model of polycyclic aromatic hydrocarbon (PAH). 

13.4.11.1 Toluene and Xylenes Catabolism 

The anaerobic oxidation of alkyl chains via fumarate addition by an alkylsuccinate 

synthase was first identified and characterized in the toluene-degrading, denitrifying T. 

aromatica species. However, this enzyme reaction has been shown to be a general 

strategy for all anaerobic toluene degraders1,2,8, and similar fumarate addition reactions 

represent a common strategy for the initial step of the anaerobic catabolism of other 

hydrocarbons, such xylenes, ethylbenzene, methylnaphthalene, n-alkanes, and certain 

cresols such as p- and m-cresol (see above).  

Toluene can be degraded coupled to anaerobic respiration with nitrate, sulfate, Fe(III), 

manganese (IV), or carbonate serving as terminal electron acceptors. Several isolates 

capable of anaerobic toluene degradation have been described, including both 

facultative anaerobes, e.g. betaproteobacteria of the Azoarcus, Aromatoleum, Thauera, 

Georgfuchsia, Herminiimonas genera, and alphaproteobacteria of the Magnetospirillum

genus, and obligate anaerobes, e.g., deltaproteobacteria of the Geobacter, 

Desulfobacula, and Desulfobacterium genera.1,3,7,14,15 Benzylsuccinate synthase (BSS), 

which catalyses the addition of toluene to fumarate to produce (R)-benzylsuccinate in a 

stereospecific way (Figure 13.8A), belongs to the glycyl-radical enzyme family. The 

extremely oxygen-sensitive enzyme from T. aromatica is composed of a large glycyl-

radical containing subunit (BssA), and two smaller FeS cluster-containing subunits 

(BssBC) that may be involved in electron transfer for glycyl-radical formation. The 

gylcyl-radical is post-translationally inserted in the large subunit by the action of a S-

adenosylmethionine-dependent BssD activase. The bssD gene is closely associated with 

the bssABC genes constituting the bssDCAB operon of the upper toluene-degradation 

pathway. The bss operons in most bacteria contain additional conserved genes, whose 

function is so far unknown (reviewed in Heider et al.85). The lower peripheral pathway 

of anaerobic toluene degradation consists of a modified β-oxidation of (R)-

benzylsuccinate to benzoyl-CoA and succinyl-CoA (Figure 13.8A). Enzymes of this 

lower pathway are encoded by the bbsABCDEFJGH gene cluster, which is usually 

conserved except in some deltaproteobacteria. Genetic comparisons suggest that the bss



28 

and bbs genes have been subject of extensive horizontal gene transfer events and they 

have been acquired by different host bacteria as an adaptive response to toluene-

contaminated habitats. 7,34,85,91

    [Figure 13.8 near here] 

Unlike toluene degradation, anaerobic degradation of xylenes (meta-, ortho-, and para-

xylene) has been much less studied. The first reaction of the m-xylene degradation 

pathway is performed by the BSS enzyme that catalyzes the addition of fumarate to the 

methyl group to form (3-methyl)benzylsuccinate.92,93 On the other hand, it has been 

proposed that the bbs gene products might be responsible of the modified β-oxidation of 

(3-methyl)benzylsuccinate to 3-methylbenzoyl-CoA and succinyl-CoA as in toluene 

catabolism45,92,94, although there is no yet a genetic demonstration that bbs genes are 

responsible for anaerobic m-xylene degradation.1 The peripheral pathway for o-xylene 

and p-xylene degradation is also supposed to involve an initial activation step by 

addition of fumarate and further stepwise β-oxidation to the corresponding 2- and 4-

methylbenzoyl-CoA intermediates, respectively.95

13.4.11.2 Catabolism of Other Alkylated Monocyclic Aromatic Hydrocarbons 

Ethylbenzene and the plant-derived terpene p-cymene (4-isopropyltoluene) are two 

aromatic hydrocarbons that can be anaerobically degraded following two very different 

strategies for the oxidation of the benzylic alkyl group, i.e., i) hydroxylation by devoted 

molybdenum-dependent dehydrogenases, or ii) fumarate addition by fumarate-adding 

glycyl radical enzymes, depending on the particular bacterium under study.   

For the anaerobic degradation of ethylbenzene in sulfate-reducing bacteria, fumarate is 

added to ethylbenzene by a fumarate-adding enzyme forming (1-phenylethyl)-succinate, 

which then suffers a rearrangement to 4-phenylpentanoyl-CoA. It has been proposed 

that further β-oxidation and thiolytic cleavage could yield benzoyl-CoA.96 In 

denitrifying bacteria, however, ethylbenzene is initially hydroxylated to (S)-1-

phenylethanol by the ethylbenzene dehydrogenase enzyme (Figure 13.8A). This soluble 

heterotrimeric enzyme is a member of the subfamily 2 of dimethylsulphoxide reductase 

enzymes and it has a periplasmic location in A. aromaticum EbN1 (reviewed by Heider

et al.)99 The active site subunit (EbdA) shows a twin-arginine leader peptide sequence 
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for periplasmic secretion and it contains a Mo-bis-MGD cofactor (MoCo) and a 4Fe-4S 

cluster. The two electron transferring subunits contain four 4Fe-4S clusters (EbdB) and 

a heme b (EbdC); the electron acceptor is a cytochrome c.8,99 In strain EbN1, the 

ebdABC genes may form an operon with the ethylbenzene-induced ebdD gene, which is 

suggested to encode a chaperone required for the incorporation of MoCo to EbdA.1,99

Further degradation of (S)-1-phenylethanol involves its oxidation to acetophenone by a 

NAD-dependent 1-phenylethanol dehydrogenase (Ped) that belongs to the short-chain 

alcohol dehydrogenase/aldehyde reductase family. Further catabolism of acetophenone 

has been suggested to proceed via ATP-dependent carboxylation to benzoylacetate by 

an acetophenone carboxylase (ApcABCDE)100, and subsequent activation of 

benzoylacetate to the CoA thioester by a benzoylacetate-CoA ligase (Bal), which is then 

thiolytically cleaved to acetyl-CoA and benzoyl-CoA by a benzoylacetyl-CoA thiolase 

(Figure 13.8A).33,101 In A. aromaticum EbN1 the genes encoding the ethylbenzene 

peripheral pathway, except that encoding the benzoylacetyl-CoA thiolase, are organized 

in two operons, i.e., ebdABCDped and apcABCDEbal, separated by a 16-kb DNA 

sequence.1,101

In the denitrifying bacterium A. aromaticum pCyN1 the anaerobic p-cymene 

degradation starts with the hydroxylation of the benzylic methyl group with the 

formation of p-isopropylbenzyl alcohol by a MoCo-dependent hydroxylase (CmdABC) 

very closely related to ethylbenzene dehydrogenase (see above) (Figure 13.8B). The 

genes encoding the three-subunit hydroxylase are arranged in an operon together with 

the cmdD gene encoding a putative chaperone similar to EbdD. Notably, strain pCyN1 

also degrades anaerobically 4-ethyltoluene by the Cmd hydroxylase and toluene by a 

devoted BSS dependent pathway.14 A 4-isopropylbenzyl alcohol dehydrogenase (Iod) 

and a 4-isopropylbenzaldehyde dehydrogenase (Iad) resembling enzymes involved in 

geraniol metabolism would lead to formation of p-isopropylbenzoate. A putative 4-

isopropylbenzoate CoA-ligase (Ibl), also encoded within the cmd cluster, would finally 

lead to the 4-isopropylbenzoyl-CoA intermediate (Figure 13.8B).14,46,99 Interestingly, a 

closely related strain, Thauera sp. strain pCyN2, degrades p-cymene to 4-

isopropylbenzoyl-CoA following a completely different strategy based on the addition 

of fumarate to the benzylic methyl group (Figure 13.8B). A specific (4-

isopropylbenzyl)succinate synthase (IbsABCD) equivalent to the BSS for toluene 
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degradation (see above) was identified. A phylogenetic analysis of the catalytic subunit 

(IbsA) revealed a distinct branching within the phylogenetic tree of known 

alkylsuccinate synthases, suggesting that specific structural modifications may be 

required to deal with the p-isopropyl group of p-cymene. The coding genes for the 

IbsABCD enzyme, as well as those (bis genes) encoding the enzymes involved in the β-

oxidation-like reactions to yield 4-isopropylbenzoyl-CoA  (Figure 13.8B) are organized 

in a gene cluster in the chromosome of strain pCyN2 analogous to the cluster for 

anaerobic toluene degradation in A. aromaticum EbN1.14,46 The subsequent degradation 

of the proposed common intermediate 4-isopropylbenzoyl-CoA in strains pCyN1 and 

pCyN2 may involve a specific central pathway that could be analogous to the 4-

methylbenzoyl-CoA pathway described in Magnetospirillum strain pMbN1 (Figure 

13.2D).46

13.4.11.3 Catabolism of Benzene and PAHs 

The literature regarding anaerobic degradation of un-substituted aromatic hydrocarbons, 

such as benzene and some PAHs (e.g., naphthalene), is much smaller in scope than that 

on the anaerobic degradation of alkyl-substituted aromatic hydrocarbons (see above). 

Despite the fact that benzene is one of the most recalcitrant compounds under anaerobic 

conditions, effective microbial degradation has been reported in natural communities 

and enrichment cultures. Mixed cultures of anaerobic microorganisms can degrade 

benzene under methanogenic conditions, with sulfate, Fe(III), Mn (IV), nitrate, or 

graphite electrodes, as electron acceptors. Whereas in some of these mixed cultures 

phenol was proposed as first intermediate, in other cases benzene was suggested to be 

first metabolized to benzoate or toluene (reviewed by Meckenstock et al.59). Only few 

anaerobic benzene-degrading pure cultures have been described so far. Benzene-

degradation by Dechoromonas aromatica RCB might rather proceed via oxygenases 

that use the intramolecular oxygen produced by disproportionation of NO during 

denitrification.102 Two Azoarcus strains have been reported to degrade benzene using 

nitrate as electron acceptor but the pathways remain unknown.103 A benzene-induced 

gene cluster was identified in the iron-reducing Clostridium enrichment culture BF. 

Within this cluster, genes encoding a putative benzene carboxylase (Abc) of the UbiD-

like family and a benzoate-CoA ligase (BzlA) were identified, suggesting a direct 

carboxylation of benzene to benzoate (Figure 13.8A).104 A similar gene cluster was also 

described in the genome of a benzene-degrading nitrate-reducing enrichment culture.105
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In the genome of the hyperthermophilic archaeon F. placidus, which degrades benzene 

via carboxylation to benzoate using Fe(III) as electron acceptor, an abcA gene 

(encoding a UbiD-like subunit of benzene carboxylase) was identified.106 In contrast to 

what has been observed for the activation of phenol, no direct ATP-dependent 

activation of benzene is possible, and in vitro benzene carboxylation activity has yet to 

be demonstrated. Alternatively, hydroxylation of benzene to phenol with water was 

proposed for the iron-reducing G.  metallireducens and Geobacter strain Ben.107,108

As in the case of benzene, PAHs can be metabolized by anaerobic consortia under 

nitrate-,  Fe(III)-, sulfate-reducing, and methanogenic conditions59, but it is a slow 

process and its biochemical mechanisms remain poorly elucidated. Naphthalene has 

been used as model compound of PAHs because it is the most volatile and simplest of 

this class of pollutants; however the initial activation of naphthalene has long been 

controversial between carboxylation, to produce 2-naphthoic acid, and methylation, to 

produce 2-methylnaphthalene.109 Nowadays, it is accepted that carboxylation is the first 

reaction, while 2-methylnaphthalene is metabolized by another elucidated pathway 

through fumarate addition, and both pathways converge at the same central metabolite 

2-naphthoyl-CoA (Figure 13.9).3,8,59,110,111

    [Figure 13.9 near here] 

Naphthalene-induced UbiD-like carboxylase candidate genes have been identified in a 

gene cluster in the genome of the marine sulfate-reducing Deltaproteobacterium

NaphS227 and in the metagenome of the fresh-water sulfate-reducing enrichment culture 

N47.112 Unlike phenol carboxylation via phenylphosphate, naphthalene carboxylation 

assayed in vitro did not depend on ATP hydrolysis.59,110 The final step in the 

naphthalene peripheral pathway is the activation of 2-naphthoic acid to 2-naphthoyl-

CoA by an ATP-dependent CoA ligase (Figure 13.9).27,59,111

The anaerobic peripheral pathway for 2-methylnaphthalene degradation follows a 

strategy similar to that described for other substituted aromatic hydrocarbons. Thus, 2-

methylnaphthalene becomes activated to 2-methylnaphthylsuccinate by a 2-

methylnaphthylsuccinate synthase (NmsABCD) (Figure 13.9), that represents a 

different phylogenetic clade among other fumarate-adding enzymes such as BSS or 
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HBSS paralogs.59,85,111,113 Next to the nms operon there is a bnsABCDEFGH operon, 

ortholog to the bbs operon for toluene degradation (see above), coding for the enzymes 

involved in the β-oxidation like pathway that converts 2-methylnaphthylsuccinate into 

2-naphthoyl-CoA and succinyl-CoA (Figure 13.9).59,85,111,113

The 2-naphthoyl-CoA central pathway is initiated by the action of three sequential two-

electron reduction steps leading to formation of hexahydro-2-naphthoyl-CoA 

(HHNCoA) (Figure 13.9). The 2-naphthoyl-CoA reductase (Ncr) converts 2-naphthoyl-

CoA to 5,6-dihydro-2-naphthoyl-CoA (DHNCoA) in an ATP-independent reaction. 

This homodimeric enzyme, which contains FAD, FMN, and a 4Fe-4S cluster as 

cofactors, belongs to the "Old Yellow Enzyme" (OYE) family and constitutes the 

prototype of a new Class III dearomatizing aryl-CoA reductase that, unlike Class I and 

Class II BCRs (see above), is oxygen resistant.114,115 The following two-electron 

reduction step forming 5,6,7,8-tetrahydro-2-naphthoyl-CoA (THNCoA) is catalyzed by 

a second OYE, 5,6-dihydro-2-naphthoyl-CoA reductase (DHNCR), similar to Ncr. The 

genes encoding this enzyme in strains NaphS2 and N47 are located adjacent to the ncr

genes. The in vivo electron donor for Ncr and DHNCR is not known so far but a 

reduced ferredoxin or a NAD(P)H-dependent electron bifurcating system encoded next 

to ncr and dhncr genes were proposed to act as electron donors.59,115 Further catabolism 

of THNCoA proceeds by reductive dearomatization of the non-activated aromatic ring 

to HHNCoA. This last reduction is an oxygen-sensitive and ATP-dependent reaction 

suggesting the participation of a Class I arylcarboxyl-CoA reductase (ThnBCDE) 

(Figure 13.9).27,114 In contrast to Class I BCRs, the THNCR can use NAD(P)H as 

electron donor, likely coupling to an exergonic electron transfer in an electron 

bifurcation process.59 The thnBCDE genes are part of a bigger cluster in both strains 

N47 and NaphS2. This thn cluster likely encodes the proteins of a downstream pathway 

for HHNCoA degradation, which is expected to proceed via β-oxidation-like reactions 

similar to those described in the benzoyl-CoA pathway, with the formation of 2-

carboxy-cyclohexylacetate (Figure 13.9).59,116 A hypothetical second ring-cleavage 

pathway from 2-carboxy-cyclohexylacetate to pimelyl-CoA encoded by the thn cluster 

has been proposed (Figure 13.9).59 Further degradation of pimelyl-CoA is proposed to 

involve enzymes similar to those of the benzoyl-CoA lower pathway, with the 

participation of a non-decarboxylating glutaryl-CoA dehydrogenase and an energy-
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conserving glutaconyl-CoA decarboxylase that channel glutaryl-CoA to crotonyl-CoA, 

which is then oxidized to acetyl-CoA (Figure 13.3).59

In addition to naphthalene and benzene, the non-substituted three-ring PAH 

phenanthrene was proposed to be activated via carboxylation yielding phenanthrene-2-

carboxylate. A preliminary metagenomic analysis of phenanthrene-degrading 

enrichment cultures revealed the presence of multiple OYE enzymes.111 In addition, a 

biphenyl-degrading enrichment culture (BiphS1) grown under strictly anoxic conditions 

revealed the formation of biphenyl-4-carboxylate as an intermediate, suggesting that 

anaerobic biphenyl degradation is also potentially initiated by direct carboxylation.59

13.5 Anaerobic Degradation of Aromatic Compounds with meta-Positioned 
Hydroxyl Groups 

A number of aromatic compounds generate resorcinol (1,3-dihydroxybenzene), 

hydroxyhydroquinone (1,2,4-trihydroxybenzene, HHQ), or phloroglucinol (1,3,5-

trihydroxybenzene) as central intermediates during their anaerobic metabolism. In 

contrast to benzoyl-CoA and its derivatives, that possess a fully aromatic character47, 

resorcinol, HHQ, and phloroglucinol (all of which have meta-positioned hydroxyl 

groups) possess keto/enol tautomeries that largely weaken their aromatic character.6

This characteristic makes these molecules more amenable to reduction 

(dearomatization) in exergonic reactions with common physiological reductants, i.e., 

NAD(P)H, in the case of phloroglucinol and HHQ, or ferredoxin, in the case of 

resorcinol.47

13.5.1 Catabolism of Resorcinol and Resorcylates 

Resorcinol is also produced and utilized in large quantities by industry. Additionally, 

roots of aquatic plants exude resorcinol in considerable amounts into the aquatic 

environment, and resorcinol is also generated by decarboxylation during the anaerobic 

catabolism of 3,5-dihydroxybenzoate (α-resorcylate), 2,4-dihydroxybenzoate (β-

resorcylate), and 2,6-dihydroxybenzoate (γ-resorcylate). Anaerobic resorcinol 

metabolism has been reported in a variety of microorganisms. It can be attacked either 

reductively in fermenting bacteria, e.g., Clostridium spp., and sulfate-reducing bacteria, 

e.g., Desulfobacterium anilini, or oxidatively through the HHQ pathway in denitrifying 

bacteria, e.g., Azoarcus anaerobius (Figure 13.10).1,117
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The fact that the oxidative HHQ pathway has so far been found only in nitrate-reducing 

bacteria has been explained in terms of the energetic requirements of the reactions 

involved.118 A. anaerobius degrades resorcinol through two consecutive oxidative 

reactions. In the first one, resorcinol is hydroxylated at position 4 of the aromatic ring 

by a water-dependent membrane-associated resorcinol hydroxylase (RehLS) to form the 

key intermediate HHQ (Figure 13.10). The RehL subunit contains the characteristic 

molybdopterin-binding domain. In the second reaction, HHQ is oxidized to 2-hydroxy-

1,4-benzoquinone (HBQ) by a membrane-bound HHQ dehydrogenase (BtdLS).118 A 

ring cleavage enzyme (BqdLSM), analogous to a pyruvate dehydrogenase complex, acts 

on HBQ and finally leads to the formation of malate and acetate via so far unknown 

reactions  (Figure 13.10).119 The same oxidative strategy is carried out by T. aromatica 

strain AR1, which degrades α-resorcylate with nitrate as an electron acceptor (Figure 

13.10).117 This strain shares homologous genes with A. anaerobius for the three main 

enzymatic activities of the pathway, i.e., the initial water-dependent hydroxylase 

(DbhLS), HHQ dehydrogenase and HBQ dehydrogenase, and for auxiliary functions 

likely involved in enzyme maturation and stabilization of intermediates. In this 

bacterium, the aromatic ring of α-resorcylate is hydroxylated at position 2 by DbhLS 

yielding 2,3,5-trihydroxybenzoate that is afterwards decarboxylated to HHQ (Figure 

13.10). In the case of T. aromatic strain AR1, however, some other specific elements 

have been described that do not have homologues in the gene cluster from A. 

anaerobius, e.g., a putative cytoplasmic quinone oxidoreductase (QorA) that is also able 

to metabolize HHQ, and a TRAP transport system (DbtQMP) essential for growth on 

3,5-dihydroxybenzoate.117 Thus, T. aromatica AR1 and A. anaerobius  harbour, next to 

the classical benzoyl-CoA central pathway for benzoate degradation, a second 

mechanistically distinct central pathway with HQQ as central intermediate for the 

anaerobic catabolism of certain aromatic compounds such as resorcinol, resorcylates 

and, perhaps, hydroquinone.6,117

In contrast to nitrate-reducing bacteria, the fermenting Clostridium strain KN245 

reduces resorcinol to 1,3-cyclohexanedione by an ATP-independent flavin-containing 

resorcinol reductase that likely uses a reduced ferredoxin as electron donor. This 

intermediate is hydrolytically cleaved to 5-oxocaproic acid (5-oxohexanoate), which is 

further fermented to acetate and butyrate (Figure 13.10).1,17,47



35 

    [Figure 13.10 near here] 

13.5.2 Catabolism of Trihydroxybenzenes: Pyrogallol, Phloroglucinol, and HHQ  

Phloroglucinol is a central intermediate formed during the anaerobic catabolism of 

trihydroxybenzoates. Gallate, for instance, that originates from oak gall and as a 

degradation product of lignin or tannins, is decarboxylated to pyrogallol (1,2,3-

trihydroxybenzene) that becomes isomerized to phloroglucinol (Figure 13.10). The 

transhydroxylation reaction requires 1,2,3,5-tetrahydroxybenzene as co-substrate and is 

catalyzed by a cytoplasmic heterodimeric pyrogallol-phloroglucinol transhydroxylase 

that uses molibdopterin-guanine dinucleotide and 4Fe-4S clusters as cofactors.17,120

Phloroglucinol degradation has been described in fermenting bacteria such as 

Eubacterium oxidoreducens and Pelobacter acidigallici. Phloroglucinol is reduced by 

an NADPH-dependent phoroglucinol reductase to dihydrophloroglucinol, which after 

hydrolytic ring cleavage leads to 3-hydroxy-5-oxohexanoate and finally to three acetate 

molecules (Figure 13.10).17,47

For HHQ metabolism, three different strategies have been reported depending on the 

final electron acceptor. In nitrate-reducing bacteria, HHQ is mineralized to CO2 through 

an oxidative pathway (see above). In the fermenting bacterium Pelobacter massiliensis, 

HQQ renders three acetates, indicating that this pathway leads through phloroglucinol. 

The isomerization to phloroglucinol involves three subsequent transhydroxylation 

reactions analogous to the pyrogallol-phloroglucinol transhydroxylation (Figure 13.10).6

A third alternative HHQ degradation pathway was reported for the sulfate-reducing 

bacterium Desulfovibrio inopinatus. In the first step, HHQ is dearomatized to dihydro-

HHQ by a two-electron reduction catalyzed by an NADH-dependent HQQ reductase. 

Finally, two molecules of acetate and CO2 are formed (Figure 13.10).17

13.6 A Systems Biology View of the Anaerobic Catabolism of Aromatic 

Compounds 

Aromatic compounds, mostly phenol compounds and aromatic hydrocarbons, show a 

dual character because bacteria perceive them not only as carbon sources to be 

metabolized, but also as a source of stress.1 These aromatic compounds exert their 

cytotoxic effects because they dissolve in biological membranes increasing their 
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fluidity, which leads to a loss of ions, ATP, and other cellular metabolites. Moreover, 

the dissipation of the proton motive force and the denaturation of membrane proteins 

(e.g., respiratory complexes or nutrient transporters) result in severe energetic 

problems.121 Thus, bacteria respond to the presence of aromatic compounds by adjusting 

their three basic cell programs: a) the metabolic program, that involves not only the 

compound-specific pathways (see above) but also their integration within the global 

metabolism of the host cell; b) the stress program, that includes the induction of genes 

to adapt to the suboptimal growth conditions, e.g., lipid metabolism, efflux pumps, or 

molecular chaperones; and c) the social program, including cell motility and 

chemotaxis, the organization of the cell envelope, biofilm formation, and cell-to-cell 

interactions. The adjustment of these programs involves complex regulatory circuits that 

control in time and space signal detection and transduction, pathway-specific regulation 

and global regulatory networks -global regulators- of the cell. The adaptive solution to 

the biodegradation-versus-stress dilemma appears to be subordinating temporally the 

metabolic program (expression of biodegradation genes) to the stress program 

(adaptation to physicochemical stresses) to not compromise survival and/or metabolic 

fitness.122

The advent of the omics age has contributed significantly to increase our current 

knowledge on the anaerobic catabolism of aromatic compounds and has provided a 

global view of the microbial degradative potential by reconstructing the metabolism of 

aromatic compounds at genome-scale and integrating it with the primary metabolism. 

Omic approaches and genome-scale metabolic reconstructions have been applied to 

different types of anaerobic degraders such as the phototroph R. palustris123, the 

denitrifying A. aromaticum EbN19, Azoarcus sp. CIB24, and Herminiimonas sp. CN15

strains, the iron-reducing G. metallireducens34 and the hyperthermophilic archaeon F. 

placidus4 strains, the sulfate-reducing D. gibsoniae11 and D. toluolica7 strains, and the 

fermenting  S. aciditrophicus124 and S. aromaticivorans strains.12 Further insights on the 

anaerobic metabolism of aromatics under anaerobic conditions will be provided by the 

increasing use of genome-scale metabolic models125. Currently, only two metabolic 

models of anaerobic biodegraders of aromatic compounds are available, i.e., the G. 

metallireducens 126 and the R. palustris127 models.  
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13.6.1 The Metabolic Response 

For an efficient degradation process, the peripheral and central pathways devoted to the 

catabolism of a specific aromatic compound need to be adjusted, complemented, and 

integrated with the central metabolism of the host cell. Omic approaches have 

highlighted interesting clues on the anaerobic degradation processes at a system level. 

For instance, it seems now evident that depending on the type of respiration and global 

metabolic balance, different metabolic functions and strategies are required to 

productively integrate secondary metabolism, e.g., degradation of aromatic compounds, 

into the general metabolism of the target cell.1

In phototrophs, the acetyl-CoA generated from the anaerobic degradation of aromatic 

compounds is used in biosynthetic reactions since energy is derived from light. 

However, in bacteria with an anaerobic respiratory chain, most of the acetyl-CoA 

generated in the lower benzoyl-CoA pathway is finally oxidized to CO2 in the 

tricarboxylic acid (TCA) cycle.1 In denitrifying bacteria, approximately two-thirds of 

the acetyl-CoA molecules are oxidized and one-third is used for biosynthesis via the 

glyoxylate bypass.25 Modifications in the standard TCA cycle were observed when 

bacteria grow anaerobically on aromatic compounds. Thus, in denitrifying bacteria, the 

2-oxoglutarate dehydrogenase complex acting under aerobic conditions becomes 

replaced by a KGOR enzyme that regenerates reduced ferredoxin for BCR (see 

above).1,25 In G. metallireducens, a succinyl-CoA synthetase replaces the standard 

acetate:succinyl-CoA transferase when cells grow on benzoate, thus facilitating the 

generation of an ATP by substrate-level phosphorylation for each of the acetyl-CoA 

molecules generated from benzoate oxidation.34

Growth of R. palustris on aromatic compounds under anoxic conditions leads to the 

induction of the cbb genes responsible of the main carbon dioxide-assimilating enzymes 

of the Calvin cycle. This behavior was suggested as a mechanism that serves as a 

reducing equivalent sink during the growth of R. palustris on aromatic compounds that 

are electron rich relative to cell material.66 In contrast, in some heterotrophic bacteria, 

such as A. aromaticum EbN1, acetyl-CoA derived from the anaerobic degradation of 

aromatic hydrocarbons appears to be rerouted towards the synthesis of poly(3-
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hydroxybutyrate) (PHB), which is predicted to act as a sink for reducing equivalents 

ensuring continuous degradation.9,128

Syntrophic benzoate metabolism is known to yield H2, CO2, and acetate as final 

products and possibly butyrate as a transient product. In this sense, a putative butyryl-

CoA dehydrogenase was shown to be induced in Pelotomaculum cells when a 

methanogenic consortia was grown anaerobically in terephthalate90, suggesting that 

crotonyl-CoA can be converted to butyryl-CoA to efficiently oxidize NADH and 

generate a high-energy reduced ferredoxin (Figure 13.3). This NADH sink would be 

valuable when environmental H2 accumulates and respiratory NAD+ regeneration 

becomes increasingly thermodinamically difficult.12 Fermentation of benzoate as sole 

carbon source by an axenic culture of S. aciditrophicus yields acetate, CO2, and 

cyclohexane carboxylate. This cyclohexane carboxylate fermentation is needed to 

recycle the reducing equivalents formed during the benzoate oxidation to acetate in the 

absence of a syntrophic partner that naturally consumes H2 for the reduction of CO2 to 

methane. The formation of cyclohexane carboxylate requires the oxidation of benzoate 

to the intermediate 1,5-dienoyl-CoA (compound 1, Figure 13.2A), which is then 

reduced by the action of two consecutive 1,4-adding acyl-CoA dehydrogenases. Similar 

acyl-CoA dehydrogenases acting in the oxidative reaction are involved in the anaerobic 

conversion of cyclohexane carboxylate to 1,5-dienoyl-CoA by iron- or sulfate-respiring 

deltaproteobacteria, suggesting that the ability to degrade/form cyclohexane carboxylate 

most probably evolved as an add-on to an already existing benzoyl-CoA degradation 

pathway at the 1,5-dienoyl-CoA level.129

The first genome-scale metabolic model including a large set of anaerobic aromatic 

degradation pathways was constructed for G. metallireducens.126 Growth simulations of 

G. metallireducens with different electron donors and acceptors were carried out, and 

they provided a fast and cost-effective way to understand the metabolism of G. 

metallireducens. Interestingly, in silico simulations have shown that most of aromatic 

compounds provide higher biomass yield per mole of substrate than organic acids 

irrespective of the final electron acceptor used. However, pyruvate exhibited the highest 

biomass yield under electron acceptor limitation conditions, suggesting that G. 

metallireducens might not fully utilize the excess electron donors under acceptor 
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limiting conditions. Thus, the in silico analyses revealed that electron acceptor 

availability is a potential bottleneck for anaerobic degradation of aromatic 

compounds.126 In silico simulations with the metabolic model of R. palustis enabled a 

better understanding, at system level, of the redox balancing mechanisms in this 

bacterium, however its large potential against anaerobic degradation of aromatic 

compounds was not included in the model and is still pending.127

13.6.2 The Stress Response 

Bacterial responses to the toxicity caused by aromatic compounds have been mainly 

studied in aerobic Pseudomonads, and include fine-tuning of lipid fluidity at the 

membrane, activation of the general stress response, increased energy generation, and 

induction of specific efflux pumps to extrude the hydrocarbon to the medium.121

Although less studied, the aromatic solvent stress response in anaerobiosis was analyzed 

in A. aromaticum EbN1 strain.128 Strain EbN1 responded to solvent stress with 

decreased growth rates, impairment of denitrification (i.e. reduced nitrate consumption 

and nitrite turnover), and increased levels of intracellular PHB (up to 10% of the cell 

dry weight). PHB formation was predicted to contribute at two different levels, i) 

enhancing consumption of surplus reducing equivalents generated during the anaerobic 

catabolism of aromatic hydrocarbons despite impaired denitrification and ii) alleviating 

the cytotoxic effect of aromatic hydrocarbons by trapping them into the hydrophobic 

PHB granules.9,128 Another level of solvent stress adaptation relays in changes in the 

phospholipid composition to prevent maceration of cellular membranes. Thus, to 

counteract enhanced membrane fluidity at semi-inhibitory aromatic concentrations, 

strain EbN1 increased the amount of bulkier head groups and saturated phospholipid 

linked fatty acids.130 Similarly, other anaerobic biodegraders increase the degree of 

saturation of their membrane fatty acids when exposed to semi-inhibitory 

concentrations of organic solvents.131 Oxidative stress responses, such as increased 

abundance of superoxide dismutase (SodB), catalase (KatA), a DNA-binding protein 

related to oxidative stress (Dps), and the NO-detoxifying flavorubredoxin (NorVW), 

were also observed, given that highly reactive NO compounds can be generated during 

denitrification. In parallel, a large decrease in the abundances of two predicted iron 

uptake proteins as well as up-regulation of aconitase A and A2 were detected.128 Some 

general stress-related proteins, e.g., heat shock proteins and chaperones, were also up-
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regulated in solvent-shocked EbN1 cultures.128 Solvent efflux systems may also 

contribute to solvent stress tolerance in strain EbN1. Cells adapted to toluene, phenol, 

and 4-ethylphenol revealed the formation of apparently compound-specific solvent 

efflux systems (AcrAB/TolC homologues). Notably, in case of toluene and 4- 

ethylphenol/4-hydroxyacetophenone, these potentially new types of efflux systems are 

encoded next to the cognate catabolic operons.9,86

Within the bss-bbs cluster for anaerobic toluene/m-xylene degradation in Azoarcus sp. 

CIB there is a gene, tolR, which encodes an unprecedented regulatory system that 

responds to aromatic hydrocarbons. The TolR protein is a unique hybrid two-

component regulatory system that protects cells from the deleterious effects of high 

concentrations of aromatic hydrocarbons under anoxic conditions by degrading 

intracellular cyclic diguanosine monophosphate (c-di-GMP). c-di-GMP is a bacterial 

second messenger that controls diverse functions in bacteria, including transitions from 

planktonic to biofilm lifestyles, virulence, motility, and cell cycle.132 TolR comprises an 

N-terminal aromatic hydrocarbon-sensing PAS domain, followed by an autokinase 

domain, a response regulator domain, and a C-terminal c-di-GMP phosphodiesterase 

domain. A conformational change triggered by binding of toluene to TolR causes 

autophosphorylation and intramolecular phosphoryltransfer reactions that result in 

stimulation of the c-di-GMP phosphodiesterase activity of its C-terminal domain.132

Cells present at toxic waste sites or near natural hydrocarbon seeps may encounter 

pockets of un-dissolved aromatic hydrocarbons, and the toluene protective response 

mediated by TolR would be a major advantage in these situations.132

Oxygen levels are also an important stress factor for anaerobic biodegraders.   

Facultative anaerobes living in microaerophilic environments or capable to internally 

generate oxygen, such as (per)chlorate reducers, need to assure that the cytoplasmic 

concentration of oxygen is low enough to prevent significant inhibition of highly 

oxygen sensitive enzymes such as BCRs. The confinement of oxygen in the periplasmic 

space for aerobic respiration, rather than for dearomatization of the aromatic substrates, 

may convey a metabolic advantage.16 In T. aromatica and other facultative anaerobic 

bacteria, a cyclohexa-1,5-diene-1-carbonyl-CoA oxidase (DCO), from the "Old-Yellow 

Enzyme" (OYE) family of enzymes, aromatizes the product of the BCR and transfers 
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the electrons to molecular oxygen which is reduced to water. This reaction could 

facilitate the elimination of small amounts of molecular oxygen when facultative 

anaerobes face transiently low-oxygen tension environments, thus protecting BCR.133 A 

similar oxygen detoxification mechanism could explain the simultaneous induction of 

the aerobic benzoyl-CoA pathway (box genes) when Azoarcus sp. CIB cells are 

expressing the anaerobic bzd pathway for benzoate degradation.134

13.6.3 The Social Response 

In R. palustris, several methyl-accepting chemotaxis proteins were induced when cells 

grew anaerobically in benzoate and other aromatic compounds such as p-coumarate. 

Since R. palustris is a motile bacterium, these up-regulated proteins could serve as 

chemoreceptors that enable cells to sense and swim toward plant-derived aromatic 

compounds. A significant number of membrane transporters were also induced, 

suggesting that transmembrane trafficking of substrates and metabolic intermediates 

transiently excreted into the growth medium plays an important role during the 

anaerobic degradation of aromatic compounds.66,135 One of the genes induced during p-

coumarate degradation in R. palustris was shown to encode an acyl-homoserine lactone 

synthase (RpaI) which generates a new class of p-coumaroyl-homoserine lactone 

quorum sensing signal that could explain the large number of genes/proteins 

differentially expressed when the cells grow in the presence of this phenylpropanoid 

compound.66

Interestingly, when R. palustris grows anaerobically on p-coumarate, a consortia made 

of two different cellular subpopulations, i.e.  cells oxidizing p-coumarate to benzoate 

and a benzoate-oxidizing subpopulation, can be detected, suggesting a division of 

labour strategy in the bacterial community.135 Metabolic interactions between members 

of a microbial community are widespread in nature and arise from certain 

microorganisms releasing metabolites which can become energy sources or building 

blocks for other members of the community (substrate cross-feeding). Under certain 

conditions, if the products released have an inhibitory effect on the producer, the 

presence of receiving microorganisms that assimilate these byproducts leads to a 

mutually-beneficial interaction that is often referred to as syntrophy. Syntrophic 

metabolizers (syntrophs) are known to utilize H+ and HCO3
- as electron acceptors to 
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produce H2 and formate, respectively.124 Biodegradation of aromatic compounds under 

these conditions becomes thermodynamically unfavorable as the metabolic products, 

i.e., short-chain fatty acids (e.g., acetate) and H2, accumulate.136 To circumvent this 

problem, aromatic-compound degrading syntrophic metabolizers form partnerships with 

methanogens that use H2 and CO2 (hydrogenotrophic methanogenesis) or organic acids 

(acetotrophic methanogenesis) to produce methane and maintain the inhibitory 

metabolic by-products at low concentrations leading to thermodynamically favorable 

conditions for syntrophic substrate oxidation.12 Recently, it has been suggested that 

syntrophic processes can even occur during the degradation of aromatic compounds 

(e.g., benzene) in the presence of electron acceptors such as nitrate, Fe(III), and sulfate. 

In this benzene-amended enrichments, Clostridiales (e.g. Peptococcaceae phylotypes) 

were identified as the primary degraders that couple benzene oxidation to reduction of 

the electron acceptor producing H2, that served as an energy source  for  the required 

metabolic partners to carry out favorable reactions.137

13.7 Applications Derived from the Anaerobic Catabolism of Aromatic 
Compounds   

The knowledge generated in the two last decades concerning the biochemical, genetic, 

and regulatory aspects of the anaerobic catabolism of aromatic compounds allows the 

development of several biotechnological applications, such as: i) molecular biomarkers 

to track the presence of microorganisms, molecules or biological processes of interest; 

ii) cell biosensors for the efficient detection of aromatic compounds in the environment; 

iii) new bioremediation and bioconversion technologies. Moreover, key genes and 

enzymes involved in the anaerobic catabolism of aromatic compounds are useful tools 

to study protein evolution and to engineer new regulatory circuits for conditional gene 

expression.  

13.7.1 Molecular Biomarkers 

Since less than 1% of the bacteria present in environmental samples can be cultured in 

the laboratory, a more complete understanding of the community structure, activity, and 

cell interactions will be relevant for a better prediction and control of environmentally 

relevant processes such as the natural attenuation of aromatic pollutants. On the other 

hand, since biodegradation of oil reservoirs affects the quantity and quality of fossil 
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fuels, the characterization and monitoring of microbial communities that attack aromatic 

hydrocarbons is of great interest.1

Functional marker genes are those that encode a conserved key enzyme for a specific 

catabolic pathway that can be traced. For example, the detection of genes that encode 

fumarate-adding enzymes, such as the bssA gene that encodes the α subunit of the 

benzylsuccinate synthase involved in toluene and m-xylene degradation (see above),  is 

the most commonly used strategy to detect anaerobic aromatic hydrocarbon degraders 

because of their well-defined functional affiliation and widespread occurrence.111,138

Analogously, genes that encode BCRs, as well as the bamA gene encoding the ring-

cleaving hydrolase in the benzoyl-CoA central pathway (see above),  have been used as 

functional markers to determine the presence and distribution of anaerobic mono-

aromatic compound degraders.1,28,111 For monitoring anaerobic PAH degraders, a ncr-

targeting assay was described.139

Specific metabolites produced in pathways for anaerobic degradation of aromatic 

compounds can also be used as metabolic biomarkers in the environment to monitor the 

presence of an active microbial population that is using the substrate concerned. For 

example, the detection of benzylsuccinate-like metabolites after the addition of fumarate 

to the sample suggests in situ anaerobic bioremediation of aromatic hydrocarbons such 

toluene or m-xylene.1,140 An alternative strategy for monitoring in situ biodegradation of 

a particular compound is to analyze changes in the stable isotope composition of the 

molecule of interest (Stable Isotope Probing approaches).141

13.7.2 Bioreporter Strains 

Anaerobic degraders of aromatic compounds can be used to engineer bioreporter strains 

to detect the presence of such compounds. Thus, an A. aromaticum EbN1 strain 

containing a chromosomally integrated fusion of the first gene of the acetophenone-

metabolic apc-bal operon with the gene encoding the fluorescent mCherry protein was 

shown to behave as a reliable reporter system for the presence of certain aromatic 

compounds, i.e., acetophenone and its immediate metabolic precursor 1-phenylethanol 

(Figure 13.8A), without changing the physiological properties of the host strain. The 

reporter strain enabled quantification of acetophenone in a concentration range of 50-

250 µM. Because acetophenone and 1-phenylethanol are common intermediates in 
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anaerobic ethylbenzene degradation (see above), a specific detection system for these 

compounds may be useful for applications in environmental monitoring or even in 

prospecting for new petroleum reservoirs.101 A benzoyl-CoA-responding bioreporter 

Azoarcus sp. CIB strain was engineered by fusing the chromosomally encoded PN

promoter, which drives the expression of the catabolic bzd genes involved in the 

benzoyl-CoA central pathway (Figure 13.2A), to the lacZ reporter gene.142 Because 

benzoyl-CoA is a common intermediate formed during the anaerobic degradation of 

many different aromatic compounds, the constructed strain could be used as a general 

bioreporter of anaerobic degradation of aromatic compounds.  

13.7.3 Bioremediation and Bioconversion Processes 

The construction of robust, efficient and versatile biodegrader strains is a major goal in 

bioremediation. Genetically-amenable anaerobic degraders have been used to engineer 

synthetic pathways and/or expand their catabolic abilities towards aromatic compounds 

that cannot be used as natural growth substrates. For instance, under anaerobic 

conditions only reductive dehalogenation has been described so far. However, a 

hydrolytic dehalogenation pathway, i.e., 4-chlorobenzaote dehalogenation via CoA 

derivatives that generate 4HBA in the aerobic Pseudomonas sp.  strain CBS3, was 

implanted in the anaerobic 4HBA degrader T. aromatica T1 strain. The resulting 

recombinant strain acquired the ability to degrade 4-chlorobenzoate as a sole carbon and 

energy source under denitrifying conditions.143 The genes responsible for the anaerobic 

degradation of resorcinol in A. anaerobius are arranged in a large cluster inducible by 

resorcinol. This cluster has been cloned into a cosmid R+ which confers resorcinol 

degradation abilities to heterologous anaerobic host bacteria.119 In another example, the 

integrative and conjugative element ICEXTD from Azoarcus sp. CIB, which encodes the 

anaerobic and aerobic degradation pathways for some aromatic hydrocarbons, e.g., 

toluene and m-xylene, was transferred to bacteria unable to use aromatic hydrocarbons 

as substrates. Transfer of ICEXTD to other Azoarcus strains, e.g., A. evansii, confers them 

the ability to degrade aromatic hydrocarbons both aerobically and anaerobically. 

Interestingly, ICEXTD allows Cupriavidus pinatubonensis, a bacterium unable to 

anaerobically degrade aromatic compounds, to grow with m-xylene under anoxic 

conditions.94
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Anaerobic bioprocesses may offer significant benefits compared to aerobic 

bioprocesses, e.g.,   higher  yields, less heat generation, reduced biomass production, 

and lower mechanical energy input, which can significantly reduce production costs.144

In this respect, the enzymatic machinery involved in the anaerobic degradation of 

aromatic compounds can be used to produce metabolites of biotechnological interest. 

Thus, CoA thioesters generated during the activation of aromatic compounds by CoA 

ligases are an important class of intermediates in various biosynthetic pathways for the 

production of industrially-relevant compounds such as taxol, cocaine, dianthramide B, 

benzoylated glucosinolate esters, benzylbenzoate, and some polyketides (enterocin, 

soraphen).145,146 As an example, the badA gene encoding the benzoate-CoA ligase from 

R. palustris has been used for the enzymatic synthesis of aromatic-CoA esters.145

Molybdenum cofactor-containing hydroxylases of aromatic compounds are also of great 

biotechnological interest for the synthesis of a variety of chemical compounds. For 

instance, the broad-substrate range ethylbenzene dehydrogenase from A. aromaticum

EbN1 (see above) has been used to synthesize chiral alcohols in a highly enantiospecific 

manner following a completely new process, i.e., by hydroxylating the respective 

hydrocarbons instead of reducing ketones by stereospecific alcohol dehydrogenases. 

Because of the complexity of ethylbenzene dehydrogenase and its fast inactivation in air 

as an isolated enzyme, the process has been settled with immobilized enzyme or in 

whole-cell reactors.99,147 The NAD-dependent phenylethanol dehydrogenase (Ped) from 

the same ethylbenzene degradation pathway in strain EbN1 also catalyzes the 

biotechnologically interesting reverse reaction, i.e., conversion of acetophenone to 1-

phenylethanol.148,149

As indicated above, the anaerobic degradation of most aromatic compounds converge to 

the benzoyl-CoA central pathway. Some intermediates of this central route may 

generate, after CoA thiolysis, several dicarboxylic acids, e.g., pimelate or glutarate 

(Figures  13.2 and 13.3), that are of industrial interest for the chemical synthesis of 

polymers.150,151 Different metabolic engineering strategies for the accumulation of these 

dicarboxylic acids from the anaerobic degradation of aromatic compounds can be 

postulated. On the other hand, the overexpression of the bzd genes encoding the 

benzoyl-CoA central pathway was shown to significantly enhance the synthesis of PHB 



46 

in Azoarcus sp. CIB strain, revealing an unprecedented strategy to improve the 

bioconversion of aromatic compounds into bioplastics (Díaz et al., unpublished).   

13.7.4 Molecular Evolution Studies and Development of New Regulatory Circuits 

Anaerobic pathways provide reliable model scenarios to study protein evolution since 

they may preserve relics of ancient events occurring on early anaerobic Earth. In this 

sense, the most probable evolutionary pathway followed by the BzdR transcriptional 

regulator that controls expression of the bzd genes in Azoarcus sp. CIB has been 

reconstructed in the laboratory, supporting the notion that an ancestral shikimate kinase 

enzymatic domain could have been involved in the evolutionary origin of the benzoyl-

CoA effector-binding domain of the current BzdR regulator.152

Gene switches have wide utility to control organism physiology. The BzdR regulator 

has also been used to design and develop a new genetic switch. The benzoyl-CoA 

binding domain of BzdR was employed to design a chimeric regulator, termed Qλ, 

fused to the N-terminal domain of the CI protein of the λ phage. The Qλ protein was 

able to reprogram the lytic/lysogenic λ phage decision in a benzoate-dependent manner 

in an E. coli strain expressing the bzdA gene that encodes a benzoate-CoA ligase.153 The 

new-to-nature Qλ/BzdA functional module might be useful in the field of synthetic 

biology for engineering regulatory circuits à la carte that respond to benzoyl-CoA, an 

inducer molecule that behaves orthogonal with respect to most microbial cells. These 

novel devices would be useful to reprogram crucial cell functions, but also for 

engineering novel conditional gene expression systems of biotechnological interest.153

13.8 Outlook 

Although the biochemistry and genetics of the anaerobic degradation of aromatic 

compounds has started to be understood, our current knowledge is still far from 

complete and the diversity of pathways is certainly underestimated. For instance,  the 

anaerobic degradation of PAHs, heteroaromatic compounds,  or large polymers such as  

lignin,154 is a relatively unexplored field that requires further studies. The molecular 

characterization of new proteins hypothesized to be involved in substrate uptake/efflux, 

catabolism, and regulation should be emphasized in the near future. Multi-enzyme 

complexes that couple endergonic and exergonic redox reactions during the anaerobic 

degradation of several aromatic compounds are still poorly characterized, and more 
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biochemical and genetic studies are needed to complete our knowledge on anaerobic 

central pathways other than the benzoyl-CoA pathway. Moreover, all these complex 

metabolic interactions need to be addressed at the systems biology level.   

The regulatory circuits integrating different anaerobic central pathways that operate 

within the same organism, as well as those controlling aerobic and anaerobic regulons 

in facultative anaerobes, should be dissected and their physiological role in the bacterial 

adaptation to nutrient limitation and complex substrate mixtures should be considered.  

Since aromatic compounds are a major source of cellular stress, the aromatic-induced 

stress program should be well-characterized in different types of anaerobic 

biodegraders, i.e., nitrate-, sulfate-, and iron-reducers, fermenters, phototrophs, etc.  The 

molecular mechanisms that protect the extremely oxygen-labile enzymes, such as class I 

BCRs, aromatic carboxylases, etc., from the short exposure to oxygen when the cells 

face changing-oxygen tension environments is another topic that should warrants more 

in-depth research in the near future. In this sense, the role of some aromatizing oxidases 

from the OYE family of enzymes that act on the reduced products of class I BCRs or 

NCRs enzymes, the induction of the oxygen-dependent degradation pathways during 

the anaerobic catabolism of aromatics, or the spatial segregation of oxygen and strictly 

anaerobic enzymes in different cellular localizations, as oxygen protection mechanisms 

should be explored further. Chemotaxis to aromatic compounds under anaerobic 

conditions deserves also future investigation as it may be important to understand the 

behavioral responses of anaerobes to the presence of such compounds.   

When cells face a difficult-to-degrade substrate, e.g., aromatic hydrocarbon, that might 

be toxic for individual cells, the division of labor within a bacterial population, which 

leads to phenotypic heterogeneity in the microbial cultures and to organized consortia 

that resemble a multi-cellular behavior, becomes a successful strategy for the evolution 

of an efficient degradation process. The mechanisms underlying such metabolic 

specialization should also be examined in more detail. Syntrophic and cross-feeding 

interactions should be taken into consideration when studying metabolic fluxes. 

Association of syntrophic partners via aggregation has been shown to facilitate electron 

transfer via soluble H2 and formate. Alternate mechanisms for electron transfer in 

diverse microbial communities and dynamic geochemical surroundings can imply direct 
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cell-to-cell contact or electroconductive cellular appendages, e.g., pili or "nanowires", 

flagella, as well as transfer of electrons by organic and inorganic mediators to inorganic 

materials.137,155 The study and characterization of these types of extracellular electron 

transfer merit further efforts.  

To develop concepts of population-based site management, the combination of 

functional marker genes, metabolite detection, isotopic pathway identification, and 

high-throughput metagenomics, transcriptomics, and proteomics, will be required. 

These approaches will facilitate a holistic perspective of the microbial players, 

metabolic pathways, and interactions among the microorganisms involved in the 

anaerobic metabolism of aromatic compounds. All this knowledge should accelerate the 

development of anaerobic bioremediation technologies, e.g., bioaugmentation. 

Biosystems engineering of anaerobic aromatic biodegraders, and the sequential use of 

anaerobic and aerobic processes, either by using facultative anaerobes or by combining 

anaerobic and aerobic biocatalysts, may provide useful means to address the removal of 

toxic pollutants. The anaerobic valorization of aromatic compounds present in biowaste  

(e.g., lignin) to produce biofuels, biopolymers, commodity chemicals, and other 

products of biotechnological interest, and that is mainly based on unprecedented 

enzymes and pathways with novel metabolic capabilities, is in its infancy and should be 

strongly supported in the next years. In this sense, genome-scale metabolic models have 

been successfully used as a test bed in biotechnological efforts using well-known 

bacterial workhorses such as E. coli.125 Further efforts on reconstruction and analysis of 

high-quality genome-scale metabolic models of anaerobic degraders of aromatic 

compounds will be needed. These systems biology efforts powered by already in place 

computational methods, such as constraint-based reconstruction and analysis156,  and  

combined with modern synthetic biology approaches would provide an unprecedented 

framework for a fully exploitation of the biotechnological applications derived of the 

anaerobic degradation of aromatic compounds. Similarly, the anaerobic regulatory 

circuits that control the catabolism of aromatic compounds are also useful genetic 

devices that should be applied to the design of conditional expression systems for 

anaerobic engineering.      
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Figure Captions 

Figure 13.1. Peripheral pathways for the anaerobic catabolism of some aromatic acids 

and alcohols. The enzymes are indicated in italics below/next to the arrows. The 

activation of benzoate to benzoyl-CoA (red arrow) can be carried out either by 

benzoate-CoA ligases (named as BzdA, BclA, BadA, or BamY depending on the 

bacterial species) or benzoate-CoA transferases. The enzymes involved in the 

phenylalanine pathway (blue arrows) are: Pat, L-phenylalanine:2-oxoglutarate 

transaminase; Pdc, phenylpyruvate decarboxylase, Aor, phenylacetaldehyde 

oxidoreductase; Pdh,  phenylacetaldehyde dehydrogenase. The enzymes involved in the 

phenylacetate pathway (orange arrows) are: PadJ, phenylacetate-CoA ligase, PadBCD, 

phenylacetyl-CoA:acceptor oxidoreductase; PadEFGHI, phenylglyoxylate: NAD+

oxidoreductase. The reaction catalyzed by the PQQ-dependent phenylethanol 

dehydrogenase (PedE/PedH) is shown with a brown arrow.  The benzoyl alcohol and 3-

Cl-benzoate pathways are shown with green and grey arrows, respectively. BCR, 

benzoyl-CoA reductase. The enzymes involved in the  o-phthalate degradation pathway 

(violet) are: PhtSa/PhtSb, succinyl-CoA:o-phthalate CoA-transferase; PhtDa/PhtDb, o-

phthaloyl-CoA decarboxylase. 

Figure 13.2. Central pathways for anaerobic degradation of benzoyl-CoA and 

substituted benzoyl-CoA analogs. The dearomatization step is indicated with blue 

arrows. The modified β-oxidation route is indicated with green (enoyl-CoA hydratase), 

red (hydroxyacyl-CoA dehydrogenase) and orange (oxoacyl-CoA hydrolase) arrows. 

The enzymes are indicated in italics below the arrows. (A) Upper benzoyl-CoA 

pathway. The metabolites indicated are: 1, cyclohex-1,5-diene-1-carbonyl-CoA; 2, 

cyclohex-1-ene-1-carbonyl-CoA, 3, 2-hydroxycyclohexane-1-carbonyl-CoA; 4, 6-

hydroxycyclohex-1-ene-1-carbonyl-CoA; 5, 2-ketocyclohexane-1-carbonyl-CoA; 6, 6-

ketocyclohex-1-ene-1-carbonyl-CoA; 7, pimelyl-CoA; and 8, 3-hydroxypimelyl-CoA. 

BCR, benzoyl-CoA reductase. KGOR, 2-oxoglutarate:ferredoxin oxidoreductase. (B) 
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Upper 3-hydroxybenzoyl-CoA pathway.  Metabolites indicated are: 1, 3-oxo-cyclohex-

1-ene-1-carbonyl-CoA. 3HBCR, 3-hydroxybenzoyl-CoA reductase. The last step 

proposed is accomplished by an acyl-CoA dehydrogenase (violet arrow). (C) Upper 3-

methylbenzoyl-CoA pathway. It is so far unknown which of the two different reaction 

intermediates, i.e., a or b, is generated after ring reduction.  Metabolites indicated are: 

1a, 3-methyl-cyclohex-1,5-diene-1-carbonyl-CoA; 1b, 5-methyl-cyclohex-1,5-diene-1-

carbonyl-CoA; 2a, 5-methyl-6-hydroxycyclohex-1-ene-1-carbonyl-CoA; 2b, 3-methyl-

6-hydroxycyclohex-1-ene-1-carbonyl-CoA; 3a, 5-methyl-6-ketocyclohex-1-ene-1-

carbonyl-CoA; 3b, 3-methyl-6-ketocyclohex-1-ene-1-carbonyl-CoA; 4a, 3-hydroxy-6-

methyl-pimelyl-CoA; 4b, 3-hydroxy-4-methyl-pimelyl-CoA. 3MBCR, 3-

methylbenzoyl-CoA reductase. (D) Upper 4-methylbenzoyl-CoA pathway. Metabolites 

are: 1, 4-methylcyclohex-1,5-diene-1-carbonyl-CoA; 2, 6-hydroxy-4-methylcyclohex-1-

ene-1-carbonyl-CoA; 3, 4-methyl-6-oxocyclohex-1-ene-1-carbonyl-CoA; 4, 3-hydroxy-

5-methyl-pimelyl-CoA. 4MBCR, 4-methylbenzoyl-CoA reductase. 

Figure 13.3. The lower benzoyl-CoA pathway. The enzymes involved are indicated in 

italics below/next to the arrows. The C7-dicarboxyl-CoA compounds, i.e., pimelyl-CoA 

or 3-hydroxypimelyl-CoA, are further degraded through a dicarboxylic acid β-oxidation 

pathway (green arrows), to generate acetyl-CoA and glutaryl-CoA. ETF, electron 

transfer flavoprotein associated to flavin-containing acyl-CoA dehydrogenases. The 

conversion of glutaryl-CoA to crotonyl-CoA by a bifunctional glutaryl-CoA 

dehydrogenase/decarboxylase (red arrow) or via glutaconyl-CoA (violet arrows) is 

shown. Crotonyl-CoA is converted to acetyl-CoA via a short-chain fatty acid β-

oxidation pathway (orange arrows) or to butyrate in fermenting bacteria (blue arrows).       

Figure 13.4. Peripheral pathways for the anaerobic catabolism of some phenolic 

compounds. The enzymes involved are indicated in italics below/next to the arrows. 

The enzymes involved in the reductive dehydroxylation of 4-hydroxybenzoate to 

benzoyl-CoA (red arrows) are: HcrL (or HbaA), 4-hydroxybenzoate-CoA ligase; 

HcrCAB (or HbaBCD, or PcmRST), 4-hydroxybenzoyl-CoA reductase. The enzymes 

involved in the phenol pathway (orange arrows) are: PpsABC, phenylphosphate 

synthase; PpcABCD, phenylphosphate carboxylase. The MtvABC tetrahydrofolate-
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dependent enzyme involved in demethoxylation of vanillate to 4-hydroxybenzoate is 

shown by grey arrows. The enzymes involved in the p-cresol pathway (violet arrows) 

are: PcmGIJCDEF (in G. metallireducens) or Pch (in denitrifying bacteria), p-cresol 

methyl hydroxylase; PcmO (in G. metallireducens) or Pcd (in denitrifying bacteria), p-

hydroxybenzaldehyde dehydrogenase. The Pad enzymes involved in the 4-

hydroxyphenylacetate degradation pathway (blue arrows) are the same than those 

involved in the phenylacetic acid degradation pathway (see Fig. 13.1) with the 

exception of the initial CoA ligase. The enzymes involved in the proposed p-

ethylphenol degradation pathway in A. aromaticum EbN1 (green arrows) are: PehCF, p-

ethylphenol methylhydroxylase; HpeD, 1-(4-hydroxyphenyl)-ethanol dehydrogenase, 

XccABC, p-hydroxyacetophenone carboxylase; AcsA, CoA synthetase; TioL, thiolase.  

Figure 13.5. Anaerobic peripheral pathways of some catecholic compounds and 3-

hydroxybenzoate. The enzymes involved are indicated in italics below the arrows.  The 

PpsABC and PpcABCD enzymes (violet arrows) are the same than those of the phenol 

peripheral pathway (Fig. 13.4). The HbcL enzyme (orange arrow) is the 3-

hydroxybenzoate-CoA ligase. The HcrCAB enzyme (green arrow) is the 4-

hydroxybenzoyl-CoA reductase from the peripheral 4-hydroxybenzoate degradation 

pathway.  

Figure 13.6. Peripheral pathways for the anaerobic catabolism of some nitrogen-

containing aromatic compounds. The enzymes involved are indicated in italics 

below/next to the arrows. The enzymes involved in the peripheral pathway for 

indoleacetate (IAA) degradation (red arrows) are: IaaIJK, IAA hydroxylase; IaaCE, 

ATP-dependent hydantoinase; IaaB, 2-aminophenyl succinate CoA ligase; IaaL, 2-

aminophenyl succinate CoA transferase; IaaGH, Coenzyme B12-dependent mutase; 

IaaF, acyl-CoA dehydrogenase; IaaP, hydrolase/dehydrogenase; IaaA, thiolase. The 

peripheral pathway for tryptophan degradation (blue arrows) converges with that for 

IAA degradation. The activation of 2-aminobenzoate to 2-aminobenzoyl-CoA (green 

arrow) is carried out by a CoA ligase, e.g., BclA, HbcL, BzdA. Further de-

aromatization of 2-aminobenzoyl-CoA has been suggested to be accomplished by BCR 

or 3HBCR.  The subsequent catabolism of the non-aromatic intermediate 2-amino-1,5-
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dienoyl-CoA might require a specific modified β-oxidation pathway that is still 

unknown (?).        

Figure 13.7. Peripheral pathways for the catabolism of phenylpropanoid compounds. 

The enzymes involved are indicated in italics below/next to the arrows. (A) Non-β-

oxidation pathway for p-coumarate degradation (grey arrows) in R. palustris. The 

enzymes involved are: CouB, p-coumarate CoA ligase; CouA, p-coumaroyl-CoA 

hydratase/lyase. (B) β-oxidation pathway for phenylpropanoids degradation in A. 

aromaticum EbN1. Compounds can be non-hydroxylated, hydroxylated at the meta 

position (red), hydroxylated at the para position (green), or di-hydroxylated at meta and 

para positions (red and green): 1, cinnamyl alcohol; 2, cinnamyladehyde; 3, cinnamate, 

m-coumarate, p-coumarate, 3,4-dihydroxycinnamate (caffeate); 4, phenylpropionate 

(hydrocinnamate), p-hydroxyphenylpropionate; 3,4-dihydroxyphenylpropionate; 5, 

phenylpropionyl-CoA, p-hydroxyphenylpropionyl-CoA, 3,4-

dihydroxyphenylpropionyl-CoA; 6, cinnamoyl-CoA, m-coumaroyl-CoA, p-coumaroyl-

CoA, caffeoyl-CoA; 7, 3-hydroxy-3-phenylpropionyl-CoA, 3-hydroxy-3-(3-

hydroxyphenyl)propionyl-CoA, 3-hydroxy-3-(4-hydroxyphenyl)propionyl-CoA, 3-

hydroxy-3-(3,4-dihydroxyphenyl)propionyl-CoA; 8, benzoylacetyl-CoA, 3-

hydroxybenzoylacetyl-CoA, 4-hydroxybenzoylacetyl-CoA, 3,4-

dihydroxybenzoylacetyl-CoA. The predicted enzymes involved are: EbA5670, 

cinnamyl alcohol dehydrogenase; EbA5642 (Ald), aromatic aldehyde dehydrogenase; 

EbA5317, fatty acid CoA-ligase; EbA5321, acyl-CoA dehydrogenase; EbA5318, enoyl-

CoA hydratase; EbA5320, hydroxyacyl-CoA dehydrogenase; EbA5319, β-ketothiolase.   

Figure 13.8. Peripheral pathways for the anaerobic catabolism of some monoaromatic 

hydrocarbons. The enzymes involved are indicated in italics below/next to the arrows. 

Discontinuous arrows indicate the existence of more than one enzymatic step. (A) The 

enzymes involved in the peripheral pathway for ethylbenzene degradation in A. 

aromaticum EbN1 (orange arrows) are: EbdABC, ethylbenzene dehydrogenase; Ped, 

(S)-1-phenylethanol dehydrogenase; ApcABCDE, acetophenone carboxylase; Bal, 

benzoylacetate-CoA ligase. The enzymes involved in the peripheral pathway for 

benzene degradation (red arrows) are: Abc, benzene carboxylase; BzlA, benzoate-CoA 
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ligase. The enzymes involved in the peripheral pathway for toluene degradation (green 

arrows) are: BssABCD, benzylsuccinate synthase; BbsEF, succinyl-CoA:(R)-

benzylsuccinate CoA transferase; BbsG, (R)-benzylsuccinyl-CoA dehydrogenase; 

BbsH, phenylitaconyl-CoA hydratase; BbsCD, 2-[hydroxyl(phenyl)methyl-succinyl-

CoA dehydrogenase; BbsAB, benzoylsuccinyl-CoA thiolase. The chemical 

intermediates are: 1, (R)-benzylsuccinyl-CoA; 2, (E)-phenylitaconyl-CoA; 3, 2-

[hydroxyl(phenyl)methyl]-succinyl-CoA; 4, benzoylsuccinyl-CoA. (B) The enzymes 

involved in the peripheral pathway for p-cymene degradation A. aromaticum pCyN1 

(orange arrows) are: CmdABC, p-cymene dehydrogenase; Iod, 4-isopropylbenzyl 

alcohol dehydrogenase; Iad, 4-isopropylbenzaldehyde dehydrogenase; Ibl, 4-

isopropylbenzoate-CoA ligase. The enzymes involved in the peripheral pathway for p-

cymene degradation in Thauera sp. pCyN2 (blue arrows) are: IbsABCD, 4-

isopropylbenzylsuccinate synthase; BisABCDEFGH, enzymes of a putative β-oxidation 

pathway (similar to the toluene Bbs pathway, see panel A) of 4-

isopropylbenzylsuccinate.  

Figure 13.9. Peripheral and central pathways for the anaerobic degradation of 

naphthalene and 2-methyl-naphthalene. The enzymes involved are indicated in italics 

below/next to the arrows. Discontinuous arrows indicate the existence of more than one 

enzymatic step. The enzymes involved in the peripheral pathway for naphthalene 

degradation are indicated with red arrows. The enzymes involved in the peripheral 

pathway of 2-methylnaphthalene (blue arrows) are: NmsABCD, 2-

methylnaphthylsuccinate synthase; BnsABCDEFGH, enzymes of a putative β-oxidation 

pathway (similar to the toluene Bbs pathway, see Fig. 13.8A) of 2-

methylnaphthylsuccinate. The central pathway for the anaerobic degradation of the 

central intermediate 2-naphthoyl-CoA is shown with green arrows. Some of the 

enzymes involved are: NCR, 2-naphthoyl-CoA reductase. 5,6-DHNCR, 5,6-dihydro-2-

naphthoyl-CoA reductase; 5,6,7,8-THNCR (ThnBCDE), 5,6,7,8-tetrahydro-2-

naphthoyl-CoA reductase. Abbreviations: DHNCoA, 5,6-dihydro-2-naphthoyl-CoA; 

THNCoA, 5,6,7,8-tetrahydro-2-naphthoyl-CoA; HHNCoA, hexahydronaphthoyl-CoA. 

Figure 13.10. Anaerobic degradation of aromatic compounds with meta-positioned 

hydroxyl groups. Pathways in denitrifying, sulfate-reducing and fermenting bacteria are 
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indicated in blue, green and brown arrows, respectively. The enzymes involved are 

indicated in italics below/next to the arrows. Discontinuous arrows indicate the 

existence of more than one enzymatic step. The enzymes involved in the degradation of 

α-resorcylate (3,5-dihydroxybenzoate), resorcinol and hydroxyhydroquinone (HHQ)  

(blue arrows) are: DbhLS, 3,5-dihydroxybenzoate hydroxylase; RehLS, resorcinol 

hydroxylase; BtdLS, HHQ dehydrogenase; BqdLSM, HBQ dehydrogenase.   
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