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The role of vanadium haloperoxidases in the formation
cite this: buron s 015, a2 1775 OF volatile brominated compounds and their impact on
the environment

Ron Wever* and Michael A. van der Horst

Vanadium haloperoxidases differ strongly from heme peroxidases in substrate specificity and stability and
in contrast to a heme group they contain the bare metal oxide vanadate as a prosthetic group. These
enzymes specifically oxidize halides in the presence of hydrogen peroxide into hypohalous acids. These
reactive halogen intermediates will react rapidly and aspecifically with many organic molecules. Marine
algae and diatoms containing these iodo- and bromoperoxidases produce short-lived brominated
methanes (bromoform, CHBr3; and dibromomethane CH,Br,) or iodinated compounds. Some seas and
oceans are supersaturated with these compounds and they form an important source of bromine to the
troposphere and lower stratosphere and contribute significantly to the global budget of halogenated
hydrocarbons. This perspective focuses, in particular, on the biosynthesis of these volatile compounds
and the direct or indirect involvement of vanadium haloperoxidases in the production of huge amounts
of bromoform and dibromomethane. Some of the global sources are discussed and from the literature a
picture emerges in which oxidized brominated species generated by phytoplankton, seaweeds and cyano-
bacteria react with dissolved organic matter in seawater, resulting in the formation of intermediate
brominated compounds. These compounds are unstable and decay via a haloform reaction to form an
array of volatile brominated compounds of which bromoform is the major component followed by
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Introduction

Vanadium haloperoxidases occur widely in nature and are
found in a large number of brown, red and green seaweeds, in
diatoms, in bacteria and in a group of fungi, the dematiaceous
hyphomycetes. The prosthetic group in these enzymes consists
of metal oxide vanadate," and unlike the heme peroxidases,
UV-VIS spectra of these vanadium enzymes show only a
modest absorption in the optical spectra around 315 nm. The
bromo and chloroperoxidases are remarkably stable,>® are
highly resistant towards elevated temperatures and denature
only at temperatures above 70 °C.”"® Detergents such as SDS or
water-miscible organic solvents e.g. ethanol or dioxane hardly
denature these enzymes. Also oxidative agents such as H,0, in
high concentrations, HOCI and singlet oxygen have little effect
on the activity of the chloroperoxidase.’ The enzymes are also
resistant towards proteolytic degradation. This makes the
vanadium haloperoxidases unique enzymes and also raises the
question of their persistence in the environment after death
and decay of the host organism. Haloperoxidases catalyze the
two-electron oxidation of halides (Cl7, Br~, I") by H,O, to
hypohalous acids:

H,0, + H" + X~ — HOX + H,O

Most enzymes during turnover release these hypohalous
acids or related halogenating intermediates, such as OX™, X5,
and X' from the active site in the medium, although there are
exceptions in which vanadium haloperoxidases regiospecifi-
cally halogenate substrates.'®> In most cases these halogenat-
ing intermediates react nonspecifically with a variety of
organic compounds (RH) that are susceptible for electrophilic
attack. This will result in the production of a wide array of
halogenated compounds (RX).

HOX + R —-H — RX + H,0

When a nucleophilic acceptor is absent a reaction may also
occur between HOX and H,0, resulting in the formation of
singlet oxygen:

HOX + H,0, —'0, + H,0 + HX

The historical nomenclature convention of the vanadium
haloperoxidases is based on the most electronegative halide
which these enzymes are able to oxidize. Chloroperoxidases
catalyze the oxidation of CI7, Br~ and I", bromoperoxidases
catalyze only the oxidation of Br™ and I~ and iodoperoxidases™?
are specific for iodide oxidation. It should be noted however
that vanadium chloroperoxidase has a much higher rate in the
oxidation of bromide (k. about 250 s™*) than in the oxidation
of chloride (k. about 20 s7*).!

Many red, brown and green macro-algae and ice microalgae
from the Arctic, Antarctic, shores of temperate zones and
shores of the subtropics and tropics produce CH,Br, and
CHCIBr, at very high rates."*>? Also diatoms found in oceans
produce these halogenated compounds.’*>® The short-lived
brominated and volatile methanes bromoform (CHBr;) and
dibromomethane (CH,Br,) are a very important source of
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bromine to the troposphere and lower stratosphere.”*® These
compounds represent the largest natural contributions to
atmospheric organic bromine and 20-30% of stratospheric
and tropospheric O; depletion is due to these compounds.>
A recent review®® highlights the role of reactive halogens
species in the chemistry and oxidizing capacity of the tropo-
sphere. The depletion of ozone through efficient catalytic
cycles is well known but these compounds also oxidize
dimethyl sulphide, affect the oxidation of organic compounds
and reduce the lifetime of the greenhouse gas methane.

Most of these seaweeds have been shown to contain
vanadium bromo- and iodoperoxidases® " and the majority
of these halogenated products are formed directly or indirectly
by the enzymatic activity of the vanadium enzymes. However,
some seaweeds also contain heme peroxidases and for
diatoms both the presence of heme and vanadium peroxidase
has been reported.”®?*® The major source of atmospheric
CHBr; in the marine environment*"*%2° is the sea-to-air flux
originating from macroalgal and planktonic sources, and is
therefore of importance as a source of reactive halogens to the
troposphere and lower stratosphere. However, this flux of
CHBr; alone cannot account’® for the high atmospheric
mixing ratios observed in the tropical Atlantic Ocean.*®™*?
Possibly terrestrial contributions for CHBr; are involved and it
is conceivable that soils in the tropical area produce bromi-
nated compounds. A global three-dimensional chemical
model used to simulate atmospheric bromoform also indicates
that emissions are likely to be significantly larger than pre-
viously assumed.**

The vanadium iodoperoxidases in seaweeds, their role in
the formation of I, and iodinated compounds and the impact
on tropospheric photochemistry, via the intermediate for-
mation of iodine radicals, will not be discussed here. For this
the reader is referred to recent reviews.”>*’ Similarly the
vanadium chloroperoxidases and their involvement in the for-
mation of chlorinated"*® and brominated compounds in the
terrestrial environment will be discussed elsewhere.

Formation of HOBr by seaweeds

It has been shown that in some brown®® and a green macro-
alga®® the bromoperoxidases are located at or near the surface
of the seaweed. This was demonstrated for the brown seaweed
Ascophyllum nodosum (knotted wrack) by exposing the intact
plant in seawater to hydrogen peroxide. Under these con-
ditions the plants produce HOBr by oxidation of bromide
(1 mM) present in seawater resulting in the bromination of
phenol red to bromophenol blue. This phenomenon was also
observed for the brown seaweeds Laminaria digitata," L. sac-
charina, Pelvetia canaliculata, Fucus vesiculosis®> and more
recently the marine red seaweed Delisea pulchra.'' However,
seaweeds are very different in their morphology and physiology
and are difficult to compare, e.g. in some red seaweeds the per-
oxidases are present in glands.

The possible role of the extracellular enzymatic system may
be to control the colonization of the surfaces of the seaweed
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by generating HOBr which is directly bactericidal.>®*" 1

addition, HOBr in very low concentrations reacts with bacterial
homoserine lactones, resulting in inactivated brominated lac-
tones.*® Many bacteria secrete these lactones (Fig. 1) and they
play an important role in bacterial signalling systems and
interference with these systems inhibits quorum sensing and
bacterial biofilm formation, a first step in the fouling of
surfaces.*®

Also these lactones are coregulatory ligands required for the
control of the expression of genes encoding virulence traits in
many Gram-negative bacterial species. Thus, HOBr is not only
directly bactericidal but the oxidized halogen species also in-
activate homoserine lactones and disturb communication
signals between bacteria. Some red macro-algae produced
halogenated furanones'*>~* (Fig. 2) and the halogenated fur-
anones inhibit N-acyl-.-homoserine lactones-dependent gene
expression by bacteria.

The furanones are encapsulated in gland cells in the
seaweed and this provides a mechanism for the delivery of the
metabolites to the surface of the algae. In the macroalga
Delisea pulchra a vanadium bromoperoxidase'' halogenates
these furanones.

When the intact seaweed A. nodosum in seawater was
exposed to direct sunlight the observation was made that this
seaweed generated HOBr.>* The amounts formed under these
conditions were 68 nmol g~* h™". Although the biomass of this
seaweed is not known exactly, it grows in large quantities in
the North Atlantic and western Russian polar seas® and a
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Fig. 1 Chemical structures of some of the homoserine lactones produced by
bacteria.
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Fig. 2 Structures of halogenated furanones produced by Delisea pulchra. (a)
4-Bromo-3-butyl-5-(dibromomethylene)-2(5H)-furanone. (b) 4-Bromo-5-(bromo-
methylene)-3-butyl-2(5H)-furanone.
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biomass of 10'" is certainly an accepted value. From this
biomass an input of 2 x 10° g of HOBr in the biosphere, pro-
duced annually by this particular seaweed, can be estimated.
From the rate of release of halometabolites by several algae
and a global biomass®® of 10'® g, Gschwend et al.'* estimated
an annual global input in the biosphere of 10" tons per year
and concluded that the macroalgae are an important source of
bromine-containing material released in the atmosphere.
More recent data show that these quantities for coastal sea-
water are even higher. Carpenter and Liss>" arrived at values of
1.6 Gmol Br per year from macroalgae and Carpenter et al.*?
estimated on the basis of air-sea fluxes and bulk seawater and
atmospheric concentrations of CHBr; and CH,Br, a coastal
flux of 2.5 Gmol Br per year corresponding to annual fluxes of
1.3-2 x 10° tons per year of bromine in brominated com-
pounds, respectively.

Mechanisms of the formation of bromoform and
dibromomethane by algae and diatoms

Many seaweeds that contain bromoperoxidases produce vola-
tile brominated compounds like CHBr; or dibromomethane in
very large amounts. These seaweeds produce other volatile and
non-volatile halogenated compounds as well but in general to
a lesser extent and they will not be considered in this review.
For a detailed discussion on the occurrence of other haloge-
nated metabolites see the review by Paul and Pohnert.>” For a
long time the biosynthetic pathways by which these com-
pounds are produced were puzzling but that bromoperoxidases
are involved is obvious. Two biosynthetic pathways are concei-
vable. The first possibility is based upon observations on the
red seaweed Bonnemaisonia hamifera that ketones present in
seaweeds are brominated by the peroxidase. These ketones are
unstable and decay via the haloform reaction to form volatile
brominated compounds.®® This requires however that ketones
are present near or at the thallus surface and this has not been
studied.

A more likely possibility as originally proposed® is that
HOBr in the case of A. nodosum and other brown seaweeds is
just released in seawater and reacts with dissolved organic
matter (DOM) to form unstable brominated compounds which
decay to form CHBr; and other brominated compounds. This
process is similar to the production of trihalomethanes (which
include CHCl;, CHBr3, CHCI,Br, and CHCIBr,) as by-products
of drinking water disinfection using chlorination.”® The reac-
tion of HOBr and DOM is very rapid, with a half-life in the
millisecond range in high-DOM-containing surface waters.*’
Not only polybromomethanes will be formed, but also as
known from water disinfection procedures the released HOBr
will react with reactive components of DOM to form non-vola-
tile brominated organics.®

Substantial evidence that bromination of DOM by bromo-
peroxidase leads to polybrominated compounds comes from
studies by Manley and coworkers. It was shown®” for example
that the addition of H,O, to the green seaweed Ulva lactuca
that contains a bromoperoxidase located outside of the cell

This journal is © The Royal Society of Chemistry 2013
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membrane resulted in an enhanced production of CHBr; and
that removal of DOM decreased the CHBr; production. CHBr;
production was nearly tripled in the light compared to the
dark. The results also show that H,0, produced as a result of
photosynthetic and respiratory electron transport is available
to the bromoperoxidase for bromination leading to the pro-
duction of volatile polybromomethanes. Similarly a study>® on
eleven polar, temperate and warm water marine diatoms
showed that 6 species have an extracellular bromoperoxidase
which is located in the apoplast, the space between the cell
membrane and silicified frustule. These diatoms showed a sig-
nificant release of reactive bromine and iodine (primarily
HOBr and HOI) in the presence of hydrogen peroxide. This is
an important phenomenon that has not been reported before
for diatoms. The species Porosira glacaialis which is known to
produce CHBr;** exhibits the highest bromoperoxidase
activity.>® Based on its resistance towards high concentrations
of H,0, the bromoperoxidase in this diatom is probably a
vanadium enzyme. Most of the HOBr and HOI released by
these diatoms into the sea will react with DOM to form poly-
bromo- and poly-iodomethanes. Importantly the rate of HOBr
release was much greater than the CHBr; emissions measured
by others from laboratory cultures and sea ice algae in the
field indicating that most of the HOBr released may react with
dissolved organic matter to form non-volatile brominated com-
pounds.”® The release of the reactive brominating species may
present a defence mechanism against pathogenic marine bac-
teria and viruses. The subsequent reaction of HOBr or HOI
with DOM may be responsible for oceanic CHBr; production,
and CHBr;, CH,Br, CHIz;, and CH,I, production in polar
regions. Direct evidence that reactive bromine and iodine gen-
erated by a vanadium bromoperoxidase reacts with DOM,
resulting in CHBr; and dibromomethane, was published
recently.® It was shown that coastal waters contain organic
compounds that are susceptible to both bromination by HOBr
formed enzymatically by a bromoperoxidase or HOBr from the
bottle (bromine water). In both cases the same polybromo-
methanes were produced with CHBr; the dominant species.
Thus it is very likely that the release of HOBr and HOI by phy-
toplankton is responsible for oceanic production of CHBrs3,
CH,Br,, CH; and CH,L,.>>*!

The equations below summarize the sequence of events
leading to the formation of CHBr; and other polybromo-
methanes:

H202 +H+ Br — HOBr + HZO
HOBr + DOM (humic material) — DOM-Br
DOM(Br)n — CHBr; + DOM(Br)n — 3

It should be noted that not all the brominated DOM will
decay to CHBr; but other brominated compounds will be
formed as well with unknown stability and fate. Some of the
brominated material may actually end up in marine sedi-
ments. Indeed, it has been shown that marine sediments also
contain organic brominated species associated with humic
material.®

This journal is © The Royal Society of Chemistry 2013
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If these other compounds are formed as well this raises an
important question: is the variability and amount of the poly-
bromomethanes produced by either phytoplankton or sea-
weeds not a function of the origin, nature and concentration
of DOM in seawater? Indeed DOM in coastal waters may differ
from ocean DOM in terms of chemical composition and it may
react and decay differently when exposed to HOBr. Near
coastal waters contain humic material that originates mostly
from degradation products of leaves and this differs from
DOM of marine ecosystems.®® This suggests strongly that the
source of the seawater used, the site at which water samples
were taken, and in which phytoplankton and seaweeds were
incubated determine to a large extent the nature and the
amounts of volatile halogenated compounds formed. This may
for example explain the differences in distribution of CH,Br,
and CHBr; in warm and nitrogen depleted surface waters and
cold nitrogen enriched deeper waters in the Mauritanian
upwelling observed in the study by Quack et al.®® Similarly Car-
penter et al.*” suggested that the surface seawater concen-
tration ratio of CH,Br, and CHBr; is dependent upon location,
that is, open ocean and coastal regions.

Effect of light, H,0, and stress on bromoform production by
algae and diatoms

It is now clear why the addition of H,0, to seaweeds resulted
in the formation of brominated compounds. The vanadium
bromoperoxidases that in general are extracellular are accessi-
ble to added hydrogen peroxide, start producing HOBr that
will in turn react with DOM in seawater or in some cases with
ketoacids from the seaweed. Consequently volatile halogenated
compounds will be formed as shown by several authors.®®”">

It is well known that plant cells during photosynthesis and
photorespiration generate H,0,.”% Also intra- and intercellular
levels of H,0, increase during environmental stresses experi-
enced by plant cells. Several groups showed that illumination
of seaweeds indeed results in the formation of volatile haloge-
nated compounds.®®®*”7"7%7> When six algal species (a diatom,
a brown algae and four filamentous green algae) were illumi-
nated a strong correlation was observed”” between the release
of hydrogen peroxide and the release of brominated com-
pounds to the medium. Surprisingly these species also gener-
ated substantial amounts of chloroform with the diatom
Pleurosira laevis as one of the major producers. Nightingale
et al.'® reported that several seaweed species also release
chloroform, although substantially less than CHBr;. This
suggests strongly that some of the seaweed species contain
chloroperoxidase activity. This requires however that the reac-
tion of enzymatically generated HOCI with DOM be faster than
the reaction of HOCI with Br~ present in seawater; otherwise
only CHBr; would be detected.

The highest production rates of halocarbons by macroalgae
were observed when photosynthesis was maximal in a rock
pool containing macroalgae’® under near natural conditions.
The concentrations of halocarbons corresponded well with the
concentration of H,0,. This again establishes a clear
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relationship between photosynthesis, H,O, and halocarbon
formation. In line with this, bromination of externally added
phenol red occurs®®® when the brown macroalga 4. nodosum
and the red alga Meristiella gelidium, which contain
(vanadium) bromoperoxidases, were exposed to light. This
demonstrates again the direct release of HOBr by these algae.

Stress experienced by the red seaweed Soliera chordalis also
affects the release of volatile halogenated compounds, e.g.
hypo-osmotic conditions strongly enhanced the production
rate of volatile halogenated compounds.”

In line with this exposure of laboratory-grown and harvested
wild individuals of L. digitata to oligoguluronates, carbo-
hydrates which are released when the plant is wounded and
stressed resulted in the release of H,0,.”” Further, concomi-
tantly L. digitata produces a number of volatile brominated
and iodinated compounds.

Thus, illumination and stressing of seaweeds result in the
formation of hydrogen peroxide and as a consequence of the
presence of the bromoperoxidases, halogenated compounds
will be formed via the intermediate formation of HOBr, as has
been demonstrated for several different algae under a variety
of conditions.®®”7>7%77 However, although Antarctic macro
algae release CHBr; and dibromomethane no clear light-
dependent relationship was found.”® Similarly the exposure of
three species of marine microalgae that were selected to rep-
resent three different algal groups that are common to the
marine environment, to light stress did not result in the
release of iodinated or brominated volatile compounds.”®

Bromoform and dibromomethane in oceans and coastal areas

Tropical oceans. There is substantial evidence that the tro-
pical ocean is a main source of bromoform produced by phyto-
plankton. The data by Quack et al.*' show that the sea-to-air
flux is strongly localized, and includes intense emissions in
tropical open ocean regions where bromoform can be trans-
ported rapidly to the troposphere-stratosphere boundary. The
measurements show that there is also widespread production
within the open ocean that can support elevated atmospheric
CHBr; levels. Not only physical evidence is present but also
the global three dimensional chemical model used to simulate
atmospheric bromoform indicates that emissions from oceans
are likely to be significantly larger than previously assumed.**
Further, according to this model a large proportion of emis-
sions is situated in tropical regions. Later data of Carpenter
et al.** also show that both bromoform and dibromomethane
are supersaturated throughout these regions. In line with this,
extensive halogen mediated ozone destruction was observed
over the tropical Atlantic Ocean as measured at the Cabo
Verde archipelago.*>®® The West Pacific Ocean also emits
CHBr; and CH,Br, but emissions are low to moderate.?! As
observed previously*® the concentration ratio of CH,Br,/CHBr;
in seawater is a strong function of concentration (and
location), with a lower CH,Br,/CHBr; ratio found in coastal
regions near macroalgal sources.”> As pointed out this may
relate to the nature of the DOM present at these locations,**
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its reactivity towards HOBr and its ability to undergo the
haloform reaction. US coastal waters also are supersaturated
with bromoform and values were found ranging from 2 to
1724 pmol L™".%* The highest concentrations along the coast-
line were found north of 40°N partly originating from macroal-
gal sources.

Arctic ocean. Several studies have shown that in the Arctic
Ocean halocarbons are present in the ng L' range. The early
data from Dyrssen and Fogelqvist®® demonstrate that the
source of CHBr; is biogenic and that algal belts in the coastal
area of Svalboard are partly responsible. Some sampling sites
in and outside fjords showed the presence of very high concen-
trations of CHBr; (up to 300 ng L™ or 1185 pmol L™"). High
surface water concentrations (up to 12 ng L") were found for
stations situated far from the coast. This biogenic production
of CHBr; in the Arctic Ocean causes an oversaturation in the
open sea surface waters when compared to the atmospheric
background and this results in a flux of CHBr; to the atmos-
phere. Studies by Fogelqvist®*®*> show that phytoplankton in
the Arctic Ocean is involved in the production of CHBrj;. At the
Nansen basin in the Arctic Ocean there is a CHBr; maximum
(3-7 ng L") which is indicative of production very close to the
surface and this suggests that pelagic marine algae are the
source of CHBr; in the Northern Atlantic Ocean.?® Indeed it
has been shown?***"2° that marine phytoplankton and sea-ice
algae, especially diatoms, are producers of CHBrz. As dis-
cussed, bromo and iodoperoxidase activities have been
detected in these diatoms.

The Gulf Stream may also play a role in this by transporting
CHBr;-rich waters from coastal areas to the Arctic Ocean. For
some time the CHBr; released from seaweed and sea-ice
algae®***%° was taken as the major source of bromine respon-
sible for the ozone loss in the arctic troposphere at polar
sunrise.®”” Recent studies®"®> showed that the photolysis of
CHBr; was too slow to account for the formation of reactive
bromine species and subsequently the reactive gas phase
bromine “Bromine explosion” has been explained by hetero-
geneous autocatalytic reactions taking place on salt-laden ice
surfaces.”®?* Globally, however, the direct emission of bromi-
nated compounds and molecular iodine contributes signifi-
cantly to halogen loading in coastal marine boundary
layers®>?® and oceans and it may be a new link between
climate change and the composition of the global
atmosphere.>%2%:38

Interestingly a study®” of the marine boundary layer at
Roscoff, Britanny, where large macroalgal beds exposed to a
large tidal range are present, showed in addition to significant
I, emission the formation of BrO. This pointed to extremely
localized emissions of reactive bromine. It is tempting to
speculate that the brown algae, mainly Laminariacea, are
responsible for this since it is known that they produce HOBr
directly. Overall these brominated compounds either abiotic or
biotically produced play an important role in tropospheric and
lower stratospheric ozone chemistry.

Antarctic. The annual ozone loss in the Antarctic has also
triggered substantial research on biological halocarbon

This journal is © The Royal Society of Chemistry 2013
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formation®® and fate in this area of the world. Carpenter
et al.’® showed, in the Antarctic Spring Summer, that at several
locations in the Southern Ocean within 40 km of the Arctic,
sea ice surface maxima of several dihalogenated methane and
bromoform occurred in the water column (5-100 m depth).
This is consistent with in situ surface halocarbon production
by ice algae liberated from the sea ice. Concurrent measure-
ments in air suggested a sea-air flux of bromoform near the
Antarctic coast. Interestingly, in pelagic polar oceans the con-
centrations of bromoform are a factor of 2-4 lower®® than
observed (57 pmol) in the study by Carpenter et al.’® close to
sea ice.

Values of 50 pmol L™" have been reported by Moore et al.”®
at Resolute Bay (Arctic waters) during spring ice algal bloom
and by Fogelqvist and Tunhua'®® of 54 pmol L™" in close proxi-
mity to an ice flow in the Weddel Sea in Antarctica. Similarly
near the King George Island values of up to 190 pmol L™*
(50 ng L") were found.'”" Strong seasonality in CHBr; and
CH,Br, concentrations was observed'’> and the highest bromo-
carbon concentrations (up to 276.4 + 13.0 pmol CHBr; L™*
and 30.0 + 0.4 pmol CH,Br, L") were found to coincide with
the annual microalgal bloom during the austral summer. The
timing of the initial increase in bromocarbon concentrations
was related to the sea-ice retreat and onset of the microalgal
bloom. The high sea-air flux rate of bromocarbon emissions
observed at the seasonal ice edge zone bloom, which occurs
each year over large areas of the Southern Ocean during the
austral summer, could have an important impact on the chem-
istry of the Antarctic atmosphere.'*® Similarly seawater CHBr;
concentrations in samples collected in coastal waters of the
western Antarctic Peninsula were found'® to be significantly
higher (122 pmol L") in samples collected in diatom bloom
compared to non-bloom waters (42.9 [12.0-126] pmol L™%).
A comparison of sea-to-air flux rates suggests that a switch
from diatom bloom to non-bloom conditions results in a
factor of 3-4 decrease in average CHBr; sea-to-air emission
rates which will reduce the supply of biogenic bromine to the
atmosphere. These concentrations of bromoform are still 1-2
orders of magnitude less than global near shore values influ-
enced by macro-algae.*®

General remarks

From the studies described it is clear that in oceans marine
phytoplankton is the main source of bromoform and dibromo-
methane. Similarly sea ice algae present in the Arctic or
Antarctic also produce these brominated compounds in sub-
stantial amounts. In this case their formation correlates
strongly with microalgal bloom in spring. Some tropical
regions are even supersaturated with bromoform and dibromo-
methane which by sea-air flux leads to halogen-mediated
ozone destruction in the atmosphere. The concentrations in
the pelagic zone are in general lower than in the coastal
waters®®*>%>1% and in going from the open ocean via shelf to
coastal areas, saturations and sea-air fluxes of bromoform and

This journal is © The Royal Society of Chemistry 2013
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dibromomethane in general increase. Several studies have
established that in these coastal waters marine macro algae
are responsible for the high concentrations of the brominated
compounds formed. Tidal cycles and day light seem to affect
their formation as was shown for the Iberian upwelling off
Portugal.'®

In the upwelling along the coast, an additional coastal
source was present that further increased the bromocarbon
concentration. This coastal source was correlated to the
diurnal and tidal cycles, showing that intertidal macro-algae
beds were involved in halocarbon production.'®® Indeed ample
evidence exists that photosynthesis plays an important role in
the formation of these brominated compounds as has been
shown for many seaweed species in laboratory exper-
iments®®®7717>7% but also under near natural conditions.”®
Phytoplankton and macro algae are not the only source of vola-
tile brominated compounds. Data obtained from a cruise in
the Baltic established'®® that cyanobacteria form also signifi-
cant amounts of CHBr;, CH3I, CH,Br, and CHBr,Cl and in
particular during summer, cyanobacteria become highly domi-
nant in the Baltic Sea, forming extensive blooms. The calculated
total production of bromoform, in the Baltic Sea, could be of
the order of 110 Mg per year for a cyanobacterial bloom period
of 1 month and a maximum bloom coverage of 130 000 km?.
For the other compounds a range of Mg per year is calculated.
Interestingly the addition of hydrogen peroxide to a culture of
the cyanobacterium Nodularia spumigena resulted in an
increased production of halocarbons, indicating haloperoxi-
dase activity.'°® Indeed it has been shown that in several
sequenced genomes of marine cyanobacteria, putative
vanadium bromoperoxidases are present.'®”'%® Protein extracts
of cultures of Synechococcus sp. CC9311 show bromoperoxi-
dase activity establishing a functional vanadium bromoperoxi-
dase in this strain. Homologous bromoperoxidase sequences
are also present in the genomes of Acaryochloris marina,
Crocosphaera watsonii and Nodularia spumigena.'®® As has
also been observed for many seaweed species'®’*’° the pres-
ence of halocarbons in surface waters of the Baltic Sea showed
a diurnal variation with the highest concentrations around

noon.'®®

Conclusions

Fig. 3 summarizes and simplifies the events occurring in the
formation of CHBr; and its ventilation to the atmosphere. Sea-
weeds, phytoplankton and cyanobacteria triggered by light or
stress start releasing HOBr in seawater. This will react with
DOM, resulting in brominated DOM that partly decays via the
haloform reaction to volatile brominated compounds, mainly
CHBr; and CH,Br,. The brominated DOM that does not decay
may end up in the marine sediment.*® The volatile compounds
are ventilated to the atmosphere and as a result of photolysis
in the troposphere and lower stratosphere bromine radicals
will be formed that cause depletion of ozone.*°
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Fig. 3 The formation of bromine radicals results from the photolysis of bromi-
nated methanes formed by the reaction of DOM with HOBr produced by
seaweed, phytoplankton and cyanobacteria. By a catalytic cycle these radicals
will cause depletion of ozone *°
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