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Naturally produced brominated phenoxyphenols (OH-PBDEs) and phenoxyanisoles (MeO-PBDEs)
were analyzed in aquatic plants (16 genera of green, brown, and red algae and angiosperms) collected
from Luzon Island, the Philippines. Two brominated phenoxyphenols, 2’-hydroxy-2,3',4,5'-tetrabromo-
diphenyl ether (2’-OH-BDE68) and 6-hydroxy-2,2',4,4'-tetrabromodiphenyl ether (6-OH-BDE47), were
detected in the phenolic fraction of extracts from most of the specimens; Sargassum oligosystum
had the highest concentrations (101 ng/g fresh weight (fw)). The corresponding phenoxyanisole,
2'-methoxy-2,3',4,5'-tetrabromodiphenyl ether (2’-MeO-BDE68), was most abundant in Sargassum aff.
bataanense (229 ng/g fw), followed by Padina sp., and 6-methoxy-2,2',4,4'-tetrabromodiphenyl ether
(6-MeO-BDE47) was predominant in Jania adhaerens (29 ng/g fw). Hydroxy-pentaBDEs, hydroxy-
methoxy-tetraBDEs, dihydroxy-tetraBDEs, dihydroxy-tetrabromobiphenyl, and hydroxy-tetrabromodi-
benzo-p-dioxins were also detected. The present study demonstrates that these aquatic plant species
could be an abundant source of OH-PBDEs and MeO-PBDEs found in higher trophic organisms in the
Asia—Pacific region.

KEYWORDS: Bromophenol; brominated phenoxyanisole; brominated phenoxyphenol; marine algae;

Sargassum; Jania; the Philippines

INTRODUCTION

Benthic marine macroalgae in the Philippine archipelago in-
clude many endemic species and genera of red, brown, and green
algae that are a major dietary source for many marine organ-
isms (/). Bromophenols synthesized by the algae are important
flavor components (2, 3); 2,4,6-tribromophenol (2,4,6-TBP) is
widely distributed in various seafood species, such as prawns,
salmon, and fish dwelling in local waters (4). 2,4,6-TBP is the
precursor of 2,4,6-tribromoanisole (2,4,6-TBA), which has been
identified as a trace environmental contaminant in marine fish (5).
It is believed that bacteria in algae could be responsible for the
O-methylation of 2,4,6-TBP (6).

In recent years, lipophilic and bioaccumulative brominated
compounds that are proposed to be of natural origin have been
detected in marine biota from different sites throughout the
world (7). One of the major congener groups is methoxylated
polybrominated diphenyl ethers (MeO-PBDE:s), which have been
found in algae (8, 9), sponges (10, 11), mussels (9), fish (12—14),
and marine mammals (15—179). Another group is dimethoxylated
tetrabromobiphenyl (diMeO-BB), which has also been accumu-
lated in fish and mammals (/4, /7). These compounds are likely to
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biomagnify within higher trophic organisms via the food chain
due to their high lipophilicity (log Ko > 5) (20). On the other hand,
hydroxylated polybrominated diphenyl ethers (OH-PBDEs) such
as 2'-hydroxy-2,3' 4,5 -tetrabromodiphenyl ether (2’-OH-BDE68)
are produced by marine algae (9) and marine sponges (21, 22) or
their associated bacteria (symbiotic cyanobacteria) (23). Although
OH-PBDEs have been detected in the marine food web (for
example, in salmon blood) (/2) and even in human blood (24), it
is not clear whether they are derived from naturally produced
secondary products or from metabolites of anthropogenic PBDEs.

The objective of this study was to investigate whether OH-
PBDEs and their methoxylated analogues (MeO-PBDEs) are
found in marine algae from shallow waters of the Philippines.
In 2008, 31 specimens (16 genera) of green, brown, and red
algae and angiosperms were collected from the littoral zones
(four locations) and freshwaters (Taal Lake) of Luzon Island
(Figure 1). The current survey was also undertaken to assess
the source, distribution, and interspecific variation in aquatic
plant brominated compounds that are found in fish and
mammals from the Asia—Pacific region.

EXPERIMENTAL PROCEDURES

Sampling. In December 2008, a total of 23 marine algae (12 genera
of green, red, and brown algae), 2 freshwater green algae (2 genera), and
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Figure 1. Sampling locations of macroalgae in the Philippines.

2 angiosperms were collected from four littoral zones (Masinloc, Bolinao,
Alaminos, and Luna) and Taal Lake on Luzon Island, the Philippines
(Figure 1). Each sample was frozen at —20 °C prior to chemical analysis.

Species Identification. Almost all of the algae were identified to genus/
species level (Table 1) using guidebooks and some literature (/,25—32). The
identities of critical species monitored for OH-PBDEs and MeO-PBDEs
were identified as Sargassum oligocystum Montagne (25, 26), Sargassum
aff. bataanense G.C. Trono (27), Halymenia durvillei Bory de Saint-
Vincent (28, 29), and Jania adhaerens Lamouroux (30). None of the algae
investigated have been directly used as food source.

Chemicals and Reagents. Standards of 2,4,6-TBA, 2,4,6-TBP,
2'-methoxy-2,3 4,5 -tetrabromdiphenyl ether (2'-MeO-BDE68), 2'-hydro-
xy-2,3' 4,5 -tetrabromodiphenyl ether (2'-OH-BDE68), 6-methoxy-2,2' 4.4'-
tetrabromodiphenyl ether (6-MeO-BDE47), and 6-hydroxy-2,2' 4,4 -tetra-
bromodiphenyl ether (6-OH-BDE47) were purchased from AccuStandard
Inc. (USA). Dr. G. Marsh (Stockholm University) kindly provided
4-methoxy-2,3,4,5' ,6-pentabromodiphenyl ether (4-MeO-BDE121), 2',6-
dimethoxy-2,3',4,5 -tetrabromodiphenyl ether (2',6-diMeO-BDE68),
and 2,2'-dimethoxy-3,3',4,4'-tetrabromobiphenyl (2,2’-diMeO-BB80).
Their corresponding dihydroxylated analogues were prepared by demethy-
lating the dimethyoxylated analogues by boron tribromide (2 M) in dichloro-
methane. We used 4-MeO-BDEI21 and 6-OH-[*C]BDE47 (Cambridge
Isotope Laboratories, Andover, MA) as internal standards (i.s.) for the
determination of neutral and phenolic compounds, respectively. The
chemical structures of the target analytes are shown in Figure 2.

Sample Cleanup. A sample (10 g of fresh weight (fw)) was cut into
pieces, and the homogenate was extracted with MeOH (50 mL) for 1 week
at room temperature. The extract was concentrated, and the residue was
partitioned between 0.2 M HCl and ethyl acetate (EtOAc). The EtOAc-
extractable organic matter (EOM) was determined gravimetrically.
A portion (20 mg) of the EOM was spiked with two internal standards,
4'-MeO-BDEI21 and 6-OH-["*C|BDE47 (20 ng each). We then removed
the EOM by gel permeation chromatography (Bio-Beads S-X3, Bio-Rad
Laboratories), eluting with dichloromethane/n-hexane (1:1). Brominated
products in the eluate were partitioned between 1 M KOH /ethanol (7:3, v/v)
and n-hexane. The organic phase was concentrated and purified by silica
gel column chromatography (0.5 g, Wako gel S-1, Wako Pure Industries,
Osaka, Japan), eluting with 12% dichloromethane in n-hexane (15 mL)
(neutral fraction). The aqueous phase was acidified by HCI and back-
extracted with n-hexane/diethyl ether (8:2, v/v) (phenolic fraction). A
portion (5 mL) of the phenolic fraction (15 mL) was reacted with
diazomethane in diethyl ether (methylated phenolic fraction). The con-
centrated fractions (500 uL) were subjected to gas chromatography—mass
spectrometry.

Identification and Quantification. Analyses of natural organohalo-
gens were performed using a gas chromatograph (GC, Agilent 6980N)
equipped with a mass selective detector (5973i) in electron ionization and
selected ion monitoring mode (EI-SIM). The GC was equipped with an
HP-5MS column (30 m x 0.25 mm, 0.25 um film thickness, J&W Scientific
Inc.), and scan data were recorded in the range of m/z 200—800. Helium
was used as a carrier gas at a constant flow rate of 1.0 mL/min. A 2 uL
aliquot of each extract was injected in splitless mode with injector and
transfer line temperatures of 250 and 280 °C, respectively. The ion source
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temperature was 230 °C. The GC oven program was as follows: after injec-
tion at 70 °C (1.5 min), the temperature was increased at a rate of 20 °C/
min to 230 °C (2 min) and then at a rate of 4 °C/min to 280 °C (20 min). The
total run time was 40 min. The ions monitored were at m/z 342 and 344 for
2,4,6-TBA, at m/z 516 and 518 for two MeO-tetraBDEs, at m/z 530 and
532 for 2,2'-diMeO-BB80 and 6-OH-["*C]BDE47 (i:s.), at m/z 546 and
548 for 2,2'-diMeO-BDE68, and at m/z 594 for 4-MeO-BDEI21 (i.s.). The
identification of OH- and MeO-PBDEs in samples was made by compar-
ing the relative GC retention times (RRTs) of samples and standard
references versus those of 6-OH-['*CJBDE47 for the phenolic fraction and
4'-MeO-BDEI21 for the neutral fraction, respectively, on an HP-5MS
column.

Quality Control. Five-point calibration curves (3—500 ng/mL) were
linear (r = 0.998) for each compound. A standard solution containing all
of the target analytes was analyzed every day to ensure that the calibration
curves remained valid (variability, relative standard deviation = 12%
(n = 5)) before sample analysis. The recoveries of i.s. and target analytes
were assessed by spiking with 1.0 ng of each standard through the entire
extraction procedure, and the results ranged from 85 to 102% for phenolic
compounds and from 88 to 97% for methoxylated compounds. The limit
of quantification (LOQ) using the EI-SIM mode, which was determined
using a signal-to-noise ratio of 10, ranged from 5 to 15 pg on the GC
column (2.5—7.5 ng/mL) for all analytes. Solvent blanks did not contain
any of the analytes under investigation, indicating no carry-over effect
between GC-MS runs.

RESULTS

Table 1 shows the sampling locations of each species and the
concentrations (on a fresh-weight (fw) basis) of the eight target
compounds. The concentrations of 2,4,6-TBP ranged from 0.3
ng/g ftw in Hydroclathrus clathratus to 107 ng/g fw in Jania
adhaerens, whereas the levels of 2,4,6-TBA ranged from <0.02
ng/g fw in Kappaphycus alvarezii to 2.2 ng/g fw in Caulerpa
lenthillifera. Among green algae, 2,4,6-TBP levels were lower in
freshwater plants from Taal Lake than in marine algae from the
littoral zones. The concentration ratios of 2,4,6-TBA/2.,4,6-TBP
were 0.2—1.44 for the aquatic plants and <0.01—0.28 for the
marine algae.

Figure 3 shows total ion chromatograms (TIC) of the bromi-
nated compounds in the neutral and phenolic fractions of a
brown alga (Sargassum aff. bataanense) and a red alga (Jania
adhaerens) collected in Masinloc (Figure 1). The MeO-tetraBDEs
(peaks a — d) detected in the neutral fractions of both genera were
identified as 2-MeO-BDE®68, 2,2'-diMeO-BBg0, 6-MeO-BDE47,
and 2',6-diMeO-BDEG68, respectively (Figure 3). The correspond-
ing OH-tetraBDE:s in the methylated phenolic fraction (peaks a’
and ¢’) were identified as 2’-OH-BDE68 and 6-OH-BDE47,
respectively. The mass spectrum of peak ¢’ in the phenolic fraction
of J. adhaerens corresponded to dimethoxylated pentaBDE
(M*, mjz 620) (Figure 4), indicating the presence of OH-MeO-
pentaBDE or diOH-pentaBDE (unknown structures). One
of the major environmentally relevant anthropogenic com-
pounds, BDE-47, was not present in any species investigated
(LOQ, <0.02 ng/g fw).

The methylated phenolic fraction of J. adhaerens was mon-
itored at m/z 516 (MeO-tetraBDE), m/z 546 (diMeO-tetraBDE),
and m/z 530 (diMeO-BB80 and MeO-tetraBDD) (Figure 5). In the
SIM profile at m/z 546, several peaks were identified as diMeO-
tetraBDEs, indicating the presence of diOH- or OH-MeO-tetra-
BDEs in the algae. In the profile monitored at m1/z 530, the peak
(tg = 17.6 min) was identified as 2,2’-diMeO-BB80, whereas
the peaks between 21 and 25 min were tentatively identified
as methoxy-tetrabromo-p-dioxin (MeO-tetraBDD) because
the mass spectrum exhibited M (m/z 526) and a characteristic
fragment [M — COCH;]" (m/z 473), indicating the presence of
OH-tetraBDD (Supporting Information, Figure S1). The identity
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of these compounds remains to be confirmed because the appro-
priate standards were not available for this survey.
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Figure 2. Chemical structures of target compounds monitored in this

study.
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In the neutral fraction, 2’-MeO-BDE68 and 6-MeO-BDE47
were detected in all of the samples except for the freshwater plants.
The highest levels of 2'-MeO-BDE68 were detected in Sargassum
aff. bataanense (229 ng/g fw), followed by J. adhaerens (78 ng/g
fw) and Padina sp. (44 ng/g fw). In contrast, 6-MeO-BDE47 was
predominant in J. adhaerens (29 ng/g fw), but its concentration
was <5 ng/g fw in the other species. The level of 2,2'-diMeO-
BB80 was highest in J. adhaerens (44 ng/g fw), followed by
Chlorodesmis sp. (6.4 ng/g fw), whereas 2',6-diMeO-BDE68
was most abundant in Sargassum aff. bataanense (30 ng/g fw),
followed by J. adhaerens.

In the phenolic fraction, 2’-OH-BDE68 and 6-OH-BDE47
were detected in all of the samples except for the freshwater algae
and one red alga (Kappaphycus alvarezii). The highest concentra-
tions of 2’-OH-BDE68 were observed in J. adhaerens (25 ng/g fw),
followed by Sargassum oligosystum (10 ng/g fw). Concentrations
of 6-OH-BDE47 were highest in S. oligosystum (91 ng/g fw),
followed by Sargassum aff. bataanense (10 ng/g fw). The concen-
trations of the corresponding dihydroxylated analogues (2,2'-
diOH-BB80 and 2’,6-diOH-BDE68) were <5.1 ng/g fw in all
samples. The concentrations of four analytes in Sargassum and
Jania sp. are compared in Supporting Information, Figure S2.

DISCUSSION

To our knowledge, this is the first study to monitor OH- and
MeO-PBDEs in aquatic plants from the Asia—Pacific region,
although 2'-MeO-BDE68 has been isolated in green algae
(Cladophora fascicularis) from Okinawa, Japan, by Kuniyoshi
etal. (§). We found that the occurrence of OH- and MeO-PBDEs
from the Philippines was species-dependent; the highest levels
were observed in Sargassum, Jania, and Padina species from
Masinloc, Zambales. The other algal species also contained
smaller amounts of 2'-OH-/2'-MeO-BDE68 or 6-OH-/6-MeO-
BDE47, indicating the wide distribution of these brominated
products in shallow waters of the Philippines. The levels of
OH- and MeO-tetraBDEs varied considerably within the genus
Sargassum, implying that even in the same genus, particular
species can produce preferably these brominated compounds.
The variation may be attributed to biotic factors such as stress,
grazing, water temperature, stage of the algae annual cycle. At
present, it is not possible to tell whether the OH- and MeO-PBDEs

G | ®
Sargassum aft. Jania
2.4.6-TEP bataanense 2.4,6-TBP adhaerens
b
C
d neutral d neutral
- .
¢ ¢’
a’ a’
l phenolic ﬂ‘c’ phenolic
S TN TR . N s
6 8 10 12 14 16 18 20 22 24 26 28 30 6 8 10 12 14 16 18 20 22 24 26 28 30
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Figure 3. Total ion chromatograms of brominated compounds in neutral and methylated phenolic fractions from Sargassum aff. bataanense (A) and Jania
adhaerens (B). In the neutral fraction: peak a, 2'-MeO-BDE68; peak b, 2,2’-diMe0-BB80; peak c, 6-MeO-BDE47; peak d, 2’,6-diMeO-BDEB8. In the phenolic
fraction: peak a’, 2’-OH-BDEB8; peak ¢’, 6-OH-BDE68; peak €', diOH-pentaBDE or OH-MeO-pentaBDE (as methylated derivatives).
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Figure 4. Mass spectrum of peak €’ in the methylated phenolic fraction of Jania adhaerens from Figure 3.
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Figure 5. Selected ion monitoring of OH-tetraBDE (m/z 516), diOH-
tetraBDE (m/z 546), and diOH-tetraBB/OH-tetraBDD (m/z 530) in the
methylated phenolic fraction from Jania adhaerens. Some of the peaks
were identified as 6-OH-BDE49 (fz = 17.3 min), 3-OH-BDE47 (i3 = 18.8 min),
2/ ,6-diOH-BDE68 (3 = 19.4 min), and OH-tetraBDD (tz = 22.0 min).

are produced by the macroalgae themselves or by their associated
symbionts (e.g., cyanobacteria) (23). It has been previously
indicated that the producer of OH-PBDE:s in the marine sponge
Dysidea herbacea may be the symbiotic filamentous cyanobacte-
rium Oscillatoria spongeliae (23).

The profiles of OH- and MeO-PBDEs in marine algae were
similar among the five locations on Luzon Island, although
the ratios and concentrations varied among species. However,
the profiles of brominated compounds isolated from the Philippine
algae seem to differ from those isolated in red algae from the
Baltic Sea (9, 33). The Philippine algae produced higher concen-
trations of MeO-tetraBDEs (e.g., 229 ng/g fw in Sargassum aff.
bataanense) than of the corresponding OH-tetraBDEs (e.g., 30
ng/g fwin J. adhaerens), whereas red algae (Ceramium tenuicorne)
from the Baltic Sea contained primarily OH-pentaBDEs (10 ng/g
fw for OH-PBDEs), with smaller amounts of MeO-tetraBDEs
(0.4 ng/g fw for MeO-PBDEs) (33). Additionally, the profiles of
the Philippine algae included 2,2'-diMeO-BB80 and 2',6-diOH/
diMeO-BDE68, whereas no information about these compounds

was reported for algae from the Baltic Sea. Finally, the Philippine
algae contained OH-tetraBDDs and the corresponding MeO-
tetraBDDs, whereas red algae from the Baltic Sea produced
triBDDs and tetraBDDs (33, 34). Several OH-tetraBDDs, diOH-
tetraBDEs and their methoxylated analogues have been isolated
from Australian marine sponges (35, 36) and Palauan marine
sponges (data not shown), suggesting that the profiles of hydrox-
ylated, dihydroxylated, and methoxylated analogues are com-
mon in the Pacific.

In this study, the highest production of 2'-MeO-BDE68 reached
229 ng/g fw for Sargassum aff. bataanense, which corresponded to
62 ug/g when expressed per gram of extracted organic matter
(EOM). For OH-PBDEs, 6-OH-BDE47 reached 91 ng/g fw in
Sargassum oligosystum, corresponding to 30 ug/g EOM. 2/-MeO-
BDEG68 and 6-MeO-BDE47 have been isolated in the marine
sponge Dysidea sp. from the Asia—Pacific region (36, 37). These
products in sponge tissue (Dysidea sp.) may represent as much as
12% of the dry weight (23). Marine algae such as Sargassum and
Jania sp. are more common in the Philippines’ shallow waters
than marine sponges (Dysidea sp.). As many invertebrates (e.g.,
thorny oyster) feed on these algae, naturally produced MeO-
PBDEs could transfer and bioaccumulate in higher trophic levels
via the food chain (38, 39). On the other hand, OH-PBDEs are
expected to be more water-soluble than MeO-PBDEs and more
mobile in the environment. In fact, they have been isolated in the
blood of fish and animals (12).

The present survey further resulted in the isolation of 2,2'-
diMeO-BB80 and 2',6-diMeO-BDE68 from algae. These com-
pounds have also been found to accumulate in bluefin tuna (74),
tiger sharks (38), and killer whales (/9) from Japanese coastal
waters. For the corresponding hydroxylated analogues, 2,2'-
diOH-BB80 and 2',6-diOH-BDE68 were detected at levels of up
to 5.1 ng/g fw in Sargassum or Jania sp. As we measured both
dihydroxylated products as dimethoxy derivatives by GC-MS
(Figure 4), the precursor may be either OH-MeO- or diOH-
analogues. In fact, one product isolated in J. adhaerens was
directly (without derivatization) identified as 2'-OH-6-MeO-
BDEG68 (data not shown). 2,2’-diOH-BB80 has been found
to be produced by the marine bacterium, Pseudoalteromonas
phenolica sp. (40), whereas both 2/,6-diOH-BDE68 and 2'-OH-
6-MeO-BDEG68 have been also isolated in marine sponges from
Indonesia (36, 37).
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Previous studies have discussed whether these OH-PBDEs in
marine food webs originate from marine resources or from
brominated flame retardants (e.g., PBDEs) through hepatic
metabolism. This study strongly suggests that the OH-PBDEs
identified are of natural origin because their possible precursors,
such as BDE-47, were undetectable in any of the algae investi-
gated. All of the OH- and MeO-PBDEs identified have the
hydroxy/methoxy group in the ortho position(s) to the diphenyl
ether oxygen and a 2-bromine or 2,4-dibromine substitution in
the nonhydroxylated or nonmethoxylated phenyl ring, which is
common for natural OH- and MeO-PBDEs (37, 41).

In addition to OH-PBDEs, we measured 2,4,6-TBP content in
algae. Similar to OH-PBDE, 2.4,6-TBP varied considerably in
concentration across species (from 0.5 to 107 ng/g fw). The
concentration ranges of 2,4,6-TBP observed in this study appear
to be low compared to those in marine algae from Australia (up to
1900 ng/g fw) (2). Seasonal changes in the concentrations of these
compounds may occur (3). Marine algae are a major source of
2,4,6-TBP in herbivorous fish and a contributing source in fish
that are diverse omnivores (4).

The levels of 2,4,6-TBA observed in this study ranged from
<0.02 to 2.2 ng/g fw, which is lower than 2,4,6-TBP levels in most
cases. The 2,4,6-TBA is likely a natural product derived from
bacterial O-methylation of bromophenols (6) rather than a
contaminant derived from man-made flame retardants (5). Be-
cause the ratio of 2,4,6-TBA/2,4,6-TBP varies from <0.01 to
1.44, depending on the species, the different concentration ratios
of hydroxylated and methoxylated analogues in algae may be
attributed to the O-methylation ability of the algae-associated
bacteria.

Many species of algae have been shown to contain bromoper-
oxidases (BPO), capable of brominating organic substrates in the
presence of bromide and hydrogen peroxide (42, 43). BPO
isolated from red algae has been shown to catalyze the bromina-
tion of phenol and 2-hydroxybenzyl alcohol to 2,4,6-TBP (44).
The condensation of 2,4,6-TBP to OH-PBDEs is presumably also
catalyzed by BPO (34), as horseradish chloroperoxidase is known
to catalyze the dimerization of chlorophenols to chlorinated
dibenzo-p-dioxins (45). However, the levels of OH-PBDEs ob-
served in this study were not correlated with those of 2,4,6-TBP
(ANOVA, p > 0.05), indicating that the formation of OH-PBDE
does not always depend on the bromophenol content as a
substrate for BPO.

OH-PBDEs are bioactive against Gram-positive bacteria (22).
Some authors have linked the survival of certain algae to the
presence of volatile organohalogens in interalgal competition as a
defense against bacterial and fungal infections (2,46,47). Thus, it
is possible that OH-PBDE analogues may contribute to the
chemical defenses of the algae. On the other hand, OH-PBDEs
such as 6-OH-BDE47 have been shown to have higher transthyr-
etin binding properties than PBDEs and to disrupt thyroid
hormone homeostasis (¢/). Furthermore, OH-PBDEs possess
neurotoxic properties of environmental significance (48). The
OH-tetraBDDs isolated from J. adhaerens in this study may be
the same as OH-tetraBDD congeners from Australian Dysidea
dendyi that have been reported to be cytotoxic against mouse
Ehrlich carcinoma cells (35). Because human populations have
probably been exposed to these materials through seafood con-
sumption over a long period of time, the exposure may have
historical as well as current health implications.

In conclusion, the present study demonstrates the widespread
occurrence of OH- and MeO-PBDE analogues in marine and
freshwater algae and in angiosperms from the Philippines and
suggests a possible source of such compounds accumulated in
fish and higher trophic organisms in the Asia—Pacific region.

Haraguchi et al.

Our results show that itis important to characterize the origin and
occurrence of OH-PBDEs as well as the details of their toxic
properties.
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