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Abstract Fluoroaromatics are widely and—in recent years—
increasingly used as agrochemicals, starting materials for
chemical syntheses and especially pharmaceuticals. This orig-
inates from the special properties the carbon-fluorine bond is
imposing on organic molecules. Hence, fluoro-substituted
compounds more and more are considered to be important
potential environmental contaminants. On the other hand,
the microbial potentials for their transformation and mineral-
ization have received less attention in comparison to other
haloaromatics. Due to the high electronegativity of the fluo-
rine atom, its small size, and the extraordinary strength of the
C-F bond, enzymes and mechanisms known to facilitate the
degradation of chloro- or bromoarenes are not necessarily
equally active with fluoroaromatics. Here, we review the lit-
erature on the microbial degradation of ring and side-chain
fluorinated aromatic compounds under aerobic and anaerobic
conditions, with particular emphasis being placed on the
mechanisms of defluorination reactions.
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Introduction

Unlike chlorinated, brominated and iodinated organic com-
pounds, organofluorines are rarely found in nature. While some
of these compounds, including fluoroaromatics, are formed abi-
otically by volcanic activity (Gribble 2002), only about 20 com-
pounds are known to be synthesized biogenically to date
(Walker and Chang 2014). In contrast, a wide variety of fluori-
nated chemicals is produced and processed industrially.

Fluoroaromatics are an important group of organofluorines
used as pesticides, pharmaceuticals, or starting materials for
synthesis thereof. As such, they are released into the environ-
ment deliberately, as metabolites of drug detoxification or
components of industrial waste waters. While substitution of
fluorine for hydrogen has only minor impact on steric de-
mand, the extreme electronegativity of the fluorine atom
(EN according to Pauling: F, 4.0; Cl, 3.0; Br, 2.8) and strength
of the carbon-fluorine bond (bond energies: CH3-F, 116 kcal/
mol; CH3-H, 99 kcal/mol; CH3-Cl, 81 kcal/mol; CH3-Br,
68 kcal/mol) can alter bioavailability and metabolic stability
drastically (Hiyama 2000; Purser et al. 2008). Substance prop-
erties like biological and chemical inertness are often consid-
ered beneficial in product design but affect behavior and de-
gradability in the environment as well.

The biodegradation of halogenated aromatic hydrocarbons
in general has been subject to extensive study. However, the
main focus has been placed on chlorinated and brominated
derivatives (see, for example, Reineke and Knackmuss
1988; Engesser and Fischer 1991; Schlömann 1994;
Häggblom et al. 2000; Pieper et al. 2010) with less attention
being paid to fluoroaromatics (Neilson and Allard 2002;
Natarajan et al. 2005; Murphy et al. 2009; Murphy 2010;
Zhang et al. 2012).

Due to the above-mentioned physical and chemical differ-
ences among the halogens, insights gained for one type of halo
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substituent are not necessarily valid for the others as well.
Here, we review the literature on the microbial degradation
of fluorinated mainly monocarbocyclic aromatic compounds
under aerobic and anaerobic conditions with special regard to
the dehalogenation mechanisms involved. The examples are
grouped according to aromatic ring or side chain fluorination.
Within these two major classes, mono- and polyfluorinated
compounds are distinguished and subdivided according to
their functional groups. The latter classification comprises car-
boxylic acids, phenols, arenes (meaning fluorinated benzenes
and biphenyls), anilines, quinolones, and a miscellaneous
class (including complex molecules used as herbicides and
insecticides).

Within all these cases, the transformation of the substrates
into fluorinated or initially defluorinated central metabolites of
the aromatic degradation pathways will be shown first. A de-
tailed discussion of these catecholic metabolites, highlighting
historical findings and recent insights regarding their metabol-
ic fate and degradability, will be given in a later section.

The degradation of fluorinated aromatic heterocyclic com-
pounds as well as the plant or animal metabolism of
fluoroaromatics is not within the scope of this review paper.

Definitions and general considerations

The term degradation is usually used to describe a variety of
very different processes: for example, the substrate in question
may either be mineralized completely or it may undergo par-
tial transformation before a non-utilizable metabolite is excret-
ed and accumulates in the medium. In some cases, this me-
tabolite is immobilized by bonding to matrix components like
humic acids.

While the original starting compound is eliminated in all
three alternatives, the latter two may produce metabolites that
are eventually even more problematic if purification of waste
air or water or remediation of a polluted environmental com-
partment is desired. Biodegradation sensu strictu, meaning
complete mineralization to CO2, H2O, and inorganic F

−, there-
fore has to be distinguished from the more general use of this
term describing mere biotransformation yielding organic
products which may not be further metabolized (dead-end
metabolites).

As a consequence, biodegradability cannot be deduced
from disappearance of the substrate alone. Several approaches
have been developed for the comprehensive assessment of the
fate of chemicals in the environment or under laboratory con-
ditions. Transformation can be followed by isotopic labeling
of specific carbon or hydrogen atoms. For this purpose, radio-
active (14C) as well as stable (13C, 2H) isotopes may be ap-
plied. Isotope ratios may also be used to distinguish biological
from chemical or physical processes if a mixture of 12C and
13C labeled molecules is present: Enzymes preferably convert

those molecules containing the 12C isotope, causing a differ-
ence in the 12C/13C ratios of the substrate and the product (see,
for example, Meckenstock et al. 2004).

In the case of fluorinated substrates, a stoichiometric re-
lease of the fluoride ion into the medium provides nearly con-
clusive evidence for complete degradability, since
dehalogenation is the most critical step in the biodegradation
of haloorganics. A partial release of fluoride, however, may
also occur by chemical transformation of halogenated dead-
end metabolites (Wunderwald et al. 2000).

One particularly important tool for biodegradation studies
with fluorinated compounds is the 19F NMR technique due to
several favorable properties of the 19F isotope: its high intrin-
sic sensitivity and the absence of 19F NMR relevant endoge-
nous compounds in biological systems which facilitate the
detection of fluorinated metabolites even at low concentra-
tions and with an excellent signal-to-noise ratio.
Furthermore, the 19F nucleus has a broader chemical shift
range than other nuclei (19F, about 500 ppm; 1H, 15 ppm;
13C, 250 ppm). Alterations of its molecular surroundings
cause severe and drastic changes in its chemical shift patterns
simultaneously reducing chance of peak overlap (Boersma
et al. 1998).

Growth with a substrate yielding an increase in biomass
concentration can easily be detected under laboratory condi-
tions. However, it may stem from partial degradation only and
is difficult to monitor under environmental conditions.
Growth does not fulfill the above definition of biodegradation
in the strictest sense due to the possibly partial use only of
carbon for biomass production instead of complete minerali-
zation. Since most biomass is readily degradable, this process
is classified as biodegradation nonetheless—as opposed to
humification processes in which a biochemically modified
metabolite is retained in the matrix over long periods of time.

Often, microorganisms are unable to use a specific sub-
strate as sole source of carbon and energy, but may convert
it partially or completely if a cosubstrate is supplied. This
cosubstrate may be a structurally related compound that, un-
like the substrate itself, induces enzymes suitable for transfor-
mation of both compounds (structure-driven cometabolism,
e.g., the cometabolic degradation of fluorobenzoates in the
presence of benzoate). In other cases, it is sufficient to provide
energy by feeding an easily degradable cosubstrate without
any structural similarity (energy-driven cometabolism, e.g.,
the cometabolic degradation of fluorobenzoates in the pres-
ence of or after preincubation with glucose).

Research with pure strains under laboratory conditions al-
lows the detailed description of biodegradation processes and
the catabolic pathways involved. It may, however, not assist in
predicting the fate of a certain contaminant in the Breal world^
environment, which is influenced by the much greater biodi-
versity found in nature and additional physical and chemical
factors that cannot precisely be simulated in vitro.
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Ring-fluorinated aromatic hydrocarbons

In haloaromatic compounds, the p-orbitals of the halogen sub-
stituents overlap with the π-electrons of the aromatic ring,
thereby increasing electron density in the system (positive
mesomeric effect). This is especially true for fluorine and less
important for the other halogens as has been shown for the
relative rates for 4-halocatechol turnover. Once cationoid tran-
sition states are reached during enzymatic reactions, a fluoro
substituent in comparison to other halogens may even accel-
erate the overall reaction (Engesser 1982). At the same time,
the halo-substituents withdraw electrons from the ring due to
their high electronegativity (negative inductive effect). The
latter effect frequently predominates, in particular if an ex-
tremely electronegative substituent like fluorine substituent
is present. The aromatic ring is deactivated and the electro-
philic attack of molecular oxygen—the first step in most aer-
obic aromatic degradation pathways—generally is impaired
(Guzik et al. 2013). The CF3-group (perfluoromethyl group),
however, does show a negative inductive influence only, with
no positive mesomeric effect being possible (Kieltsch 2008).

Elimination of fluorine as fluoride is a critical step in the
degradation of core-fluorinated aromatic compounds in order
to facilitate substrate breakdown and to avoid formation of
dead-end or toxic metabolites. It may occur during initial ox-
idation of the aromatic core or after cleavage of the aromatic
ring, spontaneously or by enzymatic activity.

Monofluorinated compounds

Carboxylic acids

The degradation of 2-fluorobenzoate has been a subject of
research for several decades. The compound is utilized as sole
source of energy and carbon by various bacterial strains
(Goldman et al. 1967; Engesser et al. 1980, 1990a; Hickey
and Focht 1990; Higson and Focht 1990; Kozlovsky et al.
1993; Emanuelsson et al. 2009; Duque et al. 2012). In other
cases, a cosubstrate is needed to achieve substantial degrada-
tion (Fewson et al. 1968; Clarke et al. 1975; Schreiber et al.
1980).

The aerobic degradation of 2-fluorobenzoate is initiated by
attack of a dioxygenase in 1,2- or 1,6-position, introducing
molecular oxygen into the aromatic core (Milne et al. 1968)
and yielding non-aromatic cyclohexadienediols (Fig. 1).

Early mechanistic suggestions for further transformation of
the product of 1 ,2-dioxygenat ion, 2-f luoro-3,5-
cyclohexadiene-1,2-diol-1-carboxylic acid, involved an anal-
ogous NAD+-dependent oxidation with a fluoride transfer to
NAD+ rather than hydride transfer (Clarke et al. 1975). This,
however, seems to be chemically impossible. Moreover, in
mutants lacking dienediol dehydrogenase activity, the
dienediol was shown to be chemically unstable, rearomatizing

spontaneously under formation of carbon dioxide, fluoride
and catechol (Engesser et al. 1980; Fetzner et al. 1992), the
latter being a common intermediate of aromatic hydrocarbon
degradative pathways. It is further metabolized by intradiol
(Bortho^) or extradiol (Bmeta^) cleavage of the aromatic ring.
Both pathways have been well studied (see BDegradation of
central metabolites^). Initial defluorination therefore facili-
tates further degradation of the xenobiotic compound along
these widely spread pathways without need for specialized
enzymes.

Dioxygenation in 1,6-position, however, does not induce
spontaneous dehalogenation during rearomatization. Instead,
highly reactive and toxic 3-fluorocatechol is formed by enzy-
matic decarboxylation and dehydrogenation. Catechol 1,2-
dioxygenases may, albeit very slowly, be able to cleave 3-
fluorocatechol in an ortho cleavage fashion. The thereby de-
rived product, 2-fluoromuconate, however, will in general not
be processed further by the enzymes of the ortho pathway in
essentially all microorganisms investigated (Schreiber et al.
1980; Schmidt and Knackmuss 1984; Engesser et al. 1990a;
Boersma et al. 2004).

As a consequence of the problems arising from 1,6-
dioxygenation, 1,2-dioxygenation is the predominant pathway
in strains that grow with 2-fluorobenzoate (Goldman et al.
1967; Engesser and Schulte 1989; Boersma et al. 2004).
Prolonged adaptation to the substrate was shown to effectively
select for change of regioselectivity patterns in favor of
dioxygenation at the 1,2-position rather than 1,6-position.
This shift was indicated by an increase in fluoride elimination
efficiency, evolving from <80 to 97 % of the stoichiometric
amount inPseudomonas sp. B13 (Engesser et al. 1980) and 42
to 83 % in another Pseudomonas species (Vora et al. 1988),
respectively. This change in regioselectivity of the initial
dioxygenation is only one of several thinkable strategies to
avoid poisoning by 3-fluorocatechol: others are the inactiva-
tion of the dehydrogenase catalyzing rearomatization of the 1,
6-dienediol (Alcaligenes eutrophus B9, Engesser et al. 1980),
or the fast and quantitative cleavage of 3-fluorocatechol to 2-
fluoromuconic acid (Schmidt and Knackmuss 1984). The
dead-end metabolites accumulating in the latter two cases
cannot be utilized for generation of biomass and energy, al-
though not being toxic to the bacteria either. Thus, the lesion
of the dienediol dehydrogenase gene in Alcaligenes eutrophus
B9 is an example of a genotypic loss being expressed as a
phenotypic gain under specific circumstances.

Anaerobic degradation of 2-fluorobenzoate has been ob-
served under denitrifying (Taylor et al. 1979; Vargas et al.
2000; Mechichi et al. 2002), sulfate-reducing (Drzyzga et al.
1994) and methanogenic conditions (Mouttaki et al. 2009).
Some denitrifiers are able to aerobically degrade the substrate
as well (Song et al. 2000, 2001). By contrast, Schennen and
coworkers observed growth with 2-fluorobenzoate in several
Pseudomonas strains under denitrifying conditions only.
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Fig. 1 Aerobic bacterial metabolism of benzoate and the isomeric
monofluorobenzoic acids. Reactions of the upper (benzoic acids>
catechols) and lower (catechols>TCA cycle) degradative pathway are
shown as an example of a complete pathway for the catabolism of
fluorinated aromatic compounds. Consumption or recovery of a
reductive equivalent is indicated by [2H] as a reaction substrate or
product, respectively. The degradative pathways for fluorinated and

non-fluorinated compounds converge at the stage of 3-oxoadipate.
B12O, benzoate 1,2-dioxygenase; DHBD, dihydrodihydroxybenzoate
dehydrogenase; C12O , catechol 1,2-dioxygenase; CC12O ,
chlorocatechol 1,2-dioxygenase;MCI, muconate cycloisomerase; CMCI,
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Ligation of CoA to the carboxyl group was determined to be
the first step in benzoate and 2-fluorobenzoate degradation.
Substrate specificity analysis revealed that the ATP dependent
benzoyl-CoA synthetase was unable to discriminate between
benzoate and the sterically similar monofluorobenzoates.
Other 2-halobenzoates were not degraded and were trans-
formed at much slower rates by benzoyl-CoA synthetase in
crude extracts (Schennen et al. 1985). A similar influence of
substituent size on the rate of substrate turnover by benzoate 1,
2-dioxygenase has been shown under aerobic conditions
(Reineke and Knackmuss 1978).

Azoarcus evansii KB740 (formerly assigned to the
Pseudomonas genus) utilized 2-fluorobenzoate as a sole sub-
strate under denitrifying conditions, too (Ziegler et al. 1987,
1989; Anders et al. 1995). Anaerobic growth with 2-
aminobenzoate induced two 2-aminobenzoate-CoA ligases
and with benzoate as a substrate, a benzoate CoA ligase was
induced. All three enzymes showed a high activity with 2-
fluorobenzoate (Altenschmidt et al. 1991). The anaerobically
induced benzoate-CoA ligase was not related to the isoen-
zyme from aerobically grown cells (Altenschmidt et al. 1993).

Due to the stability of the haloarene bond, a direct
dehalogenation reaction in native aromatic systems does not
seem to be possible by definition. In anaerobic environments,
no molecular oxygen is available which could very effectively
destroy the haloarene system by activation to a non-aromatic
system. As seen with chlorinated substrates (Löffler et al.
1995), a direct dehalogenation of halogenated aromatics under
conditions of hydride transfer seems to be chemically impos-
sible. Therefore, haloarenes have to be activated, for example,
by addition of CoA to the carboxyl group. After derivatiza-
tion, a mesomerically active system is generated, allowing
attack of hydride (see Fig. 2).

3-Fluorobenzoate may serve as a single growth substrate
as well (Engesser et al. 1990a; Zaitsev et al. 1995; Boersma
et al. 2004; Emanuelsson et al. 2009; Duque et al. 2012) or be
cooxidized with structurally related or nonrelated sources of
carbon and energy (Fewson et al. 1968; Clarke et al. 1975). It
is initially dioxygenated in 1,2- or 1,6-position under aerobic
conditions (Fig. 1). The resulting, still fluorinated
cyclohexadienediols are decarboxylated by a dehydrogenase,
forming fluorinated catechols.

In the case of initial 1,2-dioxygenation, the dehydrogena-
tion product is 3-fluorocatechol which, as mentioned above,
tends to accumulate in the medium and damage the culture.
Otherwise, it is transformed into 2-fluoromuconate by ortho
cleavage of the aromatic ring. Dioxygenation in 1,6-position
produces 4-fluorocatechol which—at least theoretically—can
be used productively by many bacterial strains. Via ortho
cleavage, 3-fluoromuconic acid is formed, which, in compar-
ison to the 2-fluorinated derivative, is readily degradable.

Like in 2-fluorobenzoate degradation, regioselectivity of
the initial dioxygenation determines the degree of 3-
fluorobenzoate degradation that can be achieved by non-
specialized benzoate degraders. While dioxygenation in 1,2-
position is favorable in 2-fluorbenzoate degradation, only 1,6-
dioxygenation of 3-fluorobenzoate leads to a readily degrad-
able catecholic metabolite. Consequently, dioxygenation in 1,
6-position was identified as the major pathway in bacteria
growing with 3-fluorobenzoate (Engesser et al. 1990a;
Boersma et al. 2004). Interestingly, these conflicting strategies
seem to impair a simultaneous evolution toward improved
degradation of both 2- and 3-fluorobenzoate. BNormal^ ben-
zoate dioxygenases are sterically comparatively Bclosed^ (i.e.,
possess a narrow Bpocket^) in 2-position but Bopen^ in 3-
position (Reineke and Knackmuss 1978). In the present case,
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system against a nucleophilic attack of hydride ion is bypassed,
facilitating fluoride elimination. The actual attacking species (e.g.,
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eliminated. This mechanistic hypothesis is supported by the observation
that many fluorobenzoic acid degraders metabolize only the 2- and 4-
fluorinated isomers under anaerobic conditions
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it should shift sterical pattern to narrow space in 3-position
and specifically open in 5-position. These speculations, how-
ever, have never been proven by spatial analysis of the oxy-
genase proteins.

Under denitrifying conditions , enrichment of
monofluorobenzoate-degrading strains by Song and co-
workers yielded a variety of 2- or 4-fluorobenzoate degraders,
but none that could use 3-fluorobenzoate as sole source of
carbon and energy. However, some of the strains obtained
grew with 3-fluorobenzoate under aerobic conditions (Song
et al. 2000, 2001). This exceptional behavior may be ex-
plained by analysis of Fig. 2, as fluoride liberation from an
activated, reduced, non-aromatic system seems not to be fa-
cilitated in case of 3-fluorobenzoate due to mesomeric con-
straints. Instead, the systemwould tend to rearomatize without
halide removal.

Crude extracts of denitrifying A. evansii KB740 grown with
benzoate converted 3-fluorobenzoate to 3-fluorobenzoyl-CoA
(Schennen et al. 1985). The two 2-aminobenzoate-CoA ligases
and the benzoate-CoA ligase from strain KB740 were shown to
catalyze this reaction, albeit at a lower rate compared to the
respective reactions with 2- or 3-fluorobenzoate (Ziegler et al.
1989; Altenschmidt et al. 1991).

CoA thioester synthesis was also observed during incuba-
tion of 3-fluorobenzoate with cell extract from 3-chloro- or 3-
bromobenzoate-grown denitrifying Thauera chlorobenzoica.
While 3-chloro- and 3-bromobenzoyl-CoAwere further trans-
formed to benzoyl-CoA, the extract dehalogenated the 3-
fluoro derivative only to a minor extent. Instead, a fluorinated
cyclic dienoyl-CoA compound was produced and fluorinated
dead-end metabolites accumulated (Kuntze et al. 2011). The
same pattern was also observed when 3-fluorobenzoyl-CoA
was incubated with benzoyl-CoA-reductase from Thauera
aromat i ca K172 (Kun t ze e t a l . 2011 ) . The 3 -
hydroxybenzoate CoA ligase from 3-hydroxybenzoate-
grown K172 transformed 3-fluorobenzoate at only 4 % of
the rate obtained with the growth substrate (Laempe et al.
2001).

A methanogenic diculture of Syntrophus aciditrophicus
and Methanospirillum hungatei was able to transform 3-
fluorobenzoate cometabolically with crotonate as a
cosubstrate (Mouttaki et al. 2009). Of the 3-fluorobenzoate
supplied, 26 % was transformed, and stoichiometric amounts
of benzoate and fluoride were detected. Furthermore, a 1-
carboxy-3-fluorocyclohexadiene with unspecified positions
of the double bonds was found as an intermediate.

Growth with 4-fluorobenzoate has been reported for nu-
merous bacterial strains (Vora et al. 1988; Zaitsev et al. 1995;
Carvalho et al. 2005; Emanuelsson et al. 2009; Misiak et al.
2011; Hoskeri et al. 2011; Duque et al. 2012; Hatta et al.
2012). Others were shown to cometabolize it employing aro-
matic or non-aromatic cosubstrates for growth (Ali et al. 1962;
Fewson et al. 1968; Clarke et al. 1975; Mc Cullar et al. 2002).

Like the other monofluorobenzoates, 4-fluorobenzoate is
initially attacked by a dioxygenase at the carbon carrying the
carboxy group (C-1) and an adjacent carbon atom, forming 4-
fluoro-3,5-cyclohexadiene-1,2-diol-1-carboxylic acid
(Schreiber et al. 1980; Boersma et al. 2004, see Fig. 1). Via
dehydrogenation and decarboxylation, 4-fluorocatechol is
produced and further degraded by ortho cleavage and forma-
tion of 3-fluoromuconic acid (Harper and Blakley 1971b;
Engesser et al. 1990a; Schlömann et al. 1990a; Perez-
Pantoja et al. 2009; Hasan et al. 2011). The risk of formation
of toxic 3-fluorocatechol and non-degradable 2-
fluoromuconic acid present in 2- or 3-fluorobenzoate degra-
dation naturally does not play a role in 4-fluorobenzoate
degradation.

As an alternative to defluorination after ring cleavage, fluo-
rine may also be eliminated initially during the first steps of
degradation. Oltmanns and coworkers isolated several
Pseudomonas and Alcaligenes sp. strains degrading 4-
fluorobenzoate via 4-fluorocatechol as described above.
Aureobacterium sp. strain RHO25, however, produced 4-
hydroxybenzoate as the first intermediate, which was then
hydroxylated by a 4-hydroxybenzoate-3-hydroxylase to form
protocatechuate. By this initial defluorination reaction, this
strain obviously prevents any toxic effects caused by possible
accumulation of 4-fluorocatechol (Oltmanns et al. 1989).
Energetically however, this strategy seems unfavorable com-
pared to initial dioxygenation leading to 4-fluorocatechol.
Here, the reducing equivalent required for dioxygenation is
recovered in the following dehydrogenation step (see
Fig. 1). A fluorocatechol-avoiding pathway would make more
sense in degradation of 3-fluorobenzoate since an initial
dioxygenation reaction may lead to toxic or dead-end metab-
olites in this case.

Degradation of 4-fluorobenzoate has been observed in a
number of denitrifying bacteria. Song and coworkers isolat-
ed various strains growing anaerobically on 4-fluorobenzoate,
some of whom were able to utilize the substrate under aerobic
conditions as well (Song et al. 2000, 2001). Complete
defluorination of and growth with 4-fluorobenzoate was re-
ported to occur in a denitrifying mixed culture (Vargas et al.
2000). Pseudomonas PN-1 could not utilize the substrate
alone, but resting cells defluorinated 2- and 4-fluorobenzoate
after anoxic growth with 4-hydroxybenzoate. While 2-
fluorobenzoate was attacked immediately, 4-fluorobenzoate
transformation happened only after a lag phase and was
inhibited by chloramphenicol, indicating that at least one ad-
ditional enzyme was needed for conversion of the latter sub-
strate (Taylor et al. 1979). A. evansii strain KB740 did not
grow with 4-f luorobenzoate ei ther. However, 4-
fluorobenzoyl-CoA was produced by the crude extract of
benzoate-grown KB740 and by its purified benzoate- and 2-
aminobenzoate-CoA ligases (Schennen et al. 1985; Ziegler
et al. 1987, 1989; Altenschmidt et al. 1991). The same
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reaction was catalyzed by 4-chlorobenzoate-CoA ligase from
Arthrobacter sp. TM-1 grown aerobical ly on 4-
chlorobenzoate (Zhou et al. 2004). The 3- and 4-
hydroxybenzoate-CoA ligases from T. aromaticaK172 exhib-
ited a very low activity with 4-fluorobenzoate compared to the
respective hydroxybenzoates (Biegert et al. 1993; Laempe
et al. 2001).

Under sulfate-reducing conditions, 4-fluorobenzoate was
used as sole source of carbon and energy by a diculture of
s t ra ins belonging to the Desul fo tomaculum and
Desulfovibrio genera (Drzyzga et al. 1994).

Comparably few strains which degrade or transform car-
boxylic acids other than the monofluorobenzoates have been
described in literature.

The degradation of 4-fluorocinnamic acid, a common re-
agent in the synthesis of pharmaceuticals, was investigated by
New and coworkers. The substrate was completely converted
by activated sludge, and 4-fluoroacetophenone as well as 4-
fluorobenzoic acid were detected as metabolites. However,
only 14.2 % of the fluoride expected to accumulate in the case
of complete mineralization was recovered from the medium
(New et al. 2000). The same intermediates, but no
defluorination were found by Freitas dos Santos et al. (2001)
whereas Creaser et al. (2002) observed a fluoride release of
approximately 80 %.

Severa l pa thways have been proposed for 4-
fluorocinnamic acid degradation: one possibility is initial
monooxygenation of the double bond with formation of an
epoxide. After decarboxylation, it isomerizes to form 4-
fluoroacetophenone which is then transformed into 4-
fluorobenzoic acid (Creaser et al. 2002). Another proposal
suggests initial decarboxylation, oxidation of the double bond
to form a diol and, after a loss of H2O, an epoxide which is
further processed as described above (New et al. 2000).
Arthrobacter sp. strain G1 utilizes 4-fluorocinnamic acid as
sole source of carbon and energy. However, only the C1 and
C2 of the side chain are used for growth and 4-fluorobenzoate
is excreted, which can be degraded by other strains along the
above-discussed pathway via 4-fluorocatechol (Hasan et al.
2011). In strain G1, degradation of 4-fluorocinnamic acid
s t a r t s w i t h f o rma t i on o f a CoA adduc t by 4 -
fluorocinnamoyl-CoA ligase. This intermediate is hydrated
and then dehydrogenated, forming 4-fluorophenyl-β-keto-
propionyl-CoA. By thiolase activity, 4-fluorobenzoyl-CoA is
formed, which is then converted to 4-fluorobenzoic acid. In
this pathway, 4-fluoroacetophenone arises only as a dead-end
side product.

Recently, complete mineralization of 4-fluorocinnamic ac-
id by a single bacterial strain was observed. Rhodococcus sp.
strain S2 was reported to produce 4-fluorobenzoic acid and
trans,trans-muconic acid during growth with this substrate
(Amorim et al. 2014a). The degradation of 4-fluorocinnamic
was therefore suggested to occur by transformation of 4-

fluorobenzoic acid to 4-hydroxybenzoic acid and
protocatechuate as observed by Oltmanns et al. (1989). Via
ortho cleavage, 3-carboxymuconate might be formed and then
converted to trans,trans-muconic acid, a compound observed
for the first time as an intermediate in aromatic hydrocarbon
degradation (Amorim et al. 2014a). However, other pathways
of trans,trans-muconic acid formation could not be excluded.
Since muconate cycloisomerases generally are known to
transform only the cis,cis-isomer at reasonable rates (Sistrom
and Stanier 1954; Schmidt et al. 1980), an alternative expla-
nation such as chemical isomerization of a precursor cis,cis-
muconate to the trans forms or the formation of trans,trans-
muconic acid as a minor side product and dead-endmetabolite
seems much more probable than a productive utilization of
this unusual stereoisomer.

Crawford and coworkers described a Bacillus brevis strain
able to grow with 5-fluorosalicylate and 5-chlorosalicylate
(Crawford et al. 1979). The latter substrate was initially
dioxygenated in 1,2-position in a reaction analogous to the
one catalyzed by gentisate 1,2-dioxygenase. The ring-fission
product was postulated to undergo nonenzymatic
lactonization. The following dechlorination step appeared to
be enzyme mediated, since crude extracts and partially puri-
fied dioxygenase rapidly formed non-halogenated
maleylpyruvate from 5-chlorosalicylate, whereas in incuba-
tions containing further purified dioxygenase enzyme only
slow chemical dechlorination was observed. Salicylate 1,2-
dioxygenase from Pseudaminobacter salicylatoxidans BN12
converted 5-fluorosalicylate and 5-chlorosalicylate to unstable
ring-fission products as well (Hintner et al. 2004). The first
intermediate that could be detected was a dehalogenated
dienelactone which was then hydrolyzed to maleylpyruvate.
Surprisingly, 5-fluorosalicylate was oxidized at higher rates
than salicylate by resting cells of strain BN12 grown with 6-
aminonaphthalene-2-sulfonate and yeast extract. Unlike the 5-
chlorosalicylate 1,2-dioxygenase from B. brevis (Crawford
et al. 1979), salicylate 1,2-dioxygenase from strain BN12
was also able to oxidize gentisate; and both enzymes were
found to be closely related to gentisate 1,2-dioxygenases.
Thus, their activities represent an alternative strategy for deg-
radation of halogenated aromatic compounds, in which ring
fission is facilitated by enzymes that usually require a para-
dihydroxylated substrate.

Mineralization of 4-fluorophenylacetic acid by a
Pseudomonas sp. strain was studied by Harper and Blakley
(1971a, c). By means of an unknown and seemingly rather
unplausible ring-fission mechanism, 3-fluorohex-3-enedioic
acid was formed. Similar to muconic acids, this compound
was suggested to lactonize, forming two different products, a
3-fluoro- and a 4-fluorolactone. During hydrolysis of the 4-
fluorinated lactone, HF is eliminated and β-ketoadipic acid,
an intermediate in the common β-ketoadipate pathway for
degradation of aromatic hydrocarbons, is formed.
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Delactonization of the 3-fluoro derivative yields a more stable
intermediate which can be oxidized to 4-fluoro-3-ketoadipic
acid. In this case, fluorosuccinic acid is formed after elimina-
tion of acetyl-CoA. This xenobiotic compound is likely proc-
essed by the normal enzymes of the TCA cycle and fluorine is
eliminated from 2-fluoromalate (Harper and Blakley 1971c).
Intermediates of both possible pathways were isolated from
culture media (Harper and Blakley 1971a).

Cells of Nocardia erythropolis strain CA4 grown with 4-
nitrobenzoate were able to oxidize 2-fluoro-4-nitrobenzoic ac-
id (Cain et al. 1968). While the nitrogen from the nitro group
was completely recovered from the medium in the form of
ammonia, defluorination did not occur. Instead, 2-
fluoroprotocatechuate was found, which was further metabo-
lized into fluoroacetate. In mammalian as well as bacterial
cells, citrate synthase transforms fluoroacetate into
fluorocitrate, a potent inhibitor of the enzyme aconitase and
thus TCA cycle activity (Blethal synthesis,^ Peters 1952; Cain
et al. 1968).

In mutants of Pseudomonas testosteroniNH1000 defective
in the phthalate degradation pathway, 3-fluorophthalic acid
acted as an inducer of phthalic acid catabolic enzymes. The
substrate was dioxygenated to form cis-3-fluoro-4,5-dihydro-
4,5-dihydroxyphthalic acid and then dehydrogenated to 3-
fluoro-4,5-dihydroxyphthalic acid. Subsequent decarboxyl-
ation yielded 2-fluoroprotocatechuic acid and 5-
fluoroprotocatechuic acid. The decarboxylase exhibited no
preference toward one of the carboxyl groups, indicating that
the fluorine substituent is not recognized. Neither the mutants
nor the wild type strain utilized 3-fluorophthalic acid as a
growth substrate (Martin et al. 1987).

Phenols

In most cases, the first step in aerobic degradation of 2-
fluorophenol is monooxygenation at the C-2 or C-6 position
relative to the hydroxyl moiety. The former alternative repre-
sents a favorable oxidative initial defluorination accompanied
by formation of unsubstituted catechol. In the latter case, no
dehalogenation occurs and toxic 3-fluorocatechol is formed.

In many bacterial and fungal strains, both pathways are
active, with differing regioselectivities of the respective hy-
droxylating enzyme: the ratio of C-2:C-6 oxygenation was
80:20 in Rhodococcus opacus strain 1G (Bondar et al.
1999), 50:50 in Gloeophyllum striatum DSM 9592 (Kramer
et al. 2004), 29:71 in Trichosporon cutaneum CBS-2466
(Peelen et al. 1995), and 9:91 in Penicillium simplicissimum
SK9117 (Marr et al. 1996). An absolute (0:100) preference of
the unfavorable 3-fluorocatechol generating pathway was
seen in Penicillium frequentans Bi 7/2 (Hofrichter et al.
1994), Bacillus thermoleovorans (Reinscheid et al. 1996),
Rhodococcus sp. strain FP1 (Duque et al. 2012) as well as in
Burkholderia fungorum strain FLU100 (Strunk and Engesser

2013). Moreover, further hydroxylated by-products like
fluorohydroquinone or fluoropyrogallols may be formed
(Finkelstein et al. 2000; Kim et al. 2010).

Most of these organisms required a cosubstrate for conver-
sion of 2-fluorphenol, and the 3-fluorocatechol formed or its
ortho ring-fission product, 2-fluoromuconic acid, at least tran-
siently accumulated in the medium. Rhodococcus sp. strain
FP1, however, was able to grow—albeit very slowly (1 mM
within ca. 5 days)—with this substrate (Duque et al. 2012).
The authors even claimed growth with 3-fluorocatechol, indi-
cating a degradation pathway previously thought to be unpro-
ductive, and their findings were seemingly supported by the
growth of B. fungorum FLU100 on 3-fluorocatechol (Strunk
and Engesser 2013). Due to its toxicity and autoxidability,
however, growth with 3-fluorocatechol would be expected to
be difficult to measure.

Degradation of both 2-fluorophenol and 3-fluorocatechol
was furthermore reported to occur in acclimated activated
sludge (Chaojie et al. 2007a). The degradative pathway for
2-f luorophenol was suggested to proceed via 3-
fluorocatechol and productive use of 2-fluoromuconic acid,
because no unsubstituted catechol was found in the medium,
3-fluorocatechol was formed only transiently, and no accumu-
lation of fluoromuconic acid was observed despite catechol 1,
2-dioxygenase activity in the culture. Substrate concentrations
of more than 50 mg/l inhibited degradation of 2-fluorophenol
by this sludge as well as by a reactor bioaugmented with
Rhodococcus sp. strain FP1 (Duque et al. 2011).

Apart from strain FP1, few 2-fluorophenol degraders have
been reported. Duque and coworkers isolated several more 2-
fluorophenol utilizing strains from the above-mentioned bio-
reactor belonging to the Acinetobacter, Rhodococcus,
Sinorhizobium, Pimelobacter, and Microbacterium genera
(Duque et al. 2014). Another Rhodococcus sp. strain (GM-
14) was isolated by Zaitsev et al. (1995). The fungi
P. simplicissimum SK9117 (Marr et al. 1996) and Pisolithus
tinctorius (Franco et al. 2014) grew with 2-fluorophenol, but
achieved only partial degradation even if phenol and glucose,
respectively, were supplied as cosubstrates.

Anaerobic degradation of 2-fluorophenol was described
for methanogenic cultures. Londry and Fedorak observed
97 % fluorine elimination by a phenol induced consortium
(Londry and Fedorak 1993). Sharak Genthner and coworkers
found evidence that, in the presence or absence of phenol,
conversion of 2-fluorophenol was initiated by introduction
of a carboxyl group in p-position respective to the hydroxyl
group (Sharak Genthner et al. 1990). The product, 3-fluoro-4-
hydroxybenzoic acid, was then transformed into 3-
fluorobenzoic acid which was not further metabolized. The
elimination of the hydroxyl group and introduction of the
carboxyl group has been demonstrated to be the main pathway
for anaerobic phenol degradation. This represents a typical
example in which substitution of hydrogen by fluorine may
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create valuable insight into the mechanism of substrate degra-
dation due to efficient inhibition of turnover at later steps of
metabolism.

Similar to 2-fluorophenol, 3-fluorophenol is initially hy-
droxylated at the C-2 or C-6 position. However, concomitant
dehalogenation is not possible in either case and hydroxyl-
ation yields 3-fluorocatechol (C-2, unfavorable) or 4-
fluorocatechol (C-6, favorable), respectively. In most 3-
fluorophenol converting organisms, a mixture of both cate-
chols is produced. The ratio of C-2:C-6 hydroxylation was
83.5:16.5 in B. fungorum strain FLU100 (Strunk and
Engesser 2013), 29:71 in T. cutaneum CBS-2466 (Peelen
et al. 1995), and 0:100 in Pseudomonas putida strain F6
(Brooks et al. 2004). In the yeast-like fungus Exophiala
jeanselmei CBS 658.76, 4-fluorocatechol was the main
catecholic intermediate formed (Boersma et al. 1998).
Chaojie and coworkers found the hydroxylation ratio in accli-
mated activated sludge to be pH dependent. At pH 7.5, no 4-
fluorocatechol was detected. When the pH value was 7.0, the
C-2/C-6 hydroxylation ratio was 7.9. Along with decreasing
pH value, the ratio shifted further toward 4-fluorocatechol
formation, with a C-2/C-6 hydroxylation ratio of 1.7 at
pH 6.0 (Chaojie et al. 2007a, b).

R. opacusGM-14was able to utilize 3-fluorophenol as sole
source of carbon and energy (Zaitsev et al. 1995), but no
indication of the pathway was given. B. fungorum FLU100
mineralized the substrate with a concomitant fluoride release
of 98% although the strain had been shown to produce mainly
3-fluorocatechol. P. tinctorius degraded 3-fluorophenol in the
presence or absence of glucose as a cosubstrate, but without
fluorine elimination (Franco et al. 2014). P. simplicissimum
SK9117 achieved only partial defluorination when utilizing
3-fluorophenol alone. Addition of phenol as a cosubstrate in-
creased both the rate and completeness of dehalogenation
(Marr et al. 1996).

Besides the formation of 3- and 4-fluorocatechol, further
hydroxylation reactions may be catalyzed by 3-fluorophenol
monooxygena t ing enzymes . In Pseudonocardia
benzenivorans, 2-fluorohydroquinone was detected as an ad-
ditional product (Kim et al. 2010), and in R. opacus 1cp, 4-
fluorocatechol was hydroxylated to form 5-fluoropyrogallol
(Finkelstein et al. 2000). Tyrosinase from Streptomyces
antibioticus, an enzyme known to catalyze the ortho-hydrox-
ylation of monophenols and the subsequent oxidation of
diphenols to quinones, converted 3-fluorophenol into 4-
fluorinated 1,2-benzoquinone which then underwent nonen-
zymatic polymerization reactions, thereby releasing about
50 % of the fluorine contained. As an alternative, the
fluoroquinone can be chemically converted to 4-
fluorocatechol in the presence of reducing agents like ascorbic
acid (Battaini et al. 2002).

Under anaerobic conditions, 3-fluorophenol conversion
took place only when phenol was supplied as a cosubstrate.

Seventy-five percent defluorination was observed in a me-
thanogenic consortium by Londry and Fedorak (1993).
Another methanogenic culture transformed 3-fluorophenol in-
to 2-fluorobenzoate, but only at a limited extent (3 %) (Sharak
Genthner et al. 1990).

Hydroxylation of 4-fluorophenol in ortho position relative
to the hydroxyl group yields only one product, 4-
fluorocatechol, which is then transformed into 3-
fluoromuconic acid and defluorinated after lactonization.
These reactions have been shown to be the first degradation
steps in 4-fluorophenol mineralizing strains P. benzenivorans
(Kim et al. 2010) and B. fungorum FLU100 (Strunk and
Engesser 2013). During cometabolic conversion of 4-
fluorophenol with phenol, the fungi E. jeanselmei and
P. frequentansBi 7/2 metabolized the substrate along the same
pathway under complete defluorination (Hofrichter et al.
1994; Boersma et al. 1998). R. opacus 1cp coinduced with
phenol and 4-fluorophenol excreted 4-fluorocatechol and 5-
fluoropyrogallol, which was then dioxygenated to form a
product tentatively identified as 2-pyrone-4-fluoro-6-carbox-
ylate. No fluoropyrogallol was formed after induction with
phenol alone, indicating that different phenol hydroxylases
were induced in the presence or absence of 4-fluorophenol
(Finkelstein et al. 2000). 4-Fluorocatechol was detected as a
metabolite in 4-fluorophenol degrading activated sludge
(Chaojie et al. 2007a), indicating mere partial transformation.

Tyrosinase from S. antibioticus converted 4-fluorophenol
into 4-fluoro-1,2-benzoquinone which then polymerizes and
releases about 50 % of the fluorine contained. Alternatively,
it may be chemically converted to 4-fluorocatechol in the
presence of a reducing agent (Battaini et al. 2002). In con-
trast, Brooks and coworkers suggested 4-fluorocatechol to
be the first product of the oxidation of 4-fluorophenol by
P. putida F6 tyrosinase, which is then transformed into 4-
fluoro-1,2-benzoquinone by the same enzyme (Brooks et al.
2004). The 4-hydroxyphenylacetate 3-hydroxylase from
Escherichia coli W catalyzed only the first step, yielding
4-fluorocatechol from 4-fluorophenol. For both enzymes,
the rate of substrate transformation decreased with increas-
ing size of the halogen substituent, indicating a similar
effect of the halogen substituent on the activity of two
mechanistically different enzymes (oxidase vs. oxygenase)
(Brooks e t a l . 2004; Coulombel e t a l . 2011) .
Chloroperoxidase from Caldariomyces fumago catalyzed
the oxidative dehalogenation of p-halophenols, although
its primary biological function is the chlorination, bromina-
tion, and iodination (but not fluorination) of aliphatic sub-
strates. A fluorophenol dimer and 1,4-benzoquinone were
formed as the major and minor products, respectively
(Osborne et al. 2006). In contrast, Murphy found 1,4-ben-
zoquinone as the main product of chloroperoxidase activity
and a variety of—partially defluorinated—dimers and tri-
mers as side products (Murphy 2006).
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1,4-Benzoquinone, as well, was formed through
monooxygenation of 4-fluorophenol utilized as a growth sub-
strate by Arthrobacter sp. strain IF1. By chemical or enzymat-
ic reductive activities, hydroquinone was produced and then
hydroxylated to form 1,2,4-trihydroxybenzene. The latter in-
termediate was suggested to be the ring-fission substrate, giv-
ing 3-hydroxymuconate after ortho cleavage, which could
then be transformed into maleylacetate and finally 3-
oxoadipate (Ferreira et al. 2008, 2009). Previously, the forma-
tion of hydroquinone from 4-fluorophenol had been reported
to occur in 4-chlorophenol grown Arthrobacter ureafaciens
CPR706 (Bae et al. 1996).

Growth with 4-fluorophenol was further observed in
R. opacus GM-14 (Zaitsev et al. 1995) and Labrys
portucalensis strain F11 (Carvalho et al. 2005, 2008).
P. simplicissimum was able to utilize the substrate alone, but
degradation rates were increased and complete defluorination
was only achieved when phenol was added as a cosubstrate
(Marr et al. 1996).

Arenes

Utilization of fluorobenzene as sole source of carbon and energy
was first indicated for several Alcaligenes and Aureobacterium
strains (Oltmanns et al. 1989) and Burkholderia kururiensis
strain KP23T (Zhang et al. 2000). Its complete mineralization,
however, was observed only later in a consortium of three strains
(Carvalho et al. 2002). While none of these strains could grow
with the substrate in the absence of the others, L. portucalensis
strain F11 - isolated by the same workgroup - was able to min-
eralize fluorobenzene alone (Carvalho et al. 2005, 2008). Via
dioxygenation, strain F11 transformed fluorobenzene into 4-
fluorocatechol and catechol at a ratio of 2:1. Both were cleaved
in ortho position. Degradation of fluorobenzene by strain F11
was accelerated by addition of Fe2+ ions and slowed down by
addition of Cu2+ or Ag+. The latter two heavy metal ions appear
to inhibit the ortho pyrocatechase of strain F11, since catechol
and 4-fluorocatechol accumulated in the medium (Moreira et al.
2013).

Cometabolic conversion of fluorobenzene was reported by
Gibson et al. (1968). Toluene-grown P. putida transformed the
substrate into 3-fluorocatechol. No further degradation of this
metabolite occurred; instead, a brown coloring of the medium
indicated autooxidation. Strunk and Engesser (2013) de-
scribed productive degradation of fluorobenzene via
dioxygenation to 3-fluorocatechol. B. fungorum strain
FLU100 mineralized the substrate after ortho fission of the
aromatic ring, producing 2-fluoromuconate, an intermediate
commonly thought to be a dead-end metabolite in
fluoroaromatic degradation (Strunk and Engesser 2013).
Fluorobenzene was almost exclusively (98.8 %) converted
to 3-fluorocatechol by a FLU100 transposon mutant being
defective in the catechol dioxygenase gene. When 3-

fluorocatechol was offered as a substrate to the wild type in
a resting cell experiment, 95 % of the stoichiometrically ex-
pected amount of fluoride could be detected in the culture
medium.

Complete mineralization of fluorobiphenyls by a single
strain has not been observed to date. Pseudomonas
pseudoalcaligenes KF707 was able to grow with 2-
fluorobiphenyl and 4-fluorobiphenyl (Murphy et al. 2008).
However, the strain obtained the energy and carbon needed
from the non-fluorinated aromatic ring predominantly, and 2-
fluorobenzoate or 4-fluorobenzoate, respectively, accumulat-
ed in the medium. These metabolites were only partially
defluorinated (35 and 25 %) and did not serve as growth
substrates themselves.

Transformation of 14C labeled 4-fluorobiphenyl in soil was
observed by Green et al. (1999a). Over 80 % of the
fluorobiphenyl supplied were eliminated by volatilization, in-
corporation into the soil organic matter, or at least partial deg-
radation as indicated by the detection of 14CO2. Addition of
biphenyl as a cosubstrate increased the transformation rate.
Green et al. (1999b) reported conversion 4-fluorobiphenyl
by mycorrhizal fungi after growth with glucose. Tylospora
fibrillosa transformed >80 % of the substrate, and 4′-hy-
droxy-4-fluorobiphenyl and 3′-hydroxy-4-fluorobiphenyl
were identified as metabolites. Other fungi which degraded
4-fluorobiphenyl were Thelophora terrestris (>65 %),
Suillus variegatus (>50 %), and Hymenoscyphus ericae
(>20 %), producing a similar metabolite pattern. Likewise,
Cunninghamella elegans grown with Sabouraud dextrose
broth transformed 2-fluorobiphenyl and 4-fluorobiphenyl into
mono- and dihydroxylated derivatives. In the case of 4-
fluorobiphenyl, sulfate and β-glucuronide conjugates were
detected as well (Amadio and Murphy 2010).

Under sulfate-reducing conditions, 4-fluorobiphenyl was
cometabolically transformed by a biphenyl degrading mixed
culture and 4-fluorobiphenyl carboxylic acid was detected as a
metabolite (Selesi and Meckenstock 2009).

C. elegansATCC 36112 growing with Sabouraud dextrose
broth converted 1-fluoronaphthalene. After initial
monooxygenation yielding an epoxide in the 3,4- or 5,6-posi-
tions, trans-dihydrodiols were produced by the fungal cyto-
chrome P-450 epoxide hydrolase. Alternatively, the epoxide
can rearrange non-enzymatically to give 4- or 5-hydroxy-1-
fluoronaphthalene. These metabolites underwent detoxifica-
tion by formation of glucoside, sulfate, and glucuronide con-
jugates. No initial epoxidation of the fluorinated double bond
was observed (Cerniglia et al. 1984).

Anilines

Fluoroanilines can be utilized as sole sources of carbon, ener-
gy, and nitrogen by various bacterial strains. L. portucalensis
F11 grew with all three monofluoroanilines; however,
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degradation and dehalogenation were enhanced by addition of
ammonia as a nitrogen source and induction of cells with
fluorobenzene. Complete conversion of the supplied 2-
fluoroaniline and stoichiometric release of fluoride was ob-
served under these conditions (Amorim et al. 2013).
Ralstonia sp. strain FD-1 degraded and completely
defluorinated 500 mg/l 4-fluoroaniline within 20 h without
an additional nitrogen source. 3-Fluoroaniline was utilized
as a growth substrate as well and 2-fluoroaniline was degraded
cometabolically with 4-fluoroaniline (Song et al. 2014).
Growth with 4-fluoroaniline was further reported for
Moraxella sp. strain G (Zeyer et al. 1985) and a mixed culture
which had been enriched using sucrose as an additional car-
bon source (Zhao et al. 2015).

Cometabolic transformation of 4-fluoroaniline by
Pseudomonas sp. AW-2 mutant B-9 with aniline as a
cosubstrate yielded 4-fluorocatechol (Kodama et al. 1997).
Acine tobac ter bay ly i GFJ2 conver ted a l l th ree
monofluoroanilines when succinate and yeast extract were
supplied as cosubstrates. During degradation of 4-
chloroaniline, 4-chlorocatechol was detected in the medium
(Hongsawat and Vangnai 2011). Similarly, Moraxella sp.
strain G produced 4-chlorocatechol from 4-chloroaniline
(Zeyer et al. 1985). Further degradation of 4-chlorocatechol
proceeded via ortho cleavage of the aromatic ring in both
cases. Although meta fission of halogenated catechols may
produce toxic dead-end products, meta pyrocatechase activity
was found to predominate in a number of fluoroaniline-
degrading cultures (Zhang et al. 2014; Zhao et al. 2015).
Ralstonia sp. FD-1 produced 4-fluorocatechol from 4-
fluoroaniline, which was then cleaved inmeta position to form
a semi-aldehyde. Based on the metabolites detected, further
degradation was proposed to proceed via oxidation to 2-
hydroxy-5-fluoromuconic acid, which is then decarboxylated
and hydrated to form 5-fluoro-4-hydroxy-2-oxopentanoic ac-
id. However, no defluorination mechanism could be deduced
(Song et al. 2014).

Quinolones

Fluoroquinolones are inhibitors of bacterial DNA gyrase and
topoisomerase IV and are thus widely used as antibiotics in
human and animal medical care. Their general structure is
shown in Fig. 3, with substituents R1, R2, R5, R7, and R8
controlling their activity against Gram-negative, Gram-posi-
tive, and anaerobic bacteria (Zhanel et al. 2002). R7 is an N-
heterocyclic moiety, commonly a piperazine ring, that may
bear alkyl substituents. C-8 is replaced by a nitrogen atom in
some cases. This class of compounds, however, does not be-
long to the fluoroquinolones in the strictest sense and is be-
yond the scope of this review due to the heteroaromatic nature
of the fluorinated ring.

The veterinary antibiotic enrofloxacin (see Fig. 3: R1=
cyclopropyl; R2=R5=R8=H; R7=4-ethyl-1-piperazinyl)
was among the first fluoroquinones whose biodegradability
was examined. Martens and coworkers tested several basidio-
mycetes for their potential to degrade enrofloxacin absorbed
to wheat straw or soil. Both white and brown rot fungi were
able to cleave the heterocyclic ring as indicated by a release of
14CO2 from enrofloxacin labeled with 14C at the carbonyl
(C-4) position. Although especially white rot fungi are known
for their potential to degrade a variety of recalcitrant xenobi-
otic compounds, the highest degradation rates of
[14C]enrofloxacin were observed in three strains of
G. striatum, a brown rot fungus (Martens et al. 1996).

Various intermediates were identified during further inves-
tigation of the enrofloxacin metabolism by G. striatum.
Congeners of enrofloxacin hydroxylated in 3-, 6-, or 8-
position were detected, accompanied by decarboxylation in
the case of C-3 hydroxylation and defluorination in the case
of C-6 hydroxylation. A second hydroxylation yielded unsta-
ble dihydroxy derivatives. Cleavage of the heterocyclic ring of
the fluoroquinolone core was demonstrated as well.
Furthermore, the piperazinyl group was partially or complete-
ly removed from the substrate. Since neither peroxidase nor
laccase activity was present in G. striatum, hydroxyl radicals
formed by Fenton-type reactions were suggested to be respon-
sible for the transformation of enrofloxacin. Chemical degra-
dation of enrofloxacin by Fenton’s reaction produced the same
monohydroxylated derivatives of enrofloxacin as found dur-
ing biological conversion. Chemical degradation of the
piperazinyl moiety was observed as well (Wetzstein et al.
1997).

Knowledge on the network of metabolites formed during
enrofloxacine transformation by G. striatum was refined by
Karl et al. (2006). Of the 87 metabolites found, 18 were iden-
tified by comparison to reference substances of known struc-
ture. The structures of the remaining 69 compounds were
proposed according to their molecular mass and biochemical
plausibility. Among the latter metabolites, two were suggested
to be cis,cis-muconic acid-type congeners of enrofloxacin
formed by cleavage of the aromatic ring. However,
tetrahydroxylated constitutional isomers would provide an al-
ternative explanation of the data presented (Wetzstein et al.
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Fig. 3 General structure of the fluoroquinolones
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2012). At the same time, the biotransformation of
enrofloxacine by seven other basidiomycetous strains known
to express peroxidase or laccase activities was investigated. Of
the 61 metabolites detected, 13 were also produced by
G. striatum while the remaining 48 compounds had not been
detected previously. No monohydroxylation of the aromatic
core was detected; however, the strains produced a greater
variety of metabolites with a modified piperazinyl moiety.
Two strains produced defluorinated metabolites (Wetzstein
et al. 2006).

A zygomycetous soil fungus, Mucor ramannianus strain
R-56, transformed enrofloxacin into desethylene-
enrofloxacin, enrofloxacin-N-oxide, and N-acetyl-ciprofloxa-
cin (Parshikov et al. 2000).

Ciprofloxacin (see Fig. 3: R1=cyclopropyl; R2=R5=
R8=H; R7=1-piperazinyl) was degraded by 16 basidiomyce-
tous strains indigenous to agriculturally relevant sites. The
pattern of metabolites formed was determined for
G. striatum, showing transformation routes similar to those
found in enrofloxacin degradation. Various mono- and
dihydroxylated derivatives were detected, as well as metabo-
lites with modifications to the heterocyclic ring of the fluoro-
quinolone core or the piperazinyl moiety. Hydroxylation of
C-6 was accompanied by defluorination (Wetzstein et al.
1999). No defluorinated metabolites were produced by the
fungi M. ramannianus and Pestalotiopsis guepini; instead,
only modifications to or degradation of the piperazinyl moiety
were observed (Parshikov et al. 1999, 2001b). Trametes
versicolor additionally hydroxylated the substrate at the C-8
position (Prieto et al. 2011).

Recent investigations on the bacterial degradation of
fluoroquinolones showed that ciprofloxacin is transformed by
the fluoroaromatic hydrocarbon degrading strains
L. portucalensis F11, Rhodococcus sp. FP1, and Rhodococcus
sp. S2 in the presence of acetate as a cosubstrate (Amorim et al.
2014b; Maia et al. 2014). A mixed culture of these three strains
released fluoride during successive feedings of ciprofloxacin at a
steady, but lower rate compared to the elimination of the sub-
strate itself. Of the fluorine supplied, 62 % was transformed to
fluoride at the end of the test period (Maia et al. 2014). As a pure
strain, L. portucalensis F11 was able to transform 0.8 μM of
ciprofloxacin completely, but without defluorination to be seen.
At higher concentrations, only incomplete transformation oc-
curred, but the substrate was partly defluorinated (22 %). Two
metabolites were detected, suggesting oxidative defluorination
and hydroxylation at C-6, and desethylenation of the piperazinyl
group (Amorim et al. 2014b).

The degradation of norfloxacin (see Fig. 3: R1=ethyl;
R2=R5=R8=H; R7=1-piperazinyl) by fungal P. guepini
and T. versicolor yielded metabolites analogous to those
formed during ciprofloxacin transformation. In particular, no
defluorination was observed (Parshikov et al. 2001b; Prieto
et al. 2011).

Eight mycobacterial strains were able to transform
norfloxacin via N-acetylation of the piperazine ring or N-
nitrosation. Both metabolites were less effective antibacterial
agents than the original substrate (Adjei et al. 2006).
Hydroxylation and defluorination of a fluoroquinolone by a
pure bacterial isolate was first reported by Kim and co-
workers.Microbacterium sp. 4 N2-2 furthermore hydroxylat-
ed norfloxacin in the C-8 position and modified its piperazine
ring by N-acetylation or desethylation (Kim et al. 2011). A
mixed culture of L. portucalensis F11, Rhodococcus sp. FP1,
and Rhodococcus sp. S2 transformed norfloxacin and liberat-
ed 60.5 % of the fluorine supplied during four successive
feedings in the form of fluoride (Maia et al. 2014).
L. portucalensis F11 alone completely removed up to 2 μM
of norfloxacin from themedium, but achieved a defluorination
of only about 38% (Amorim et al. 2014b). The strain was able
to defluorinate norfloxacin by hydroxylation at the C-6 posi-
tion. The piperazine ring and the ethyl substituent in C-4 po-
sition were modified as well.

The mixed culture of L. portucalensis F11, Rhodococcus
sp. FP1, and Rhodococcus sp. S2 was able to transform
ofloxacin (9-Fluoro-3-methyl-10-(4-methyl-1-piperazinyl)-7-
oxo-2,3-dihydro-7H-[1,4]oxazino[2,3,4-ij]quinoline-6-car-
boxylic acid) as well. After four successive feedings, 43.5 %
of the fluorine supplied was released as fluoride (Maia et al.
2014). L. portucalensis F11 alone defluorinated 52 % of the
substrate and was able to completely transform up to 2 μM
ofloxacin. Ofloxacin was transformed via demethylation of
the piperazinyl moiety, followed by two-fold hydroxylation
and decarboxylation. No defluorinated metabolite was detect-
ed (Amorim et al. 2014b).

Conversion of ofloxacin by a T. versicolor strain was re-
ported by Gros et al. (2014). No defluorinated intermediates
were found; instead, transformation occurred by oxidation,
hydroxylation, cleavage, and removal of the piperazine ring.

Less information is available on the degradation of other
fluoroquinolone compounds. Moxifloxacin (see Fig. 3: R1=
cyclopropyl; R2=R5=H; R7=[(4aS,7aS)-octahydro-6H-
pyrrolo[3,4-b]pyridin-6-yl]; R8=methoxy) was conversed by
a mixed culture of L. portucalensis F11, Rhodococcus sp.
FP1, and Rhodococcus sp. S2 at a lower extent than three
other fluoroquinolones tested. Moxifloxacin has a bulkier
diazabicyclo ring at the C-7 position instead of a piperazinyl
moiety, which may hinder defluorination (Maia et al. 2014).

M. ramannianus formed two metaboli tes from
sarafloxacin (see Fig. 3: R1=4-fluorophenyl; R2=R5=R8=
H; R7=1-piperazinyl). N-acetylsarafloxacin and desethylene-
N-acetylsarafloxacin, but no defluorinated products, were
found (Parshikov et al. 2001a).

Cleavage of the aromatic core part of a fluoroquinolone
was observed for the first time during transformation of
pradofloxacin (see Fig. 3: R1=cyclopropyl; R2=R5=H;
R7=[(4aS,7aS)-octahydro-6H-pyrrolo[3,4-b]pyridin-6-yl];
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R8=CN) by G. striatum. A previously unknown metabolite
was found, consisting of the cyclopropyl-substituted pyridone
part and C atoms 7 and 8 of pradofloxacin, linked by a double
bond and carrying a hydroxyl and the CN group (Wetzstein
et al. 2012). The pathway leading to this metabolite was sug-
gested to be initiated by defluorination of pradofloxacin. A
catechol is then formed by further hydroxylation at the C-5
position. The amine moiety is removed from the substrate,
probably yielding a pyrogallol-type intermediate whose two-
fold oxidation would give a cis,cis-muconic acid-type metab-
olite. Two spontaneous decarboxylation reactions could then
produce the new metabolite observed.

Miscellaneous compounds

Cells of Pseudomonas fluorescens strain ACB grown with 4′-
hydroxyacetophenone converted 4′-fluoroacetophenone to 4-
fluorophenol and 4′-fluoro-2′-hydroxyacetophenone to 4-
fluorocatechol. While 4-fluorophenol was a dead-end metab-
olite, 4-fluorocatechol was further degraded under complete
release of fluorine as fluoride. Fluorinated phenylacetic acid
derivatives formed by initial monooxygenation of 2′-, 3′-, and
4′-fluoroacetophenones as well as 2′,4′-difluoroacetophenone
were only observed during transformation by the strain’s pu-
rified Baeyer-Villiger monooxygenase due to fast ester hydro-
lysis seen in whole cell experiments. For 4′-fluoro- and 5′-
fluoro-2′-hydroxyacetophenone, however, even transforma-
tion by the purified enzyme yielded no phenylacetic acids.
Instead, base-catalyzed hydrolysis produced 4-fluorocatechol
(Moonen et al. 2001).

The degradation of fluorinated toluenes can be initiated ei-
ther by an oxygenase attack on the aromatic core or by stepwise
oxidation of the side chain to a carboxy group. The hypothetical
product of a monooxygenase attack on the methyl group of 4-
fluorotoluene, 4-fluorobenzyl alcohol, was converted by sever-
al Pseudomonas sp. strains to fluorobenzoic acid with benzyl
alcohol and succinate as cosubstrates. One strain, IE653, was
able to grow on 4-fluorobenzyl alcohol alone and under com-
plete defluorination of the substrate. The culture supernatant
contained 4-fluorocatechol and products of both ortho andmeta
ring-fission reactions. 4-Fluorophenol was detected as well,
which could arise from a hydroxylation reaction replacing the
carboxyl group of the 4-fluorobenzoate formed as an interme-
diate (Maeda et al. 2007). Dioxygenation of 4-fluorobenzoic
acid at the C-1 and C-2 positions, yielding a dienediol, could
provide an alternative explanation, since dienediols easily
rearomatize to phenols at acidic pH as adjusted during the me-
tabolite extraction procedure.

Benzyl alcohol formed from toluene in the side chain oxi-
dation pathway is further transformed to benzaldehyde and
then benzoic acid. Both reactions are catalyzed by dehydro-
genases. An unspecific aldehyde dehydrogenase of a

Sphingomonas sp. was shown to convert the monofluorinated
benzaldehydes to fluorobenzoic acids (Peng et al. 2005).

Prenafeta-Boldú and coworkers investigated the metabolism
of the threemonofluorotoluenes by various fungal strains, some
of which were able to utilize toluene as sole source of carbon
and energy. The strains that converted toluene cometabolically
were found to mainly produce the respective benzoates from
the fluorotoluenes by stepwise oxidation of the methyl group.
The fungi able to grow with toluene transformed the
fluorotoluenes considerably faster and produced a greater vari-
ety of metabolites. Besides the side chain oxidation products
mentioned above, mono- and dihydroxylated benzoic acids
were detected as well as 3-fluorocatechol and its ortho ring-
fission product, 2-fluoromuconic acid. In particular, free fluo-
ride ion was produced only by the toluene utilizing fungi
(Prenafeta-Boldú et al. 2001).

Fluoride liberation has also been observed in strains
degrading toluene via initial oxygenation of the aromatic ring.
Rhodococcus sp. strain OCT 10, which attacks halotoluenes
by initial oxygenation of the aromatic ring, was able to de-
grade 2-fluorotoluene cometabolically with 2-chlorotoluene.
Of the fluorine supplied with the substrate, 48.9 % was re-
leased as fluoride (Dobslaw and Engesser 2012).
Pseudomonas sp. T-12 in which the toluene-degradative path-
way enzymes had been induced transformed 3-fluorotoluene
to 3-methylcatechol. The reaction was suggested to proceed
via dioxygenation at the C-2 and C-3 positions. The resulting
dienediol should be unstable and eliminate HF, in a way anal-
ogous to the defluorination of 2-fluorobenzoic acid by 1,2-
dioxygenation (see above). 3-Fluorobenzyl alcohol was a poor
substrate for this reaction (Renganathan 1989). Further sub-
strates for the toluene-degrading enzymes ofPseudomonas sp.
T-12 were 3-fluoroanisole and 3-fluorobenzonitrile. While 3-
fluorotoluene and 3-fluoroanisole were transformed to
defluorinated catechols only, the other substrates generated
catechols with and without a fluorine substituent. In general,
the percentage of fluorinated catechols over non-fluorinated
ones increased with an increasing steric demand of the C-1
substituent (Renganathan 1989).

From a wide range of halo-substituted fluorobenzenes and
fluorophenols tested, only the 3-chloro-, 3-bromo-, and 3-
iodo-1-fluorobenzenes as well as 4-chloro-2-fluorophenol
served as growth substrates for R. opacus GM-14 (Zaitsev
et al. 1995). This class of compounds may be dehalogenated
by initial dioxygenation of the aromatic ring as well
(Renganathan 1989).

Drugs and pesticides are an important source of environ-
mental contamination by fluoroaromatics. Studies relating to
their degradability have been undertaken; however, the degree
of mineralization and particularly the fate of the fluorine sub-
stituent often remain unclear.

The insecticide cyfluthrinwas degraded by fungal and bac-
terial strains, serving as a growth substrate in some cases.

Appl Microbiol Biotechnol (2015) 99:7433–7464 7445



Diphenyl ether derivatives with a fluorine substituent in
ortho position relative to the carbon carrying the ether
bridge (C-1) were produced as metabolites (Saikia and
Gopal 2004; Saikia et al. 2005; Chen et al. 2013).
Defluorination of these intermediates has rarely been
reported (Hu et al. 2014). Fluorodiphenyl ether degra-
dation by Sphingomonas sp. strain SS3 is facilitated by
attack of a dioxygenase at the C-1 position and an ad-
jacent unsubstituted carbon. The dienediol formed is
rearranged to yield phenol and a fluorocatechol, or cat-
echol and a fluorophenol, depending on which ring was
dioxygenated. The phenols are further converted by hy-
droxylation and catechols are cleaved by a catechol 1,2-
dioxygenase. The pattern of oxygen uptake rates mea-
sured with non-halogenated, fluorinated, chlorinated, and
brominated catechols or phenols as substrates suggests
that only type I enzymes (Dorn and Knackmuss 1978a)
are induced in strain SS3. These enzymes allow the
efficient degradation of non-halogenated catechols and
fluorocatechols, but not of catechols substituted with
bulkier halo-substituents. With the three isomeric
monofluorodiphenyl ethers as test substrates, oxygen up-
take rates were highest with 4-fluorodiphenyl ether,
which was also utilized as a growth substrate, and low-
est with 2-fluorodiphenyl ether (Schmidt et al. 1992).

The fungus C. elegans degraded the gastroprokinetic agent
mosapride by elimination of a 4-fluorobenzyl moiety (Sun
et al. 2009). The herbicide pentoxazone with a 14C-label at
the aromatic ring was transformed in soil. Up to 23 % of 14C
were released as 14CO2 (Satsuma et al. 2000). Transformation
of the pesticide dufulin in soils yielded a defluorinated metab-
ol i te probably resul t ing from el iminat ion of 2-
fluorobenzaldehyde (Wang et al. 2014).

Under denitrifying conditions, whole cells and cell
extract of toluene-degrading T. aromatica K172 trans-
formed 4-fluorotoluene to 4-fluorobenzoate (Biegert
and Fuchs 1995; Biegert et al. 1996). The anaerobic
degradation of toluene was shown to be initiated by
the formation of benzylsuccinate (Biegert et al. 1996).
Benzyl alcohol, which is no intermediate of this path-
way, is converted to benzaldehyde by dehydrogenation.
The benzyl alcohol dehydrogenase of strain K172 trans-
formed its 2- and 4-fluoro derivatives as well (Biegert
et al. 1995).

A sulfate-reducing enrichment culture transformed 4-
fluorobiphenyl cometabolically with biphenyl to 4-
fluorobiphenyl carboxylic acid (Selesi and Meckenstock
2009).

Various fluoronitrobenzenes were reduced to the respective
anilines by a sucrose-utilizing methanogenic community. This
reduction of nitro groups is rather unspecific and was fre-
quently described. A release of fluoride ion was only observed
during conversion of 3-fluoronitrobenzene (Zhao et al. 2014).

Polyfluorinated compounds

Similar to monofluorobenzoate catabolism, bacterial
dioxygenases attack difluorinated benzoic acids at the carbon
carrying the carboxy group and an adjacent carbon, forming
cyclohexadienediols. When 3,4- or 3,5-fluorobenzoate was
offered as a substrate to a P. putida JT103 mutant defective
in the gene for the dienediol dehydrogenating enzyme,
difluorinated dienediols accumulated. Only a small proportion
of the product was further metabolized due to leakiness of the
mutant (Cass et al. 1987; Rossiter et al. 1987). With 2,5-
difluorobenzoate as a substrate, about 85 % of the total fluo-
rine contained in the starting material was released as fluoride,
indicating that fluorine was eliminated from both the C-2 and
C-5 carbons. It was concluded that the dioxygenase had a
preference for 1,2-dioxygenation, producing an unstable
dienediol allowing for spontaneous elimination of CO2 and
HF, and formation of 4-fluorocatechol. Thus, the genetic
block of the mutant was bypassed and further degradation of
the substrate facilitated (Cass et al. 1987).

2,6-Difluorobenzoic acid, which is a metabolite formed
from fluorinated pesticides (Nimmo et al. 1984; Finkelstein
et al. 2001), was transformed in soil as shown by a release of
14CO2 from 2,6-difluorobenzoic acid with a 14C label at the
C-1 position (Nimmo et al. 1990). However, no information
on the extent of defluorination was given.

Fluorinated 4-hydroxybenzoates were converted by p-
hydroxybenzoate-3-hydroxylase from P. fluorescens (Husain
et al. 1980). 5-Fluoroprotocatechuate was formed from both
3-fluoro-4-hydroxybenzoate and—accompanied by stoichio-
me t r i c f l uo r i d e r e l e a s e— f r om 3 ,5 -d i f l uo ro -4 -
hydroxybenzoate, indicating the preference of the hydroxy-
lase for a non-fluorinated carbon atom ortho to the hydroxyl
group. Fluoride elimination was also observed during conver-
s ion of te t raf luoro-p -hydroxybenzoate to 2,5 ,6-
trifluoroprotocatechuate. The turnover of the di- and
tetrafluorinated p-hydroxybenzoates required 2 mol of
NADPH per mole of substrate, double the amount needed
for conversion of the monofluoro derivative. An ortho-benzo-
quinone was suggested to be the primary product of
defluorination, followed by nonenzymatic reduction to
trifluoroprotocatechuate, with NADPH consumption by both
reactions (Husain et al. 1980). The same phenomenon was
observed by van der Bolt and coworkers during transforma-
tion of tetrafluoro-p-hydroxybenzoate by p-hydroxybenzoate
hydroxylase or its active site mutant Y385F (van der Bolt et al.
1997). When ascorbate was supplied as an alternative reduc-
tant for the benzoquinone intermediate, the NADPH demand
of the hydroxylation reaction was decreased to a 1:1 stoichi-
ometry. The authors observed further defluorination to 5,6-
difluoro-2,3,4-trihydroxybenzoate, 2,6-difluoro-3,4,5-
t r i h y d r o x y b e n z o a t e , a n d 5 - f l u o r o - 2 , 3 , 4 , 6 , -
tetrafluorobenzoate. The p-hydroxybenzoate-1-hydroxylase
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from Candida parapsilosis decarboxylated tetrafluoro-p-
hydroxybenzoate and the Y385F transformation products,
giving their respective 1-hydroxy derivatives (van der Bolt
et al. 1997).

No growth with polyfluorinated phenols has been reported
so far. However, enzyme activity induced with phenol or
chloroaromatics may catalyze their transformation.

Hydroxylation of fluorophenols is accompanied by oxida-
tive dehalogenation if a carbon atom carrying a fluorine sub-
stituent is attacked. The phenol hydroxylases from different
organisms show differing regioselectivities toward phenols
fluorosubstituted in the C-2, but not C-6 positions. A variety
of Rhodococcus strains showed no consistent preference pat-
tern for C-2 or C-6 hydroxylation of 2,3-, 2,4-, and 2,5-
d i f luorophenols , and 2 ,3 ,4 - , 2 ,3 ,5- , and 2,4 ,5-
trifluorophenols. While C-2 hydroxylation was favored by
R. opacus 1G and, for most substrates, by Rhodococcus
corallinus 135, Rhodococcus sp. strain 89 preferred C-6 hy-
droxylation. In Rhodococcus erythropolis 1CP, the regioselec-
tivity of hydroxylation depended on the substituent pattern of
the fluorophenol (Bondar et al. 1998, 1999). The conversion
rates for the different substrates varied among the
Rhodococcus strains as well. Difluorophenols tended to be
converted at higher rates than trifluorophenols, as expected
because of the ring deactivating effect of fluorine substituents.
Incubation of 2,3-difluoromuconate with purified
chloromuconate cycloisomerase from R. erythropolis 1CP
yielded probably 5-fluoromaleylacetate (Bondar et al. 1998).

Phenol hydroxylase from T. cutaneum preferentially cata-
lyzed hydroxylation of the di- and trifluorinated phenols in the
C-6 position (Peelen et al. 1995). A similar pattern was ob-
served in P. frequentans Bi 7/2 which produced a single
catecholic product from 2,3-, 2,4-, and 2,5-difluorophenols,
respectively. Both the 2- and 6-hydroxylated products, how-
ever, were formed from 3,4-difluorophenol, which lacks an
ortho fluorine substituent. All substrates were partially
defluorinated (Wunderwald et al. 1997). E. jeanselmei hy-
droxylated di- and trifluorophenols both at the C-2 and C-6
carbons. Further conversion of the resulting catechols was
hindered by fluorine substituents in ortho position. High cat-
echol 1,2-dioxygenase activity was only observed with 4-
fluorocatechol and 4,5-difluorocatechol (Boersma et al.
1998).

Purified phenol hydroxylases from E. jeanselmei and
T. cutaneum transformed also 2,3,5,6-tetrafluorophenol and
pentafluorophenol under elimination of one fluorine substitu-
ent (Peelen et al. 1995; Boersma et al. 1998). Hydroxylation
of the fluorinated ortho position was suggested to proceed via
formation of a 1,2-benzoquinone intermediate which is then
chemically reduced to the corresponding catechol, as pro-
posed for tetrafluoro-p-hydroxybenzoate by Husain et al.
(1980). Transformation and partial defluorination of
pentafluorophenol by Pseudomonas cepacia AC1100 resting

cells was reported by Karns et al. (1983). Cell extract of
Mycoba c t e r i um f o r t u i t um CG-2 t r a n s f o rmed
pentafluorophenol as well. In this strain, a halophenol para-
hydroxylase produced tetrafluoro-p-hydroquinone in an oxy-
gen dependent reaction which was blocked by cytochrome
P-450 inhibitors. Further defluorination to 1,2,4-
trihydroxybenzene was oxygen independent and not affected
by cytochrome P-450 inhibitors (Uotila et al. 1992).
Rhodococcus chlorophenolicus PCP-1 cell extract converted
tetrafluoro-p-hydroquinone to 1,2,4-trihydroxybenzene,
followed by formation of maleic acid. The turnover of
tetrachloro-p-hydroquinone was inhibited when the air in the
reaction vessel was replaced by pure oxygen. Replacement by
argon or carbonmonoxide did not diminish the transformation
rate, indicating that the oxygen incorporated into the substrate
was derived from water rather than molecular oxygen (Uotila
et al. 1995).

1,3-Difluorobenzene was partially dehalogenated by
Pseudomonas sp. T-12 cells after induction of the toluene-
degrading enzymes. The main catecholic product formed
(90 %) was 3-fluorocatechol (Renganathan 1989). 1,4-
Difluorobenzene was transformed to 3,6-difluorocatechol
(Renganathan and Johnston 1989). The same reaction was
observed in B. fungorum FLU100, which could not growwith
1,4-difluorobenzene (Strunk and Engesser 2013). Catechols
with fluorine substituents in ortho position are known to pro-
duce toxic or dead-end products after ring fission by both
ortho or meta-pyrocatechases. The degradation of these inter-
mediates is discussed in a later chapter of this review.

The utilization of 1,3-difluorobenzene as sole source of
carbon an energy was reported for L. portucalensis strain
F11 which could also degrade 1,4-difluorobenzene
cometabolically with fluorobenzene (Moreira et al. 2012).
Rhodococcus sp. strain MS11 showed slow growth with 1,4-
difluorobenzene (Rapp and Gabriel-Jürgens 2003).

4,4′-Difluorobiphenyl and 2,3,4,5,6-pentafluorobiphenyl
were transformed to their mono- and dihydroxy derivatives
by C. elegans. Moreover, from 4,4′-difluorobiphenyl a sulfate
conjugate (phase II metabolite) was formed (Amadio and
Murphy 2010).

Bacterial strains P. pseudoalcaligenes KF707 and
Burkholderia xenovorans LB400 utilized both compounds
as growth subst ra tes . Dur ing growth with 4,4 ′ -
difluorobiphenyl, 4-fluorobenzoate was formed by both
strains. Biphenyl grown resting cells of strain KF707 pro-
duced 4-fluorocyclohexadiene-cis,cis-1,2-diol-1-carboxylate,
the product of 1,2-dioxygenation of 4-fluorobenzoate, and
putative 5-fluoro-4-hydroxy-2-oxovaleric acid, a metabolite
of the meta degradation pathway of 4-fluorocatechol.
Degradation of 4,4′-difluorobiphenyl was proposed to be ini-
tiated by dioxygenation in 2,3-position. After meta cleavage,
4-fluorobenzoate is split off and further degraded. The remain-
ing 3-fluoro-2-hydroxypenta-2,4-dienoate is transformed to
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acetaldehyde and fluoropyruvate (Hughes et al. 2011).
Cultures grown with 2,3,4,5,6-pentafluorobiphenyl
turned yellow, indicating meta ring-fission activity.
Pentafluorobenzoate was detected as a metabolite in cul-
ture supernatants of strain KF707, and biphenyl grown
resting cells accumulated metabolites that were identi-
fied as 3-pentafluorophenyl-3,5-cyclohexadiene-1,2-diol
and its catecholic rearomatization product (Hughes
et al. 2011).

The biphenyl dioxygenase of strain LB400 attacked 2,2′-
difluorobiphenyl preferentially (85-90 %) at the fluorinated
side of the ortho-halogenated ring, forming 2,3-dihydroxy-
2′-fluorobiphenyl. The minor product was a difluorinated
dihydrodiol, probably resulting from dioxygenase attack at
the non-fluorinated C-5 and C-6 (Seeger et al. 2001).

P. fluorescens 26-K degraded 3,4-difluoroaniline via 3-
fluoro-4-hydroxyaniline. Addition of glucose as a cosubstrate
doubled the transformation rate. Meta pyrocatechase activity,
which was induced by growth with 3,4-dichloroaniline, was
low in 3,4-difluoroaniline grown cells. Instead, ortho
pyrocatechase activity was detected (Travkin et al. 2003). In
contrast, only catechol 2,3-dioxygenase was induced in 4-
fluoroaniline-degrading Ralstonia sp. FD-1. This strain con-
verted 2,4- and 3,4-difluoroanilines and 2,3,4-trifluoroaniline
cometabolically with 4-fluoroaniline (Song et al. 2014). Only
meta pyrocatechase activity was found in mixed cultures
enriched from activated sludge after growth with 2,4-
difluoroaniline and 2,3,4-trifluoroaniline as well (Zhao et al.
2015).

4,4′-Difluorodiphenyl ether served as a growth substrate
for Sphingomonas sp. strain SS33 under release of 91 % of
fluorine as fluoride ion. 4-Fluorophenol and 4-fluorocatechol
were produced as intermediates (Schmidt et al. 1993).

Besides 4-chlorophenylurea and 2,6-difluorobenzoic acid
as major metabolites, hydrolysis of the insecticide
d i f lubenzuron produced t r ace amoun t s of 2 ,6 -
difluorobenzamide, which readily hydrolyzes to 2,6-
difluorobenzoic acid as well. After transient accumulation, 2,
6-difluorobenzoic acidwas further converted.Within 4weeks,
cleavage of the aromatic rings had occurred in 28 % of the
diflubenzuron supplied, as indicated by a release of 14CO2

from substrate 14C-labeled at both the fluorinated and chlori-
nated aromatic rings. The larger part of 14CO2 formation orig-
inated from the difluorophenyl ring (Nimmo et al. 1984).

B. brevis 625, Alcaligenes sp. 1431, Acinetobacter
calcoaceticus 21, and Pseudomonas sp. 10 W produced 2,6-
difluorobenzamide, 2,6-difluorobenzoic acid and 2,4-
difluoro-3,5-dichloroaniline from teflubenzuron in the pres-
ence or absence of acetate, succinate, glycerine, and glucose
as cosubstrates. Only 30 % of the initial substrate was trans-
formed within 12 days of incubation, however, and no evi-
dence for further degradation of the haloaromatic metabolites
by the strains was found (Finkelstein et al. 2001).

Degradation of central metabolites

To overcome the stabilizing resonance energy of the aromatic
ring system, the benzene ring needs to be Bactivated^ for fur-
ther oxidative degradation (Fuchs et al. 2011). For this pur-
pose, hydroxyl groups are introduced into the aromatic ring in
the course of the peripheral reactions described in the previous
chapters, forming mainly catechol (1,2-dihydroxybenzene),
protocatechuate (3,4-dihydroxybenzoate), or their fluorinated
derivatives. This convergence or channeling of various sub-
strates into few central intermediates is an efficient strategy for
degradation of a wide diversity of aromatic compounds
(Fig. 4).

Under anaerobic conditions, β-hydroxyphenols and
benzoyl-CoA are belonging to this class of central
metabolites.

Catechol

Fluorine removal during the initial phase of degradation
(Binitial dehalogenation^) avoids many of the dangers associ-
ated with the handling of fluorinated catechols and their ring-
fission products, such as toxic effects and accumulation of
dead-end metabolites. Depending on the regioselectivity of
the respective enzymes, initial mono- or dioxygenation of
substrates like 2-fluorophenol, 2-fluorobenzoate, and
fluorobenzene may solely or predominantly produce
unsubstituted catechol.

The degradative pathways of catechol are well established
and are initiated by fission of the aromatic ring between
(Bortho^) or adjacent (Bmeta^) to the vicinal hydroxyl groups.

Ortho fission by catechol 1,2-dioxygenase (Bortho
pyrocatechase,^ see Fig. 1) produces cis,cis-muconic acid,
which is cycloisomerized to muconolactone. Shifting of the
double bond by muconolactone isomerase yields 3-
oxoadipate-enol-lactone, which is hydrolyzed to 3-
oxoadipate. Coenzyme A then is fused to the carboxyl group
in 1-position, thus activating the keto group. Thiolase cata-
lyzes the following elimination of acetyl-CoA and formation
of succinyl-CoA, which is transferring CoA to the newly in-
coming 3-oxoadipate, completing this small circle. Both
acetyl-CoA and succinate are substrates of the TCA cycle
(Harwood and Parales 1996).

Meta fission by catechol 2,3-dioxygenase (Bmeta
pyrocatechase^) generates 2-hydroxymuconate semi-alde-
hyde, whose formation is often visible to the naked eye as a
yellow coloration of the culture medium due to the interme-
diate’s absorption maximum at λ=375 nm. It is transformed

�Fig. 4 Funneling of fluoroaromatic compounds to catechol, 3-
fluorocatechol, and 4-fluorocatechol. The channeling of various
peripheric substrates into few central metabolites is an efficient strategy
for degradation of a wide diversity of aromatic compounds
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into the enol form of 4-oxalocrotonic acid by dehydrogenation
and then tautomerized to the keto form. By decarboxylation,
2-oxopent-4-enoic acid is formed. As an alternative, 2-
hydroxymuconate semi-aldehyde can be hydrolysed and
decarboxylated in a single step to form 2-oxopent-4-enoic
acid. Hydration to 4-hydroxy-2-oxopentanoic acid follows,
which is finally cleaved to pyruvate and acetaldehyde by al-
dolase (Harayama and Rekik 1990).

Protocatechuic acid

Unsubstituted protocatechuate may be formed during degra-
dation of 4-fluorobenzoate by replacement of the fluorine sub-
stituent by a hydroxyl moiety, followed by another hydroxyl-
ation step.

Protocatechuic acid can be degraded via ortho and meta
pathways as well. In the latter case, two types—distal (be-
tween C-4 and C-5) and proximal (between C-2 and C-3)
cleavage—are to be distinguished.

Ortho ring fission gives 3-carboxy-cis,cis-muconic acid
which is cycloisomerized to 4-carboxymuconolactone in bac-
teria. Decarboxylation yields 3-oxoadipate-enol-lactone,
which is hydrolysed to 3-oxoadipate and further metabolized
along the route described for catechol degradation. In eukary-
otes, 3-carboxy-cis ,cis-muconic acid is frequently
cyc l o i s ome r i z e d t o 3 - c a r boxymucono l a c t on e .
Decarboxylation and hydrolysis then leads to 3-oxoadipate
(Harwood and Parales 1996).

During degradation of 4-fluorocinnamic acid by
Rhodococcus sp. S2, trans,trans-muconic acid was claimed
to be detected in the medium. A degradation pathway via
protocatechuate was proposed: as an alternative to the ortho
pathway described above, 3-carboxy-cis,cis-muconic acid
might be decarboxylated and form trans,trans-muconic acid,
which could then be transformed into 3-oxoadipate. After
ortho cleavage, decarboxylation would yield trans,trans-
muconic acid, which could be metabolized to form 3-
oxoadipate (Amorim et al. 2014a). This pathway would be
highly unusual since muconate cycloisomerases show nearly
no activity even with cis,trans-muconic acid and no activity at
all with the trans,trans isomer (Sistrom and Stanier 1954;
Schmidt et al. 1980).

The distal meta fission of protocatechuate leads to 2-hy-
droxy-4-carboxymuconsemi-aldehyde. By a hydrolase, for-
mate and 2-oxo-5-carboxypent-5-enoic acid are produced.
Further hydration yields 4-hydroxy-4-carboxy-2-
oxopentanoic acid. From this metabolite, aldolase forms two
molecules of pyruvate (Dagley et al. 1968). As an alternative,
the semi-aldehyde may be oxidated to 2-hydroxy-4-
carboxymuconic acid. Further conversion then leads to oxalo-
acetate and pyruvate (Dennis et al. 1973). Proximal meta
cleavage of protocatechuate has been reported as well
(Wolgel et al. 1993).

Halogenated catechol derivatives: 3-fluorocatechol

Formation of 3-fluorocatechol has been observed during deg-
radation of fluorobenzene and 2- or 3-fluorosubstituted ben-
zoates and phenols, respectively. However, these pathways are
commonly regarded as unproductive due to the formation of
dead-end metabolites and the toxicity of 3-fluorocatechol it-
self. An overview of hypothetical degradative pathways for 3-
fluorocatechol is given in Fig. 5. In general, 2-fluoromuconate
was—nearly as a dogma—recognized to be the principal and
final dead-end metabolite (Schreiber et al. 1980; Schmidt and
Knackmuss 1984; Engesser et al. 1990b; Boersma et al.
2004).

Ortho fission of 3-fluorocatechol yields the quite stable 2-
fluoro-cis,cis-muconic acid (Schreiber et al. 1980; Engesser
et al. 1990a; Solyanikova et al. 2003; Strunk and Engesser
2013). This reaction is best catalyzed by chlorocatechol 1,2-
dioxygenase (pyrocatechase type II, Dorn and Knackmuss
1978b), albeit at a substantially lower rate compared to
dioxygenation of 4-fluorocatechol. Dioxygenation by the type
I pyrocatechase was even slower (Dorn and Knackmuss
1978a). Due to these low transformation rates, 3-
fluorocatechol tends to accumulate. At neutral or alkaline
pH, the culture is poisoned during autooxidation and
oligomerization/polymerization processes, indicated by brow-
ning and blackening of the medium followed by formation of
precipitates (Clarke et al. 1975; Engesser et al. 1980; Schmidt
and Knackmuss 1984; Wunderwald et al. 2000). Therefore,
the toxic effects are caused by chemical transformation prod-
ucts rather than 3-fluorocatechol itself.

2-Fluoromuconic acid is untoxic, but is usually not further
converted by muconate or chloromuconate cycloisomerases
and accumulates as a dead-end product (Engesser et al.
1980; Schreiber et al. 1980; Schmidt and Knackmuss 1984;
Engesser et al. 1990a; Solyanikova et al. 1995; Vollmer et al.
1998, 1999).

Avery slow conversion of 2-fluoromuconate was achieved
by Gaal and Neujahr (1980) using the lactonizing enzyme cis,

�Fig. 5 Hypothetical degradation pathways of 3-fluorocatechol. Ortho
fission of 3-fluorocatechol yields 2-fluoromuconic acid which is a dead-
end metabolite in most organisms investigated. Lactonization probably is
the critical step. The isomerization of 2-fluoromuconolactone to
exocyclic 5-fluoromuconolactone may be due to an “isomerase” or
catalyzed by the 2-fluoromuconate cycloisomerazing enzyme, opening
and closing again the lactone ring like in 4-methylmuconolactone
isomerization (Pieper et al. 1990; Erb et al. 1998). C12O, catechol 1,2-
dioxygenase; CC12O, chlorocatechol 1,2-dioxygenase; MCY, muconate
cyclase; MCI, muconate cycloisomerase; CMCI, chloromuconate
cyc lo isomerase ; MLI , muconolac tone isomerase ; CMLI ,
chloromuconolactone isomerase; DLH, dienelactone isomerase; MAR,
maleylacetate reductase. Enzymes labeled with a question mark (“?”)
have not actually been shown to convert the respective fluorinated
substrates but are suggested based on their activity with the chlorinated
analogs (see Pieper et al. 2010)
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cis-muconate cyclase (which is a cycloisomerase) from
T. cutaneum (7 % compared to cis ,cis-muconate

conversion=100 %), and by Solyanikova et al. (2003) using
purified chloromuconate cycloisomerase from R. opacus 1cp
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(2 % compared to 2-chloromuconate conversion=100 %).
The resulting 5-fluoromuconolactone was claimed to be
defluorinated by chloromuconolactone dehalogenase,
forming cis-dienelactone (Solyanikova et al. 2003). Growth,
however, could not be observed.

A dienelactone and 2-fluoromuconic acid were identified
as intermediates during degradation of 3-fluorocatechol by
activated sludge (Chaojie et al. 2007a). A two-component
monooxygenase from Rhodococcus sp. strain FP1 produced
solely 3-fluorocatechol from 2-fluorophenol. No fluoride an-
ion, which would originate from hydroxylation at the C-2
instead of the C-6 position, was detected as a product. The
strain utilized both 2-fluorophenol and 3-fluorocatechol as
growth substrates; however, a brown coloration of the medi-
um indicated partial autooxidation of 3-fluorocatechol (Duque
et al. 2012). Amutant ofB. fungorum strain FLU100 defective
in the fluorobenzene degradation pathway excreted almost
exclusively 3-fluorocatechol (98.8 %) during conversion of
fluorobenzene. The strain’s type II ortho pyrocatechase
cleaved 3-fluorocatechol at a rate of >20 % compared to
unsubstituted catechol or 3-chlorocatechol. Both 3-
fluorocatechol and 2-fluoromuconic acid served as growth
substrates with a fluorine elimination of >90 % (Strunk and
Engesser 2013). A final elucidation of the fluorine elimination
step occurring during or after fluorolactone formation, how-
ever, was not presented to date.

It is unclear whether the enzyme activities found for con-
version of 2-fluoromuconate actually may suffice to support
microbial growth. R. opacus 1cp does not grow with 2-
fluorophenol as the sole source of carbon and energy
(Finkelstein et al. 2000). Since 2-fluoromuconic acid compet-
itively inhibits cycloisomerization of 2-chloromuconolactone,
it can be assumed that the fluoro substituent does not interfere
with substrate binding to chloromuconate cycloisomerase,
and that formation of the lactone ring is the limiting step of
2-fluoromuconate conversion (Schmidt et al. 1980). Of the
hypothetical lactonization products, only the isomer carrying
an exocyclic fluorine substituent seems to be eligible for fur-
ther degradation by muconolactone isomerase (see Fig. 5).
However, a possible further transformation along the
Bnormal^ route for muconolactones cannot be excluded. In
this case, fluorosuccinate may be an intermediate, which po-
tentially should be defluorinated allowing normal TCA cycle
enzymes to continue operations. Another alternative would be
a fluoromuconolactone isomerase, approaching the favorable
exocyclic fluorolactone and thereby entering the presumably
productive pathway via dienelactone formation. This is how-
ever somewhat speculative, being researched at the moment in
the authors’ lab to clarify this point.

In the case of 2-chloromuconolactone, formation of
protoanemonin under elimination of HCl and CO2 has been
observed (Pieper et al. 2010). However, it is unknownwhether
an analogous reaction might occur with the fluorinated

substrate. In any case, protoanemonin is unlikely to be an
intermediate of a productive degradative pathway due to its
toxic properties.

Meta ring cleavage of 3-fluorocatechol is clearly unproduc-
tive, too. Catechol 2,3-dioxygenase from P. putida mt-2 is
irreversibly inhibited by 3-halocatechols. Meta fission in
proximal position relative to the halo substituent produces 5-
haloformyl derivatives of 2-hydroxypenta-2,4-dienoic acid.
These highly reactive acyl halides react with the enzyme,
inactivating it (Bartels et al. 1984). As the inactivation rate
of catechol 2,3-dioxygenase by 3-fluorocatechol was de-
creased in the presence of 2-mercaptoethanol, mannitol, for-
mate, superoxide dismutase or catalase, the formation of reac-
tive oxygen species such as the superoxide anion, hydroxyl
radical or hydrogen peroxide may in addition contribute to
enzyme inactivation. A chemically stable acylation product
of meta pyrocatechase consistently could not be shown.
While inactivation-Bresistant^meta-pyrocatechases have been
found among 3-chlorocatechol cleaving enzymes (Göbel et al.
2004), no such type was found for 3-fluorocatechol (Mars
et al. 1997; and own unpublished results). The fact that this
resistance in essence has been an improved tolerance against
inactivation only indicated that no actual mechanism-
dependent resistance has been newly evolved.

Ring fission in 1,6-position (distal relative to the halo sub-
stituent) would avoid formation of acyl halides. This type of
dioxygenation reaction was observed when 3-chlorocatechol
was incubated with 2,3-dihydroxybiphenyl 1,2-dioxygenase
from Sphingomonas strain BN6 (Riegert 2001). However,
the enzyme exhibited a much lower activity with 3-
fluorocatechol.

Due to the common inapplicability of meta fission path-
ways for haloaromatics degradation, the simultaneous conver-
sion of alkylated and halogenated aromatic hydrocarbons is
problematic: alkyl substituted aromatics are commonly de-
graded via the meta pathway since ortho fission produces
dead-end metabolites at the muconolactone level. Mixtures
of halo- and methylaromatics may induce bothmeta and ortho
cleaving enzymes in a bacterium, which leads to misrouting of
the catecholic intermediates into unproductive pathways,
thereby wasting energy and producing toxic metabolites.
This situation is avoided by modified ortho pathways that
include an additional isomerization step after muconolactone
formation, causing a formal Bshift^ of methyl group to the 3-
position of the muconolactone (Pieper et al. 1985; Rojo et al.
1987).

Halogenated catechol derivatives: 4-fluorocatechol

4-Fluorocatechol is the main catecholic intermediate
formed during productive degradation of 3- and 4-
fluorosubstituted aromatic hydrocarbons such as benzoates,
phenols, and anilines, and may be formed from
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unsubstituted fluorobenzene as well. An overview of the
various bacterial pathways suggested for its degradation is
presented in Fig. 6. Cutting-edge experiments were under-
taken in the lab of D. Pieper and especially M.
Schlömann in order to clarify the foundations of the 4-

fluorocatechol degradation mystery, set up a long time ago
by the work of Harper and Blakley.

The ortho ring fission of 4-fluorocatechol to 3-fluoro-cis,
cis-muconic acid is catalyzed by both catechol 1,2-
dioxygenase and chlorocatechol 1,2-dioxygenase
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(pyrocatechase I and II, Dorn and Knackmuss 1978a).
Although the type II enzyme—being specialized for
halocatechol turnover—has a more relaxed substrate specific-
ity and shows a higher activity for 4-fluorocatechol, it is not
necessarily induced during degradation of fluoroaromatics via
4-fluorocatechol (Schlömann et al. 1990b). Schreiber and co-
workers found a seven-fold higher specific activity of
pyrocatechase I in 4-fluorobenzoate-grown cells of
Pseudomonas sp. B13 compared to benzoate-grown cells.
Type I enzyme overproduction thus prevented accumulation
of the toxic intermediate as an alternative to the induction of
the type II enzyme (Schreiber et al. 1980).

3-Fluoro-cis ,cis-muconic acid is converted into
fluoromuconolactone by muconate or chloromuconate
cycloisomerases (Solyanikova et al. 1995; Vollmer et al.
1998, 1999). Depending on which carboxyl group is involved
in lactone formation, different products are formed. The regio-
selectivity of lactonization depends on the enzyme as well as
on the halo substituent: Muconate lactonizing enzyme from
T. cutaneum transformed 3-chloro- and 3-bromomuconic acid
into the corresponding 3-halomuconolactones; 3-
fluoromuconic acid was lactonized to 4-fluoromuconolactone.
Cyclization of 3-halomuconates catalyzed by chloromuconate
cycloisomerase from Pseudomonas B13 proceeded consis-
tently by carboxylate addition to C-3 of the 3-halomuconate.
Only the fluorinated 4-halomuconolactone, however, was de-
tectable. The reaction of the cycloisomerase with 3-chloro-
and 3-bromomuconates led to formation of cis-4-
carboxymethylenebut-2-enolide (Bcis-dienelactone^) (Mazur
et al. 1994).

Harper and Blakley detected 4-fluoromuconolactone as
well as unsubstituted (-)-muconolactone during degradation
of 4-fluorobenzoic acid via 4-fluorocatechol (Harper and
Blakley 1971b). They proposed two branches of 4-
fluorocatechol degradation which are both initiated by ortho
fission of the aromatic ring, producing 3-fluoro-cis,cis-
muconic acid. In the first pathway lactonization to 4-
fluoromuconolactone follows. Hydrolysis yields an unstable
gem fluorohydroxy compound which eliminates HF, forming
maleylacetate. By reduction, 3-oxoadipate is formed, a metab-
olite of the common catechol pathway. Since this branch could
not explain the detection of unsubstituted muconolactone,
lactonization of 3-fluoromuconic acid with concomitant
defluorination, yielding (cis or trans) dienelactone, was pos-
tulated as a second pathway. Subsequent reduction would give
muconolactone. As an alternative, dienelactone might be hy-
drolyzed to form maleylacetate. These alternatives remained
speculative and had to be clarified later.

In contrast, Schreiber and coworkers postulated 4-
fluoromuconolactone to be unstable and spontaneously elim-
inate HF, forming mainly cis-dienelactone (Schreiber et al.
1980; see Fig. 6). The suggestion was apparently supported
by observations of a chemical transformation of 3-

fluoromuconic acid at acidic pH, producing the cis- and trans-
dienelactones (Schmidt et al. 1980; Schmidt and Knackmuss
1980).

This interpretation was questioned by Schlömann and co-
workers. The majority of 4-fluorobenzoate-degrading strains
produced a type I dienelactone hydrolase with high activity
toward trans-dienelactone but low activity toward the cis-iso-
mer (Schlömann et al. 1990b). Moreover, both muconate
cycloisomerase and dichloromuconate cycloisomerase pro-
duced predominantly 4-fluoromuconolactone from 3-
fluoromuconic acid. Cis- and trans-dienelactone were detect-
ed in comparatively small amounts; the lack of a preference in
the formation of the isomers indicated that they resulted from
spontaneous reactions of 3-fluoro-cis,cis-muconate.
4-Fluoromuconolactone proved to be relatively stable at acid-
ic and neutral pH. The main product of its chemical decom-
position was maleylacetate, whereas the amount of
dienelactones formed did not exceed 1 % of the initial 4-
fluoromuconolactone concentration. The authors therefore
proposed enzymatic degradation of 4-fluoromuconolactone,
possibly by dienelactone hydrolase or 3-oxoadipate-enol-
lactone hydrolase (Schlömann et al. 1990a).

Small amounts of cis-dienelactone were detected as a dead-
end metabolite during growth of Rhizobiales strain F11 on
fluorobenzene (Carvalho et al. 2006), complying with its role
as a minor byproduct rather than a true intermediate of pro-
ductive 4-fluorocatechol degradation (a possible participation
of trans-dienelactone was not addressed). Consistently with
this interpretation, no cis- or trans-dienelactone transforming
activity was detectable in cells of the fluorobenzoate-
degrading strain FLB300 (Engesser et al. 1990a).

Type I (trans-) and III (cis/trans-) dienelactone hydrolases
have been shown to convert 4-fluoromuconolactone as well
(Schlömann et al. 1990b; Schlömann 1994). Based on amech-
anism suggested for dienelactone hydrolysis by cis/trans-
dienelactone hydrolase of Pseudomonas sp. strain B13
(Cheah et al. 1993), a mechanism for the hydrolysis of 4-
chloromuconolactone by Pseudomonas sp. strain MT1 trans-
dienelactone hydrolase was proposed (Nikodem et al. 2003):
Binding of the enzyme in C-1 position facilitates fission of the
lactone ring by attachment of a nucleophile, resulting in an
unstable gem chlorohydroxy compound, which eliminates
chloride before it is hydrolytically released from the enzyme,
forming maleylacetate. This mechanism might also be able to
eliminate the halide ion from 4-fluoromuconolactone, with a
gem fluorohydroxy compound as an intermediate as proposed
by Harper and Blakley (1971b).

Maleylacetate is further transformed by maleylacetate re-
ductase into 3-oxoadipate (Seibert et al. 1993, 2004). At this
point, the 4-fluorocatechol degradation pathway converges
with the ortho fission pathway for the degradation of
unsubstituted catechol. Maleylacetate reductase also converts
maleylacetates halogenated at the C-2 carbon. In the first step,
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the halide ion is eliminated under formation of unsubstituted
maleylacetate. The same enzyme then catalyzes reduction to
3-oxoadipate. The conversion of halogenated maleylacetates
requires 2 mol of NADH per mole of substrate, double the
amount needed for conversion of maleylacetate (Kaschabek
and Reineke 1995).

Meta ring cleavage of 4-fluorocatechol does not directly
lead to toxic products as does (proximal) meta fission of 3-
halocatechols. Although meta-pyrocatechases have been
shown to convert 4-fluorocatechol (Heiss et al. 1997;
Kaschabek et al. 1998), this type of ring fission has rarely
been reported to play a role in fluoroaromatics degradation
via 4-fluorocatechol.

Only catechol 2,3-dioxygenase activity was detected in cell
lysates of Ralstonia sp. strain FD-1 utilizing 4-fluoroaniline as
a growth substrate. The 4-fluorocatechol formed as an inter-
mediate was cleaved in meta position proximal relative to the
fluoro substituent and the resulting semi-aldehyde was oxi-
dized to form 2-hydroxy-5-fluoromuconic acid. Subsequent
decarboxylation and hydration yielded 5-fluoro-2-oxo-4-
hydroxypentanoic acid. This compound was probably cleaved
to form pyruvate and fluoroacetate (Song et al. 2014).
Fluoroacetate is highly toxic to aerobic organisms since it is
transformed into fluorocitrate, a potent inhibitor of the TCA
cycle enzyme aconitase (Blethal synthesis,^ Peters 1952).
However, several enzymes catalyzing the cleavage of the C-
F bond in fluoroacetate have been identified (Goldman 1965;
Kurihara et al. 2003). Ralstonia sp. FD-1 degraded 500 mg/l
4-fluoroaniline completely and under stoichiometric release of
fluoride, indicating that it is able to efficiently detoxify
fluoroacetate.

Halogenated catechol derivatives: Fluoroprotocatechuic
acids

2-Fluoroprotocatechuatic acid was detected as a metabolite
from the oxidation of 2-fluoro-4-nitrobenzoic acid by 4-
nitrobenzoate-grown cells of N. erythropolis strain CA4. It
was probably cleaved in ortho position and decarboxylated
after formation of fluoro-γ-carboxymuconolactone, forming
2-fluoro-3-oxoadipate. Cleavage of this intermediate yielded
succinate and fluoroacetate, which could not be defluorinated
by this strain (Cain et al. 1968).

2-Fluoroprotocatechuate and 5-fluoroprotocatechuate were
formed during conversion of 3-fluorophthalic acid by mutants
of P. testosteroni NH1000 (Martin et al. 1987).

5-Fluoroprotocatechuate, as well as its chloro and bromo
analogs, was shown to be a substrate for productive meta ring
fission (Fig. 7). The 5-haloprotocatechuates were cleaved by
protocatechuate 4,5-dioxygenase, forming the respective acyl
halides. No suicide inactivation of the enzyme occurred; in-
stead, 2-pyrone-4,6-dicarboxylate was formed by spontane-
ous reaction and under elimination of the halide ion. Further

degradation proceeded by hydrolysis of the pyrone ring.
Finally, pyruvate and oxaloacetate were formed (Kersten
et al. 1985).

Protoanemonin as a toxic byproduct of halocatechol
degradation

During the degradation of chloroaromatics via 4-
chlorocatechol and 3-chloro-cis,cis-muconic acid, the antibac-
terial agent protoanemonin, which is ordinarily derived from
plants, may be formed. It is a major product of 3-chloro-cis,
cis-muconic acid conversion by the muconate cycloisomerase
of the ubiquitous 3-oxoadipate pathway, causing cell death. In
contrast, 3-chloro-cis,cis-muconic acid conversion by
chloromuconate cycloisomerase produces only cis-
dienelactone which can be further degraded (Blasco et al.
1995).

During degradation of fluoroaromatics, formation of
protoanemonin seems possible as well but has scarcely been
observed. The major product of 4-fluoromuconolactone trans-
formation with enol-lactone hydrolase from P. putida A3.12
was tentatively identified by its UV-spectroscopic properties
as protoanemonin (Schlömann 1988; Blasco et al. 1995;
Fig. 6). Other enol-lactone hydrolases tested, however, did
not catalyze the formation of this compound. A trans- or cis/
trans-dienelactone hydrolase activity has been proposed to
prevent protoanemonin formation (Brückmann et al. 1998;
Nikodem et al. 2003). Since these types of dienelactone hy-
drolase may play an important role in 4-fluoromuconolactone
conversion (see above) and thus be expressed by many
fluoroarene degraders, protoanemonin accumulation may for-
tuitously be avoided in these strains.

Side chain fluorinated aromatics

Like fluoro substituents, the trifluoromethyl (-CF3) group ex-
erts a strong electron withdrawing effect on the aromatic nu-
cleus and impedes the electrophilic attack of oxygen. Even in
the case of successful ring fission, it usually remains intact.

The effect of the trifluoromethyl group on bacterial metab-
olism of aromatics was investigated by Engesser and co-
workers using toluic acid grown cells of P. putida mt-2 and
Rhodococcus rubropertinctus N657 and their crude extracts
(Engesser et al. 1988a). Both strains transformed
3-(trifluoromethyl)benzoate by initial dioxygenation and de-
hydrogenation to 3-(trifluoromethyl)catechol. The catechol 2,
3-dioxygenase of P. putidamt-2 converted this intermediate to
a semi-aldehyde, 2-hydroxy-6-oxo-7,7,7-trifluoro-hepta-2,4-
dienoic acid (7-TFHOD). Further hydrolytic degradation,
however, was totally impaired by the trifluoro-substitution.
The catechol 1,2-dioxygenase of R. rubropertinctus N657
was unable to cleave 3-(trifluoromethyl)catechol. Compared
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to a methyl group, the trifluoromethyl substituent significantly
reduced the turnover rates of the enzymes from the upper
toluic acid degradative pathway (Engesser et al. 1988a).
Interestingly, the dihydroxylation of the CF3-arene dramati-
cally increased its instabili ty against hydrolysis.
Consistently, 3-CF3-catechol (~3 mM) quantitatively hydro-
lyzed overnight at 30 °C and pH 7.5 to 2,3-dihydroxybenzoate
(Engesser 1982). A possible mechanism is given in Fig. 8.

Similar observations were made during cometabolic con-
v e r s i on o f 4 - ( t r i f l u o r ome thy l ) b en zoa t e by 4 -
isopropylbenzoate and 4-ethylbenzoate degrading P. putida
JT strains. The substrate was dioxygenated in 2,3-position,
dehydrogenated to the corresponding catechol and cleaved
by 2,3-dihydroxybenzoate-3,4-dioxygenase. The resulting
semi-aldehyde was spontaneously decarboxylated to 7-
TFHOD. Hydrolysis would produce 2-hydroxypenta-2,4-
dienoate and trifluoroacetic acid. All enzymatic reactions,
but not the chemical decarboxylation step, were slowed down
when substrates carrying a trifluoromethyl group instead of
isopropyl were supplied (Engesser et al. 1988b).

The initial hydroxylation of various other trifluoromethyl
substituted substrates may lead to the formation of
3-(trifluoromethyl)catechol or 7-TFHOD as well.
Fluorobenzene or benzonitrile induced cells of Pseudomonas

sp. T-12 produced 3-(trifluoromethyl)catechol from
benzotrifluoride (Renganathan and Johnston 1989) and, as
the main ca techol ic metabol i te , f rom 3-f luoro-
benzotrifluoride (Renganathan 1989). 7-TFHOD accumulated
in benzoate-grown cells of the bacterial strain V-1 during con-
version of 3-(trifluoromethyl)benzoate (Taylor 1993) and dur-
ing transformation of 2-(trifluoromethyl)phenol by thermo-
philic B. thermoleovorans A2 resting cells grown with LB
(Reinscheid et al. 1998). Temperature dependent chemical
hydrolysis of 2- and 4-(trifluoromethyl)phenol under release
of fluoride was observed by the latter authors.

The 2-hydroxy-6-oxo-hepta-2,4-dienoic acid hydrolases of
numerous bacterial strains turned out to be unable to hydro-
lyze 7-TFHOD, suggesting this intermediate to be a general
dead-end metabolite during metabolism of trifluoromethyl
substituted compounds via meta cleavage pathways
(Engesser et al. 1988a, b, 1990b; Taylor 1993; Reinscheid
et al. 1998). It was, however, reported to be hydrolyzed by
sunlight (Taylor 1993; Reinscheid et al. 1998). Findings re-
garding a release of fluoride ion during photolysis were incon-
sistent among these two work groups. Trifluoroacetic acid,
possibly originating from hydrolysis of 7-TFHOD, was de-
tected during conversion of benzotr i f luoride by
Rhodococcus sp. 065240 (Yano et al. 2015). Partial
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defluorination was reported by these authors as well; however,
only 2.5 % of the total fluorine supplied were recovered as
fluoride.

Conversion of 2-(trifluoromethyl)benzoate by enzymes of
the phthalate catabolic pathway ceased after formation of
2-(trifluoromethyl)protocatechuate which is not a substrate
for the following 3,4-dihydroxyphthalate 2-decarboxylase
(Eaton 2001).

Trifluoromethyl substituents are widely used in drug and agro-
chemicals design due to their effects on physical and biochemical
properties (Theodoridis 2006; Purser et al. 2008).
Biotransformation by, e.g., hydroxylation, dealkylation or hydro-
lysis has been reported for many examples of trifluoromethylated
drugs, insecticides and herbicides. However, the fate of the
trifluoromethyl substituted aromatic ring and, in particular, the
substituent itself usually remains unclear.

Herath and Khan screened 40 strains for degradation of the
anti-cancer drug f lutamide (2-methyl-N-[4-nitro-
3-(trifluoromethyl)phenyl]-propanamide). Up to three metab-
olites were identified, the major being the hydrolysis product
4-nitro-3-(trifluoromethyl)aniline in all f lutamide
transforming strains (Herath and Khan 2010). This metabolite
was produced by C. elegans , too, along with 2-
hydroxyflutamide and the product of nitro reduction.
Formation of a sulfate conjugate, representing a phase II me-
tabolite, was shown as well (Amadio and Murphy 2011).

Transformation of the insecticide fipronil ((RS)-5-amino-
1 - [ 2 , 6 - d i c h l o r o - 4 - ( t r i f l u o r om e t h y l ) p h e n y l ] -
4-(trifluoromethylsulfinyl)-1H-pyrazole-3-carbonitrile) in soil
yielded metabolites modified in the sulfinyl group (Zhu et al.
2004; Mandal et al. 2013).

Bellinaso and coworkers isolated nine strains able to trans-
form the herbicide trifluralin (2,6-dinitro-N,N-dipropyl-
4-(trifluoromethyl)aniline) at a concentration of 50 mg/l in a
medium supplemented with yeast extract and succinate. Up to
25 % of the initial substrate was converted during 30 days
(Bellinaso et al. 2003).

T h e h e r b i c i d e f l u ome t u ro n ( 1 , 1 - d im e t h y l -
3-[3-(trifluoromethyl)phenyl]urea) was degraded by six
cyanobacterial species at concentrations of up to 1.4 g/l within
5 days (Mansy and El‐Bestawy 2002). Transformation of the
trifluoromethyl group was shown during a degradation exper-
iment in soil with fluometuron 14C-labeled at the
trifluoromethyl group. Within 72 days of incubation, 4.4 %
of the initial radioactivity was volatilized and shown to at least
partially consist of 14CO2 (Bozarth and Funderburk 1971).

Conclusions

The aerobic conversion of monocyclic aromatic compounds
carrying a single fluoro substitution in the aromatic ring to
central catecholic metabolites has been well established. In

the case of more complex molecules and substrates carrying
more than one fluorine substituent or even a trifluoromethyl
group, the degree of mineralization and particularly the fate of
the fluorine substituent(s) often remain unclear. Obviously,
multiple fluorosubstitution substantially retards or inhibits
metabolism in a much more pronounced way compared to
chlorosubstituted compounds. Since many of these fluorinat-
ed compounds are widely used as pharmaceuticals or agro-
chemicals, further research regarding their degradability—es-
pecially under real environmental conditions—seems inevita-
ble. This is especially true for its bacterial, fungal, or mamma-
lian, i.e., human, metabolites.

Recalcitrance depends clearly on the number and position
of fluorine substituents at the ring. For example, whereas plen-
ty of information is available for 4-fluorocatechol as a central
metabolite of catabolism via ortho pathways, very few exam-
ples are claimed for 3-fluorocatechol turnover, questioning the
dogma of microbial infallibility since a long time. Its ortho
ring fission was therefore thought to be unproductive due to
formation of non-metabolizable cis,cis-2-fluoromuconate,
representing a real hard dead-end metabolite. Recent findings,
however, indicate that further biodegradation of the ring
cleavage product indeed may be feasible. To date, however,
no details regarding the defluorination step occurring during
or after lactonization are known. This is at least valid for the
two strains reported to utilize 3-fluorocatechol for growth.

A further Bdogma,^ i.e., meta ring fission of 3-
halocatechols is completely unproductive, has clearly been
refuted in the case of 3-chlorocatechol. For conversion of 3-
fluorocatechol, however, despite many efforts no productive
metabolism could be shown, reinforcing its inertness in the
meta pathway: even these specialized catechol-2,3-
dioxygenases easily transforming 3-chlorocatechol are strong-
ly inhibited or inactivated by 3-fluorocatechol.

Questions remain regarding alternative degradational strat-
egies as well. The formation of acyl halides during proximal
meta cleavage may be circumvented by meta cleavage in dis-
tal position. This type of ring fission has been observed with
3-chlorocatechol and seems possible with 3-fluorocatechol as
well. In individual cases, a fluorine substituent may act as a
replacement of an OH moiety and facilitate ring fission by
enzymes that usually require an ortho- or para-dihydroxylated
substrate.
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