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Abstract

Microorganisms hold key positions in ecosystem functioning, and thus in biogeochemical
cycles. Among these cycles, some, such as chlorine (Cl), are still poorly understood. Recent
works have revealed that natural chlorination and dechlorination of organic matter (OM) in
most of the ecosystems were much more extensive and ubiquitous than previously sug-
gested. Currently, there are clear evidences that natural chlorination is tightly linked to dif-
ferent defence mechanisms and antagonistic reactions among microorganisms. Likewise, it
has been clearly demonstrated that organochlorine (Cl,,,) formation is also linked to OM
degradation, possibly affecting carbon cycle. The chlorination rate of OM depends on sev-
eral parameters including OM content and quality, microbial activity, chloride (CI") input
and pH. Once produced, Cl,, undergoes oxidative or reductive degradation in the environ-
ment depending on the surrounding physico-chemical conditions. Among all enzyme-
mediated processes described, the organohalide respiration (an anaerobic bacterial
respiratory process) is the only known mechanism leading to the removal of halogens from
highly chlorinated compounds, transforming them into biodegradable metabolites. However,
despite a significant growth in the literature since the early 1990s, the biogeochemistry of
Cl in natural environment is still poorly documented. For instance, the Cl cycling in aquatic
environments including CI~ and Cl,,, pools in sediment and water, are largely missing. The
present chapter seeks to review the literature on the natural Cl cycling in environment, with
a focus on a freshwater ecosystem, the Lake Pavin.
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osmoregulation of cells (White and Broadley 2001), and is
an important electrolyte for regulation of muscle function
and synaptic transmission in the neural system of animals.
Cl- also functions as an essential co-factor in enzymes
involved in photosynthesis related to the oxidation of water
by the PSII photosystem (Dismukes 1986; Winterton 2000).
Thereby, Cl is a critical nutrient and a suggested minimum
requirement of CI for crops is 1 g . kg™' dry mass (d.m.)
(White and Broadley 2001).

Some decades ago, the general opinion was that chlori-
nated organic compounds (Cl,,) detected in ecosystems
should have anthropogenic sources and toxic effects.
Indeed, many of the most debated organic pollutants are
chlorinated (Godduhn and Duffy 2003). But since then, sev-
eral surveys showed that organic-bound chlorine is more
widespread than previously identified and that not all Cl,,
can be explained by pollution. This assumption was con-
firmed by a lot of studies. Currently nearly 5000 naturally
produced Cl,,, have been identified and chemically charac-
terized. The production of Cl,,, has been associated with bac-
teria, fungi, lichen, plants, marine organisms of all types,
insects, and higher animals including humans (Oberg 2002;
Gribble 2003; Wagner et al. 2009; Gribble 2010). Some of
these have well known physiological functions, including
several important antibiotics such as vancomycin and chlor-
amphenicol. Others, such as short-chain volatile Cl,,
(VOCls), have important effects in the environments because
they can, for instance, enhance atmospheric ozone destruc-
tion (Winterton 2000). In addition, CI represents the sixth or
seventh most common element of soil OM (SOM) (0.01—
0.5%), at the same level as for P (0.03-0.2%) and only
slightly lower than N (1-5 %) and S (0.1-1.5 %) (Hjelm et al.
1995; Oberg 2002). However, the ecological functions of
most Cl,, in nature, and the reasons for its production, are
largely unknown.

On the earth’s surface, the largest CI reservoirs are the
crust and the ocean (Graedel and Keene 1996). Inorganic Cl
by far dominates these reservoirs. Soil (pedosphere), fresh-
water (rivers, lakes and groundwater), oceans, cryosphere
and atmosphere (troposphere and stratosphere) (Graedel and
Keene 1996; Oberg 2003; Svensson et al. 2007) are the other
important reservoirs. Estimates for these reservoirs are also
largely based on Cl~ concentration measurements. This
assumption of a general dominance of CI- is problematic for
the pedosphere because Cl,,, levels have been shown to range
from 11 to near 100 % of the total CI pool in a large range of
soil types (Johansson et al. 2003; Redon et al. 2011, 2013;
Gustavsson et al. 2012).

All these compartments are linked by the hydrological
cycle. Although the greatest quantity and variety of naturally-
produced chlorinated compounds are found in the marine
environment, it is now well accepted that terrestrial and non-
marine aquatic ecosystems receive significant fluxes of Cl
from the deposition of sea-salt aerosol, through wet and dry

precipitations, from leaching processes or from biological
processes linked to the formation or the degradation of the
OM. However, the terrestrial biogeochemistry of CI and its
cycle between soil, water, biota and dead OM is still ill-
understood. Most of previous studies have primarily dealt
with CI~ and Cl,,, separately because they were considered
not connected to each other. However, currently, there is irre-
futable evidence that Cl undergoes a more complex biogeo-
chemical cycling than expected in terrestrial environments
where CI~ can be biotically or abiotically transformed into
Cl,, in nature, and vice versa.

17.2 Chlorine Compounds Origin
and Formation in Aquatic Ecosystems

17.2.1 Chloride lons

17.2.1.1 Chloride lons in the Environment

CI" has long been believed to take part in geochemical pro-
cesses only, i.e. carried from oceans via soil back to the
oceans again, being only negligibly affected by biological
processes or interactions with OM. CI in the environment
can originate from some common chloride salts such as
sodium chloride (NaCl), potassium chloride (KCl) and mag-
nesium chloride (MgCl,) (used for de-icing of roads and
walkways), calcium chloride (CaCl,) (used as a dust sup-
pressant on roads), aluminium chloride (AICl,) (used in
municipal drinking water and wastewater treatment facili-
ties) as well as ferric chloride (FeCl;) (used at municipal
wastewater treatment plants). CI~ containing compounds are
highly soluble in water and hence they easily dissociate and
tend to remain in their ionic forms once dissolved in water
(e.g. Na* and CI"). CI" is the dominating chlorine pool glob-
ally and has a high enrichment factor when comparing oce-
anic and riverine concentrations (i.e. sea water concentrations
are in the order of 2500 times larger than freshwater concen-
trations; Winterton 2000). At the first glance this indicates
that C1~ is unreactive in ecosystems and this has been a pre-
vailing view for a long time (e.g. White and Broadley 2001).
Accordingly, CI~ has been seen as an inexpensive and suit-
able tracer of soil and ground water movements (Herczeg
and Leaney 2011; Hruska et al. 2012) and studies using CI~
as a water tracer has been a foundation for contaminant
transport models (e.g. Kirshner et al. 2000). However, this
view has gradually been revised during the last few decades
and there is now clear evidence that CI- is highly reactive in
some ecosystems (Oberg 2002; Lovett et al. 2005). For
instance, in soil, some type of ‘sorption’ process is present
and the retention of CI~ in this compartment has been
reported (Bastviken et al. 2007). Hence, the concentrations
of Cl,, in surface soil layers are in most cases higher than
CI- levels (Johansson et al. 2003; Redon et al. 2011, 2013;
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Gustavsson et al. 2012). Thus, a large proportion of CI~
deposited in terrestrial ecosystems can be transformed into
Cl,, in soil, but also certainly in other compartments such as
aquatic ones, although the underlying processes are not yet
completely elucidated (Oberg 2002; Oberg et al. 2005).

In contrast to soils, CI~ concentrations generally exceed
Cl,,, concentrations in water. For instance, the CI~ concentra-
tion in diverse waters is measured in mg . L™!, while Cl,, is
typically measured in pg . L' and VOCls are in the range of
ng . L (Eriksson 1960; Asplund and Grimvall 1991; Enell
and Wennberg 1991; McCulloch 2003; Svensson et al. 2007).
This means that the atmospheric deposition of Cl,, is in the
order of 1000-fold lower than deposition of Cl~ and thereby
often assumed to be negligible from a bulk chlorine perspec-
tive. While ground water has the highest C1~ concentrations
in comparison with rain water and surface waters, Cl,,, and
VOCI concentrations can be highest in surface waters. The
environmental quality criteria with regard to Cl- levels in
groundwater published by Swedish food agency use a CI~
threshold level of 100 mg. L~'. Regarding the lakes, the
ambient CI~ concentrations in the Atlantic region of Canada
are normally <10 mg . L™! in inland lakes, with concentra-
tions as high as 20-40 mg . L™! in lakes located closer to
coastal areas (Mayer et al. 1999). Unimpacted lakes on
Canadian shield of Canada’s central region have measured
CI- concentrations of <1-7 mg . L™!, with higher concentra-
tions (2040 mg . L) measured in the lower Great Lakes
and S' Lawrence River. However, CI~ concentrations above
background are commonly detected in densely populated
areas, and result usually from human activities. Indeed,
anthropogenic Cl~ input from irrigation and fertilization can
represent substantial inputs to terrestrial ecosystems. Other
anthropogenic sources include application of chloride brine
solutions for dust in summer, water softeners, industrial
effluent, domestic sewage, or yet landfill leachate. Moreover,
since the start of de-icing of roads in mid-twentieth century,
studies have shown increased CI~ concentrations in both sur-

Fig.17.1 Summary figure
recapitulating the hydrological
budget of lake Pavin, with the

face water and groundwater in the vicinity of roads. In
Canada, elevated concentrations of Cl~ associated with de-
icing have been documented in groundwater, wetlands,
streams and ponds adjacent to snow dumps and salt-storage
areas, and also those draining major roadways and urban
areas. In the Laxemar-Simpevarp area in South East Sweden,
35-56 % of the total CI~ input was estimated to come from
road salt (Trojbom et al. 2008).

17.2.1.2 Chloride ions in Lake Pavin

Still to date, the water balance of Lake Pavin is not really
well constrained except for the water inputs by direct pre-
cipitation (Q,) onto the lake surface which are estimated to
be 18 L. s7! (Fig. 17.1). Those from the main surface streams
feeding the lake (Q,) are estimated to be about 20 L . s
(Aeschbach-Hertig et al. 2002). The water outflow (Q,,) via
the surface outlet is estimated to a mean value of 50 L. . s7!
and the water outputs by evaporation (Q.,), to be 8 L . s7'.
The difference between water inputs and outputs leads to a
deficit of about 20 L . s7!, which is assumed to be balanced
by two sub-surface springs, one located in the mixilimnion
(Qus) and the second in the monimolimnion (Aeschbach-
Hertig et al. 2002; Assayag et al. 2008). Concerning Cl con-
tent in Lake Pavin, only CI~ concentrations were measured
regularly in water column over the past decades because ClI-
was used as a tracer of water circulation. Its concentrations
vary from 1.7 to 2.1 mg . L™! along the water column. CI-
content is almost 30 % higher in the deep anoxic waters than
in surface waters (Assayag et al. 2008; Jézéquel et al. 2012).
The main streams and springs feeding the lake display simi-
lar CI~ contents (~1-4 mg . L™"). No significant increase of
CI- concentrations was detected between 1992 (~1.6 mg . L™
in the mixolimnion and ~2.1 mg . L™ in the monimolimnion)
(Michard et al. 1994) and 2006 (~1.7 mg . L™! in the mixo-
limnion and ~2.1 mg . L™! in the monimolimnion) (Jézéquel
et al. 2012) which may suggest a relatively good preservation
of this ecosystem from human activities.

water inputs: precipitation (Qp),
surface streams (Qr), sub-surface
springs located in the mixolimnion
(Q45) and in the monimolimnion
(Q90) and water outputs:
evaporation (Qev), output (Qout),
and their respective water flow

Qout: 50 L.S'l(_ —

rates. AKz/e is the turbulent water
exchange term between the
monimolimnion and the
mixolimnion (from Assayag et al.
2008)

Qev: 83 L.s™! Qp: 18 L™
| + «——— Qu:20L.s!
Mixolimnion
AKz/e: 1 L.s™
1T «—+— Q45: 184 L.s?!
Mesolimnion
+ . .
Monimolimnion < Qoo: 1.6+0.4 Ls
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17.2.2 Processes of OM Chlorination

Oceans, with a water volume of about 1.36x 10® km? and a
Cl content of approximately 26x 10" tons (t), are the pri-
mary reservoir for this element in Earth’s hydrosphere. In
comparison, surface waters (including lakes and rivers) have
a volume estimated at about 1 x 10° km? and contain approxi-
mately 58 x 107 t of Cl (Graedel and Keene 1996; Bastviken
et al. 2013). As ecosystems are open systems, CI can be sup-
plied and be taken away from the system by various ways. In
surface waters, Cl,,, like CI~, originate from atmospheric
precipitations but it is not certainly the main source. Other
inter-reservoir transfer fluxes have been identified (Table
17.1, Graedel and Keene 1996; Winterton 2000). Rock-water
interactions (dissolution and desorption), thermal and min-
eral springs in volcanic areas but also, to a lesser extent,
watershed runoff or leaching can further increase Cl,, con-
centrations in surface waters (Svensson et al. 2007). In addi-
tion, higher molecular weight OM found in soil, groundwater
and sediment (from rivers, reservoirs and lakes) has a signifi-
cant Cl,, content believed to be of natural and sometimes
ancient origin. These Cl,,, range from peptides, polyketides,
indoles, terpenes, acetogenins and phenols to volatile VOCls
(for example chloroform) that are produced on a very large
scale (Edwards et al. 2004; Gribble 2010). The majority, not
biologically active, can be easily transformed into smaller
chlorinated by-products or completely degraded by various
organisms (Oberg 2002). Finally, a multitude of complex
biotic and abiotic transformation processes takes place
directly in surface waters and can also lead to the production
of a wide variety of Cl,.

17.2.2.1 Abiotic Chlorination

Although most of the natural chlorinated compounds identi-
fied so far are without doubt the results of reactions mediated
by enzymes, there is also some evidence of the existence of
abiotic formation processes leading to a large number of Cl,,
(Keppler et al. 2000; Hamilton et al. 2003). These com-
pounds include the majority of chlorinated hydrocarbons and
their derivatives formed as a result of various geothermal
(e.g. volcano, burning, lightning, erosion) and geochemical
(e.g. Fenton reaction) processes.

Sources from Geothermal Processes
Several geothermal processes can lead to the production of
Cl,,. Among these ones, volcanism may be a significant
natural source of an extraordinarily large array of Cl,.
Indeed, few hundreds of organic substances were detected in
fumarolic and lava gases of several volcanoes, of which at
least 100 were chlorinated (Jordan et al. 2000). The chloro-
methanes, chloroethenes, and chlorobenzenes represent the
most concentrated molecule families. For instance, the chlo-
roform concentrations (CHCl;) detected in volcanic gases
(up to 40 nmol . L) are between 1.5 and 2 orders of magni-
tude higher than those observed above the oceans (Isidorov
1990; Laturnus et al. 2002). Chlorofluorocarbons (CFCs)
were also identified but in negligible concentrations as com-
pared to the anthropogenic CFC burden (Jordan et al. 2000).
Another source of Cl,,, is rocks where they are present in
gas pockets or are components of some minerals (apatite,
biotite, hornblende among others). Thus when rocks are
crushed or as a result of wheathering processes, small quan-
tities of Cl,, such as methyl chloride, dichloromethane

Table 17.1 Estimated flux (10° t per year) of chlorine between reservoirs (Graedel and Keene 1996; Winterton 2000)

Inter-reservoir transfer Flux
Mantle to troposphere 2
Pedosphere to troposphere Mineral aerosol 15
Biomass burning 3
Bioproduced 0.5
Crust to freshwater 175
Pedosphere to freshwater Precipitation passtrough 34
Evaporite beds 11
Ocean to troposphere Seasalt injection 6000
HCI from seasalt (a proportion of seasalt injection flux) 25
Magma intrusion 4
Bioproduced 2
Troposphere to surface Oceans 5990
Pedosphere 34
Cryosphere 6
Troposphere to stratosphere 0.03
Stratosphere to troposphere 0.03
Oceans to crust 17
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(DCA) or also carbon tetrachloride can be released (Gribble
2004). Some human activities can also accelerate these natu-
ral processes. For instance, we estimate that potassium-salt
mining alone liberates thousands of tons of CHCI; per year.

Finally, significant amount of abiotic Cl,,, originates from
biomass burning, though a minor fraction of these events is
considered to be entirely natural, caused for example by volca-
nic eruptions or lightning. Forest fires are known to produce
chloromethane, polychlorinated dibenzodioxins (PCDDs) and
polychlorinated dibenzofurans (PCDFs) (Kim et al. 2003).

Regarding Lake Pavin, water inputs by direct precipita-
tion onto the lake surface are currently reasonably well con-
strained (Aeschbach-Hertig et al. 2002) and could supply the
ecosystem in a wide variety of Cl,,, of abiotic origin emanat-
ing both from natural sources and anthropogenic activities
(Fig. 17.2). Furthermore, because the lake is set in a maar
crater and thus has volcanic structures and because it is fed
by several sub-surface mineral springs in the monimolim-
nion and in the mixolimnion (Aeschbach-Hertig et al. 2002;
Assayag et al. 2008), it is reasonable to consider erosion or
weathering processes as possible sources of Cl,,, but cer-
tainly in negligible amount.

OM Chlorination Through Chemical Processes

In forest soil, spontaneous chlorination of OM can occur
during degradation by an oxidant (e.g Felll) in presence of
CI~ but without microbial mediation (Keppler et al. 2000).
The thermodynamically labile OM is oxidized and the redox
partner (for example iron) is reduced. During this process,
halides such as CI~ are methylated and the resulting methyl

chlorides represent degradation products of oxidized
OM. One other way of chlorination can be explained by the
Fenton reaction. In the presence of hydrogen peroxide (H,0O,)
and iron, Cl~ can react with OM to form chloroacetic acids.
There is evidence for the formation of four classes of Cl,,
through these processes: volatyl alkyl chlorides, chloroace-
tates, PCDDs and chlorinated humic substances (Fahimi
et al. 2003).

Lake Pavin being continuously fed by OM, essentially
plant material (leaves and plant debris) coming from the
watershed densely covered by mixed deciduous-coniferous
forest, several processes may support the presence of Cl,,, in
the water column (Fig. 17.2). First, OM decomposition in the
water column could lead to the release of Cl,, in this zone.
Furthermore, chemical processes described above, i.e. spon-
taneous chlorination during oxidative degradation of OM
and Fenton reaction, could also take place, though this has
never been demonstrated. Indeed, labile OM might also react
with CI~ and iron hydroxides, both present in the water col-
umn (Viollier et al. 1995; Bura-Nakic et al. 2009), to produce
Clyy.

17.2.2.2 Biochlorination

To date, evidence suggests that the chlorination rate is largely
controlled by biosynthetic processes which are mainly con-
ducted by prokaryotes and single cell eukaryotes (Bastviken
et al. 2007). They use this strategy to increase the biological
activity of secondary metabolites, compounds that are often
effective like drugs (Bengtson et al. 2009, 2013). The Cl,,,
could thus be used by the organism (i) to depolimerize the

Fig.17.2 Chlorine cycle in
lake Pavin area with
transformation processes of
chloride (CI") depicted in
orange and organically bound
chlorine (Cl,,) in red

Atmospheric
deposition

Lost to atmosphere of volatile
organochlorines

Runoff, forest
soil leaching,
weathering,

stream inputs

A: C-Cl bond
formation

B: mineralization,
dehalogenation

Rock-water
interactions, spring
inputs




290

E. Dugat-Bony et al.

lignocellulose in order to access carbon, a limited resource in
some environments, (ii) to dissolve cell wall for cell penetra-
tion, (iii) as a chemical defence (e.g. antibiotics), (iv) to com-
pete with other organisms for limited resources by means of
antagonistic interactions or (v) yet as a defence against oxy-
gen stress.

Although literature is most impressive on marine algae and
terrestrial fungi, bacteria and lichens, reports on halogenating
organisms living in fresh water also exist. Aquatic organisms
can produce Cl,,, by enzymatic-mediated processes associated
with the transformation and degradation of OM, particularly
fulvic and humic acids (Asplund and Grimvall 1991; Oberg
2002). However, CI- is not particularly reactive unless it is
activated, typically by oxidation. Chlorinating enzymes have
been discovered from a broad range of organisms and mainly
can be grouped into two classes, i.e. the less specific chloro-
peroxidases (CPOs) utilizing hydrogen peroxide (H,O,) and
the highly substrate-specific halogenases requiring O, for

enzymatic activity. In O,-dependent halogenases, either flavin
(FADH2-dependent halogenases) or a-ketoglutarate (aKG)
(non-heme iron (Feyy)/aKG/O,-dependent halogenases)
(Vaillancourt et al. 2005a, b) are found to function as co-sub-
strates. Furthermore, other enzymes requiring S-adenosyl-L-
methionine (SAM) as catalyst have been identified to be
involved in chlorination (Eustaquio et al. 2008).

OM Chlorination Through Chloroperoxidases (CPOs)
Haloperoxidases have traditionally been classified on the
basis of the most electrophilic halide that is readily oxidized.
Thus, CPOs oxidize chloride, bromide and iodide by H,0O,,
whereas iodoperoxidases oxidize only iodide in this way.
Hydrogen peroxide lacks the thermodynamic potential to
oxidize fluoride; thus, enzymes catalysing fluorination are
not peroxidases. The overall stoichiometry of the haloper-
oxidase reaction is consumption of one equivalent of H,0,
per halogenated compound produced. The reaction is:

X" +H,0, +R-H+H" > R—-X+2H,0(X :halogenatom, R :alkyl group).

However, CPO can also catalyse a number of oxidation
reactions in the absence of CI™. These oxidation reactions are
generally carried out at neutral pH, whereas chlorination
occurs only at low pH. Indeed, the structural features shared
with both heme peroxidases and cytochromes P450 make
CPOs the most versatile of the known heme enzymes. In
addition to catalyzing chlorination, CPOs also catalyse char-
acteristic reactions of heme peroxidases (dehydrogenation),
catalases (H,O, dismutation) and cytochromes P450 (mono-
oxygenation) (Grisham 1991; Rai et al. 2001). Most impor-
tantly, CPOs are especially adept in catalyzing the
stereoselective epoxidation of alkenes (Allain et al. 1993),
benzylic hydroxylation (Zaks and Dodds 1995), propargylic
oxidation of 2-alkyenes to chiral alcohol (Hu and Hager
1999) and oxidation of organic sulfides to chiral sulfoxides
(Trevisan et al. 2004).

Among the current known CPOs, the heme-depedent and
non-heme vanadium-dependent ones require the transition
metals heme and vanadium as cofactors, while the few
cofactor-free CPOs, also named perhydrolase enzymes, do
not require any metal cofactor.

Heme-iron CPOs The first halogenating enzyme to be
discovered, in the 1960s, was the heme (iron-containing
porphyrin) CPO from the terrestrial fungus Caldariomyces
fumago, which produces the chlorinated natural product
caldariomycin (Shaw and Hager 1959). The optimal pH for
chlorination turnover by heme CPO is pH 2.7 (Hager et al.
1966). In this reaction, the heme iron centre functions as a
redox catalyst (Fig. 17.3). Hydrogen peroxide oxidizes the
heme Fe(III) centre to compound I, the Fe(IV)-oxo w-cation
radical species (O=Fe(IV)-heme+¢*), via the short-lived

compound-0 state, characterized as a peroxo-anion com-
plex, HOO-Fe(IlI)-heme (Wagenknecht and Woggon 1997).
Glutamate residue 183 is proposed to assist in formation of
both compound 0 and compound I. Compound I oxidizes
CI- by two electrons, reforming the heme Fe(III) centre and
generating an oxidized chlorine intermediate that is for-
mally at the oxidation level of the hypochlorite anion (OCI").
The oxidized chlorine intermediate can then chlorinate the
organic substrate or react with a second equivalent of H,O,,
producing O, (in the singlet excited state).

Heme CPOs are produced by organisms generally associ-
ated with dead plant material (wood and litter decomposers)
such as bacteria belonging to Actinomycetes and various
fungi such as ascomycetes and most of decomposing basid-
iomycetes (Verhagen et al. 1996). This process is also largely
used by the bacteria to synthesize antibiotics.

Vanadium chloroperoxidases The second sub-class of
CPOs, called vanadium chloroperoxidases (V-CPOs),
requires the transition metal vanadium as the necessary
cofactor, instead of a heme-iron group in its reactive center.
V-CPOs have been isolated from fungi (van Schijndel et al.
1993) and are predicted to be present in marine bacteria
(Winter et al. 2007). Although chlorinated natural products
have not been isolated from the fungi containing V-CPO,
these enzymes may be important in fungus-mediated chlori-
nation and degradation of lignin (Ortiz-Bermuidez et al.
2007). In the terrestrial environment, V-CPOs are widespread
among plant-associated microorganisms (living plants or
decomposing plant material) such as Streptomyces and
Pseudomonas, and symbiotic or parasitic Bradyrhizobium,
Burkholderia, Cupriavidus, Frankia and Rhizobium spp.
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They may catalyze the synthesis of chlorinated antibiotics in
bacteria (Bernhardt et al. 2011).

V-CPOs seem to be exclusively exo-enzymes. In contrast
to the heme CPOs that function as redox catalysts, V-CPOs
function as Lewis acid catalysts of CI~ oxidation by H,O..
The catalytic reaction is initiated by coordination of one
equivalent of H,0O, to the resting V(v) state of the enzyme
(Fig. 17.4) (Butler and Sandy 2009). The X-ray structure of
the peroxo adduct of V-CPO reveals that a Lysine side chain
is hydrogen bonded to the coordinated peroxide. This is
probably an essential feature of the catalytic reaction because
it would increase the potential of the oxoperoxo-V(v) centre
for ClI~ oxidation. The oxo-peroxo-V(v) species can then oxi-

Fig.17.3 Proposal catalytic
cycle for heme CPOs (from
Butler and Sandy 2009). The
Fe(I1I)-heme resting state is
oxidized by H,0,, forming
compound I. Compound I
oxidizes CI~ by two electrons,
reforming the heme Fe(III)
centre and generating an
oxidized chlorine intermediate
that is formally at the
oxidation level of OCI". This
oxidized chlorine intermediate
could chlorinate the organic
substrate (shown in red) or
oxidize a second equivalent of L
H,O, (shown in blue),

depending on the reaction

conditions. L, cysteine

H,0,

Fig.17.4 Proposal catalytic
cycle for Vanadium-CPOs
(from Butler and Sandy
2009). The catalytic reaction
is initiated by coordination of
one equivalent of H,O, to the
resting V(v) state of the
enzyme. In red: chlorination
of an organic substrate (RH);
in blue: oxidation of a second
equivalent of H,0,, depending
on the reaction conditions. L,
ligand

[RH]

ol

—— — Gl 183
N Fe—2 ,OCK =
N1 N 2

1

dize CI~ by two electrons, forming an oxidized halogen that
is formally at the OCI~ oxidation state. Electrophilic haloge-
nation results from reaction of OCI- either with the organic
substrate or, in the absence of a good organic substrate, with
a second equivalent of H,O,, forming O, and CI".
Cofactor-free CPOs (or perhydrolases) The perhydro-
lases had been previously known as prosthetic group-free
bacterial haloperoxidases, particularly non-metal and
non-heme haloperoxidases (Song et al. 2006). They have the
same catalytic triad as serine hydrolases (Ser-Asp-His) and
belong to the large and diverse a/f hydrolase fold enzyme
class. These enzymes catalyze the reversible formation of
peroxyacids from carboxylic acids and H,O, in aqueous
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Fig.17.5 Scheme of the halogenation
reaction catalyzed by perhydrolases (Song
et al. 2006). The enzymatic formation of
peroxyacids in the presence of H,0, is followed
by the non-enzymatic oxidation of substrates,
for example that of halide ions (CI") to
hypohalite ions (OCI"). The subsequent
chlorination reaction is finished by the
incorporation of OCI- into organic compounds
(R-H). This perhydrolase reaction that can
provide the peroxyacid for the oxidation is not
regio-, chemo- or stereoselective

0

media (Fig. 17.5) (Kirk and Conrad 1999). The peroxyacids
oxidize CI” to OCI-, which then halogenates organic sub-
strates non-specifically. Only few bacterial perhydrolase
genes have been sequenced and characterized from
Pseudomonas (Wiesner et al. 1988; Kirner et al. 1996),
Serratia (Burd et al. 1995), Burkholderia (Song et al 2006)
and Streptomyces genera (Bantleon et al. 1994; Pelletier
et al. 1994).

OM Chlorination Through FADH,-Dependent
Halogenases (FDHs)

The second class of enzymes generating group of halogenat-
ing enzyme using oxidative mechanisms is FDHs. These
enzymes used O, as the oxidant, flavin as the redox active
co-factor and the presence of a nicotinamide adenine dinu-
cleotide (NADH)-dependent reductase to reduce flavin ade-
nine dinucleotide (FAD) (Keller et al. 2000). The reaction is
(X: halogen atom, R, R’: alkyl group):

B n
N N o]

| \f +0, + X"+ RH+H*
N NH

FADH, @ ©

AOH
IJL + CIr+H" —— A + OCl- + H*
O—OH OH

perhydrolase
+ H0,

.)k o
O—OH

non- enzymatlc
reactions

R-H +OClF —— R-Cl+ H,O

to the substrate and conserved in all flavin-dependent
halogenase, is suggested to react with HOCI to form a
chloramine as the halogenating intermediate (Yeh et al.
2007; Lang et al. 2011).

This class of enzymes is responsible for the halogenation of
many bacterial secondary metabolites including many antibiot-
ics, growth hormones as well as antitumor and antifungal com-
pounds. Nearly all known FDHs are involved in the halogenation
of aromatic or heteroaromatic ring molecules. Two distinct
subgroups of enzymes exist: one uses phenol or pyrol as sub-
strates and the other tryptophan (Murphy 2006). Homologues
of FDHs have been found in various bacterial phyla including
the Actinobacteria, Cyanobacteria, Planctomycetes and
Proteobacteria (Murphy 2006; Bayer et al. 2013).

Additional Chlorination Processes

Dramatic advances in deciphering the logic of halogena-
tion enzymes have occurred in the recent past through

h
N N o
_— Rr_x+Ij: In:f +2H,0
= NH
N
FAD i

In contrast to CPOs, these enzymes have a high
degree of substrate specificity and are able of regiose-
lective halogen incorporation. The first FDH found was
the tryptophan 7-halogenase PrnA which catalyzes the
chlorination of tryptophan to 7-chlorotryptophan, the
first step in pyrrolnitrin biosynthesis (Keller et al.
2000). In this reaction, the flavin reductase produces
FADH, from FAD and reduced NADH. FADH, is bound
by PrnA where it reacts with O, to form a flavin hydro-
peroxide. A single Cl™ is bound close to the isoalloxa-
zine ring of the FAD and attacks the flavin hydroperoxide
leading to the formation of hypochlorous acid (HOCI)
(Dong et al. 2005; Lang et al. 2011). However, since the
substrate tryptophan is bound about 10A away from the
isoalloxazine ring, HOCI is guided through a “tunnel”
towards the substrate. The lysine residue, located close

bacterial genomic and bioinformatics analyses which
allow identification of new classes of enzymes,
halogenases of the mononuclear non-heme iron family
and chlorinases.

The mononuclear non-heme iron-containing enzymes
are a new class of oaKG-dependent Feyy halogenase
enzymes. The first example was the enzyme SyrB2, which
generates a 4-chloro-L-threonine residue incorporated into
the framework of the nonribosomal lipopeptidolactone
syringomycin produced by Pseudomonas syringae
(Vaillancourt et al. 2005a). Detailed evaluation of cofactor
requirement established that Fe*, O,, aKG, and CI- are
required for enzymatic activity. The requirement for Fe?',
0, and oKG is the hallmark of the two-His, one-carboxyl-
ate non-Feyy aKG-dependent oxygenase reactions, and
SyrB2 falls into that protein superfamily. However, this

i.e.
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enzyme effects chlorination rather than hydroxylation of
unactivated methyl groups in substrates (Fujimori and
Walsh 2007; Neumann et al. 2008; Butler and Sandy
2009). The reaction mechanism involves the binding of C1~
directly to iron before decarboxylation of a aKG to pro-
duce succinate, CO, and a high-energy ferryl-oxo
intermediate that is very reactive and acts as a hydrogen-
abstracting species (Blasiak et al. 2006). The reaction is:

o] OH

Ho)"ﬁ(\/go

aKG ©

unactivated

+0,+ X"+ R-CHy +H* —> R-CH,X+CO,+ HO

methyl group

Proteobacteria, Cyanobacteria, Planctomycetes) were also
identified (Biderre-Petit et al. 2011a, b; Lehours et al. 2007).

17.3 Chlorinated OM Degradation

As stated above, several thousands of chlorinated compounds
are naturally produced in the environment, including non-

OH
o *HLO
0 succinate

Another class of halogenases is that of non-metallo-
halogenating enzymes which use SAM as a co-substrate.
The first of the SAM-dependent halogenases to be discov-
ered was the methyl chloride transferase enzyme in seaweeds
and other plants, which is responsible for the production of
profuse levels of methyl chloride (Ni and Hager 1998), rais-
ing questions about its biological function. Other SAM-
dependent halogenases, including chlorinase (Eustaquio
et al. 2008), were recently discovered. The reaction is:

SAM NH,
’NH:; <N-,. N
: Y
ooc/\/“‘gwu N
+ X
Ho'  ToH

marine aquatic ecosystems whereas tens of thousands are
synthetized by human. Some of them are aromatics, i.e., con-
taining one or more aromatic rings with one or more chlorine
atoms while others are aliphatics i.e., formed by carbon
chains without benzene ring but with one or more hydrogen
atoms replaced by a chlorine atom. Because the freshwaters
(lakes, rivers, groundwaters among others) display different
and complex geochemical and biological patterns, they may
exhibit different potential to degrade these chlorinated com-

5'-CIDA  NH,
N B3
™y .
< E NH,
X 0 N N/ : o
FTO0ET g
HO" OH

These enzymes catalyse nucleophilic halogenation reac-
tions, rather than electrophilic or radical halogenation reac-
tions. The SAM-dependent chlorinase SalL, from the marine
bacterium Salinospora tropica, chlorinates SAM by nucleo-
philic CI~ addition generating 5’-chloro-5’-deoxyadenosine
(5'-CIDA) as a precursor to chloroethylmalonyl-CoA, which
is ultimately incorporated into salinosporamide A (Dong
et al. 2004).

Although not yet described, the presence of all necessary
precursors in the water column of Lake Pavin assumes that
enzymatic chlorination is plausible in this ecosystem (Fig.
17.6). Over the past decade, numerous studies exploring
microbial diversity in pelagic zone of this ecosystem
revealed the presence of parasitic and saprophytic fungi
belonging to the three major divisions, i.e., Chytridiomycota,
Basidiomycota and Ascomycota (Monchy et al. 2011; Jobard
et al. 2012), well known to synthetize various CPOs.
Regarding bacteria, the main phyla involved in OM chlori-
nation through enzyme-mediated processes (Actinobacteria,

pounds which can be from both natural and human origin.
Like chlorination, dechlorination can occur through both
biotic and abiotic processes with abiotic dechlorination usu-
ally slower than microbial one. Because bio-mineralization
of chlorinated compounds occurs frequently through
multiple-step processes producing various intermediate mol-
ecules, it usually requires the involvement of microbial con-
sortia (Men et al. 2014).

Most of the processes involved in the biodegradation of
chlorinated compounds are catalyzed by enzymes carried by
microorganisms. Indeed, microorganisms, due to the
immense reservoir of their metabolic capacities, can adapt to
almost every environmental conditions found on Earth
(Guerrero and Berlanga 2006). Many of them can use Cl,, as
a main carbon and/or energy source through enzymes with
specific dehalogenase activities. Over the past decades,
investigation of the microbial degradation capacities allowed
the identification of a broad range of this type of enzymes.
All are capable to cleave carbon-halogen bonds through
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Fig.17.6 Schematic
representation of main
processes of chlorination
and dechlorination mediated
by microorganisms potentially
occurring in water column of
lake Pavin (OM organic
matter; V vanadium,

e— electrons, CPOs
chloroperoxidases, Cl;,
inorganic chlorine, Clorg
organic chlorine)

HZOZ

Oxic conditions

A/ Chlorination: CPOs,
Cloims halogenases

B/ Dechlorination: oxygenases,
dehalogenases, cytochrome
P450

Anoxic conditions

C/ Dechlorination:
corrinoid proteins,
reductive dehalogenases

Cofactors

totally different reaction mechanisms, under aerobic or
anaerobic conditions (Janssen et al. 2001; de Jong and
Dijkstra 2003; van Pée and Unversucht 2003). Furthermore,
some microorganisms are also able to degrade chlorinated
compounds through fortuitous reactions mediated by non-
specific enzymes, also called co-metabolism. While rela-
tively lightly chlorinated compounds can generally be
degraded by aerobes, heavily chlorinated relatives are often
recalcitrant to biodegradation under aerobic conditions.
However, overall, the aerobic processes are low for most
chlorinated compounds.

17.3.1 Thermodynamic Feasibility
of Dehalogenation Mechanisms

The thermodynamic properties of a large number of bio-
chemical compounds and reactions have been calculated
experimentally under different conditions (Thauer et al.
1977; Alberty 2003; Goldberg et al. 2004; Finley et al. 2009)
but for most of the known biochemical compounds such
information is lacking. Dolfing and Janssen (1994) used
group contribution to classify conversion steps in a biodegra-
dation pathway of halogenated compounds as endergonic or
exergonic, and determine whether the reactions yield ade-
quate energy to sustain microbial growth. Thermodynamics
has also been used to compare biodegradation routes involv-
ing reductive dechlorination to those involving oxidative and

e donors

fermentative degradation reactions (Dolfing 2000, 2003;
Smidt and de Vos 2004).

Estimation of Gibbs free energies (AGO0') and redox
potentials (EO'y) for a wide range of aliphatic and aromatic
Cl,, have indicated that chlorinated compounds should be
excellent electrons acceptors, yielding AG0' ranging between
—130 and —180 kJ . mol™! of Cl removed by hydrogenolytic
reductive dehalogenation (Dolfing 1990; Dolfing and
Harrisson 1992; Dolfing and Janssen 1994). Corresponding
EO' range between +300 and +550 mV which is considerably
higher than that of the reduction of sulfate (SO,>-/H,S,
E0'=—220 mV) and comparable to the potential of NO;/
NO, (E0'=+443 mV) (Table 17.2) (Loffler et al. 1999).
From these thermodynamic considerations it has been pre-
dicted that reductive dehalogenation should also be occur-
ring, though rarely, under aerobic conditions (Dolfing 2003).

While hydrogenolysis is the main mechanism involved in
reductive dehalogenation reactions, a second type has also
been observed for nonaromatic Cl,,, i.e. the dichloroelimi-
nation. In this reaction, two rather than one chlorine groups
are simultaneously removed and the aliphatic bond C-C is
converted into a C=C bond (Fig. 17.7). Because this reac-
tion requires only one mole of reducing equivalent (H,), as
opposed to two moles of H, in hydrogenolysis, its energy
balance is more favorable. However, while dichloroelimina-
tion should prevail over hydrogenolysis under hydrogen-
limiting conditions, addition of easily available reducing
equivalents may decrease this advantage by making compe-
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Table 17.2 H, threshold concentrations, AGO’ values, and redox potentials (EQ') of different redox couples with H, as the electron donor (Loffler

et al. 1999)
H, threshold concentration
TEAP ppmv nM AGO’ (kJ/mol of Hy) EO0" (mV)
Acetogenesis 430-4660 336-3640 -26.1 -280
Methanogenesis 6-120 5-95 -33.9 —240
Sulfate reduction (SO,> — HS") 1.3-19 1-15 -38.0 =220
Ammonification (NO;~— NH,*) 0.02-0.03 0.015-0.025 -149.9 +36
Nitrate reduction (NO;~— N,O, N,) <0.06 <0.05 =240 +790
Fe(III) reduction 0.13-1 0.1-0.8 -228.3 +770
Chlororespiration <0.4 <0.3 —130 to — 187 +300 to + 550
TEAP terminal electron-accepting process, AGO" Gibbs free energy, EQ’ redox potentials
reductive hydrogenolysis dichloroelimination = B-elimination dehydrochlorination
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Fig.17.7 Examples of (reductive) redox dehalogenation reactions occurring under anaerobic conditions

tition for reducing equivalents less important (Dolfing
1999).

From a thermodynamic point of view, dehalogenation via
routes other than reductive dehalogenation is also feasible.
Anaerobic microorganisms should degrade Cl,,, by oxidative
or fermentative pathways, but so far, evidence for their func-
tionality is rather scarce when compared with the knowledge
that has been accumulated on reductive dehalogenation. Let
us take chlorinated ethylenes as an example. Organisms can
grow on their fermentative degradation in a type of reaction
in which the chloro substituent serves as an internal electron
acceptor (Bradley and Chapelle 2000; Dolfing 1999).
Chlorinated ethylenes can, for instance, be fermented to eth-
ane and CO, or acetate (Dolfing 1988). The exergonicity of
such fermentation implies the potential existence of new
types of dechlorinating bacteria that would not depend on the
presence of external sources of reducing equivalents.
Likewise, oxidative degradation of chlorinated ethylenes to
H,, CO, and HCl is an exergonic reaction (-62 to =545 kJ .
mol~! of Cl) which is energetically independent of the activ-
ity of H,-consuming organisms.

17.3.2 Abiotic Degradation of Chlorinated
Compounds

Although abiotic degradation does not require the mediation
of microorganisms, the biotic processes (which change pH
and redox potential, for instance) are frequently required to
stimulate abiotic reactions. Abiotic dechlorination is usually
a slow process but plays an important role in the degradation
of some of the aliphatic Cl,, (mainly chloroalkanes and
chloroalkenes) and of a few aromatic Cl,,. The main mecha-
nisms are hydrogenolysis, dichloroelimination, hydrolysis
and dehydrochlorination (Fig. 17.7) (for review see
Tobiszewski and Namiesnik 2012). These mechanisms and
the degradation rate strongly depend on the redox conditions
found in the surrounding environment.

17.3.2.1 Reductive Pathways of Degradation

Hydrogenolysis and dichloroelimination are both reductive
pathways and occur under anaerobic conditions, though
dichloroelimination was also demonstrated under partially
aerobic conditions (Chen et al. 1996). Hydrogenolysis reac-
tions can be represented by the formula: RCI,+2H* +
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Fig.17.8 Main mechanisms of anaerobic chlorinated compounds transformation through abiotic or coupled biotic-abiotic processes involv-

ing iron species (Modified from Xu et al. 2014). OM organic matter

2e”— RHCI,_; + HCI and dichloroelimination by: RCIl, +2H*
+ 2e~— RHCI,_,+2HCI. Hydrogenolysis is the major degra-
dation pathway for highly chlorinated alkenes (Nobre and
Nobre 2004). In this reaction, the chlorinated compound,
considered as an electron acceptor, is reduced by an electron
donor. Among all potential electron donors involved in chlo-
rinated compounds hydrogenolysis, the more efficient are
zero valent metals (e.g., Fe, Zn° Sn°) (Scherer et al. 1998).
However, recently, reductive dechlorination of PCBs, penta-
chloroethane (PCA), PCE, TCE, and carbon tetrachloride by
nano-sized zero valent iron (nFe’) has shown promising
application due to its higher reactivity than that of Fe® (Amir
and Lee 2011). Likewise, biogenic or chemogenic ferrous
iron (Fell) species have been the focus of many studies due
to their enhanced reactivity that favors the reductive transfor-
mation of a number of Cl,, such as carbon tetrachloride,
hexachloroethane, 1,1,1-trichloroethane, pentachloronitro-
benzene, pentachlorophenol, dichlorodiphenyltrichloroeth-
ane and 2,4-dichlorophenoxyacetic acid through coupled
biotic-abiotic or abiotic processes (Fig. 17.8). For example,
biogenic magnetite (Fe;O,), created by the iron reducing
bacterium Geobacter metallireducens, can cause the abiotic
reductive dechlorination of carbon tetrachloride, and carbon-
ate green rust formed by the iron reducing bacteria
Shewanella putrefaciens CN32 can cause that of
cis-DCE. Because both reactive minerals and microorgan-
isms are usually present in aquatic ecosystems, both abiotic
and biotic reductive dechlorinations have the potential to
occur simultaneously (Liu et al. 2013; Xu et al. 2014).
Therefore, abiotic transformation, though less rapid than
microbial, may be crucial if the concentration of reactive
minerals is high and/or the activity of dechlorinating bacteria
is low (Tobiszewski and Namiesnik 2012).

17.3.2.2 Hydrolysis and Dehydrochlorination
Pathways

Beside reductive pathways, hydrolysis and dehydrochlorina-
tion are two abiotic processes that may degrade chlorinated
compounds under either aerobic or anaerobic conditions.
Hydrolysis in natural waters is an extremely slow process.
The reaction is summarized by the formula:
RCI+H,0 —-ROH+HCI. Generally, this reaction happens
when organic molecule reacts with water, resulting in the

formation of a new covalent bond with OH™ and the cleavage
of the covalent bond with chlorines. Regarding dehydrochlo-
rination, chlorinated compounds may also undergo this
mechanism in certain conditions. The formula is: RHCCI-
CRH2 - RHC=CHR +HCI. In this reaction, HCI is elimi-
nated from the solvent molecule, which results in the
formation of double or triple carbon bonds and less saturated
and less chlorinated compounds.

The axonic zone of Lake Pavin provides suitable condi-
tions for abiotic reductive dechlorination processes. Indeed,
this ecosystem is permanently redox-stratified, with anoxic
and ferruginous deep waters (from 60 to 92 m depth) topped
by oxic shallow waters (from 0 to 60 m). Lake Pavin contains
dissolved Fe(Il) up to 1.2 mM below the chemocline at 60 m
(Viollier et al. 1995). More details on the iron cycle are pro-
vided in Chap. 14. The Fe(II) form is released from the sedi-
ment and either diffuses towards the mixolimnion to
precipitate as ferric iron (Felll) at the redox interface
(Michard et al. 2003) or reacts with sulfides or phosphates to
form FeS colloids and secondary minerals such as pyrite,
vivianite or siderite (Bura-Nakic et al. 2009). These chemo-
genic Fe(II) species may therefore favor the abiotic reductive
transformation of a number of Cl,,, in the water column of
Lake Pavin. Moreover, it has been demonstrated that the
large concentration gradient associated with negative Fe iso-
tope composition observed below the oxic-anoxic interface
could be interpreted as the signature of intense bacterial dis-
similatory Fe reduction due to, for instance, the presence of
the well-known obligatory Fe(IIl) reducers Geobacter which
are present in the anoxic compartment of this ecosystem
(personal data). Therefore, reductive dechlorination of the
chlorinated compounds in the anoxic zone of Lake Pavin
might also occur through a coupled biotic-abiotic process
(Fig. 17.8).

17.3.3 Biotic Degradation of Chlorinated
Compounds

17.3.3.1 Chlorinated Compounds Degradation

Under Aerobic Conditions

Aerobic dehalogenation is one form of biodegradation which

enable the microorganisms in soil and water to utilize chlorinated


http://dx.doi.org/10.1007/978-3-319-39961-4_14

17 Chlorine Cycling in Freshwater

297

substances as carbon and electron source. Over the past decades,
many investigations focused on microbial degradation of aro-
matic and aliphatic Cl,,, leading to the identification of an
important diversity of dehalogenation mechanisms and deha-
logenase enzymes (Janssen et al. 1994; Fetzner 1998). In these
enzymatic processes, chlorine substituents are removed to form
non-halogenated intermediates that can then enter into general
metabolic pathways, such as the tricarboxylic acid cycle (TCA).
The main processes of aerobic dehalogenation involve hydro-
lytic, reductive and oxidative mechanisms (van Pée and
Unversucht 2003). Furthermore, a wide range of Cl,,, can also be
microbially degraded under aerobic conditions by means of co-
metabolic transformation reactions (mainly oxidations), yielding
no carbon or energy benefits to the transforming cells (Horvath
1972).

Enzymatic-Mediated Hydrolytic Dehalogenation
Hydrolytic dehalogenation involves the replacement of a
chlorine atom by an OH group derived from water and results
in the formation of a primary alcohol (Janssen et al. 1994).
There are several hydrolytic dehalogenase families which
belong to different protein superfamilies of which the mem-
bers catalyze diverse reactions, mostly with non-chlorinated
compounds.

Haloalkane Dehalogenases

These enzymes are the best studied hydrolytic dehaloge-
nases. They belong to the o/p hydrolase superfamily and
contain a catalytic triad consisting of one histine and two
aspartate residues which are involved in the nucleophilic
substitution of Cl~ by water (Ollis et al. 1992). Although
these haloalkane dehalogenases can convert a broad range of
chlorinated alkanes and alkenes to their corresponding alco-
hols, they can also dehalogenate aromatic compounds, such
as the LinB enzyme of Sphingomonas paucimobilis UT26
which catalyzes chlorinated cyclic dienes degradation
(Marek et al. 2000).

Haloacid Dehalogenases

These enzymes are the second most common group of ali-
phatic dehalogenases. These enzymes are dimers and define
the so-called HAD (haloacid dehalogenase) superfamily of
hydrolases. They are responsible of the hydrolysis of chlori-
nated carboxylic acids. Like haloalkane dehalogenases, they
use an aspartate-based catalytic mechanism but there is no
histidine residue in the catalytic site to activate a nucleo-
philic water molecule.

Representatives of these two enzyme families have been
isolated from various bacteria including Moraxella,
Mycobacterium, Pseudomonas, Xanthobacter,
Sphingomonas, Sphingobium and Rhodococcus species (van
Pée and Unversucht 2003).

Hydrolytic Dehalogenases Specific to Chlorinated

Aromatics

At present, only two hydrolytic dehalogenases targeting spe-
cifically chlorinated aromatics have been reported. The first
is the 4-chlorobenzoyl-CoA dehalogenase (CbzA), belong-
ing to the enoyl hydratase superfamily. It is a component of
the 4-chlorobenzoate degradation system. This system com-
prises three separate enzymes and requires CoA and ATP as
cofactors (Benning et al. 1998; Pieper et al. 2010). In the
reaction, the compound is first conjugated to CoA and fur-
ther dechlorinated by CbzA which catalyzes the displace-
ment of chlorine by a nucleophilic addition-elimination
mechanism. This process was demonstrated in few species
belonging to Pseudomonas, Rhodococcus and Acinetobacter
genera (Janssen et al. 2005). The second enzyme specific to
chlorinated aromatics is the chlorothalonil hydrolytic deha-
logenase (Chd) of Pseudomonas sp. CTN-3 strain. This
enzyme contains a conserved domain of metallo-f-lactamase
superfamily and catalyzes the dechlorination of chlorothalo-
nil through a not yet described mechanism independent of
CoA and ATP (Wang et al. 2010).

Reductive Dehalogenation
Reductive dehalogenation of chlorinated compounds can
occur under aerobic conditions. This process can be medi-
ated by two major enzyme families, ie. glutathion-S-
transferase and cytochrome P450 type enzymes.
Glutathion-S-transferase (GST) Some aliphatic and aro-
matic chlorinated compounds can be reductively dehaloge-
nated by thiolytic substitution in the presence of glutathione.
During this reaction, the chlorine atoms are displaced by the
nucleophilic attack of the thiolate anion of glutathione
through the GST activity (Wilce and Parker 1994). The most
studied enzyme of this group involved in chlorinated aliphat-
ics degradation is the dichloromethane dehalogenase (DcmA).
It catalyses the conversion of DCA to HCI and formaldehyde,
a central intermediate of methylotrophic growth used for bio-
mass and energy production (Kayser et al. 2002). This enzyme
can be found in a large variety of methylotrophic bacteria

belonging to the Proteobacteria phylum such as
Methylophilus, Methylorhabdus, Methylobacterium,
Hyphomicrobium, Methylopila, Albibacter, Paracoccus,

Ancylobacter and Pseudomonas species (Fetzner and Lingens
1994; Torgonskaya et al. 2011). A glutathione-dependent bio-
transformation was also reported for various chlorinated aro-
matics including the chlorothalonil and the tri-/
tetrachloro-p-hydroquinones, through the action of the bacte-
rial GST of species belonging to the Ochrobactrum,
Flavobacterium and Spingbium genera (Kim et al. 2004).
C-type cytochromes Respiratory c-type cytochromes such
as cytochrome P-450¢,y may also mediate reductive dechlo-
rination of chlorinated aliphatics but only under very low O,
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concentrations. These cytochromes have been proposed to
mediate hexachloroethane, pentachloroethane and tetrachlo-
romethane reduction (Walsh et al. 2000). This mechanism
can be found in Pseudomonas sp. and in the purple nonsulfur
bacteria Rhodopseudomonas and Rhodospirillum.

Oxidative Dehalogenation

Microbial oxygenases are key enzymes for aerobic biodegra-
dation of chlorinated compounds, which are thus used as car-
bon and energy source (Pérez-Pantoja et al. 2012). Oxidative
dehalogenation involves the replacement of a chlorine atom
by an OH group whose oxygen atom is derived from O,. Two
classes of oxygenases type dehalogenases have been identi-
fied: (i) the monooxygenases which incorporate one oxygen
atom to chlorinated compounds to remove chlorine atom
whereas the second oxygen atom is reduced to water and (ii)
the dioxygenases which add two atoms of O, into the sub-
strate to remove the chlorine atom (for review see Arora
et al. 2010). Though the majority of dehalogenating
oxygenases have been demonstrated for aromatic substrates
(Fetzner and Lingens 1994), some have also been shown for
aliphatic relatives such as vinyl chloride (VC) and dichloro-
ethene (DCE) (Bradley and Chapelle 2000).

The Monooxygenases

These enzymes are classified into two subclasses depending
on the cofactor they used. Flavin-dependent monooxygen-
ases contain flavin as prostethic group and require NADP or
NADPH as coenzyme (Arora et al. 2010). Examples of well-
studied enzymes of this type are the pentachlorophenol-4-
monooxygenase (PcpB), the chlorophenol 4-monooxygenase
and the 2,4-dichlorophenol monooxygenase (Fetzner 1998;
Arora et al. 2010). These enzymes, mainly involved in poly-
chlorinated compound dehalogenation, have been character-
ized in various microorganisms including Pseudomonas,
Sphingobium, Sphingomonas, Burkholderia, Ralstonia and
Azotobacter genera. The second subclass is represented by
the P450 monooxygenases whose best example is the
P-450cam monooxygenase system, already mentioned in the
reductive dehalogenation but which can also catalyze oxida-
tive dehalogenation reactions under O,-rich conditions.
From Nishino et al. (2013), this monooxygenase might also
be involved in the DCE dechlorination in Polaromonas chlo-
roethenica JS666. Finally, a third mechanism results in the
VC and ethene assimilation through epoxidation. It is cata-
lyzed by an alkene monooxygenase (AkMO), followed by
conversion of the (chloro)epoxide to a 2-hydroxyalkyl coen-
zyme M by an epoxyalkane coenzyme M transferase
(EaCoMT) with the release of the chlorine atom (Coleman
and Spain 2003). The by-product is then metabolized through
the TCA cycle. Bacteria involved in this mechanism belong
to Mycobacterium, Nocardioides, Pseudomonas,
Ochrobactrum and Ralstonia genera.

The Dioxygenases

The aerobic degradation of aromatic compounds is fre-
quently initiated by Rieske non-heme iron oxygenases.
These enzymes are multicomponent complexes composed of
a terminal oxygenase component (iron-sulfur protein) and of
different electron transport proteins. They catalyze the incor-
poration of two oxygen atoms into the aromatic ring to form
arene cis-diols which spontaneously rearomatize along with
chloride elimination, yielding a (chloro)catechol product.
This compound then undergoes the ortho-cleavage pathway
to form p-ketoadipate (B-KAP), a central metabolite in the
degradation of aromatic compounds. This molecule, pre-
sumed to have lost CI~ during one of the above listed-
reactions, is then subjected to further transformations before
entering the TCA cycle (Ogawa et al. 2003). Nowadays, two-
component dioxygenase enzymes that dehalogenate
4-chlorophenylacetate and 2-halobenzoate but also a three-
component dioxygenase system that dehalogenates both
Z-chlorobenzoate and 2,4-dichlorobenzoate have been
described in different strains of Pseudomonas (Copley
1997). Likewise, biphenyl 2,3-dioxygenases (BphAs) are of
crucial importance for the successful metabolism of PCBs in
environment. These enzymes are able to oxidize a wide
range of PCB congeners, from mono-chlorobiphenyls to
2,3,4,5,2’,5'-hexachlorobiphenyl, with an increased prefer-
ence for dioxygenation linked to a decrease of chlorine atom
number (Pieper and Seeger 2008; Pieper et al. 2010). This
reaction has been observed in a variety of microorganisms
belonging to Alcaligenes, Acinetobacter, Rhodococcus and
Burkholderia genera (Fetzner 1998; Pérez-Pantoja et al.
2012).

Biodegradation by Co-metabolism

Besides specific dehalogenation pathways, aerobic co-
metabolism represents a significant process responsible for
aliphatic and aromatic chlorinated compound biodegrada-
tion in the environment (Field and Sierra-Alvarez 2008;
Jechorek et al. 2003; Little et al. 1988). It involves microbial
oxygenase enzymes, e.g. methane monooxygenases
(MMOs), toluene mono- and dioxygenases, ammonia
monooxygenases and biphenyl monooxygenases among
others and does not provide any benefit to the microorgan-
isms (Furukawa 2000; Hazen 2010). In general, these
enzymes have low specificity to chlorinated compounds but
this limitation is overcome by the increase in enzyme
expression levels in presence of the growth substrate for the
microorganism. MMOs have been the most widely studied
and are present under two forms, the soluble form (sSMMO)
found in a few selected methanotrophs and the particulate
form (pMMO) found in most methanotrophs. These
enzymes can oxidize more than 300 different compounds,
most of them chemically distinct from methane, the natural
substrate of the enzyme (Hazen 2010).
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Co-metabolism of Chlorinated Aliphatics

Various chlorinated aliphatic compounds including VC,
DCE and trichloroethene (TCE) can be metabolized through
a co-metabolism process in the presence of growth-substrates
such as methane, butane, propane, ammonium, ethylene, eth-
ane, phenol, benzene, isopropylene or toluene (Hazen 2010;
Nzila 2013). For instance, TCE can be converted by the bias
of the MMOs in a non-stable epoxide which is spontane-
ously degraded into stable water-soluble products (acetic,
formic, oxalic, glyoxylic, and mono-, di-, and trichloroacetic
acids) and CO, (Little et al. 1988). In this reaction, chlorine
atoms are liberated under the Cl- form. Some bacteria can
also use VC as primary substrate to co-metabolize DCE and
to a lesser extent, TCE (Broholm et al. 2005). Likewise,
other aliphatic molecules such as chloroform and DCA have
been reported to be co-metabolized by bacteria using alkane
(methane or butane) or ammonia as growth substrates
(Hamamura et al. 1997). Biodegradation of chlorinated
aliphatic compounds through co-metabolic reactions have
been shown for many bacteria belonging to the Xanthobacter,
Rhodococcus, Nitrosomonas, Pseudomonas, Mycobacterium,
Methylobacterium, Methylocystis, Ralstonia genera.

Co-metabolism of Chlorinated Aromatics

Like aliphatic compounds, various chlorinated aromatic
compounds can be biodegraded in the context of co-
metabolism by a wide variety of microorganisms (Hazen
2010). Thus, co-metabolism of chlorophenols has been
reported in bacteria using phenol (Aktas and Cecen 2009)
but also glucose or dextrose (Ziagova et al. 2009) as growth
substrates. This mechanism has also been described for the
oxidation of chlorobenzenes, chlorobenzoates and PCBs in
presence of acetate, glucose, fluorobenzenes, but also of low
chlorinated chlorobenzoates and PCBs as growth substrates.
Bacteria involved in chlorinated aromatics degradation
include members of the Burkholderia, Alcaligenes,
Arthrobacter, Nocardia, Acinetobacter, Pseudomonas and
Staphylococcus genera among others. In general, aerobic
biodegradation pathways of aromatic compounds are cata-
lyzed, by dioxygenases, though involvement of MMOs has
been reported for some chlorobenzenes (Jechorek et al.
2003; Hazen 2010).

At present, although there is no evidence of chlorinated
compounds biodegradation in the oxic zone of Lake Pavin,
most of microorganisms involved in the different mechanisms
responsible for dechlorination have been detected in the water
column of this ecosystem (Biderre-Petit et al. 2011a; Lehours
et al. 2007). It is particularly the case of methylotrophic bac-
teria (Borrel et al. 2011), a common group characterized in
most freshwaters. We can thus hypothesize that some of these
methylotrophs might also carry enzymes related, for instance,
to the DcmA dehalogenase and thus be involved in chlori-
nated aliphatics biodegradation through the aerobic reductive

dehalogenation pathway. Moreover, a recent study focusing
on methane cycling in this ecosystem has revealed the pres-
ence of a wide diversity of methanotrophs harboring genes
which encode various pMMOs (Biderre-Petit et al. 2011b).
Consequently, these bacteria could represent potential key-
players in the halogen cycle in this environment by perform-
ing co-metabolism oxidation.

17.3.3.2 Chlorinated Compounds Degradation
Under Anaerobic Conditions

Although abiotic processes might be involved in reductive
transformations of chlorinated compounds under anoxic
conditions, the majority of these reactions are biologically
catalyzed. Reductive dehalogenation has been reported for
many aliphatic (e.g. chloromethanes, chloroethanes, chloro-
ethenes, chlorinated acetic acids) and aromatic (e.g. chloro-
benzoates, chlorophenols, chlorobenzenes, dioxins, PCBs)
chlorinated compounds. These molecules can serve in three
metabolic functions in different anaerobic bacteria: (i) as
carbon or energy source or both, (iii) as terminal electron
acceptor in anaerobic respiration process and (ii) as substrate
for co-metabolic activity. The respiration process is the most
widespread in environment but also the best documented
because its wide use in bioremediation strategies (Holliger
et al. 1998b; Hiraishi 2008).

Chlorinated Compounds as Carbon or/and Energy
Source

Some microorganisms have ability to grow under anaerobic
conditions by using the chlorinated compounds as an elec-
tron donor and/or carbon source (Kuntze et al. 2011). These
reactions may result in the complete mineralization of these
molecules to CO, or in their fermentation in products such as
acetate and formate. Only very little is known about the deg-
radation pathways and enzymes involved. Anaerobic growth
on chlorinated compounds as electron donors or carbon
source was clearly the least common form of biodegradabil-
ity. Indeed, evidence for this type of metabolism was limited
to five aliphatic compounds, i.e. chloromethane, DCA, VC,
cis-DCE and chloroacetic acids and to only few aromatic
compounds in chlorobenzoate and chlorophenol categories.
For both chloromethane and DCA degradation, the reaction
involves corrinoid proteins (vitamin B12 containing pro-
teins) and the transfer of the methyl or methylene group,
depending on the substrate, onto tetrahydrofolate which is an
important coenzyme of chlorine-metabolizing organisms
(Magli et al. 1998; Harper 2000). This mechanism has been
shown in few isolated microorganisms (e.g. Acetobacterium
dehalogenans and Dehalobacterium formicoaceticum), but
also in mixed cultures (methanogenic/acetogenic). DCA
degradation can also occur under denitrifying conditions by
Acinetobacter and Hyphomicrobium species. Finally, chloro-
acetic acids can be used as sole substrate for growth by the
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phototrophic anaerobe, Rhodospirillum photometricum. For
chloroethenes and chlorinated aromatics, their mineraliza-
tion into CO, and C1~ was essentially observed in mixed cul-
tures under methanogenic, iron-reducing, humus-reducing
and manganese-reducing conditions (for review see Field
and Sierra-Alvarez 2004). Moreover, in previous studies
Thauera chlorobenzoica strain 3CB-1 was reported to utilize
3-chlorobenzoate as sole sources of cell carbon and energy
growth substrate under denitrifying conditions (Song et al.
2001; Kuntze et al. 2011).

Reductive Dehalogenation Through Organohalide
Respiration

Organohalide respiration (OHR) is the more efficient and the
well-studied biodegradation pathway of chlorinated com-
pounds under anaerobic conditions. In this respiratory pro-
cess, bacteria use chlorinated species as the terminal electron
acceptors during electron-based energy conservation
(Holliger et al. 1998b). Highly reduced anaerobic environ-
ments (indicated by a low redox potential), typical for meth-
anogenesis and sulfate-reduction, have been found to be a
requisite for the reductive dechlorination of halogenated
compounds (i.e., the substitution of halogen atoms by hydro-
gen atoms) (Stuart et al. 1999; Olivas et al. 2002). Almost all
chlorinated compounds, whatever the molecular structure
and the number of substitutions, can be degraded through
this microbial process.

OHR is performed by organohalide-respiring bacteria
(OHRBs) that have been identified in various taxa including
the O-Proteobacteria, e-Proteobacteria, Firmicutes and
Chloroflexi. These bacteria are divided into two categories,
i.e. facultative and obligate OHRBs. Besides Cl,,,, faculta-
tive OHRBs are able to use a wide diversity of electron
acceptors (e.g. fumarate, nitrate, sulfate, thiosulfate, Fe(III),
Mn(IV), U(VI), S selenate, arsenate) but also several elec-
tron donors (H,, pyruvate, acetate, lactate, butyrate, succi-
nate, formate, ethanol, glycerol, crotonate). They include
members of the Desulfomonile, Geobacter, Sulfurospirillum
and Desulfitobacterium genera (Bradley and Chapelle 2000;
Smidt and de Vos 2004; Hiraishi 2008). The second category
of ORHBs, and possibly the most intriguing, is composed of
extremely specialized bacteria requiring an organohalide
molecule as terminal electron acceptor, H, or acetate as elec-
tron donor and vitamin B12 as cofactor to perform
OHR. Currently, obligate OHRBs are present in the
Chloroflexi  phylum  with  representatives of  the
“Dehalococcoidia” class such as Dehalococcoides and
Dehalogenimonas species (Loffler et al. 2013) and in the
Firmicutes, within the Dehalobacter genus (Holliger et al.
1998a).

OHR reactions are catalyzed by the reductive dehaloge-
nases (RDase), an iron-sulfur and corrinoid containing fam-
ily of enzymes, which is very diverse and whose number is

continually growing, suggesting that the diversity of this pro-
tein family is much deeper than is currently accounted for
(Hug and Edwards 2013). Reductive dehalogenase genes
typically comprise an operon containing rdhA (gene for cata-
lytically active enzyme), rdhB (gene for a putative membrane-
anchoring protein) and sometimes one or more associated
genes (rdhTKZECD) (Smidt et al. 2000). The rdhA genes
have been identified in a wide variety of strictly anaerobic
microorganisms, in which a unique archaeal Ferroglobus
species (Hug and Edwards 2013; Hug et al. 2013). Genomic
analysis and genome comparisons between obligate and fac-
ultative OHRBs recently revealed specific features such as
the presence of multiple putative RDase genes (up to 39) in
the genome of obligate OHRBs. These genes are generally
localized in high plasticity regions suggesting an important
role of gene transfer and/or genomic rearrangement in the
adaptation of these microorganisms (Kube et al. 2005;
McMurdie et al. 2009; Kruse et al. 2013; Richardson 2013).

Dehalogenation by Anaerobic Co-metabolism
Anaerobic co-metabolism results in the partial or complete
reductive dehalogenation of chlorinated compounds. This
kind of metabolism has been shown for a wide variety of
lightly and heavily chlorinated aliphatics while it is more
rarely shown for chlorinated aromatics (for review see Field
and Sierra-Alvarez 2004). Regarding aliphatics, the majority
of studies reveal that they can be slowly co-metabolized by
pure or mixed cultures involving mainly methanogens but
also acetogenic, fermentative, sulfate-reducing and iron-
reducing bacteria. Rapid anaerobic co-metabolism was
observed in a few cases (e.g. pentachloroethane, chloroeth-
enes) due to an enzymatic reduction by a reductive dehaloge-
nase expressed for another chlorinated compound. However,
the more common, slow anaerobic co-metabolism results
from the direct reaction of the chlorinated compound with
commonly occurring reduced enzyme cofactors (e.g. vitamin
B12, a common cofactor of strict anaerobes, especially those
involved in chlorine metabolism, or yet the nickel containing
coenzyme F430 of methanogens). Regarding aromatic com-
pounds, anaerobic co-metabolism degradation has essen-
tially been observed for chlorobenzenes and PCBs. For the
formers, best examples are tetrachlorobenzene and hexa-
chlorobenzene dehalogenation by Staphylococcus epidermi-
dis (Tsuchiya and Yamaha 1984) but also in anaerobic
sewage sludge respectively (Yuan et al. 1999). About PCBs,
only a few congeners were demonstrated to be subject to co-
metabolic reductive dechlorination as long as more highly
chlorinated parent compounds were present in the non-
methanogenic mixed culture (May et al. 2006).
Methanogenesis is a very active process in Lake Pavin.
Although CH, production has been demonstrated in the
anoxic water layers, CH, concentration is mainly due to CH,
flux from the sediment. More details on methane cycle and
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Fig. 17.9 Phylogenetic trees showing the position of obligate (a)
and facultative OHRBs (b) 16S rRNA genes sequences recovered
from water column of Lake Pavin (unpublished data). The trees were

the related prokaryotic actors are provided in Chap. 19. As
described in the above paragraph, OHR generally occurs
under methanogenic conditions in most environments (Vogel
and McCarty 1985); hence Lake Pavin provides ideal condi-
tions for this process. Likewise, OM degradation in the water
column can provide a wide variety of electron donors such as
short-chain fatty acids (e.g. acetate, butyrate, propionate)
and H, which are essential to anaerobic microbial respiratory
processes such as OHR. Nowadays, various microorganisms
able to synthesize these molecules have been characterized
in the anoxic zone of Lake Pavin (Biderre-Petit et al. 2011a)
e.g. Syntrophus species which are hydrogen-producing part-
ners. These species are known to live in syntrophic associa-
tion with hydrogen-using microorganisms, such as OHRBs
of the class Dehalococcoidia (Bunge et al. 2007). Moreover,
in Lake Pavin, Syntrophus species co-occur with several
phylotypes closely affiliated with representing obligate
OHRBs of this class (Biderre-Petit et al. 2011a) (Fig. 17.9).
All together, these data strongly support the possible occur-
rence of both abiotic and biotic reductive dehalogenation of
chlorinated compounds in this lake although this remains to
be confirmed by further studies.

17.4 Conclusions and Perspectives

Research works conducted over the last decade on most eco-
systems revealed that natural chlorination and dechlorina-
tion of OM were much more extensive and ubiquitous than
previously suggested. As reviewed in this Chapter, a vast
array of biotic and abiotic processes can lead to the transfor-
mation of CI” into Cl,, resulting in the production of thou-
sands of natural chlorinated compounds, and vice versa.
Moreover, the high abundance of a natural organic Cl pool

Dehalococeoidia
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based on the neighbour-joining algorithm within the MEGA v6 pack-
age (Tamura et al. 2013). Nodes with bootstraps values >50 % are indi-
cated. Scale bar represents 5 % sequence divergence

in the environment implies that the CI transformation and
cycling are of fundamental and general importance to most
living-organisms and to maintain ecosystem properties.
However, though the existence of Cl cycle is now well
accepted, its regulation remains poorly understood.
Likewise, while knowledge is now available for a few ter-
restrial ecosystems, data from freshwater systems are still
scarce.

Lake Pavin, with (i) its volcanic rocks that may contain
high CI contents, (ii) its dense surrounding vegetation sug-
gesting a high chlorinated OM load and degradation within
the water column, (iii) its division into three distinct vertical
zones (oxic, suboxic and permanently anoxic zones) favour-
able both to oxic and anoxic processes of chlorination and
dechlorination, (iv) its redox conditions, Fe(II) species con-
centrations and CH, content in the bottom layers, all favor-
able to reductive dechlorination processes, and finally (v) its
important microbial diversity (fungi and prokaryotes), con-
stitutes an ideal natural field laboratory to study this biogeo-
chemical cycle.

Thus far, the Cl cycle in Lake Pavin is largely unknown
due to lack of data. But this is also true for most, if not all,
aquatic environments for which the most important aspects
regarding this cycling — including CI~ and Cl,,, pools in sedi-
ment and water, are largely missing. In Lake Pavin, the only
data available is about the measurement of CI~ concentra-
tions along the water column (Viollier et al. 1995). Another
study, aiming at describing microbial community composi-
tion along the water column, provides evidence that putative
dehalogenating phylotypes are present in the monimolim-
nion (Fig. 17.9). Among other, members of the
Dehalococcoidia class, methanogenic Archaea and methylo-
trophic bacteria are the most promising candidates to take
part directly or indirectly at the transformation of Cl,,.
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Future works aiming at identifying Cl,,, present in Lake
Pavin as well as characterizing microbial populations and
enzymatic mechanisms responsible of Cl transformation will
help to fill these gaps. In addition to provide a better under-
standing of the Cl cycle in freshwater ecosystems, it will cer-
tainly results in the discovery of new reaction mechanisms
and enzymes with many potential applications, for instance,
in bioremediation.
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