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Abstract

Barren ground, which is phenomenon associated with the depletion of seaweed beds in coastal areas, is a
serious problem for coastal ecosystems and the fishery industry. The lack of dissolved iron is thought to be a
major contributing factor for this phenomenon. Because iron species are only slightly soluble in oxic and
weak alkaline aqueous around pH 8 like seawater, dissolved organic matter can serve as a chelator to
stabilize dissolved Fe species. Based on this background, Fe-fertilizers including steelmaking slag and
compost could be used to increase the supply of dissolved Fe species along barren coastlines. Although
humic substances in compost would be expected to function as a chelator of Fe, they are flocculated in
seawater. We have examined a seawater extractable organic matter (SWEOM) in compost as a novel
chelator for use in applications to seawater. In this review, recent studies of the structural features of
SWEOM and its complexation with iron are discussed. The roles of SWEOM in the bioavailability of Fe are

also discussed, based on the evaluation of gametogenesis in the brown alga, Saccharina japonica.
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Introduction

Seaweed-beds play an important role in the
protection of ecosystems and carbon fixation in
coastal areas. It has been estimated that the potential
biomass productivity for a macro algal forestis 1 — 3.4
kg-C m” year', which is two times higher than those
of tree plantations or grasslands in temperate regions
(Gao and McKinley, 1994; Chung et al., 2011). In
Japan, edible seaweeds, especially “Kombu”, “Nori”
and “Wakame”, have been important food products
for a long time. Recently, seaweed depletion has
become a conspicuous worldwide phenomenon (e.g.,
Millar, 2003; Graham, 2010), which can be attributed
to land reclamation, shore protection, tidal flats and
other human impact. Apart from this type of
seaweed-depletion, barren ground of coastal areas

has also been recognized as “Isoyake”, which has
been a serious coastal problem in Japan since the
1800s (Fujita, 2010).

A variety of reasons for the depletion of seaweeds
have been reported: e.g., an increase in water
temperature (Tegner and Dayton, 1991), grazing by
sea urchins (Fujita, 2010; Tegner and Dayton, 1991;
Abraham, 2007), and oligotrophic nutrition
(Matsunaga et al., 1994). Recently, the lack of
dissolved iron related to the inhibition of iron input
from the rivers due to suburban development, such as
the construction of dams and embankment works
(Matsunaga et al., 1999). Matsunaga et al. (1994)
reported that the iron concentration in the barren
coast of the Japan Sea was less than 2 nM, and
biomass productivity for a brown macroalga
(Saccharina japonica) was significantly increased
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when higher levels (10 — 50 nM) of dissolved iron
were present (Matsunaga et al., 1994). The impact of
grazing by sea urchin can be estimated from the
relationship between grazing and biomass
productivity for seaweed (Abraham, 2007; Perreault
et al., 2014). Under the lower level of dissolved iron,
the resistance of seaweeds to grazing by herbivores
would be significantly decreased, and this leads to the
development of a barren coast. Therefore, a high
level of dissolved Fe is required in order to preserve
seaweed-beds where herbivorous animals are present.
In addition, it is known that iron is essential for
inducing gametogenesis of brown macroalgae (S.
japonica, S. angstata and Desmarestia ligulata)
(Motomura and Sakai, 1981; Motomura and Sakai,
1984). As shown in Fig. 1, sporophytes, which are a
macroscopic life stage for laminarialean algae, are
formed from fertilized eggs (Lobban and Harrison,
2000). For these reasons, increasing the levels of
dissolved iron is one of the important factors in
restoring seaweed beds in coastal areas. However,
iron species are only slightly soluble in seawater
under oxic (E, = 0 — 50 mV) and weak alkaline
conditions (pH 7.8 — 8.1), because iron immediately
precipitates as colloidal forms, such as hydroxides. It
has been reported that the majority of dissolved iron
in seawater is present as in complexed form with
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dissolved organic matter (DOM) (Macrellis et al.,
2001; Laglera and van den Berg, 2009). By
definition, DOM includes both humic substances
(HSs) and non-HSs (e.g., amino acids, peptides,
proteins, saccharides and polysaccharides) (Tan,
2003a). Compost is expected as a source of DOM
because it is rich in HSs and non-HSs. Based on such
a concept, the restoration of seaweed beds using an
Fe-fertilizer composed of steelmaking slag and
compost as sources of iron and DOM, respectively,
were examined (Yamamoto et al., 2010a). This
technique was found to be effective in increasing iron
concentration and restoring of seaweed beds in barren
coastal areas (Yamamoto et al., 2010a). However,
little is known regarding the effects of DOM derived
from the Fe-fertilizer on iron species and their
bioavailability to brown macroalgae.

It has been well known that among the DOM, humic
(HA) and fulvic (FA) acids can serve as major
chelators for binding various metal cations (Tipping,
2002a). These functions for DOM can play an
important role in determining the water solubility,
mobility, speciation and bioavailability of trace
metals in an aquatic environment (Tipping, 2002b).
In the restoration technique, the elution of iron from
steelmaking slag and the stabilization of the eluted
iron were enhanced by mixing with a compost
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Figure 1. Life history of laminarialean algae. (1) Juvenile sporophytes grow to adult sporophytes (macroscopic), and produce
unilocular sporangia. Zoospores are released from them. (2) Zoospores develop into male or female gametophytes. (3)
Gametophytes become matured, and release gametes (eggs and sperm). (4) Fertilized eggs can grow into juvenile
sporophytes. Photograph A and B represent the female gametophytes and eggs, respectively. Scale bars indicate 50 wm.
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(Yamamoto et al., 2012). This result indicates that
compost plays a key role in increasing dissolved iron
in seawater. Because HSs are considered to be a
representative fraction of DOM, HSs have been
employed in many investigations of the role of DOM
in the environment (e.g., Fujii et al., 2014; Ytreberg
et al., 2011; Fukushima et al., 1999). To understand
the roles of compost in Fe-fertilizer for restoration,
previous studies have focused on the role of HS
fractions, such as the binding characteristics of Fe(II),
the contribution to Fe elution rate and structural
alterations in HSs (Yamamoto et al., 2010b;
Yamamoto et al., 2012; Fujisawa et al., 2012). For a
better understanding of the role of HSs in supplying
dissolved Fe in a bioavailable form to seaweeds, the
behavior of HSs under seawater conditions need to
be investigated. However, HSs are easily aggregated
under conditions of higher concentrations of
multivalent cations, such as Ca®* and Mg™*, as are
found in seawater (Tipping, 2002¢). As shown in
Fig. 2, HA and FA derived from a compost were
easily aggregated and precipitated by adding artificial
seawater (Fukushima and Iwai, 2011). HA and FA
are fractions defined by the extraction procedures
used in their isolation, that is, their solubility in base
and acid, and their adsorptivity to DAX-8 resin (Tan,
2003b; Tipping, 2002d; Swift, 1996). These
extracting conditions (pH 11 — 12) were far from that
for seawater (pH 7.8 — 8.0). The nature of the DOM
derived from a compost can be regarded as a key
factor for understanding the mechanical aspects of

the restoration technique, however, it may be
different from those of HSs. This leads to the
suggestion that not HSs, but, rather, the DOM
fraction extracted under actual conditions can serve
as a chelator of iron in seawater. Thus, our research
group focused on a novel fraction, seawater
extractable organic matter (SWEOM), in the compost
sample.

In this paper, a series of studies on SWEOM, which
includes the structural features, binding abilities to
Fe(Il), are reviewed. In addition, the efficiency of Fe
and SWEOM on reproductive growth in the brown
alga, S. japonica, and insights in iron uptake
mechanism were described. Significance of the
obtained results was discussed to apply to restoration
of seaweed bed in the barren coast.

Structural features of SWEOM

The SWEOM is a novel DOM fraction from
compost sample. First, to better understand the
characteristics of the SWEOM, its structural features
were investigated by comparing with those of HA
and FA from a compost sample (Iwai et al., 2013a;
Iwai et al., 2013D).

Extraction and purification methods of SWEOM

A bark compost (Tokachi bark, FOREX, Hokkaido)
was employed for the preparation of the SWEOM
and HSs. A mixture of dry compost and artificial
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Figure 2. Coagulation of FA (left) and HA (right) derived from a bark compost in seawater. (1) Before adding seawater, the color of
HA and FA solutions (5 mL, 1000 mg mL" in 0.05 M NaOH) were dark brown and yellow, respectively. (2) After adding
artificial seawater (pH 8.1), these solutions were suspended immediately. (3) After standing for a half-day, the flocculated
HSs had precipitated (black arrows in (3)) and the supernatants were colorless (white arrows in (3)). These pictures were
referred from Fukushima and Iwai (2011), J. Adv. Mar. Sci. Technol. Soc., © Advanced Marine Science and Technology

Society 2014.
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seawater at pH 8.1 (Solid/Liquid = 1/10, w/w) was
shaken under a N, atmosphere and in the dark for 3
days. After the centrifugation of the mixture, the
supernatant was filtered through a 5A filter, and the
filtrate was fractionated by means of an ultrafiltration
membrane filter with a nominal molecular weight
cut-off of 500 Da (Millipore). A molecular weight
fraction above 500 Da (MWA) was deionized by
washing with ultrapure water and then dialyzed using
Spectra/Por dialysis membrane (molecular weight
cut-off of 500 Da) against ultrapure water. The
molecular weight fraction below 500 Da (MWB) was
acidified to pH 1 — 2 and adsorbed to DAX-8 resin.
Subsequently, the adsorbed MWB was eluted with
aqueous 0.01 M NaOH, and the eluate was then
passed through a H'-type cation exchange resin
column. More detailed procedure of the method has
been described in previous reports (Iwai et al., 2013a;
Iwai et al., 2013b). FA and HA were extracted and
purified in accordance with a method approved by
the International Humic Substances Society (e.g.,
Fukushima et al., 2006; Swift, 1996). The powdered
form of the samples was obtained by freeze-drying
and then analyzed.

Structural affinities of SWEOM

The yields, elemental compositions, atomic ratios,
total amino acid and acidic functional group contents
of the product are summarized in Table 1. The O/C

atomic ratios for SWEOM samples were comparable
to that for FA, suggesting that SWEOMs contain a
large amount of oxygen-containing functional groups.
The contents of acidic functional groups (carboxylic
acids and phenolic hydroxyl groups) for MWB were
much higher than those for MWA, and similar to
those for FA. In addition, the acidic functional group
contents for MWA were smaller than those for HSs.
These results show that the larger level of O/C ratio
in MWA can be attributed to ether and ester moieties.
The H/C and N/C atomic ratios for the MWA were
larger than those for MWB and HSs, suggesting that
MWA is composed of higher amounts of saturated
hydrocarbons and nitrogen-containing compounds,
such as peptides and proteins.

Figure 3 shows FT-IR spectra of the SWEOMs and
HSs samples. The peaks at 2850 — 2950 cm™' for
MWA, which indicate asymmetric and symmetric
stretching of methyl and methylene C-H bonding,
were larger than those for HSs. The large peaks at
around 1050 cm™ for MWA were assigned to C-O-C
stretching of ethers or C-O stretching for aliphatic
alcohols. The bands at 1550 and 1650 cm™ for MWA
can be assigned as amide-I and -II bands,
respectively. These data indicate that MWA includes
higher levels of aliphatic alcohols, peptides and
proteins, consistent with the elemental analysis
results (Table 1). The shape of FT-IR spectrum for
MWB was similar to that for FA. These spectra show
a large peak at around 1720 cm™', which can be

Table 1 Yields, elemental compositions, atomic ratios, total amino acid and acidic functional group contents for SWEOM (MWA and

MWB), FA and HA (Iwai et al., 2013a and 2013b).

SWEOM

MWA MWB HA FA

Yields (g kg")” 1.20 1.30 58.0 1.90

C 45.7 46.1 51.9 45.3

H 6.27 4.74 5.26 45

Elemental N 6.41 4.07 5.11 3.85
composition (%) o 38.1 38.1 28.8 41.6

S 0.84 1.36 8.54 1.69

Ash 2.74 6.04 0.41 3.06

H/C 1.64 1.22 1.21 1.18

Atomic ratio N/C 0.12 0.08 0.08 0.07

o/C 0.63 0.62 0.42 0.69

Total amino acid content (mg g"'-Sample) 153 28.2 62.3 16.9
Acidic functional group -COOH 3.85 115 438 155
content (mmol g'C) Phenolic-OH 3.75 8.09 5.9 3.64

“ Yields were calculated as final amount of dried powdered sample (g) in a dried bark compost taken for the extraction initially (kg).
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Figure 3. FT-IR spectra for SWEOMs and HSs with a KBr

disk (Iwai et al., 2013a; Iwai et al., 2013b).

Assignments of the spectral bands were referred to
Silverstein and Webster (1998).

assigned as C=0 stretching of carboxylic acid,
consistent with the higher levels of carboxylic acids
(Table 1).

Figure 4 shows solid-state CP-MAS “C NMR
spectra for SWEOM and HS samples. The MWA
contains higher levels of aliphatic alcohols and ethers
(60 — 90 ppm) (ca. 29%). The peaks appearing above
105 ppm for MWA (ca. 31%) were smaller than
those for the MWB (ca. 47%) and HSs (ca. 55% and
54% for HA and FA, respectively). The peaks
appearing at 105 — 160 ppm and 160 — 180 ppm can
be assigned as aromatic and carbonyl (acids, esters
and amides) carbons, respectively. For MWB, the
peaks corresponding to aromatic and carbonyl
carbons were more intense than those for MWA.
These results are consistent with the trends in atomic
ratios, which are the higher H/C and lower O/C ratios
in MWA and the lower H/C and higher O/C ratios in
MWB.

The sub-units of MWA and HSs were compared by
pyrolysis-GC/MS (py-GC/MS) with
tetramethylammonium hydroxide (TMAH). The
relative peak areas of classified pyrolysate
compounds in MWA and HSs are summarized in
Table 2. The levels of fatty acids and sterol
pyrolysate compounds, which are derived from plant
wax and microbial origin, for MWA were
significantly higher than those for HSs (Table 2). As
shown in Table 1, the carboxylic acid and phenolic
hydroxyl group contents for the MWA were
significantly lower than those for HSs. In addition,
phosphoric acid trimethyl ester, derived from the

MWA
8.06 867 13.8 6.27 291 34.1
MwB
19 147 207 196  11.2 395
200 150 100 50 0

Chemical shift (ppm)

Wk

F_JJB/DMG 12.8 36.6 4.21 7.89 324
FA \/\\
\/
8.36 18.0 276 3.1 9.69 33.2
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Chemical shift (ppm)

Figure 4. Solid-state CP-MAS “C NMR spectra for SWEOMs
and HSs. The labeled values under spectra indicate
the compositions (%) of carbon species for each area
corresponding to the following assignments: 0 — 60
ppm is alkyl carbons; 60 — 90 ppm is aliphatic
alcohols and ethers carbons; 90 — 105 ppm is
anomeric carbons; 105 — 160 ppm is aromatic
carbons; 160 — 180 ppm is carbonyl carbons (acids,
esters and amides); 180 — 220 ppm is carbonyl
carbons (quinones, ketones and aldehydes) (Iwai et
al., 2013a; Iwai et al., 2013b). Assignments of the
peaks were referred to Warshaw et al., (1998).

cleavage of phospholipids, was detected only in the
MWA (Iwai et al., 2013a). Thus, the majority of fatty
acids in MWA are present as the form of esters, and
some of fatty acids in the MWA were derived from
the cleavage in ester-linkages of phospholipids
caused by the pyrolysis. The nitrogen-containing
pyrolysate compounds in Table 2 are likely derived
from amino acids, peptides, proteins and nucleic
acids. However, the relative peak areas were not
correlated with the trends in the N/C ratio and the
peak intensities for the peptide band in the FT-IR
spectra. Methylindole was detected as a major
pyrolysate compound (22 and 60 % of the nitrogen-
containing compounds for MWA and HA,
respectively). This compound is formed by the
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Table 2 Relative areas of pyrolysate compounds detected in MWA, HA and FA (Iwai et al., 2013a).

Classification

Relative peak areas”

SWEOM (MWA) HA FA

Furan derivatives n.d.” n.d.” 32.0
Nitrogen-containing compounds 193 119 367
Methoxy- and Hydroxy- benzenes 253 582 15.7
Aromatic ketones and aldehydes nd.? 116 42.6
Phenolic and Aromatic acid 158 343 24.8
Saturated fatty acids 1034 128 226
Unsaturated fatty acid 3717 25.7 256
Sterols 143 16.7 5.89

Terpenoids 30.1 27.5 21.5

Others 49.8 233 174

“Values for each pyrolysate compounds groups represent percent of relative area to internal standard. Nonadecanoic acid, 10 uL of 0.06

mg mL" was added to 1 mg samples for the internal standard.
f Not detected.

pyrolysis of tryptophan (Gallois et al., 2007). Indole
is a representative example of pyrolysate compounds
derived from amino acids (Gallois et al., 2007), while
this cannot be used for the quantitative analysis of
amino acids.

Some reports have focused on water-extractable
organic matter (WEOM) for assessing the maturity of
the compost (Said-Pullicino et al., 2007; He et al.,
2011; Lv et al., 2013). These reports showed that, in
a WEOM derived from a mature compost, aliphatic
materials, carbohydrates and nitrogen containing
compounds have been lost, and the materials is
enriched in carboxyl groups and aromatic compounds
(Said-Pullicino et al., 2007; He et al., 2011; Lv et al.,
2013). However, these features differ from that of
SWEOM, except that the hydrophobic fraction in
WEOM is similar to that for the MWB (Said-Pullicino
et al., 2007).

These results showed the uniqueness of SWEOM as
the DOM fraction from compost. In the SWEOM
fraction, a distinction between the molecular weight
fractions above (MWA) and below (MWB) 500 Da
can be made based on their structural features. The
SWEOM contained a higher level of oxygen, while,
the acidic functional group content for MWA was
lower than that for HS. MWA contained a higher
level of nitrogen-containing compounds, lipids and
saturated hydrocarbons. MWB contained the large
amounts of acidic functional groups, a characteristic
that is similar to FA.

Binding abilities to Fe(II) under seawater
conditions

Iron can be eluted from Fe(Ill)-oxides in
steelmaking slag, such as magnetite and hematite
(Nishimoto et al., 2013), as a ferrous form under
seawater conditions, which may occur as the result of
reduction by humic substances or metabolites of
bacteria (Fujisawa et al., 2012; Nishimoto et al.,
2013). However, ferric species are readily
precipitated in the form of hydroxides (Pham et al.,
2006). SWEOM would be expected to serve as a
chelator of the eluted Fe(Il), and may contribute to
the stabilization of dissolved species of iron in
seawater. An evaluation of the binding abilities to
Fe(Il) is needed to better understand the function of
SWEOM in a compost. Thus, the binding constants,
capacities and dissociation kinetics constants for
Fe(II) complexes with SWEOM or HSs were
evaluated (Yamamoto et al., 2010b; Fujisawa et al.,
2011; Iwai et al., 2012). Alginic acid and fucoidan,
which are constituents of brown algal cell wall,
adsorbed divalent metals (Manley and North, 1981).
Paskins-Hurlburt et al. (1978) showed that fucoidan
from Ascophyllum nodosum has a high affinity for
Fe’* as compared with most of the other divalent
metals (Paskins-Hurlburt et al., 1978; Manley, 1981).
Based no this, it can be considered that the transfer of
Fe complexed with DOM to the binding sites is a
primary reaction for iron uptake. Iwai et al. (2012)
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investigated the transfer of iron from Fe(II)-SWEOM
complexes to the strong chelator, ortho-phenantroline
(OP). The entropy for the dissociation of the activated
complex (AS¥) for Fe(II)-SWEOM and Fe(II)-HSs
were negative (ca. =250 J K mol"), indicating that
the reaction intermediate for the dissociation of
Fe(II)-DOM complex via a ligand-exchange with OP
is the ternary complex, OP-Fe(II)-DOM. From this
result, it would be expected that the strong binding
sites on the cell membrane might not necessarily
proceed via free Fe species dissociated from DOM
but, rather, by a ligand-exchange reaction involving
the ternary complex as an intermediate. In addition,
the energy for dissociation of the activated complex
(AHY) for Fe(I)-SWEOM complex (AH* =
19 kJ mol™") was significantly smaller than the
corresponding values for Fe(II)-HSs complexes
(AH =25 - 30 kJ mol™), suggesting that Fe(Il)-
SWEOM complex is more exchangeable and
bioavailable than those with HSs (Iwai et al., 2012).
From these findings, labile Fe(II) species complexed
with DOM can be expected to be the bioavailable
species. However, these experimental conditions (pH
3.6 or 5,1 =0.02) employed in the study by
Yamamoto et al. (2010b), Fujisawa et al. (2011) and
Iwai et al. (2012) were far from those for seawater (pH
8, I = 0.7). Indeed, pH, ionic conditions and the
presence of competitive cations can effect on the
speciation of dissolved metal ions and the nature of
DOM (Rosen, 1978; Mathuthu and Ephraim, 1993;
Fukushima et al., 1994; Fukushima et al., 1995). To
better understand the performance of the SWEOM,
the binding abilities should be evaluated under
seawater condition. Thus, an analytical technique for
evaluating the binding abilities to Fe(II) under
seawater conditions (pH 8, I =0.7) is described in the
following subsections (Iwai et al., 2013b).

Determination of labile complex Fe(Il) species

The labile species of Fe(II)-SWEOM complexes
were determined by the measurement of colored
Fe(Il)-ferrozine (FZ) complex formation via a ligand-
exchange reaction between SWEOM and FZ. In
order to preserve Fe(Il), an artificial seawater
containing ascorbic acid as an antioxidant was
prepared, as summarized in Table 3. In the presence
of SWEOM, the colored Fe(I1)-FZ complex is formed
by the following two reactions:

Table 3 Compositions (g L) of the artificial seawater buffer

(pH 8.0%).
NaCl 28.0
KCl1 0.70
MgSO,* 7H,0 7.00
MgCL+ 6H,0 4.00
CaCl, 111
Tris” 1.20
Ascorbic acid” 1.76

“ pH was adjusted after added of ascorbic acid.

# Tris(hydroxymethyl)amminomethane.

7 Ascorbic acid was added to the buffer immediately prior to
use.

Fe™" +FZ Fe(I)-FZ L
Fe(I)-SWEOM, ;. + FZ
SWEOM + Fe(I)-FZ (2)

where Fe** and Fe(Il)-SWEOM,,,,. represent free
species of Fe’* and labile species of Fe(Il)-SWEOM
complexes, respectively. In the mixture of Fe’* and
SWEOM, free species of Fe™* can rapidly be colored
by complexation with FZ. The kinetics of the
formation of Fe(II)-FZ in the absence and presence
(50 mg L") of SWEOM (MWB) was investigated by
means of a stopped-flow spectrophotometry (Fig. 5)
(Iwai et al., 2013b). A fast reaction between free
species of Fe** and FZ was detected for 0.03-s
(meshed region in Fig. 5 A). This fast increasing of
Fe(II)-FZ was also occurred in the reaction between
FZ and the mixture of Fe(Il) and SWEOM (meshed
region in Fig. 5 C). After 0.03-s in Fig. 5 C, steadily
increasing of Fe(Il)-FZ, which can be attributed to
the ligand-exchange reaction in Eq. 2, was detected.
The formation of Fe(II)-FZ was not detected in the
reaction between SWEOM and FZ (Fig. 5 B). Thus,
labile species of Fe(II)-SWEOM complexes can be
determined based on the kinetics of the coloration of
Fe(Il)-FZ. Figure 6 shows the kinetic curves for the
formation of the colored Fe(Il)-FZ complex based on
Eqgs. 1 and 2 measured by means of UV-vis
spectrophotometer. As shown in Fig. 6, the
absorbance up to a 3-s reaction period was considered
to be the complexation reaction between free species
of Fe(Il) and FZ by Eq. 1. After the 3-s reaction
period, the colored Fe(Il)-FZ is formed via a ligand-
exchange reaction, as shown in Eq. 2. The end point
of the reaction is indicated by a point, at which the
variation in the absorbance for a 10-s interval was
within = 0.001. The concentration of labile Fe(II)
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Figure 5. The kinetic curves for the formation of Fe(IT)-FZ complex in the absence (A) and presence (B and C) of SWEOM under an
artificial seawater buffer (pH 8.0, 7 = 0.7, [Ascorbic acid] = 10 mM) collected using an RSP-1000-02 type stopped-flow
spectroscopy system (UNISOKU, Co. Ltd.). These curves for A, B and C were derived from reactions of FZ + Fe**, SWEOM
+ FZ and Fe(II)-SWEOM + FZ, respectively. The initial concentration of Fe(II) for A and C were prepared to 30 uM. The
concentration of SWEOM (MWB) for B and C were prepared to 50 mg L' (Iwai et al., 2013b).
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Figure 6. Kinetics of the increase in absorbance at 562 nm by forming Fe(II)-FZ in an artificial seawater buffer (pH 8.0) (Table 3).
Open circles indicate the binding kinetics of FZ to Fe™. Closed circles indicate kinetics of a ligand-exchange reaction
between Fe(II)-SWEOM, ;. and FZ ([SWEOM] = 50 mg L™"). The coloration that increased rapidly within several second in
the closed circles can be regarded as the binding reaction between FZ and free Fe’*. The total concentrations of Fe were 10

uM (Iwai et al., 2013b).

species complexed with SWEOM was calculated
from the absorbance at this region, as shown in Fig. 6.

Evaluation of complexing abilities of SWEOM
to Fe(Il)

Assuming a 1:1 molar ratio for complexation
between Fe(Il) and an arbitrary binding site in
SWEOM (Iwai et al., 2012), the conditional binding
constant (K;) and total concentration of binding sited

(Cy) for labile Fe(I1)-SWEOM complexes can be
written as follows:

[Fe(ID)-SWEOM],,,;.

" [Fe(ID) ;.. SWEOM] @

C, = [SWEOM] + [Fe(I)-SWEOM], . 4,

where [SWEOM] and [Fe(I)-SWEOM],,;,. represent

the concentrations of SWEOM and labile Fe(II)-

SWEOM complexes, respectively. The relationship

between the concentrations of free Fe(Il) ([Fe(Il)]..)

and labile Fe(II)-SWEOM complexes can be derived
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by combining Eqgs. 3 and 4:

Ky x G x [FelDli, o
1+K, [Fe(Mly

K, and C; were calculated by the non-linear least

square regression analysis of data set for [Fe(Il)],..

and [Fe(II)-SWEOM],,,;. to Eq. 5. The binding

capacity can also be calculated as shown below:

[FC(II) ‘SWEOM] labile =

Binding capacity (molg' C) = G 0 (6).

= swEoM] @) x e
where the concentration of the SWEOM was set at
0.05 g L', and the %C value in Table 1 was
employed. Figure 7 shows the relationships between
[Fe(Il)];.. and [Fe(I)-SWEOM],,;;;.. The experimental
data sets were well fitted to Eq. 5 (R* > 0.98). The
values for logK, and binding capacities for MWA
and MWB, calculated from the curve-fitting, are
summarized in Table 4. The logK, for MWA was
slightly higher than that for MWB. The value of the
binding capacity for the MWB was significantly

25 - MWB
20
15
10

[Fe(I1)-SWEOM],apie (MM)

[Fe2+]free (u M)

Figure 7. Relationship between Fe(IT) and Fe(II)-SWEOM
concentrations at 50 mg L™ of SWEOM: plots and
error bars represent average values of MWA (filled
diamonds) or MWB (open diamonds) and standard
deviations (n =4 — 5), respectively. Solid and broken
lines represent fitting curves for MWA and MWB,
respectively (Iwai et al., 2013b).

larger than that for MWA, consistent with the higher
levels of acidic functional groups in the MWB (Table
3). Because Fe(Il) is classified as a borderline acid
based on the HSBA principle, nitrogen-containing
groups like amines of borderline base are favorable
ligands for Fe(Il) (Perdue et al., 1976). Thus, the
higher level of nitrogen in the MWA contributes to
the higher value of logK,. However, it is known that
carboxylic acids and phenolic hydroxyl groups serve
as the dominant binding sites for DOM and HSs. For
SWEOM, the levels of oxygen-containing groups are
much larger than nitrogen-containing groups (O/C
and N/C ratio in Table 1). Compared with the binding
abilities for the corresponding values in Iwai et al.
(2012) and Iwai et al. (2013b), although in the
presence of competitive divalent cations, such as Ca®
and Mg™, the binding capacity of MWA under the
seawater conditions was significantly larger than that
in acetate buffer (Table 4) (Iwai et al., 2012; Iwai et
al., 2013b). Because the competition of H" with the
metal for the ligand decreases, the amounts of bound
metal ions increase at higher pH values (Tipping,
2002c). In addition, under high ionic strength
conditions, the surface negative charges can be
enlarged, probably a result of conformational changes
caused by the neutralization of the repulsions caused
anionic charges in their structure (Rosen, 1978;
Fukushima et al., 1994). These trends would be
predicted to increase the binding capacity, and
indicate that the acidic functional groups in SWEOM
can serve as binding sites for Fe(Il). Thus, SWEOM
can function as a chelator of Fe in seawater.

Effect of SWEOM on the bioavailability of
iron to a brown macroalga

Phycological investigations are needed to clarify the
effect of the Fe-fertilizer to the restoration of

Table 4 Conditional binding constants (log K;) for labile Fe(II)-SWEOM complexes and the binding capacities of SWEOM samples

for Fe(Il) (Iwai et al., 2012; Iwai et al., 2013b).

MWB
logk, 5.63+0.15 6.17 +0.09 591+0.12
Binding capacity 80.0+7.9 936+ 93 1546 + 215
(umol g~ C)
Buffer (pH) 0.2 M Acetate buffer (3.6) Artificial seawater buffer (8.0)  Artificial seawater buffer (8.0)

ortho-Phenantroline

Iwai et al. (2012)

Indicator of Fe(II)

References

Ferrozine

Iwai et al. (2013b)

Ferrozine

Iwai et al. (2013b)
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seaweed-beds. For laminarialean algae, as shown in
Fig. 1, the reproductive maturation of gametophytes
(A to B in Fig. 1) is essential for the formation of
sporophytes (Lobban and Harrison, 2000). The
influence of environmental factors, such as light,
temperature and nutrients, on the reproductive growth
was investigated (Liining and Neushul, 1978; Liining
1981; Motomura and Sakai, 1981: Motomura and
Sakai, 1984). Motomura and Sakai (1981 and 1984)
cleared that maturation of the gametophyte is
strongly induced by a high concentration of Fe,
especially in egg formation (Motomura and Sakai,
1981; Motomura and Sakai, 1984). Therefore, the
maturation of female gametophytes (i.e., egg
formation or oogenesis) leads to the direct restoration
of seaweed-beds, and can be regarded as an indicator
of a bioavailability of Fe.

Methods for cultivation and gametogenesis assay

Female gametophytes of S. japonica were employed
in this study. The stock of gametophytes, which were
vegetatively grown under axenic conditions, was
obtained from the Charatsunai, Muroran, Hokkaido.
The gametophytes were stock-cultured in 25 glass
tubes that contained 10 mL of Fe-free ASP,, medium
(pH 7.8 — 8.0) (Provasoli, 1963), and they were
precultured for more than 6 months at 10°C and a
14-h:10-h of light (ca. 10 uE m™ s™" with cool white
fluorescent lights) and dark cycle, as described in
previous reports (Motomura and Sakai, 1981;
Motomura and Sakai, 1984). For inducing
gametogenesis, the culture media were prepared by
adding chelating agents (EDTA, nitrilotriacetic acid
(NTA), catechol (Cat), protocatechuic acid (PCA),
ferrichrome (FC), N,N’-bis(2-hydroxybenzyl)
ethylenediamine-N,N’-diacetic acid (HBED) and
SWEOMs) and Fe™ into Fe- and EDTA-free ASP,,
(pH 7.8 — 8.0), and a 30 mL aliquots of this solution
were then pipetted into 100-mL Erlenmeyer flasks.
The resulting media were covered with Al-foil, and
sterilized by autoclaving (121°C, 20 min). The
gametophytes were inoculated into the cooled media
under HEPA conditions, and cultured for 14 days at
10°C under condition of a 14-h:10-h light and dark
cycle of 20 — 40 uE m™ s with cool white LED
lights.

The influence of culturing condition on the
reproductive growth has been usually evaluated

based on maturity, i.e., the percentage of female
gametophytes with released eggs. According to
previous studies (Liining and Neushul, 1978; Liining
1981; Motomura and Sakai, 1981: Motomura and
Sakai, 1984; Nigi et al., 2000), the effect of SWEOM
to the bioavailability of Fe were evaluated by the
percent of maturity which was determined by random
counting of more than 100 gametophytes using an
inverted microscope (Iwai et al., 2015). More detailed
procedures have been described in a previous report
(Iwai et al., 2015).

Effect of SWEOM on oogenesis

The effect of Fe concentration on oogenesis is
shown in Fig. 8. In the presence of EDTA, the
percentages of maturity at day 14 dramatically
increased with increasing of Fe concentration
from 0.1 to 1 uM, and reached a plateau at Fe
concentrations above 1 uM (filled symbols in Fig. 8).
In the presence of EDTA ([Fe**)/[EDTA] = 1/1, mol/
mol), approximately 84% of the gametophytes
matured at an Fe concentration of 1 uM for a 14-day
cultivation period (filled circles in Fig. 9). The
maturity did not significantly increase in the presence
of 10 uM EDTA and Fe (ca. 87 %), suggesting that 1
uM of Fe is sufficient for inducing gametogenesis
(Iwai et al., 2015). However, in the absence of a
chelator (open symbols in Fig. 8), the majority of
gametophytes failed to mature even in the presence
of a higher concentration of Fe (10 uM), where the
percentage of maturity was less than 10 % (Iwai et
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Figure 8. Relationship between the concentration of Fe (uM)
and percent maturity (%) for a 14-day incubation
period. Filled and open symbols represent the percent
maturity in the presence (Fe:EDTA = 1:1 molar ratio)
and absence of EDTA, respectively. Plots and labeled
values represent average maturity (%), and the error
bars represent the standard deviations (n = 4) (Iwai et
al., 2015).
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Figure 9. Relationship between ligand concentration (uM) and
percent maturity (%) for a 14-day incubation period.
Filled and open symbols represent the percent
maturity in the presence (1 uM) and absence of Fe,
respectively. Circle, square and triangle symbols
represent the case of EDTA, MWA and MWB,
respectively. For SWEOMs, ligand concentrations
were calculated from concentration of SWEOM (mg
L") and determined values of Fe binding capacities
(umol g'C) in previous reports (Table 5, Twai et al.,
2013b). Data points and error bars represent the
average values and standard deviations (n = 4).
Average maturities obtained in the presence of Fe are
labeled on the side of filled symbols.

al., 2015). This is because colloidal Fe(OH),, which
is the dominant species in the absence of chelator, is
insoluble and therefore unavailable species for
inducing maturation (Suzuki et al., 1994). The
gametophytes may be possible to slowly take up Fe
from colloidal Fe(OH); (Suzuki et al., 1995; Nigi et
al., 2000), however, as is apparent from this result,
complexed Fe species are required for egg formation.

Figure 9 shows the results for the gametogenesis
assay for a variety concentration of EDTA and
SWEOMs. As shown in Fig. 9, the percent maturities
decreased in the presence of an excess concentration
of EDTA (10 — 100 uM), compared to that of Fe (1

uM). Only vegetative growth was observed in the
case of gametophytes cultured in media containing
100 uM of EDTA, indicating that excess
concentrations of chelating agent inhibit the
reproductive growth. In the presence of MWA or
MWB and 1 uM Fe, 21 — 83 % of the gametophytes
reached maturity (Fig. 9). It is noteworthy that a
higher maturity (80 %) was observed in the case of
MWB, which corresponds to the level in the case of
EDTA. A higher concentration of MWA ([Ligand] =
4.28 and 8.56 uM) resulted in the MWA being
flocculated during the incubation. This was
substantial in the presence of Fe (1 uM), suggesting
that flocculation leads to the precipitation of Fe and
inhibits inducing gametogenesis. MWB did not
precipitate even at a in the higher concentration
([Ligand] = 13.9 and 34.9 uM), although, a higher
MWB concentrations above 10 uM the maturities
decreased (Fig. 9). This may be due to the presence
of excess ligand, as shown in the case of EDTA (Iwai
et al., 2015). In the case of MWA alone (open
squares in Fig. 9), 4 — 30 % of the gametophytes was
converted into eggs. The 18 and 8 umol g of Fe
were detected in MWA and MWB samples,
respectively (Iwai et al., 2013b). Thus, such the
maturation can be induced by traces of Fe that were
not completely removed from the original SWEOM
samples.

The effect of various Fe-chelators on oogenesis was
compared (Fig. 10). In the case of HBED and FC,
which are known to be stronger chelators of Fe rather
than EDTA, no mature gametophytes were observed.
Although a few percent of maturities were observed
in the presence of 1 uM Cat or PCA, no oogenesis
was observed in the presence of 10 uM Cat or PCA.
The stability constants for HEBD and FC are higher
values (10gKg.ummpep = 39.2, 108K qmrc = 28.5) than
that for EDTA (logKr.qmepra = 25). Dominant species
of Fe in the presence of 10 uM Cat or PCA are
simulated to stable 1:2 complexes (The 3, values for
Fe(Cat), and Fe(PCA), are 35 and 33, respectively),
while the few percent of maturities observed in the
presence of 1 uM Cat and PCA can be attributed to
the minor distribution of 1:1 complexes, the stability
constants (B | peamea = 20 and B | peqmpea = 19) are
lower than that of EDTA(Iwai et al., 2015). Thus,
Iwai et al. (2015) assumed that a labile complex
species is favorable for oogenesis. In the case of 1
uM of EDTA, NTA, Cat or PCA added media,
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Figure 10. Percent maturity for a 14-day period for female
gametophytes (S. japonica) in the ASP,, (Fe and
EDTA-free) media adding various chelating agents
and Fe (1 uM). Cat, PCA and FC mean catechol,
protocatechuic acid, and ferrichrome, respectively.
Values labeled on top of the columns and error bars
represent average maturities (%) and standard
deviations (n = 3 — 5), respectively. In the presence
of various chelating agents (except for MWA and
MWB), percent maturities in the absence of Fe were
in the range of 0 — 2 %. The figure was referred
from Iwai et al. (2015), J. Appl. Phycol., © Springer
Science+Business Media 2015.

calculated concentrations of 1:1 Fe complexes was
clearly correlated with the percent maturity, e.g., the
ratios [Fe(II)L] (uM):maturity (%) for EDTA, NTA,
Cat and PCA are 0.76:84, 0.50:58, 0.07:4 and 0.06:9,
respectively (Iwai et al., 2015). In the case of 10 mg
L' of SWEOM, the concentrations of complexed Fe
were estimated to be lower values than that of EDTA,
a large number of gametophytes could form eggs.
Especially, the maturity for MWB was comparable
with the value for EDTA (Fig. 10). Thus, it can be
concluded that the SWEOM derived from a bark
compost, especially MWB, is an effective DOM
fraction for supplying favorable Fe species for
support of stimulating gametogenesis.

Insights in algal Fe uptake mechanism

Even if the gametophytes cannot form eggs, they
may take up Fe slowly (Nigi et al., 2000). It should
be noted that the reproductive growth is a different
response from the vegetative growth or iron
accumulation reported in the large number of
investigations (e.g., Hudson and Morel, 1990; Shaked

et al., 2005; Morel et al., 2008; Salmon et al., 2006;
Bottger et al., 2012), however, there is no doubt that
iron is an essential nutrient for the reproductive
growth in brown macroalgae (Motomura and Sakai,
1981). The mechanism of iron uptake in brown
macroalgae is of fundamental to the reproductive
growth.

The mechanisms responsible for iron uptake by
terrestrial/higher plants are well understood to
involve two basic strategies. Strategy I is an uptake
mechanism involving ferrireductase and an Fe(II)
transport protein (Moog and Bruggemann, 1994;
Robinson et al., 1999). For example, the Strategy I
plant cucumber (Cucumis sativus L.) was strong
inhibited uptake of iron from Fe(II)HBED by ferrous
complexing agent, bathophenanthroline disulfonic
acid (BPDS) (Johnson et a., 2002). They suggested
that the differences in ferric chelate reduction activity
and Fe uptake are related to the activity of the ferrous
transport system (Johnson et al., 2002). In the case of
Strategy II plants, they secrete iron-specific binding
compounds, such as a siderophore, and take up the
Fe-siderophore complexes directly (Romheld and
Marschner, 1986; Schaider et al., 2006). It has been
known that bacteria and green algae employ Strategy
II, they secrete siderophore and can direct the uptake
of iron-siderophore complexes (Maldonado and
Price, 2001; Soria-Dengg and Horstmann, 1995). The
iron uptake mechanism for phytoplankton has been
extensively investigated (e.g., Anderson and Morel,
1982; Hudson and Morel, 1990; Shaked et al., 2005;
Sunda and Huntsman, 1995; Chen and Wang, 2001).
Some studies predicted that the phytoplankton (e.g.,
Thalassiosira weissflogii and Chaetoceros sociale)
take up inorganic iron dissociated from the dissolved
chelator (Hudson and Morel, 1990; Shaked et al.,
2005; Morel et al., 2008; Kuma et al., 1999).
However, there is little information on the iron
uptake mechanism for brown macroalgae. Manley
(1981) and Bottger et al (2012) demonstrated that Fe
uptake for brown macroalgae was drastically
inhibited by the strong ferrous iron chelator, BPDS
and FZ (Manley, 1981; Bottger et al., 2012).
Matsunaga et al. (1991) investigated how to remove
the adsorbed Fe on the cell surface of sporophytes.
Their experiment showed that the chelating agents
(EDTA and EDDHA) could not remove adsorbed Fe,
however, the reducing agents (ascorbic acid and
hydroxylaine) could remove all of the adsorbed Fe.
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From this result, it can be considered that brown
macroalgae have a specific Fe(Ill) binding site on
their cell surface. Salmon et al. (2006) suggested that
a FeLL model in which Fe(II[)DOM complexes are
reduced to Fe(INDOM complexes by a reductase on
the cell membrane, and exchangeable Fe(I)DOM
complexes or dissociated Fe(II) is taken up by
binding to a ferrous transporter (Salmon et al., 2006).
Recently, the entire genome of brown macroalga
Ectocarpus siliculosus, which is a close relative kelp
species, has been sequenced (Cock et al., 2010), and,
Bottger et al. (2012) and Miller et al. (2014)
investigated the iron uptake mechanism for E.
siliculosus (Bottger et al., 2012; Miller et al., 2014).
From the genomic data, E. siliculosus employed
Strategy I because homologues of fro2, which is a
proposed cell surface Fe(III) reductase, were
identified in E. siliculosus (Cock et al., 2010; Bottger
et al., 2012). Moreover, Miller et al. (2014) revealed
that the binding of ferric iron to the cell surface is a
critical step in iron uptake strategy of E. siliculosus
(Miller et al., 2014). From these investigations, it can
be proposed that the mechanism of iron uptake for
brown macroalgae involves two steps, the binding
ferric iron on the cell wall and the reduction of iron
for uptake.

Nigi et al. (2000) reported that, FA (1 mg-C L")
significantly increased the values of iron uptake rate
and adsorbed iron on sporophyte of L. religiosa,
compared to those in the case of EDTA and ferric
hydroxides (Nigi et al., 2000). In the restoration
technique using an Fe-fertilizer, the concentration of
iron eluted from the Fe-fertilizer will gradually
decreases or diffuse to below 50 nM (Yamamoto et
al., 2010a; Yamamoto et al., 2012), however, it can
be expected that the iron bioavailability is enhanced
by DOM derived from a compost, such as SWEOM.
This may be one of the reasons for why seaweed
restoration by means of the Fe-fertilizer succeeds for
more than three years.
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