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Abstract: Many marine algae are strong accumulators of halogens. Commercial iodine production
started by burning seaweeds in the 19th century. The high iodine content of certain seaweeds has
potential pharmaceutical and nutritional applications. While the metabolism of iodine in brown algae
is linked to oxidative metabolism, with iodide serving the function of an inorganic antioxidant pro-
tecting the cell and thallus surface against reactive oxygen species with implications for atmospheric
and marine chemistry, rather little is known about the regulation and homoeostasis of other halogens
in seaweeds in general and the ecological and biological role of marine algal halogenated metabolites
(except for organohalogen secondary metabolites). The present review covers these areas, including
the significance of seaweed-derived halogens and of halogens in general in the context of human diet
and physiology. Furthermore, the understanding of interactions between halogenated compound
production by algae and the environment, including anthropogenic impacts, effects on the ozone
layer and global climate change, is reviewed together with the production of halogenated natural
products by seaweeds and the potential of seaweeds as bioindicators for halogen radionuclides.
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1. General Introduction to Algae

Algae are a heterogenous group of photosynthetic, oxygen-producing, mostly aquatic
organisms, that lack the complexity of a typical plant structure (leaves, stem, roots and
complex reproductive structures). These simple organisms are critically important; it is
estimated that 50–80% of the oxygen produced on Earth originates from algae and about
half of the global total annual productivity is carried out by algae in the oceans [1,2]. Fur-
thermore, algae influence climate by controlling processes such as biogenic calcification,
oceanic sequestration of CO2 and release of dimethylsulfide [3], along with the production
of a wide array of natural compounds that play a primary role in ecosystem functioning
and influence the environment and surrounding organisms [4], thus fulfilling very impor-
tant ecosystem services. Algae vary in cellular structure, photosynthetic pigments and
biochemical characters. This variation is used to organise them into different phyla and
classes. There are at least 350,000 known species of algae [5,6] ranging in size from single
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celled picoplankton of 1–3 µm to giant kelps over 60 m long. The number of algal phyla
has been repeatedly revised over the years. According to van den Hoek et al. [7] there
are 16 algal phyla, yet this has more recently been revised upwards because of molecular
phylogenies and Tree-of-Life projects [8–10].

The marine macroscopic forms or seaweeds live mainly in the littoral zone and are
ecologically significant, not only important as primary producers and in sequestering
carbon and combating climate change [11,12], but also as nurseries [13,14] and habitats for
other marine organisms [15,16]. Seaweeds are taxonomically distributed in three major
groups: Phaeophyceae, or brown algae, due to their content of the golden brown pigment
fucoxanthin; Chlorophyta, which are green in color due to the dominance of chlorophyll
a and b; and Rhodophyta, or red algae, that take their color from their red phycoerythrin
content [17]. Brown algae comprise around 2000 described species and although many
are filamentous, others have evolved complex multicellularity [18,19], with larger forms
usually consisting of stem-like stipe, leaf-like blades, and being mostly attached to a solid
substrate by a root-like holdfast. Large, multicellular Laminariales and Fucales were
found to be the strongest iodine accumulators and to exhibit the most elaborate halogen
metabolism among the brown algae [20–25]. Green algae are one of the most diverse groups
of organisms on Earth, with an estimated 600 genera and 10,000 species. The macrophytes
among this group range in morphology from filaments and multinucleated species to taxa
with parenchymatous tissue [26]; these could be attached by a holdfast or free floating. The
Rhodophyta are also a large group, containing over 7000 currently recognised species [6].
The majority of species (6793) are found in the class Florideophyceae, and mostly consist of
multicellular marine algae, in the form of filaments, sheets or calcareous algae, including
many notable seaweeds [6,27].

2. Halogens
2.1. Definition, Discovery and History

The halogens are a family of nonmetal elements in group 17 (VIIA) of the periodic
table, consisting of six elements: fluorine, chlorine, bromine, iodine, astatine, and ten-
nessine. The name ‘halogen’ was proposed by Jons Jakob Berzelius in 1842 based upon
the Greek words “hal” (salts) and “gen” (“to produce”) [28]. Halogens are found in the
environment mostly in the form of ions or compounds; because of their great reactivity
their elemental forms tend to be short-lived. In their elemental forms, the halogens are very
reactive diatomic molecules, which exist at room temperature and atmospheric pressure in
different physical states: fluorine and chlorine are gases, bromine is a liquid, while iodine
is solid. Of particular interest in the context of the present review, certain seaweeds—in
particular, members of the Fucales and Laminariales—release molecular iodine. There are
no stable (nonradioactive) isotopes of astatine and tennessine. The halogen atoms have
seven electrons in their outer shells, so that addition of only one electron gives the corre-
sponding anions (halide ions) with a stable (octet) electron configuration and an oxidation
number of −1. On Earth, the halogens mostly occur as salts (halides: F−, Cl−, Br−, and
I−; halite: IO3

−) either dissolved in water or in solid deposits. Among these, chloride is
the major anion in seawater [29] which contains 536 mM chloride, 800 µM bromide and
0.5 µM iodide [21,30,31]. Iodide also occurs in high concentrations of natural gas deposits,
e.g., in the Kanto Province in Japan, where it is commercially extracted in parallel to natural
gas production [24]. The main solid forms of iodine are iodargyrite (AgI) [32–35], calcium
iodate Ca(IO3)2 and caliche (occurring mostly in Chile) which is CaCO3 containing nitrates
and iodates [24]. The solar system contains 0.4 ppm F, 4.8 ppm Cl, 23 ppb Br, and 3 ppb I,
making the halogens the 25th (F), 18th (Cl), 34th (Br), and 50th (I) most abundant elements
in the solar system [36].

2.1.1. Fluorine

F, atomic number 9 with an atomic mass of 18.998404 Da, is derived from Latin “fluere”
9 (=“to flow”, [28]). In the early 1800s, Andre-Marie Ampère in France and Humphry Davy
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in England, corresponded about a potentially novel element. In 1813, Davy announced its
discovery and named it fluorine following a suggestion by Ampère [37,38]. In 1886, the
isolation of elemental fluorine was reported by Henri Moissan after nearly 74 years of effort
by other chemists (some of whom may have died from poisoning in this effort), for which
he was awarded the 1906 Nobel Prize [38,39]. It makes up about 0.06–0.08% of the Earth’s
crust but the average crustal abundance is low with an average of 300 µg/g [40]. Fluorine
is widely distributed in many types of rocks and soils, air, plants, animals and has a low
concentration in seawater [41]. However, it is the most electronegative and reactive of all
elements, and rarely occurs naturally in the elemental state [42].

2.1.2. Chlorine

Cl, atomic number 17 with an atomic mass of 35.5 Da. The name is derived from
the Greek word χλωρóς (khlôros), meaning “greenish yellow” [28]. Chloride was first
discovered by Carl Wilhelm Scheele, a Swedish scientist, in 1774 [43]. Since chlorine is very
reactive, it is found in nature only in combination with other elements [39]. In nature, the
major mineral source of chloride is rock salts, besides being found in dissolved salts in
seawater and from the prehistoric evaporation of salt lakes. It makes up about 0.031% of
the earth’s crust [28].

2.1.3. Bromine

Br, atomic number 35 with an atomic mass of 79.904 Da. The name is derived from
the Greek word βρώµoς (bromos), meaning “bad smell” or “stench” [28]. The element
bromine (as Br2) was first prepared by Balard in 1826. Bromine is concentrated in the upper
mantle crust of the Earth and seawater, principally in the form of inorganic bromides. It
has been estimated that the total bromine content in the crust of the earth is 0.00016% [44].

2.1.4. Iodine

I, atomic number 53 with an atomic mass of 126.9 Da. The discovery of the element is
credited to Courtois in the context of the Napoleonic Wars in 1811 while manufacturing
saltpetre (used to make gunpowder) from ashes of seaweed [24,37,45,46]. After the initial
discovery, Joseph Gay-Lussac, another French chemist, gave the new element its name
iodine which is derived from the Greek word ιώδης (iodes) due to its purple colour. Iodine
is present mostly as iodate (IO3

−) and iodide (I−) in natural waters, with total iodine levels
ranging from ~60 µg/L in seawater [47] to about 5 µg/L in estuaries to less than 0.2 µg/L
in rivers (in some Triassic mountain regions of northern Italy). Correspondingly, fresh-
water trout contain 20 µg/kg of iodine compared to saltwater fishes (herring) with about
500–800 µg/kg [48].

2.1.5. Astatine

At, atomic number 85 with an atomic mass of 209.9871 Da, has been reported in 1940
by Dale R. Coson, Kenneth Ross Mackenzie and Emilio Segrè. The name comes from the
Greek άστατoς (astatos), meaning unstable [28]. Astatine is a highly unstable radioactive
chemical element of the halogen group. Astatine appears in the Earth’s crust when the
radioactive elements uranium and thorium decay. The total amount of astatine present in
the Earth’s crust does not exceed 50 mg, making it one of the rarest elements [39].

2.1.6. Tennessine

Ts, atomic number 117, was first synthesised in 2010 by a Russian-American team [49].
It was named after the American state which houses the Oak Ridge Laboratory, which
contributed to the discovery; the ending –ine (rather than –ium) underlines its position
in the halogen group, although whether this is also reflected in its chemical properties
remains to be established.
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2.2. The Global Cycles of Halogens

The oceans are the largest reservoirs of bioavailable chlorine, bromine and iodine
on the planet [50] and, from there, the elements are transferred to the atmosphere. In
the atmosphere, iodine reaches concentrations of 5–20 ng m−3 in gaseous forms and
1–5 ng m−3 as particulate iodine [51]. Iodine atoms, formed by photolysis of their precur-
sors, for example HOI, I2 and organoiodines [52], are rapidly oxidised via ozone into higher
iodine oxides (I2O2, I2O3, and I2O4) [53,54] and iodic acid (HIO3) [55], which may nucleate
under certain conditions and form new aerosol particles [55,56]. Particles that grow to
larger sizes influence climate directly, by scattering light, and indirectly by producing cloud
condensation nuclei (CCN) [55].

Iodine in the form of gas and aerosol is carried by the wind and rain to land areas [24,30,57,58].
In rainwater, the iodine appears at concentrations of around 2 µg L−1 [59]. Once found
on land, iodine is distributed in different ways: it is again mobilised by volatilisation into
the atmosphere by abiotic and biotic processes, fixed in soil and biomass, or carried to the
ocean through water streams [57,58,60,61].

The biogeochemical cycle of bromine is dominated by major sources of bromine to the
atmosphere, such as sea spray, saline lakes, volcanoes, and marshes, but also anthropogenic
sources [62]. Bromine is lost from the atmosphere mainly through photochemical oxidation
of gaseous emissions to soluble forms which are ultimately deposited, and deposition of sea
spray aerosol. The bromine cycle is linked to those of chlorine and iodine and contributes
to ozone destruction in the stratosphere and troposphere [62,63].

The chlorine cycle shares features with the bromine cycle—in particular, the large-scale
transfer of chlorine into the troposphere from sea spray is similar to that of bromine [64,65].
The troposphere receives inputs of both inorganic and organic chlorine from the ocean.
Due to the much higher stability of organic chlorine compounds compared to brominated
and iodinated compounds, the former tends to be much more long-lived, which results
in significant amounts of chlorinated compounds reaching the stratosphere. The major
atmospheric sinks of chlorine are similar to those of bromine, although Cl atoms are also
capable of oxidation of alkanes, providing additional sinks.

More recent reviews are available about the environmental role of fluorine [66], chlo-
rine [67] and bromine [62].

2.3. Inorganic Biochemistry of the Halogens
2.3.1. Halogen Oxidation States

Having introduced the halogens and their biogeochemical cycles briefly in Sections 2.1 and 2.2,
we will in this section link the chemical properties of the halogens to their roles in biology,
including other forms of life than the seaweeds, which are the main topic of this review,
and will be treated in detail in the remaining sections. The discussion of the biological roles
of the halogens will focus on fluorine, chlorine, bromine, and iodine. The only relation
of the recently synthesised tennessine with life is that it is completely anthropogenic [49];
the 211At isotope is promising for targeted α-therapy, provided that its easy removal from
biomolecules by biological dehalogenation is bypassed [68]. The redox properties of the
four most important halogens are compared to each other and that of oxygen (being
the most abundant medium and most readily available oxidant in the environment in,
respectively, its reduced and elemental forms) in water at pH 7 and 25 ◦C in Figure 1 in an
oxidation state (or Frost) diagram. In such a diagram, strong oxidants are at the top right,
and strong reductants at the bottom left; the slope of the line connecting the oxidant and
the reductant of a redox couple is a measure of the reduction potential, i.e., the oxidising
power, of the oxidant. The elemental forms are in the origin, and the minimum corresponds
to the most stable form of an element (which for the halogens are the aforementioned
halide ions). When an intermediate species takes a position above the line connecting the
surrounding species, it indicates a thermodynamic tendency to disproportionate into those
surrounding species; a position below the line implies a tendency for the surrounding
species to comproportionate.
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In its triplet ground state, molecular oxygen (3O2) is a relatively inert oxidant; its spin
isomer (singlet oxygen, 1O2), its allotrope (ozone, O3), and the products of its reduction
by one electron (superoxide, O2

−), two electrons (hydrogen peroxide, H2O2), and three
electrons (OH radical, not included in Figure 1), are kinetically and thermodynamically
stronger oxidants and are, therefore, collectively referred to as reactive oxygen species
(ROS). It can be seen from the diagram that, along with H2O2, elemental fluorine (F2) is the
strongest oxidant in the system, and it is not possible to oxidise it beyond the elemental
level. For the other halogens, oxidised forms exist up to oxidation states of +5 and +7
(Figure 1, top right); of these, only iodate (I5+) is stable in water. Of the elemental forms,
only bromine and iodine are stable in aqueous solution, in strong association with bromide
and iodide, if available, yielding Br3

− and I3
−, respectively. In the presence of molecular

oxygen, the predominant form of I is iodate. As will be discussed in more detail in Section 4,
the oxidation of iodide to iodate, and the incorporation of the latter into calcium carbonate
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precipitates, has allowed the I/Ca ratio in such minerals to be used as an accurate indicator
of the degree of oxidation in the atmosphere at the time of the mineral deposition [73–75].
Because of the lack of reactivity of the stable halide anions, some oxidative activation is
required for halogens to undergo reactions such as incorporation into organic compounds.

The diagram (Figure 1) also shows that H2O2 can oxidise the halides X− (except
fluoride) to the corresponding hypohalous acids HOX, which are not dissociated at neutral
pH, and are, in turn, relatively strong oxidants, but also that, since they are located above the
line connecting the surrounding oxidation states, they have a thermodynamic propensity
to disproportionate into the halide and halite, which is stronger at high pH. The partly
oxidised (elemental and hypohalous) halogen species can evaporate from water, thereby
escaping possible dis- and com-proportionations, and be further oxidised in the gas phase
by dioxygen and ozone, thus forming the more highly oxidised halogen species without the
limitation of stability in aqueous solution. The various hypohalous acids are close together
in the diagram in Figure 1.

2.3.2. Enzymatic Incorporation of Halide into Halocarbons

Because of the lack of reactivity of the stable halide anions, some oxidative activation is
required for halogens to undergo reactions such as incorporation into organic compounds;
as discussed above, this is not possible for fluorine, which will be discussed separately
in Section 2.3.5. An overview of enzymes involved in biological halogenation strategies,
collectively known as halogenases [76,77], is given in Figure 2. Enzymes that activate halide
X− with H2O2 as the oxidant are called haloperoxidases. The resulting hypohalous acid
HOX can be conceived as a combination of OH− with a halogen with a formal charge of
+1, which readily reacts as an electrophile, in particular with activated moieties, such as
the hydroxyl-substituted phenyl ring in the side chain of the amino acid tyrosine. The
less electronegative a halide is, the more readily it is oxidised to the hypohalous acid;
haloperoxidases are therefore named after the most electronegative element that they can
activate. The first haloperoxidase that was discovered [78], the chloroperoxidase from the
fungus Caldariomyces fumago, contains a heme cofactor [79], like the mammalian haloper-
oxidases [80], which will be discussed in more detail in Section 6. The haloperoxidases
from many other organisms, including seaweeds, depend on vanadate [81,82] and will
be discussed in more detail in Section 5. The chemical reaction of hypohalous acid with
hydrogen peroxide gives singlet oxygen [83], the more reactive spin isomer of triplet oxy-
gen (Figure 1), and its formation is also a feature of enzymic catalysis by heme- [84] and
vanadate-dependent haloperoxidases [85]; its significance does not appear to have been
further explored. It should be noted that, in addition to the heme- and vanadate-dependent
peroxidases, cofactor-free haloperoxidases exist (not included in Figure 2) which only occur
in bacteria; the first was discovered in Pseudomonas pyrrocinia, that incorporates chlorine at
the 7-position in tryptophan [86]. When the structure of a related bromoperoxidase from
Streptomyces aureofaciens was elucidated, it was found to contain a catalytic triad with a
nucleophilic serine residue, like the hydrolases to which it is related [87]. For haloper-
oxidation, a carboxylic acid is needed, that is proposed to react with the serine to form
an ester, which is attacked by H2O2 to form a peracid, so that the enzyme could also be
called a perhydrolase [88]; the peracid reacts with the halide to produce the halogenating
intermediate, which is not known with certainty, but must be electrophilic. The perhydro-
lase activity is considered by some to be a side activity of hydrolases, such as lipases and
esterases [89]. While the important effects of haloperoxidases in human physiology will be
discussed in Section 6, some examples from other forms of life are mentioned here. Singly
brominated tyrosines are at the core of metal-halogen biominerals [90] which make the
tips of crab claws resistant to fracture [91]. Multiply halogenated amino acids with iodine
and bromine are proposed to play a role in protein cross-linking in the jaws of the marine
worm Nereis [92]. Another amino acid that is susceptible to electrophilic bromination is
tryptophan; the degradation products of 6-Br-tryptophan (Figure 3) are responsible for
the fluorescence in, for example, the swell shark Cephaloscyllium ventriosum [93]. Other
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examples of biological halide oxidation, that apparently do not involve haloperoxidase, are
the microbial oxidations of iodide by α-proteobacteria to elemental iodine [94–96], by Pseu-
domonas iodooxidans to iodate [97], and by the manganese-oxidising bacterium Roseobacter
via extracellular superoxide [98].
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Figure 3. Brominated tryptophan and a kynurenine degradation product.

Another group of halogenases does not depend on hydrogen peroxide, but on molecu-
lar oxygen as the oxidant; oxygen-dependent halogenationproceeds either with reduced
flavin as a coreductant in the flavin-dependent halogenases (Figure 2, bottom left), or withα-
ketoglutarate as a coreactant and non-heme iron in the radical halogenases (Figure 2, bottom
middle) [76,77]. The first non-metal halogenase was discovered in the bacterium Strepto-
myces aureofaciens, where it is involved in the biosynthesis of 6-demethylchlortetracycline [99];
it was then established by work on a related enzyme that this group of halogenases has
reduced flavin as a cofactor [100]. The electrophilic HOX intermediate, already familiar
from the haloperoxidases, is produced via a flavin hydroperoxide intermediate (Figure 2,
bottom left) [101]. In the structure of the halogenase CmlS, which is responsible for chlorine
incorporation in the precursor of chloramphenicol in the bacterium Streptomyces venezuelae,
the substrate binding site is approx. 10 Å away from the flavin, and the HOCl is proposed
to react with a lysine residue near this binding site to produce an even more reactive
chloramine intermediate [102]. This fixation of the reactive halogen near the binding site
could be the explanation for the high selectivity [103] of this class of halogenases compared
to the haloperoxidases. Recently, a flavin-dependent halogenase with iodine specificity has
been discovered in a virus, specifically, a marine cyanophage [104].

The first halogenase dependent on non-heme iron, α-ketoglutarate, and molecular
oxygen was discovered in the bacterium Pseudomonas syringae, where it is involved in the
biosynthesis of the chlorine-containing phytotoxin syringomycin E [105]. Structural [106]
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and spectroscopic studies [107,108] reveal that O2 and the α-ketoglutarate coreactant reacts
with the iron to give a non-heme iron-oxo intermediate, which abstracts an H atom from the
organic substrate in a non-activated position to give an organic radical (Figure 2, bottom
middle). The advantage of non-heme over heme iron in this reaction is that it cannot
only coordinate O2 and the coreactant in adjacent positions, but also the halide, which
reacts with the organic radical to give the halogenated product. A related enzyme from the
cyanobacterium Hapalosiphon welwitschii plays a role in the production of welwitindolinone
and related indole monoterpenoids [109–111].

2.3.3. Halogen Oxyanions as Electron Acceptors

Although much of the highly oxidised halogens, the (per)halates and organohalogen
compounds, currently in the environment, is anthropogenic, there has been enough ma-
terial of geo- or bio-chemical origin around for a sufficient time for life forms to evolve
to take advantage of their presence in various ways. In spite of their thermodynamic
instability, the chlorine species with the highest oxidation states play a role in biology [112],
because, like molecular oxygen, they combine a high thermodynamic reduction potential
with kinetic inertness. Some organisms can reduce both the potentially explosive per-
chlorate (by perchlorate reductases [113] containing molybdenum in the active site [114])
and chlorate, others only chlorate (by chlorite reductase), both to the level of chlorite [67].
Some of the organisms that reduce perchlorate can also reduce bromate, nitrate, and iodate.
A feature that distinguishes the biological reduction of the (per)chlorates from other oxyan-
ion electron acceptors, which proceed with the formation of water, is that the decomposition
of the chlorite intermediate by chlorite dismutase is one of the few (along with superoxide
dismutase, catalase, and the oxygen-evolving centre of photosynthesis) biological processes
to produce molecular oxygen, as would be expected based on their higher reduction po-
tential. Other examples of biological processes involving highly oxidised halogen species,
albeit without oxygen evolution, include iodate reduction by Pseudomonas [115] and the
specific reduction of bromate (a carcinogen) by the bacterium Rhodococcus [116].

2.3.4. Dissimilatory and Assimilatory Organohalide Degradation

Another class of metabolism, where halogen-containing molecules act as the final
electron acceptor, is that of so-called organohalide (or organohalogen) respiration, which
produces halide and the reduced organic compound [117–119] in a bacterium, tentatively
named Dehalococcoides ethenogenes, belonging to the emerging group of organohalide-
respiring bacteria. In PceA, a tetrachloroethene reductive dehalogenase from the bacterium
Sulfurospirillum multivorans organohalogen reduction involves a corrinoid cofactor in con-
nection with a 4Fe-4S cluster [120]. Because of its inverse relation with the strength of the
carbon-halogen bond, the reduction potential of the organohalogens by H2 increases going
from those containing F (for which no respiration is observed) via Cl and Br to I [121].
The free energy of the reduction of perchloroethylene (PCE) to trichloroethylene (TCE) is
comparable to that of nitrate [122]; this places organohalogens between chlorate and iodate
in Figure 1, and makes them much better electron acceptors than sulphate. Organisms that
feature this kind of metabolism of organohalogens not only occur in environments where
they can be expected to be of anthropogenic origin, but also in so-called pristine environ-
ments where they are of (bio)geochemical origin [123]. An example of biological reductive
dehalogenation that does not involve a corrinoid cofactor is the bacterial tetrabromopyrrole
debrominase, which has two cysteine residues in the active site [124].

The reductive type of dehalogenation, which is the distinguishing feature of organohalide
respiration and is dissimilatory, i.e., has an energetic benefit for the microorganism, should
be distinguished [125] from the oxidative dehalogenation in other organisms, which is
assimilatory, i.e., the benefit to the organism is in the carbon utilization [126,127]. In
addition to the aforementioned reductive pathways, humans have a variety of deiodination
pathways [128], including oxidative ones involving cytochrome P450 [129,130], either alone,
or in combination with nucleophilic deiodination with glutathione [131,132].
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2.3.5. Halide Binding to Proteins and Nucleophilic Halogenation

In contrast to the most common trace elements, the transition metals, halides do not
bind to proteins by coordination to amino acid side chains; they are themselves likely
to be ligands for transition metals. It is perhaps surprising that charge complementarity
hardly plays a role in halide-protein interactions; for example, the main role of the pos-
itively charged amino acids in the active site of vanadium-dependent chloroperoxidase
(see Section 5; [133]) is to compensate for the negative charge of the vanadate cofactor.
Their interaction with proteins depends very much on the possibility to be an accep-
tor for hydrogen bonds. For example, the voltage-gated CLC channel has a binding
side for the chloride ion that consists of a glutamic acid and two backbone amides [134].
A survey of halide binding sites in protein structures deposited in the Protein Data Bank
reveals that the ions are only partly dehydrated to varying degrees [135]; chloride and
bromide are typically surrounded by three, iodide by two water molecules. The technique
of infrared multiple-photon dissociation (IRMPD) spectroscopy, by which infrared spectra
can be taken of mass spectrometric fragments with a free-electron laser, allows H-bonds of
halide ions with peptides to be studied in the gas phase [136]. The dehydration of fluoride
ion plays an important role in the catalysis by fluorinase (5′-fluoro-5′-deoxy adenosine
synthetase (FDAS) from the bacterium Streptomyces cattleya [137] which acts by nucleophilic
displacement of the methionine leaving group in S-adenosyl-methionine (SAM) by the
fluoride ion (Figure 2, brown arrow). The reaction proceeds with the inversion of the config-
uration that is characteristic of a bimolecular (SN2) substitution mechanism [138]. Although
computational studies do not agree on the necessity to desolvate the fluoride ion for it to be
a good nucleophile [139,140], crystallographic studies show that it loses all but two water
molecules upon binding to fluorinase, and that the remaining ones are displaced upon bind-
ing of the coreactant SAM in its proximity [141,142]. Because fluoride cannot be activated
by oxidation (Figure 1), the nucleophilic substitution featured in the fluorinase reaction is
the only biochemical pathway for fluorocarbon formation. In Streptomyces cattleya, SAM
fluorination leads ultimately to the production of fluorothreonine and fluoroacetate; the
latter is also known as a toxin from some tropical plants, such as the gifblaar Dichapetalum
cymosum. Thesedo not contain a fluorinase, however, and the mechanism of fluorine in-
troduction by plants is as yet unknown [143]. An analogous enzyme, chlorinase, has been
discovered in a marine bacterium Salinispora tropica [144], is active on chloride, bromide,
and iodide, but not fluoride, and plays a role in the biosynthesis of the chlorine-containing
proteasome inhibitor salinosporamide A [145]. In another group of SAM-dependent en-
zymes for halogenation, the methyl halide transferases, which have been found in various
species, including a red alga [146] and a microalga [147], it is the homocysteinyl-adenosyl,
not the methionine, that is the leaving group, leading to a methylhalide product (Figure 2,
purple arrow). Only the crystal structure of the SAM-bound form, not including the halide,
has been elucidated [148]. While the haloperoxidases, to be discussed in more detail in
Section 5, are responsible for the production of polyhalomethanes in algae, the methyl
transferases are responsible for methyl halide formation [149,150].

2.4. Significance of Halogens
2.4.1. Environment

Natural halogenated compounds affect the atmosphere, the marine and terrestrial
environment. The geo-, atmospheric and marine chemistry of iodine has been reviewed
by [24], also with an emphasis on microbial metabolism [24,151] and is summarised in
Figure 4.

Halogens have a significant impact on global stratospheric ozone [152,153]. Since the
late 1970s, stratospheric ozone levels above the Antarctic were observed to be declining
due to anthropogenic emissions of halocarbons (in particular, chlorofluorocarbons/CFCs)
which has been labelled the “ozone hole” [154,155]. The ozone hole was first detected in
the Antarctic in 1984 [155,156] and, a few years later, also in the Arctic [157]. Concern for
the ozone layer, which shields the world from dangerous UV irradiation, arose in the early
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1970s, chiefly because of the studies by Paul Crutzen highlighting the danger to the ozone
layer by nitrogen oxides stemming from supersonic stratospheric aviation [158] and by
F. Sherwood Rowland and Mario Molina who predicted the ozone-damaging potential
of CFCs [159], for which they shared the 1995 Nobel Prize in chemistry [160,161]. Ralph
Cicerone, Richard Stolarski and co-workers proposed in the 1970s that one atom of chlorine
would be able to destroy 100,000 molecules of ozone [154]. Bromine is up to 40–100 times
more efficient in destroying the ozone molecules than chlorine in the stratosphere [162]. The
role of chlorine and bromine radicals in polar stratospheric ozone loss was demonstrated
in airborne measurements [163]. The combination of theoretical calculations since the
1970s [159], supported by the discovery of the Antarctic ozone hole in the early 1980s [155],
led world leaders to sign the Montreal Protocol (Protocol on Ozone Depleting Substances
(ODS)) mandating the phase-out of CFCs in 1987 [156], which is now considered one of
the most successful international environmental treaties of all time [164,165]. Indeed, as
a result of this treaty and its consequent amendments, the atmospheric concentrations of
very long-lived CFCs and other synthetic ozone-depleting substances (ODSs) have been
declining since the late 1990s (later for CFC replacement gases), and, consequently, both the
Antarctic and the Arctic ozone holes have now started recovering [166,167]. Most recently,
iodine radicals, which are efficient at destroying ozone in the gas and particulate phases,
have been found in significant amounts in the lower stratosphere, resulting from transport
of natural oceanic emissions [168].
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In the past 20 years, atmospheric chemists have come to realise that halogens exert
a powerful influence on the chemical composition of the troposphere and, through that
influence, can affect the fate of pollutants and influence climate. Of particular note for the
climate is that halogen cycles affect methane, ozone, and particles, all of which are powerful
climate-forcing agents through direct and indirect radiative effects. This influence comes
partly from the high reactivity of atomic halogen radicals (with reactivity in this series
Cl > Br > I) and halogen oxides (e.g., ClO, BrO, IO, and higher oxides), known as reactive
halogen species [63,169–173] which are generated photochemically [174]. Of particular
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interest is the impact of reactive halogen species on tropospheric ozone, a key greenhouse
gas and air pollutant [175]. Together, reactive iodine and bromine are responsible for up
to 50% of ozone destruction in the marine boundary layer (MBL) [173,176]. Bromine and
iodine compounds can also impact climate through modification of nitrogen oxide (NOx)
and hydrogen oxide radical (HOx) cycles with resulting effects on the lifetimes of other
climatically important trace gases [177,178], and through oxidation of dimethyl sulfide
(DMS) [176]. Iodine has particularly significant impacts on tropospheric photochemistry,
ultimately impacting climate by reducing the radiative forcing of ozone (O3) and air quality
by reducing extreme O3 concentrations in polluted regions [170–172].

The rapid reaction of sea-surface iodide with O3 is currently believed to be the largest
single source of gaseous iodine to the atmosphere [179,180]. Due to increased anthropogenic
O3, this release of iodine is believed to have increased dramatically over the twentieth
century, by as much as a factor of three [181,182]. However, marine biological production
of very short-lived organic halogenated compounds (VSLH) can represent a strong local to
regional source of iodine and an important source of iodine to the stratosphere [168], and is
a globally important source of atmospheric bromine [176].

In the geosphere, the abundance of halogens in the mantle may provide information
about the origin and evolution of the Earth and other planets. The halogen cycle on Mars
has received a lot of interest, in terms of the concentration of halogens being significantly
enriched in the crust when compared to the Earth [183]. The surface of Mars is relatively
rich in perchlorate, which present a possible hazard to astronauts because of its inhibition
of iodide uptake by the thyroid (see Section 2.4.2; [184]), but could also be considered a
favourable factor for human settlement because, taking advantage of its (bio)chemistry
discussed in Section 2.3.3, it may be used as a possible source of molecular oxygen [185].
Detailed knowledge about the abundance of halogens in hydrothermal fluids and minerals
can help to reconstruct paleo-environments (e.g., composition of ancient seawaters [186]), to
deduce the sources and evolution of hydrothermal fluids, and to provide constraints on the
petrogenesis of magmatic, metamorphic, and sedimentary processes. Analysis of minerals
(chert) considered representative of Precambrian sediments has revealed that the Br/Cl
and I/Cl ratios in the Archaean ocean were higher than the current ones [187]. Moreover,
planktonic iodine-to-calcium ratios (I/Ca) are a useful biogeochemical proxy for oxygen
depletion in seawater [75], e.g., as applied recently for reconstructing conditions in the
glacial Southern Ocean [188], but also for much more distant eras of the Earth’s history, such
as the latest Ordovician glacial maximum [189]. Tandem proxy reconstructions provide
evidence of a downward expansion of oxygen depletion in the eastern Pacific during the
last glacial, with no indication of greater oxygenation in the upper reaches of the water
column. Extrapolation of quantitative deep-water oxygen reconstructions showed that the
respired carbon reservoir of the glacial Pacific was substantially increased, establishing it as
an important component of the coupled mechanism that led to low levels of atmospheric
carbon dioxide during the glacial [190]. Analysis of an extensive compilation of iodine-to-
calcium ratios (I/Ca) in marine carbonates supports a major rise in the partial pressure of
oxygen in the atmosphere at ~400 million years (Ma) ago and reveals a step-change in the
oxygenation of the upper ocean to relatively sustainable near-modern conditions at ~200 Ma
ago. An Earth system model demonstrates that a shift in organic matter remineralization
to greater depths, which may have been due to increasing size and biomineralization of
eukaryotic plankton, likely drove the I/Ca signals at ~200 Ma ago [74].

2.4.2. Human Physiology and Medicine

Iodine plays a central role in thyroid physiology, being the essential element in thy-
roid hormones (THS) and the major constituent regulator of thyroid gland function [191].
Chatin was the first to publish the hypothesis, in 1851, that iodine deficiency was the
cause of goitre [192,193]. In 1896, Baumann [194] and Roos [195] discovered iodine in the
thyroid [193]. Iodine from the diet is rapidly and efficiently absorbed (>90%) throughout
the gastrointestinal tract and duodenum [196]. Dietary iodine in organic form is converted
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into the iodide ion before it is absorbed. Under normal circumstances, the plasma iodide
is cleared from circulation, mostly by the thyroid and kidney. Normally about 120 micro-
grams of iodide are taken daily up by the thyroid gland for the synthesis of the thyroid
hormones triiodothyronine (Figure 5; molecular formula C15H11I3NO4) and thyroxine
(molecular formula C15H11I4NO4) [197]. Through these hormones, iodine is involved in
controlling metabolism, cell growth and maturation, and the development and growth
of tissues [198]. Nonhormonal iodine is found in a variety of body tissues, including
mammary, physiological glands, eye, gastric mucosa, cervix and salivary glands [199]. The
typical daily requirement for iodine during adult life is 150 µg, but this requirement is
increased during pregnancy and lactation to around 200 µg; during the neonatal period it is
40 µg. Severe iodine deficiency results in hypothyroidism, endemic goitre, cretinism, brain
disorders, decreased fertility, retarded psychomotor development, speech and hearing
impairments, increased prenatal death, and increased overall mortality [200]. High iodine
intake may also cause disturbances in thyroid function [201], but two or three milligrams
of sodium iodide per week will prevent goitre and ten milligrams has been shown to
cause no harm. In Chinese adults, those consuming non-iodised salt had a significantly
(25–36%) increased risk of thyroid nodules compared with those consuming iodised
salt [202]. Solomon et al. [203] found a high incidence of autoimmune hyperthyroidism,
Graves’ disease, and of multinodular toxic goitre in an area with low iodine intake in a
cross-sectional study.
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Several studies have shown iodide to be a potent antioxidant [204,205]. It has been
hypothesised that the ancestral function of iodine accumulation in the thyroid in the
evolution of vertebrates was to provide a simple antioxidant system, before the evolution
of the thyroid hormone system [205]. Micromolar amounts of I−, which acts as a primitive
electron-donor through peroxidase enzymes, can scavenge free oxygen radicals and increase
the total antioxidant status in human blood cells [22]. The importance of antioxidants
as protective substances against chronic and degenerative diseases, such as cancer and
cardiovascular diseases, has been studied for many years. Iodine has also recently been
mentioned as a therapy for the maintenance of healthy breast tissue in both animal [206]
and clinical studies [207], yet the mechanisms responsible remain unclear. Indeed, Japanese
women have been shown to have a lower incidence of breast cancer than that found
in most other populations [208], and Japan has one of the highest iodine intakes in the
world. It has, however, not been documented that iodine intake is the causative factor,
but inorganic iodine has experimentally been shown to suppress breast cancer in Sprague–
Dawley rats [209].

The mammalian peroxidases, such as the myeloperoxidase from leukocytes [210],
lactoperoxidase from milk [211], and thyroid peroxidase from the thyroid [212] contain
(modified) hemes. The XOH/X− couples are strong oxidants, as reflected in the fact that
household bleach is a solution of sodium hypochlorite, but also occur in blood plasma
in the oxidative burst as a result of the oxidation of chloride and bromide with H2O2
by myeloperoxidase, leading to the hypohalous acids which are the active species in the
antimicrobial action. The higher chloride concentration in blood makes HOCl formation
more likely than HOBr formation, but some systems appear to have a preference for the
formation of HOBr. One example is the sulfilimine link formation between methionine
and lysine in collagen IV fibres by peroxidasin, which is only effective with HOBr, not
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HOCl, providing a rare example of an essential role for bromine in man [213]. The chemical
factor that determines the difference in reactivity between the halogen species in these
cases is the polarizability or “softness” of the electron cloud, which increases with its size,
going from fluorine via chlorine and bromine to iodine. The sulfilimine link formation
proceeds via a sulfonium halide which, when formed with the relatively soft bromide,
stimulates attack of the lysine nitrogen, producing the sulfilimine link, whereas the harder
chloride promotes non-productive attack of water, producing the (non-linking) sulfoxide.
Type IV collagen is an important component of the glomerular and tubular basement
membrane in the kidney (among others, the concentration of 6-bromotryptophan in blood
is inversely correlated with the progression of chronic kidney disease [214], simply because
it is a marker for the presence of bromide ion). Another example of preferential bromide
activation is the formation of bromotyrosine in eosinophils [215,216], which is proposed as
a potential biomarker for monitoring eosinophil-related inflammatory conditions, such as
asthma [217].

In humans, MIT and DIT by-products released after proteolysis are deiodinated by
the flavin-dependent iodotyrosine deiodinase (IYD), so the excess iodine and the tyrosine
moieties can be salvaged [218]; specific selenocysteine-dependent (sec-dependent) iodothy-
ronine deiodinases (DIOs) activate/deactivate the THs by deiodination of the inner or the
outer ring of the iodothyronine molecule [219]. In spite of being surrounded by electron
lone pairs, halogens in molecules have Lewis acid (electron-acceptor) properties, due to
the presence of a σ-hole in the electrostatic surface potential. This gives rise to a specific
type of noncovalent interaction called the halogen bond by analogy to the well-known
hydrogen bond [220]. An important example is the aforementioned association of the
diatomic bromine and iodine molecules with their respective halide ions, which act as the
Lewis base. Such interactions can also play a role in the interaction of organohalogens with
other biomolecules, for example, the interaction of the thyroid hormone (see Section 2.4.2)
with proteins, which involves C–I···O=C [221] and C–I···Se–C (selenocysteine) halogen
bonds, respectively [222].

2.4.3. Dietary Iodine and Other Halogens in Seaweeds

In the previously mentioned health context, seaweeds have a special significance as
dietary sources. The human body requires iodine intake from external sources, chiefly
to sustain healthy function of the thyroid. Iodine is an essential element that is naturally
present in many foods, added to some food products, and available as a dietary supplement.
The recommended daily intake (RDI) of iodine is 150 micrograms (µg) per day for adults.
For women who are pregnant or nursing, the requirements are higher [223]. In fact, one-
third of the population is at risk of deficiency, particularly those who live in areas that have
only a small amount of iodine in the soil and which are far from coastal areas which tend to
have iodine-rich air, including central and eastern European countries. The thyroid relies
on iodine to make hormones to help control growth, energy production, reproduction and
the repair of damaged cells. Iodine deficiency can lead to swelling of the thyroid gland,
known as goitre, and hypothyroidism, which can cause fatigue, muscle weakness and
weight gain [224]. In contrast, high consumption of seaweed in Japan and Korea resulting
in an excessive supply of iodine to lactating mothers has been linked to neonatal iodine
toxicity and consequent hypothroidism [225]. Iodine oversupply has been reported to
negatively affect individuals with underlying thyroid disorders [226,227]. Among marine-
derived foodstuffs, seaweeds constitute the major supplier of iodine [228]. The use of
seaweeds in Asian cooking has been long established and is enjoying increasing popularity
in the Western diet [229]. Some Asian seaweed dishes may exceed the tolerable upper
iodine intake level of 1100 µg/day [230]. By combining information from dietary records,
food surveys, urinary iodine analysis and seaweed iodine content, it is estimated that the
Japanese iodine intake, largely from seaweeds, averages 1000–3000 µg/day (1–3 mg/day).
However, seaweed preparation, such as washing, drying, and cooking, can readily reduce
iodine content [231,232]. Iodine in seaweed foodstuffs is water-soluble in cooking and
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may vaporise in humid storage conditions, making average iodine content of prepared
foods difficult to estimate. Twenty samples of supermarket soups with kelp or kelp broth
were analyzed by Nishiyama et al. to determine iodine content, revealing a minimum
concentration of 660 µg/L (0.66 mg/L) and a maximum concentration of 31,000 µg/L
(31 mg/L) [227]. A study that surveyed seaweed samples from various Asian countries
for their iodine content included the three most popular seaweed products in Japan: nori
(Porphyra sp.), wakame (Undaria) and kombu (Laminaria japonica). Dried iodine contents
range from 16 µg/g in nori to over 8000 µg/g in kelp flakes, while Japanese kombu
and wakame contain an estimated 2353 µg/g and 42 µg/g iodine, respectively [230,233].
Al-Adilah et al. [234] investigated the most common seaweeds in the Arabian Gulf for
their iodine content. Interestingly, iodine was detectable in all seaweed samples collected
from Kuwait, with concentrations ranging from 49.59 µg g−1 DW in Codium papillatum,
129.04 µg g−1 DW in Chondria sp. and 925.10 µg g−1 DW in Sargassum asperifolium. Certain
species of seaweed can concentrate bromide [235]. If seaweeds with elevated levels of
bromine and low levels of iodine are consumed when the body is in an iodine deficient
state, inhibition of thyroid hormone synthesis due to bromine’s attachment to tyrosine
residues on thyroglobulin in place of iodine is plausible [236]. Long-term intervention
studies (particularly well-powered, appropriately designed randomised-controlled trials)
are necessary to assess whether dietary seaweed/seaweed fibre impacts positively on
human health.

The strong focus on iodine in studies involving edible seaweeds is likely due to the
importance of iodine for thyroid function, but also because especially kelps and fucoids
are very potent iodine accumulators. Bromine has been comparatively neglected in such
studies and has rarely been investigated in this context, e.g., for its bioavailability alongside
iodine in edible seaweeds [237].

Fluoride, the ionic form of fluorine, plays an important role in dental health, but has
also adverse effects on other aspects of human health. Fluoride acts as an antibacterial
agent in the mouth giving greater protection against acid attack on teeth, but also stabilises
hydroxyapatite by OH to F substitution [238–240]. Subsequent studies and reviews revealed
that fluoride also affects the human skeletal structure, as high fluoride intakes increase the
accretion, resorption and calcium turnover rates of bone tissue affecting the homeostasis
of bone mineral metabolism [241]. Fluoride is cytotoxic because of its resemblance to the
hydroxy anion. Therefore, fluoride exporters exist for eukaryotic cells [242]. Deletion of the
genes of such transporters in yeast yields a mutant that can be contained with fluoride as
an inorganic antibiotic [243].

In recent years, a novel potential application of bromoform-rich red seaweeds, espe-
cially of the genus Asparagopsis, has emerged: Bromoform is a potent inhibitor of methano-
genesis which is attributed to its binding to B12 required in the methyl transferase reaction
responsible for the formation of the precursor methyl malonyl-CoA [244]. Asparagopsis has
been found to be a major emitter of volatile bromoform [245] and to produce large amounts
of this compound for its antimicrobial defence [245,246] with the haloform reaction likely
involved in its biosynthesis [247]. With ruminants—chiefly cows and sheep—being major
emitters of methane [248], and methane having a global warming potential of at least
25 times that of carbon dioxide [249], there is significant interest to quell this impor-
tant source of a potent greenhouse gas. As a feed supplement, Asparagopsis effectively
suppresses methane production from lactating dairy cows [250], beef steers [251] and
sheep [252]. Given the knowledge of the action mechanism of bromoform on methanogen-
esis [244], it is not surprising that adding Asparagopsis to cattle feed has a near-immediate
effect on methane production, before ultimately changing the diversity of the rumen mi-
crobiome [253]. Significantly, the effects of bromoform contained in Asparagopsis and, to a
lesser extent, also other seaweeds on suppressing methane production could be reproduced
in vitro in rumen-like microbial communities cultured in the laboratory [254–257]. The sub-
ject, especially bromoform biosynthesis in Asparagopsis, methanogenesis in ruminants, the
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status of commercial Asparagopsis cultivation, and the mechanism of inhibition of methane
formation in ruminants, has recently been reviewed [258].

3. Algae and Iodine Speciation in the Ocean

Iodide and iodate are the only forms of iodine that are taken up by brown macroal-
gae [259,260]. Iodate is reduced to iodide at the surface of Ectocarpus cells by cell surface
reductases and then transported into these cells as iodide without reentering the bulk
solution [261]. This is further supported by samples collected in the Macrocystis kelp forest
showing reduced levels of total iodine, iodide and iodate, with iodate levels being by far
the most affected [262].

A recent study [261] indicates that growing microalgae do not appear to reduce
iodate to iodide. Nevertheless, there are indications that iodate reduction can be caused
by the release of cellular reductants accompanying cell senescence towards the end of
phytoplankton bloom. Furthermore, support is given to the notion that macroalgae, such
as giant kelp (Macrocystis pyrifera), can take up both iodide and iodate from seawater (even
though more slowly). The study proposes a mechanism whereby iodate is reduced to
iodide at the cell surface by cell surface reductases and is taken up directly as such without
reentering the surrounding seawater.

The antioxidant function of iodide (below) is characterised by an efflux of the latter
into the surrounding seawater [22,259,263]. Conducting aquarium experiments, Truesdale
et al. [260] observed that both Laminaria digitata and Fucus serratus increase iodide levels
and that L. digitata also decreases iodate levels in seawater. This is also reflected in the io-
dide/iodate speciation of the seawater surrounding the forests of the giant kelp Macrocystis
pyrifera [264]. When diver-operated syringe sampling on the surface of Macrocystis thalli,
instead of boat-based sampling with Niskin bottles is applied, the effects observed are even
stronger [261]. Most recently, again using diving-based sampling using syringes, it was
shown that this also applies to the Laminaria forests [265] which are typical especially of the
rocky infralittoral of the cold-temperate and Arctic North Atlantic [266].

4. Algal Halogen Accumulation, Metabolism, Biochemistry

Studies on the distribution of certain halogens in seaweeds show the equivalent
concentrations of halogens in seaweeds are in the order I > F > Br > Cl, whereas in seawater
the order of concentrations is the exact opposite, i.e., Cl > Br > F > I [31].

The biochemistry and physiology of iodine in seaweeds has been extensively re-
viewed [20,23–25,267]. The brown alga Laminaria digitata is the strongest accumulator
of iodine among all living systems [22,261,268]. It accumulates iodine to more than
30,000 times the concentration found in seawater, representing an average content of
1% of dry weight [269], however >99% of this is in an inorganic state (iodide; [22]).

Even though iodine had been discovered in seaweed ashes, not until the late 19th
century did algal iodine metabolism receive any research interest. During this period
Eschle [270] investigated the iodine content of Fucus vesiculosus and Laminaria digitata. As
early as 1894, Golenkin reported the release of free iodine (detected by a blue stain of
starch on paper) by the red alga Bonnemaisonia asparagoides [268]. Several decades later
this was confirmed by the studies of Sauvageau [271] on red algae and of Kylin [272] and
Dangeard [273] in the 1920s. The latter scientists were the first to report the emission of
molecular iodine (I2) from kelp (L. digitata) surfaces, termed “iodovolatilisation”. The
rise of nuclear physics and the availability of radioisotopes enabled studies of the uptake
mechanism of iodine in brown algae, notably those of Tong and Chaikoff on the Pacific
kelp Nereocystis luetkeana [274], of Bailey and Kelly on Ascophyllum nodosum [275], and of
Shaw on Laminaria [276,277].

There is a strong geographic bias in studies of iodine metabolism in seaweeds, with
the large majority stemming from the North Atlantic and, to a smaller extent, from the
Pacific coast of North America [276,278,279] and the Far East. Among the latter region,
especially the study by Saenko et al. [235], surveys of a range of red, brown and green algae
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from the cold-temperate Sea of Japan and Sea of Okhotsk have been performed. In the early
1960s and in one of the first such studies for warm-temperate and tropical seaweeds, Indian
scientists reported iodine levels in seaweeds from the coast of Gujarat [280]. Our group
recently contributed the first report of iodine and fluorine concentrations in seaweeds
of the Arabian Gulf [234], with the iodine levels observed in this study being in a range
comparable to those reported from the same genera elsewhere [237,261,268]. There is a
conspicuous lack of studies from the Southern Hemisphere.

It was discovered that kelps of the genus Laminaria (Figure 6) accumulate iodide as a
unique inorganic antioxidant in its apoplast in order to protect its surface against several
aqueous and gaseous oxidants [22]. Upon reaction with ozone, volatile molecular iodine
is released—providing the biochemical explanation for “iodovolatilisation”—resulting in
aerosol formation and impacting atmospheric processes [22,281]. More recently, molecular
iodine emissions were also quantified in Fucalean brown algae [278]. Consistent with
the function of an antioxidant protecting the thallus surface [22], iodine accumulation in
Laminaria is mostly in the outer, cortical cell layers [279] yet uncertainty remains at present
whether the accumulation is intracellular or apoplastic (i.e., in the cell wall). More recently,
laser desorption ionization (LDI) and desorption electrospray-ionization techniques (DESI),
coupled with mass spectrometry, confirmed the predominance of inorganic I species on
the surface of fresh algae, and a peripheral iodine localization when applied on micro-
sections. While iodide is the most suitable halide against most reactive oxygen species
(ROS, see Section 2.3.1), bromide complements iodide for detoxifying superoxide [282].
The iodide antioxidant system appears to be more widespread among brown and red algae.
Key features were detected in the brown algal genome model Ectocarpus [150] and the
world’s largest seaweed, Macrocystis pyrifera (giant kelp; [262]). For several of these studies,
X-ray absorption spectroscopy (XAS) has become an ideal non-invasive tool to probe
the chemical speciation and redox state of bromine and iodine in situ [21,22,153,249,283].
Besides the exploration of the halide antioxidant system [22,282], the technique enabled
the detection of different modes of bromine storage in brown and red algae as well as
diatoms and dinoflagellates, and the presence of an important intermediate of the haloform
reaction [284,285], an indication that the latter is operative in the biosynthesis of bromoform
in the red alga Asparagopsis armata [247]. It has also enabled elucidation of the speciation
of organobromine and organochlorine compounds in edible seaweeds [286], but also the
bonding of chlorine in particulate organic matter in the ocean, showing that it exists
primarily in concentrated aliphatic forms consistent with lipid chlorination [283]. When
applied in X-ray spectromicroscopic studies, it was shown that the distributions of Clorg
and inorganic Cl−(Clinorg) in oak leaf material vary dramatically with decay stage [287] and
XAS enabled investigation of enzymatic formation of organochlorines in decaying plant
material [288]. In situ X-ray spectroscopy and spectromicroscopy, furthermore, showed that
Brorg is ubiquitous throughout diverse sedimentary environments, occurring in correlation
with Corg and metals such as Fe, Ca, and Zn [289]. Analysis of sinking particulate carbon
from the seawater column links the Brorg observed in sediments to biologically produced
Brorg compounds that persist through humification of natural organic matter (NOM) [289].

Seaweed polysaccharides and derived oligosaccharides stimulate defence responses
and protection against pathogens in seaweeds [290–300]. In the kelp Laminaria digitata, oli-
goguluronates are a breakdown product of the cell wall following a bacterial attack; H2O2 is
produced during the oxidative burst following the elicitation by oligoguluronates [290,301],
but also by bacteria-derived lipopolysaccharides [302], prostaglandin A2 [303] as well
as polyunsaturated free fatty acids and methyl jasmonate [304]. Palmer et al. reported
increased halocarbons and I2 emissions by L. digitata [281]. When subjected to oligogu-
luronates, the emission of iodinated compounds, i.e., CH2I2 and CH2ClI, seemed stronger
than when subjected to H2O2. However, when the seaweed was exposed to H2O2, the
emissions of the brominated compounds CHBr3 and CHBr2Cl seemed stronger than the
emission of iodinated compounds. Similar trends were also reported by [305] in the red
seaweed Meristiella gelidium [306]. Increased amounts of halogenated compounds of up to
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eight-fold were also produced through the oxidative burst response to agar oligosaccha-
rides in Gracilaria sp. [307]. In the filamentous brown algal model Ectocarpus, infection by
the basal oomycete Eurychasma dicksonii [308,309] resulted in an upregulation of vanadium
haloperoxidase activity [310], providing supporting evidence for the notion proposed by
Wever et al. [311] that HOBr production by this enzyme has a defence function in marine algae.
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Figure 6. Kelps of the genus Laminaria include the strongest iodine accumulators among all living
systems. They accumulate iodide as an inorganic antioxidant, impacting atmospheric processes [22]
but also iodine speciation in coastal seawater [265]. (Photograph taken by FCK near Sandhaven,
Aberdeenshire, Scotland, 25 July 2021, edited by Susan De Goër, Roscoff).

Tissue-specific differences in the rates of uptake of iodine correlated with haloperox-
idase activity, but not with the iodine contents [269]. The state of iodine in the stipe, the
meristematic area and the distal blade of the brown macroalga Laminaria digitata (Phaeo-
phyceae) has been investigated by several workers [274,312,313]. The total number of moles
of I2 emitted by stipes was approximately 10 times higher than those emitted from other
thallus parts.

While we know much less about the halogen metabolism in Macrocystis as com-
pared to Laminaria, Manley [314–317] reported uptake kinetics of iodide in the range of
8 × 10−3 f mol cm−2 min−1, tissue concentrations of iodide of 0.48 mg g−1 and methyl
iodide emissions of around 1–3 ng CH3I g−1 FW h−1. Our own results [262] are also entirely
in accord with the hypothesis that the halogen metabolism/biochemistry of Macrocystis is
indeed similar to that of Laminaria. Thus, we show that (a) iodide is taken up by Macrocystis
in a concentration dependent manner consistent with a facilitated diffusion mechanism;
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(b) Macrocystis produces an oxidative burst of H2O2 upon exposure to elicitors such as
oligoguluronates; (c) it also releases a burst of iodide upon oxidative stress; and (d) iodide
and bromide are primarily localised in the apoplast. Finally, since VPO catalysed reactions
are thought to be important in halogen emissions, it is significant that a recent transcrip-
tomic analysis of Macrocystis across depth and season showed that VPOs were present and
that transcript abundance was 5–10 times higher in the surface exposed tissues vs. those at
depth, consistent with its role in an oxidative stress response [318].

Using laboratory incubation studies, Goodwin et al. have determined emission rates
of bromoform and dibromomethane from Macrocystis and concluded that this organism
would be an important contributor to the global bromine budget [319]. Another in situ bag
incubation study at Zuma Beach in Malibu (CA, USA) found release of 20–150 pptv of I2,
20 ppb iodoform, 0.8 ppb methyl iodide and 80 ppb bromoform by Macrocystis blades [320].
It is notable that these emissions occurred even in the absence of ozone in the air. Finally,
field studies at Zuma Beach [320] and at Scripps Pier in San Diego (CA, USA) [321], using
API-MS and/or LP-DOAS (long path differential optical absorption spectroscopy), found
1–4 pptv I2 in the atmosphere at these locations, which showed no tidal influence but a
strong diurnal effect with concentrations very low during mid-day and much higher at
night. Both authors conclude that the low steady state concentrations of I2 were consistent
with the fast photolysis of I2 and the nocturnal offshore winds that would lead to low I2
even in the presence of large emissions that likely derived from nearby kelp beds. The
observation of several ppt of iodine monoxide (IO) and even more iodine dioxide (OIO)
were considered proof that atmospheric iodine chemistry is occurring at a significant
scale on the southern Californian coast, likely the result of emissions from Macrocystis.
Emissions from Macrocystis are likely of global significance. Crude estimates of global
emissions of molecular iodine alone by Macrocystis, based on published emission rates from
the related kelp Laminaria [22,284,322] and worldwide Macrocystis canopy biomass [323],
suggest values in the range of 10–100 Gg(I)/yr. Given the high reactivity of molecular
iodine with ozone (far greater than the iodocarbons), such emissions are expected to be of
both regional and global atmospheric significance.

Little is known about the biological significance of fluorine in algae. Fluoride possibly
increases the growth and metabolic activities of brown seaweeds [324]. On the other hand,
it was found that aluminofluoride and beryllofluoride, which are structural analogues
of vanadate and phosphate, inhibited apo-bromoperoxidase (a key enzyme in halogen
metabolism of brown and red algae; [25]) from the North Atlantic brown alga Ascophyllum
nodosum [325]. Haloperoxidases cannot catalyse fluorination reactions because hydrogen
peroxide lacks the thermodynamic potential to oxidise fluoride (Figure 1); thus, enzymes
catalysing fluorination reactions are not peroxidases, but instead incorporate fluorine by
nucleophilic substitution (Section 2.3.5) [322]. At present, it is not clear whether algae of
any phylum contain fluorinating enzymes; in fact, the only fluorinase so far known to
science is from the bacterium Streptomyces cattleya [137,143]. It should be noted that among
all marine organisms investigated so far, anywhere in the world, only one marine-derived
Streptomyces xinghaiensis strain has been reported to produce a fluorinated metabolite, the
structurally simple fluoroacetate [326,327]. No fluorinated compounds have been reported
from the entire breadth of algal diversity, including seaweeds. They are mainly producers
of chlorinated, brominated and iodinated compounds due to the presence of vanadium
haloperoxidases (e.g., [322,328]). The lack of reports on organofluorine compounds in
algae may also be due to traditionally much less investigator effort focusing on algae in
the natural products community compared to bacteria, fungi, sponges, etc. Considering
that algae also harbor abundant and diverse bacterial communities, especially on their
surfaces as biofilms, it would be surprising that there are no fluorinated compounds. Young
and Langille [329] found that fluoride content ranges from 3.02 to 18.86, 4.78 to 17.82
and 4.35 to 20.04 mg kg−1 dry weight in green, brown and red algae, respectively. Even
though variations in fluoride content are observed in each class of algae, red algae, in
general, tend to contain more fluoride compared to brown and green algae. Recently, there
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has been increasing interest in the potential of dried seaweed biomass for biosorption
of fluoride from fluoride-contaminated water. In this context, it was found that dried
Padina sp. (Phaeophyta) from the Red Sea [330] and Gracilaria sp. (Rhodophyta) from the
Bay of Bengal [331] could be applied as eco-friendly biosorbents for fluoride. Our recent
study has surveyed seaweeds of the Kuwaiti coast (Arabian/Persian Gulf) for iodine and
fluorine levels [234].

5. Algal Halogenated Natural Products

Besides simple halogenated alkanes and iodinated tyrosines, marine macroalgae pro-
duce halogenated fatty acids, oxylipins and a variety of halogenated secondary metabolites,
including halogenated terpenoids, indoles, acetogenins, naphthalene derivatives and phe-
nols. The halogenated fatty acids and oxylipins are though rare in macroalgae. Halogenated
fatty acids (3-bromo-2-heptanoic acids and 3-bromo-2-nonanoic acids) have been found
in red alga of genus Bonnemaisonia [332], while halogenated oxylipins have only been
reported in brown algae. The chlorinated oxylipins egregiachlorides A, B and C were
found in Egregia menziesii [333], and eiseniachlorides A, B and C, and iodinated oxylipins
eiseniaiodides A, B, in Eisenia bicyclis [334].

Most of the halogenated secondary metabolites (mentioned above) are found in red
and brown algae, and fewer in green algae 411. In a recent review focussing on the distri-
bution, natural occurrence, and biological properties of halogenated aromatic secondary
compounds from macroalgae, 89% of the metabolites were reported from red, 9% from
brown and 2% from green macroalgae [335]. Most of these metabolites were brominated fol-
lowed by chlorinated and iodinated. Surprisingly, less than 1% of the secondary metabolites
from brown algae contain bromine or chlorine compared with 7% of green algal compounds
and 90% of those reported for red algae [336]. In fact, iodination is more frequent in brown
algae than in red and green algal metabolites [337]. The selective incorporation of bromine
or iodine during the biosynthesis of halogenated metabolites and halogenation degree in
different red and brown algae offers an interesting area of further investigation.

The distribution of these halogenated secondary metabolites is not even among red
seaweed families, with most of the metabolites being reported from the Rhodomelaceae
family, especially from the genera Laurencia, Rhodomela, Symphyocladia, Polysiphonia and
Odonthalia [335,338]. The great chemical diversity of halogenated metabolites in espe-
cially Laurencia spp. demonstrates the presence of many versatile V-haloperoxidase-
mediated biosynthetic pathways [335,338]. Macroalgal halogenated secondary metabolites
have been extensively studied and reviewed and providing a detailed account would
be far beyond the scope of this paper. For this, the reader is referred to the reviews by
Gribble [339–344], Cardozo et al. [345], Blunt et al. [346], Cabrita et al. [4], Wang et al. [338]
and Jesus et al. [335] for isolation, characterization of halogenated metabolites and their
biological activities. Few comprehensive reviews are available for the biosynthetic routes
of these organohalogens. However, the review of Paul and Pohnert [149] provides an
excellent overview of biosynthesis of volatile halogenated compounds in algae and their
significance in algal physiology and ecology. The review by Wang et al. [338] provides a
comprehensive description of chemical diversity of 697 halogenated secondary metabolites
(mainly including halogenated diterpenes, triterpenes, sesquiterpenes, C15-acetogenins,
indoles and phenols) from the Rhodomelaceae family, along with approaches towards
their synthesis and biosynthesis, as well as their chemotaxonomic significance, biological
activities and potential functions.

The broad suite of halogenated compounds found in, and released from algae, are
thought to act as a defence mechanism. They help protect macroalgae from grazing,
control bacterial, fungal and microalgal epiphytes, and limit fungal and bacterial infec-
tion [149,307]. For example, bromoform, dibromoacetic acid and halogenated methanes
are potential antibacterial, antifouling, ichthyotoxic agents in Asparagopsis armata, Ulvella
lens and Lithophyllum species [246,347]. Brominated furanones released from the red alga
Delisea pulchra interfere with bacterial communication by affecting bacterial mobility and
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attachment to the algal surface and are also have effective anti-fouling and anti-feedant
potential [348–350]. Bromophycolides and callophycoic acids, one of the largest group of
algal antifungal compounds found in the red alga Callophycus serratus [351] are involved
in surface-mediated defence against pathogenic microbes in this macroalga [352]. It has
been found that halogenated metabolites, such as brominated terpenoids in Laurencia spp.,
brominated furanones in D. pulchra, and halogenated heptan-2-ones in Bonnemaisonia ham-
ifera, are localised in specialised gland cells that release these metabolites onto the algal
surface [149,353–355]. Such gland cells have also been found in A. armata where stalk-like
structures connect the gland cells with the outer wall of the pericentral cells that might
provide a mechanism to transport halogenated metabolites onto the algal surface [356].

In fact, most of the halogenated secondary metabolites identified from macroalgae
are biologically active and exhibit antibacterial, antifungal, anti-viral, anti-inflammatory,
antiproliferative, antifouling, antifeedant, cytotoxic, ichthyotoxic and insecticidal prop-
erties [4,335,338,343,344]. It is beyond our scope to discuss in detail here the ecological,
physiological and biological activities of all the halogenated secondary metabolites isolated
from macroalgae to date and thus the above-mentioned reviews are referred to for this con-
text. However, despite the known bioactive potential of these compounds, their biological
evaluations have been limited to a few bioassay models. Not much is known about their
structure–activity relationships and mode of action. Research in these directions might
help in developing a better understanding of their mechanism of action at cellular and
molecular levels leading to the discovery of novel analogues or biosynthetic routes that can
be utilised in drug discovery [338]. Moreover, further studies on how macroalgal micro-
bionts affect the production of these organohalogen compounds could reveal interesting
ecological interactions.

6. Vanadium Haloperoxidases

Although the previously mentioned (Sections 2.3.2 and 2.4.2) heme peroxidases also oc-
cur in microalgae [357], the vanadium-dependent haloperoxidases (vHPOs) are key enzymes
in algal halogen metabolism. The subject has been reviewed extensively [24,25,82,358–366].
They play a role in iodine uptake [259,269], biosynthesis of halogenated natural prod-
ucts [328,367,368] and can be upregulated upon pathogen attack [310]. As mentioned,
haloperoxidases are therefore named after the most electronegative element that they can
activate; the chloroperoxidase from the fungus Curvularia inaequalis, which was the first
vanadate haloperoxidase to have its structure elucidated [369], will react with chloride,
bromide, and iodide, whereas the brown alga Laminaria digitata contains a bromoperoxi-
dase, active on bromide and iodide, as well as an iodoperoxidase, specific for iodide [370].
vBPO was the first vHPO isolated and characterised from the brown alga Ascophyllum no-
dosum [371–373] and, interestingly, it was found to brominate its own tyrosine residues [374],
in line with the electrophilic nature of the halogenating intermediate, HOBr. Not only
activated aromatic rings, such as those of tyrosine, or the pyrrole ring of indole in tryp-
tophan, are susceptible to electrophilic attack, but also the C=C bond in biomolecules,
such as terpenes, which gives a bromonium ion that can give rise to a variety of bromi-
nated cyclisation products [328,367,368], and the enol tautomer of a ketone, which can
undergo multiple halogenations and produces polyhalomethanes upon hydrolysis of the
halogenated ketone [247,284]. In the last four decades, vHPOs have been characterised
from various cyanobacteria, as well as red and brown algae [81,370,375–384]. vHPOs have
been reported from green algae [385] but this is not confirmed. These enzymes have the
same conservative metal ion binding sites; the histidine residues, the region for vanadium
ions, and amino acid series have a high degree of homology in terms of gene structure [386].
A vanadium-containing iodoperoxidase has been identified in the marine microorganism
Zobellia galactanivorans [387]. Recent bioinformatics and phylogenetic analyses of genomic
and transcriptomic sequencing data of algal and fungal vHPOs have revealed that they
are likely monophyletic and of bacterial origin, yet with two distinct clades, one compris-
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ing cyanobacterial, brown and red algal enzymes, and another one comprising bacterial
enzymes. vHPOs are phylogenetically derived from bacterial acid phosphatases [82,387].

7. Algal Halogen Sources to the Atmosphere

Over the past 50 years, it has become clear that many organisms have the ability to
produce natural organohalogen compounds, and the reported diversity of this class of
compounds has grown from a dozen in 1954 to more than 5000 compounds by 2014 [388].
These naturally halogenated compounds are formed by living organisms, such as marine
algae [4,389–393], fungi [394,395], bacteria, sponges, lichens, higher plants, insects, and
mammals, which has been reviewed [341,342,396].

Seaweeds have been identified as major emitters of organic and inorganic iodine
and of organic bromine to the coastal atmosphere in different parts of the world—in
particular, the cold-temperate North Atlantic. Nevertheless, a strong sampling bias and
major uncertainties remain, both with regard to the regions, and the species studied. In
particular, a major knowledge gap exists along the coasts of the world that are dominated
by giant kelp (Macrocystis pyrifera) forests (Pacific North America from Baja California to
SE Alaska, Peru, Chile, Argentina, and Sub-Antarctic Islands) which have a far greater
geographic extent and seaweed standing stock than the coasts dominated by the much-
studied Laminaria digitata. Furthermore, unlike Laminaria, a large portion of giant kelp
biomass occurs floating at the sea surface, thereby directly exposing its blades to the
atmosphere and thus potentially increasing the air-sea flux of kelp-derived products.

Production of halocarbons by seaweeds was first discovered by Lovelock [397].
A plethora of studies have since detected halocarbon production in both microalgae [398]
and seaweeds 249. The haloperoxidase-mediated production of hypobromous acid (HOBr)
by seaweeds has been considered a defence reaction which may impact the biosphere [311].
Many macroalgae produce halocarbons as defence mechanisms, chiefly the oxidative burst,
which are activated against mechanical and chemical stress [248,284,399,400]. Oligoagars
trigger an oxidative burst and rapid increases in respiration and halogenating activity when
agar, agarose, or the agarose degradation products, neoagarotetraose and neoagarohexaose,
were added to the growth medium [294,307], while similarly, in the brown alga Laminaria,
oligoalginates enhance the production of iodinated and brominated halocarbons [281].

Marine algae (phytoplankton and seaweeds) are important intermediaries in the chem-
ical transformation of seawater-dissolved halides to volatile halocarbons. Different levels
of CHBr3, CH2Br2, CHBr2Cl, and CH3I have been observed in seaweed beds. More than
1140 metabolites have been reported in the Phaeophyceae in 2007 [401]. The red algal
genus Laurencia (Rhodomelaceae, Ceramiales), the most prolific synthesiser of secondary
halogenated metabolites, has been reported to produce numerous, diverse, unique com-
pounds [402]. The uptake of radio-iodide (131I) has previously been demonstrated in
several species of seaweed, including Laminaria digitata (mentioned as L. flexicaulis, [403]),
Ascophyllum nodosum [404,405], Nereocystis luetkeana [274] and Fucus ceranoides [313].

The natural environment—such as light intensity, desiccation, tissue, wounding, or
grazing—can influence the emission of halogenated compounds by seaweeds [406], but
also the uptake and release of iodine from seawater (recently reviewed by Küpper and
Carrano, 2019).

Rates of halocarbon production may vary considerably based on species—for example,
the diatom Amphora sp. had a higher range of CH3I emission rates than the cyanobacterium
Synechococcus sp. and the chlorophyte Parachlorella sp. [407]—but also depending on
geographical location. Although tropospheric halogenated compounds are well studied
in coastal environments, the presence of halogens above the open ocean environment has
not been widely reported. Marine macroalgae are thought to be the dominant source
of CH3I in the coastal ocean [247,401,408–410]. In contrast, in the open ocean, there is
proof of several production pathways: production through photochemical degradation of
organic matter [399,411], production by marine biota [151,400,412], or substitution when
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dust contacts seawater containing iodide or when marine water vapour condenses on dust
containing iodide [413].

It is evident that most studies investigating halocarbon emission by seaweeds were
conducted on temperate and some polar seaweed species with just a few on tropical species.
In the polar regions, there have been reports of high concentrations of bromoform in sea
ice and snowpack which originate from biogenic production by ice algae [414]. Brown
seaweeds from the temperate region, including Laminariales and Fucales, release large
amounts of iodinated compounds [245]. It has been reported that brown seaweeds, namely
Sargassum binderi, Padina australis, and Turbinaria conoides, which were dominant in a tropical
coral reef, emitted various volatile halogenated [415].

The way irradiation by sunlight affects the emission of halocarbons by seaweeds could
be caused by changes in photosynthetic activity [385,391,406,408,416,417]. Several studies
found increased halocarbon emissions by seaweeds during higher irradiances [245,385].
Correlations were observed between emission of bromo-and iodinated compounds with
photosynthetic activity [415]. In several incubation experiments, production of polyhalo-
genated compounds of the green seaweed Ulva lactuca was found to be three times higher
in the light compared to the dark [385]. Additionally, Keng et al. [415] found that increase in
irradiance resulted in significant changes in the emission rates of CHBr3, CH2Br2, CH2BrI
and CH2I2 by T. conoides. It has been suggested [409,410,418,419] that the algal emissions of
VHC into the Arctic atmosphere may be related to the high irradiance during spring and
early summer.

However, some other investigations do not suggest that high irradiance levels cause
higher halocarbon emissions by algae. Porphyridium purpureum cultures (a unicellular
Rhodophyte) were used as a model to investigate the light stress in the release of volatile
halogenated organic compounds, such as CH3I. The results from Porphyridium purpureum
culture samples show no increase in the CH3I release rate in the high light-exposed cultures
relative to the lower light controls [420]. In agreement with this study, Hughes et al. [421]
concluded that light-induced stress did not induce iodocarbon release in any of the three
species of marine phytoplankton from different algal classes: the prymnesiophyte Emiliania
huxleyi, the prasinophyte Tetraselmis sp., and the diatom Thalassiosira pseudonana. In a study
with two cold-water marine diatoms (Thalassiosira antarctica and Porosira glacialis), a series
of laboratory experiments was performed to investigate the link between the availability
of photosynthetically active radiation (PAR) and brominating activity, as measured by the
bromination of phenol red [422]. Consistent with this, no link was found in the halocarbon
emission rate and photosynthesis by the four tropical seaweeds, Kappaphycus alvarezii (Doty)
Doty ex P.C. Silva, Sargassum binderi Sonder ex J. Agardh (syn. S. aquifolium (Turner) C.
Agardh), Sargassum siliquosum J. Agardh and Turbinaria conoides (J. Agardh) Kützing [423].
However, there was a correlation between percentage decrease in the maximum quantum
yield of photosynthesis (Fv/Fm) and halocarbon emission rates, which was significant only
for CH2BrCl emission by Padina australis Hauck.

The effect of temperature on halocarbon emissions by seaweeds was also observed
over the years. Abrahamsson et al. [424] concluded that the production of certain halocar-
bons may increase with temperature in certain species of brackish-water algae. For Arctic
macroalgae, halogenating activity has been found to increase with temperature for the
brown macroalga Laminaria saccharina (L.) [425]. Various species of Antarctic macroalgae
showed approximately 10 to 50-fold lower emission of methyl halides compared to tem-
perate macroalgae [426]. A hotspot of iodine emissions from sea ice in the Weddell Sea is
ascribed to diatoms [427].

The effect of pH on halocarbon emission by seaweeds was shown to be species-specific.
The highest percentage changes in emissions for the halocarbons of interest were observed
at the lower pH levels of 7.2 and 7.4, especially in Padina australis and Sargassum spp.,
compared to Kappaphycus alvarezii and Turbinaria conoides [423]. Ethyl bromide production
from the red alga Endocladia muricata was maximal in the pH range of 7.5–7.6. At pH values
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higher than 7–6 the activity decreased rapidly and no methyl bromide production could be
detected at pH 9.2 [416].

The effect of pH on halocarbon emission by seaweeds was also shown to be compound
specific. Keng et al. [415] indicate that the emission of specific halocarbons is possibly
enhanced under lowered pH conditions. For instance, there was a significant negative
correlation of CH3I with decrease in seawater pH for three of the species studied; K. alvarezii,
P. australis and S. siliquosum.

Natural and anthropogenic emissions of these volatile halocarbons create a pool of
atmospheric halogen radicals, providing precursors for cloud condensation nuclei [428].

Uncertainties in global oceanic emissions of halogenated compounds are high, both
on the process level and for the global oceanic emission flux. “Top-down” estimates,
i.e., calculated from atmospheric abundances, suggest global bromoform emissions of
between 5.4–7 Gmol Br yr−1 and for dibromomethane between 0.7–1.4 Gmol Br yr−1

using different atmospheric transport models (e.g., [429–432]). Global bottom-up emis-
sions estimated by extrapolating oceanic and atmospheric in situ measurements are be-
tween 2.8–10.3 Gmol Br yr−1 for CHBr3 and between 0.8–3.5 Gmol Br yr−1 for CH2Br2
(e.g., [433–436]). CH3I is a ubiquitous compound which is mainly emitted from the ocean
and is the dominant gaseous organic iodine species in the troposphere [437,438], although
more reactive iodine compounds (in an atmospheric sense, since they form more stable
radicals because the methyl iodide is a strong alkylating (methylating) reagent, whereas
the second halogen diminishes the susceptibility of the first in a nucleophilic substitution
reaction) such as CH2ICl and CH2I2 are important sources of iodine to the Marine Boundary
Layer (MBL) [52]. A top-down estimate of annual ocean CH3I emissions [439] is 191 Gg
(I) year −1, falling within an earlier estimate of 114–320 Gg (I)/year. However, field data
covering seven cruises across the Atlantic, Pacific, and Southern Oceans suggest a total
oceanic source more than a factor of two higher at ∼550 Gg (I)/year [433].

A major drawback of both top-down and bottom-up approaches is that they do not
capture coastal emissions well. In the top-down case this is due to the coarse resolution
of such models. In contrast, the bottom-up approaches rely on subdividing the ocean into
either the main basins or into near shore, shelf and open ocean regions, and then apply
a coarse data extrapolation. Data show at least a 100-fold difference in surface seawater
concentrations (and sea-air fluxes) of CHBr3 between very shallow kelp-rich coastlines and
the open ocean. This is highly significant considering that coastal waters with a depth up to
180 m represent 7.5% of the world ocean area [440]. Differences between and uncertainties
in global model emission estimates are thus highly dependent upon the approach used to
capture coastal emissions, although this remains largely unrecognised.

It is well established that coastal regions contain elevated concentrations of VSLH in both
air and water, especially those close to macroalgal forests and around islands [245,435,436].
In the case of organobromine species, a number of incubation and direct field measurements
suggest that algae are most likely the largest source of CHBr3 and CH2Br2, comprising
between 25–80% [433–435,441] of the global inventory. In coastal regions macroalgae
(seaweeds) are the major contributors, while phytoplankton are a possible source in open
ocean regimes. The situation vis-à-vis iodine and iodinated hydrocarbons is less clear. It
was originally thought that biologically produced CH3I and CH2I2 would be the most
important atmospherically active volatile iodine containing species. However, it has
been subsequently shown that, in fact, inorganic iodine emissions dominate over the
organoiodine species in coastal regions, where I2 is believed to be the major species, and
open ocean regions, where HOI dominates [281,442,443]. In addition, it has been shown
that both abiotic as well as biotic sources may be important. Abiotic emission of I2 and
HOI occurs at both the air-sea interface and possibly in sea-spray aerosols via reaction of
dissolved iodide with ozone [179,180]. These reactive iodine species are also emitted via
biological processes, either by (a) reaction of I− effluxed by stressed algae with ozone or
other reactive oxygen species (ROS) and/or (b) via vanadium-dependent haloperoxidase
(VPO) catalysed reactions of I− with H2O2. There is overwhelming evidence that in coastal
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environments the biological reactions mediated by macroalgae are the dominant source of
these emissions while the abiotic and/or biological reactions involving phytoplankton are
most important in the open ocean.

8. Seaweeds as Bioindicators for Radioactive Iodine

Since marine algae can selectively concentrate many inorganic elements, including
iodine, they are being used as bioindicators to monitor the level of environmental pollution
and for decontamination of some toxic elements or radionuclides in wastewaters [444–446].
Californian giant kelp (M. pyrifera) has been used as a natural dosimeter for detecting
radioactive contamination from the Fukushima accident in Japan [447]. More recently,
secondary ion mass spectrometry (SIMS) nanoprobe analyses have detected both 127I and
129I in L. digitata collected near the nuclear reprocessing plant at Le Hague, France [448].

9. General Conclusions

Halogens interact with the Earth’s geo-, bio-, hydro- and atmosphere through their
biogeochemical cycle, in which marine algae have a key role at the interface between
the Ocean, the atmosphere and land. Halogens have important roles in atmospheric pro-
cesses and how the latter are impacted by human activities, but also in human physiology
and medicine. Certain algae accumulate high levels of iodine and bromine, rendering
them suitable as biomonitors of halogen radionuclides; they possess vanadium haloper-
oxidases as key enzymes in halogen metabolism and produce a plethora of halogenated
natural products.
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