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Abstract
Concentrations, profiles and muscle-liver distribution of halogenated natural products (HNPs) and anthropogenic persistent
organic pollutants (POPs) were investigated in five large pelagic fish species and one smaller planktivore fish species from the
Western Indian Ocean. Analysis of swordfish muscle from the Seychelles revealed the predominance of HNPs, with the highest
concentrations found for 2′-methoxy-2,3′,4,5′- tetraBDE (2′-MeO-BDE 68 or BC-2), 6-methoxy-2,2′,4,4′- tetraBDE (6-MeO-
BDE 47 or BC-3) and 2,3,3′,4,4′,5,5′-heptachloro-1′-methyl-1,2′-bipyrrole (Q1), along with varied contributions of further
HNPs. The mean concentration of ∑HNPs (330 ng/g lw) was one or two orders of magnitude higher than ∑DDTs (60 ng/g
lw) and ∑PCBs (6.8 ng/g lw). HNPs (BC-2, BC-3 and Q1) were also predominant in individual samples of three tropical tuna
species from the Seychelles and from other regions of theWestern Indian Ocean (Mozambique Channel, off Somalia and Chagos
Archipelago). Non-targeted gas chromatography coupled with electron capture negative ion mass spectrometry operated in the
selected ion monitoring mode (GC/ECNI-MS-SIM) analysis of one swordfish sample indicated low abundance of rarely reported
HNPs (three hexachloro-1′-methyl-1,2′-bipyrrole (Cl6-MBP) isomers and pentabromo-1,1′-dimethyl-2,2′-bipyrroles (Br5-DBP))
but no further abundant unscreened polyhalogenated compounds.
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Introduction

Anthropogenic persistent organic pollutants (POPs) have been
frequently detected in marine environmental and biological
samples (Wenning and Martello 2014; Qiu et al. 2020).
High trophic level marine species in particular, such as

mammals and predatory fish, may be burdened with high
levels of POPs due to bioaccumulation through the food chain
(Hoondert et al. 2020; Hop et al. 2002). Chronic exposure to
POPs can pose serious health risks to these organisms (Sonne
et al. 2020). Therefore, these POPs have been banned (e.g.
PCBs and several chlorinated pesticides) or restricted (e.g.
DDT and perfluorooctane sulfonate (PFOS)) for production
and used by the Stockholm Convention because of their
bioaccumulative, persistent and toxic properties (Kim et al.
2014). In addition, several other polyhalogenated compounds
with structures and physicochemical properties similar to
POPs have been repeatedly detected in environmental sam-
ples. About ten compounds or compound classes of these
lipophilic polyhalogenated compounds were found to be of
natural origin (Bidleman et al. 2019; Teuten et al. 2005;
Vetter 2006, 2012). The natural production of certain HNPs
(such as BC-2 and BC-3) has been verified by their isolation
from whale blubber followed by radiocarbon measurements
(Teuten et al. 2005). These halogenated natural products
(HNPs) belong to a huge variety of over 5000 HNPs which
are mainly produced by certain lower marine organisms such
as sponges, worms, bacteria and algae (Gribble 2012).
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Although toxicity and potential risk to human health
are largely unknown (Gribble 2012), these few lipophilic
HNPs are of particular concern because they can be found in
the diet of humans. In 2016, HNPs had been recognized as
emerging contaminants by the Arctic Monitoring and
Assessment Programme (AMAP) (Wilson 2018).

Although HNPs have been detected in many marine regions
worldwide (Alonso et al. 2017; Goto et al. 2020; Löfstrand et al.
2010; Malmvärn et al. 2005; Shaul et al. 2015; Teuten and
Reddy 2007; Wu et al. 2019), one commonly known hotspot
of HNPs is the Great Barrier Reef in Australia (Vetter et al. 2001,
2002, 2009). Several HNPs such as 2,3,3′,4,4′,5,5′-heptachloro-
1′-methyl-1,2′-bipyrrole (Q1) or the tetrabrominated
methoxylated diphenyl ethers (2′-MeO-BDE 68 or BC-2, and
6-MeO-BDE 47 or BC-3) were detected at ppm-levels in marine
mammals inhabiting the Great Barrier Reef (Fig. 1a–i), thus
confirming their bioaccumulative nature (Vetter et al. 2001,
2002). The Great Barrier Reef (coordinates 18° 11′ S, 147° 27′
E) is characterized by a rich flora, appreciable climate with warm
ocean water and the presence of ~900 tropical islands (Johnson
and Marshall 2007). Arguably, these conditions are favourable
for the natural production of various HNPs.

One marine region with similar geographic and climate
characteristics is the Seychelles archipelago (coordinates 4°

35′ S, 55° 40′ E). Located approximately 1500 km off the
coast of Africa in the Indian Ocean, the Seychelles archipela-
go is located in the same temperature zone (tropical) as the
Great Barrier Reef. Also, the Seychelles consist of 115 islands
spread over a large economic exclusive zone (EEZ: 1.37 mil-
lion km2). Despite the favourable conditions for their natural
production, the occurrence of HNPs in Seychelles and more
largely in the Western Indian Ocean has not been explored so
far.

In this study, we thus aimed to get first insights into the
occurrence of HNPs in the Seychelles pelagic ecosystem. For
this purpose, we first investigated several classes of HNPs
(Fig. 1a–i) and POPs (i.e. polychlorinated biphenyl (PCBs,
Fig. 1l) and dichlorodiphenyltrichloroethane (DDT) and its
metabolites (Fig. 1j, k)) in the muscle and liver of
Seychelles swordfish. Since HNP levels may vary strongly
within short distances (Hauler et al. 2014; Malmvärn et al.
2005; Vetter et al. 2009) and across different species (Wu
et al. 2019, 2020b), we then compared HNP and POP concen-
trations in swordfish with those in individual samples of other
fish species from the same habitat. Samples analysed included
three tropical tuna species (yellowfin tuna, bigeye tuna and
skipjack tuna) and one newborn silky shark. In addition to
these large pelagic fish species, we also screened one potential
forage fish, the small pelagic Indian mackerel, on
polyhalogenated compounds. Further, tropical tunas from
the Chagos Archipelago, off Somalia coasts and
Mozambique Channel (~2000 km from Seychelles) were
analysed to verify the widespread occurrence of HNPs in ma-
rine biota of the Western Indian Ocean. Since several HNPs
were initially described in samples from the Great Barrier
Reef, we also thoroughly analysed one carefully selected
Seychelles swordfish sample by means of a non-target gas
chromatography coupled with electron capture negative ion
mass spectrometry operated in the selected ion monitoring
mode (GC/ECNI-MS-SIM) approach (Hauler and Vetter
2015) in order to cover the full array of polyhalogenated com-
pounds and possibly hitherto unknown or non-monitored
contaminants.

Materials and methods

Sample collection

Four large pelagic fish, i.e. swordfish Xiphias gladius (n=10),
yellowfin tuna Thunnus albacares (n=1), bigeye tuna
Thunnus obesus (n=1) and skipjack tuna Katsuwonus pelamis
(n=1), were caught in the Seychelles EEZ between January
2013 and January 2014. A newborn silky shark Carcharhinus
falciformis (n=1) and one smaller pelagic fish Indian mackerel
Rastrelliger kanagurta (n=1) were caught in August and
March 2018, respectively, in the Seychelles EEZ. In addition,

Fig. 1 Chemical structures of a 2′-methoxy-2,3′,4,5′- tetraBDE (2′-MeO-
BDE 68 or BC-2), b 6-methoxy-2,2′,4,4′- tetraBDE (6-MeO-BDE 47 or
BC-3), c 2,3,3′,4,4′,5,5′-heptachloro-1′-methyl-1,2′-bipyrrole (Q1), d 3,5-
dibromo-2-(3′,5′-dibromo,2′-methoxy)phenoxyanisole (BC-11), e 2,2′-
dimethoxy-3,3′,5,5′-tetrabromobiphenyl (2,2′-diMeO-BB80 or BC-1), f
1,1′-dimethyl-3,3′,4,4′-tetrabromo-5,5′-dichloro-2,2′-bipyrrole (BC-10),
g 1,1′-dimethyl-3,3′,4,4′,5,5′-hexabromo-2,2′-bipyrrole (Br6-DBP), h
2,4,6-tribromophenol/tribromoanisole (2,4,6-TBP/-TBA), i
(1R,2S,4R,5R,1′E)-2-bromo-1-bromomethyl-1,4-dichloro-5-(2 ′-
chloroethenyl)-5-methylcyclohexane (MHC-1), j 1,1,1-trichloro-2,2-
bis(4-chlorophenyl)ethane (p,p′-DDT), k 1,1-dichloro-2,2-bis(4-
chlorophenyl)ethane (p,p′-DDE) and l polychlorinated biphenyls (PCBs)
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yellowfin tuna (n=1), bigeye tuna (n=1) and skipjack tuna
(n=1) were collected off the coasts of Somalia, in the
Mozambique Channel and an area located offshore between
Seychelles and the Chagos archipelago (hereafter referred to
as Chagos) in March–July 2013 (Fig. S1, Table S1). The
swordfish and Indian mackerel were caught by a commercial
long liner, and the tropical tunas and silky shark were sampled
by a commercial purse seiner. Individual fish was measured
and sexed directly on board of the fishing vessel: the low jaw
fork length was taken for the swordfish, the fork length for the
three tropical tunas and the Indian mackerel and the standard
length for the silky shark. Based on the very small body length
(69 cm, Table S1), the silky shark was a newborn (length at
birth ~72 cm compared to adult males and females measuring
210–220 cm and >225 cm, respectively (Branstetter 1987)).

Chemicals

Sources and quality of chemicals and standards used for sam-
ple clean-up (trace analysis quality) were reported in details by
Munschy et al. (2020). Additional chemicals used for HNP
analysis were iso-octane (>99.0%) from Riedel-de Haen
(Steinheim, Germany). The internal standard 2,3-
dibromopropyl-2,4,6-tribromophenyl ether (DPTE) for quan-
tification was synthesized in our laboratory (von der Recke
and Vetter 2007). Standards of ICES-7 PCBs (PCB 28, PCB
52, PCB 101, PCB 118, PCB 138, PCB 153, PCB 180) were
ordered from Dr. Ehrenstorfer (Augsburg, Germany). Origins
and quality of HNP standards were reported in details by Wu
et al. (2019). Mixed standards were prepared from stock so-
lutions stored at −20°C in accurately weighed vials. After
condition to ambient temperature, vials were weighed and
only used when the weight matched the previously noted
weight at less than 2% since its generation. Further instrumen-
tal controls were based on peak abundance relative to the
internal standards.

Sample storage and clean-up

Fish were stored frozen on board until landing. After landing,
a subsample (~5 cm3) was carefully taken from the front dor-
sal white muscle (sampled under the dorsal spine on the left
side) from each fish along with a liver sample from the
Seychelles swordfish (n=4). All samples were frozen (amber
glassware, −20°C) followed by freeze-drying at SFA
Seychelles Fishing Authority Research Laboratory. Freeze-
dried samples were sent to LBCO at Ifremer, Nantes,
France, for organic contaminant and total lipid content analy-
sis. The fish samples were processed as described byMunschy
et al. (2020). Briefly, each freeze-dried and ground sample
was extracted with dichloromethane using accelerated solvent
extraction (ASE 300, Dionex, USA) and then successively
purified using gel permeation chromatography, a silica and

alumina column and a two-dimensional HPLC system with
two columns coupled in series (Munschy et al. 2020).
Aliquots of each purified sample extract were manually
transported to the University of Hohenheim for analysis of
HNPs and POPs. Here, extract volumes were set to ~200 μL
and then spiked with 20 μL of DPTE solution (2 ng/μL) used
as internal standard for quantification and last constant vol-
ume with iso-octane to 270 μL.

Instrumental analysis

HNPs and POPswere quantified by gas chromatography com-
bined with electron capture negative ion mass spectrometry
(GC/ECNI-MS) performed with an Agilent 7890/5975C sys-
tem (Waldbronn, Germany) according to Bendig et al. (2013).
Briefly, the sample solution (1 μL) was injected into a pro-
grammed temperature vaporizer injector (CIS-4, Gerstel,
Mülheim, Germany) operated in splitless mode. The temper-
ature of transfer line, ion source and quadrupole were set at
300°C, 150°C and 150°C, respectively. The reagent gas meth-
ane 5.5 (Air Liquide, Bopfingen, Germany) was introduced
with a flow rate of 40 mL/min. An Optima 5 MS (30 m,
0.25 mm internal diameter, 0.25 μm film thickness,
Macherey-Nagel, Düren, Germany) was installed in the GC
oven. During injection, the GC oven temperature was kept at
50°C. After 1 min, it was raised at 10°C/min to 300°C, which
was held for 14 min. Polyhalogenated compounds were quan-
tified in selected ion monitoring (SIM) mode according toWu
et al. (2019). Initial screening on PBDEs indicated that BDE
47 was the most abundant PBDE congener in all samples,
with very low mean concentrations of 0.5 and 0.4 ng/g lw
for BDE 47 in tuna and swordfish, respectively. Therefore,
PBDE concentrations will not be discussed in this study.
The non-target GC/ECNI-MS-SIM analysis was carried out
according to Vetter et al. (2017), which covered the range m/z
248-704 in twelve runs (names NT1 to NT12) and five time
windows.

Quality assurance and quality control (QA/QC)

Samples were prepared in the French laboratory (LBCO at
Ifremer) as described above and shipped to the German labo-
ratory (University of Hohenheim) for analysis of HNPs and
POPs. Procedural blanks were free of HNPs and the internal
standard DPTE, but some of them contained traces of PCBs
and DDTs, which were subtracted when analysing samples.
The recovery of 13C-labelled compounds of PCBs and DDTs
in samples were within 76–88%. Limit of detection (LOD)
and limit of quantification (LOQ) were determined for all
target analytes using the corresponding standards by the
three-fold and ten-fold signal-to-noise (S/N) ratio, respective-
ly (Table S2). To exclude concentration changes due to the
shipment of sample solutions, ΣPCB concentrations were
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determined by GC/ECNI-MS in the German lab and com-
pared with those initially determined in France via gas chro-
matography coupled with high-resolution mass spectrometry
in electron ionization mode (GC/EI-HRMS) using a 50 m ×
0.22 mm internal diameter × 0.2 μm film thickness HT-8
column (Munschy et al. 2020). Concentrations obtained by
GC/EI-HRMS (recovery corrected) were generally slightly
higher compared to GC/ECNI-MS (not recovery corrected).
Namely, median PCB concentrations determined by GC/EI-
HRMS and GC/ECNI-MS were 5.4 and 3.5 ng/g lw, respec-
tively. The two concentrations showed a significant linear
correlation (r2=0.892, p<0.01), indicating that the method
used in this study (GC/ECNI-MS) was reliable, and the dif-
ference between the concentrations of PCBs obtained by the
two methods may be due to the different quantitation methods
(for instance, PCB and DDT levels as determined by GC/EI-
HRMS were recovery corrected but not the current ones de-
termined by GC/ECNI-MS). Since recovery correction was
not possible for HNPs, we will also present POP levels with-
out corrections. Statistical software SPSS 16.0 (SPSS,
Chicago, IL, USA) was used for regression analysis.

Results and discussion

Levels of HNPs and anthropogenic POPs in swordfish
from the Seychelles waters

Initial GC/ECNI-MS screening of the swordfish muscle sam-
ples (n=10) in the full scan mode indicated a pronounced
predominance of HNPs over anthropogenic POPs. Namely,
ΣHNPs accounted for >70% (up to 92%) of the total concen-
trations of target halogenated contaminants (Fig. 2).
Typically, concentration ranges of individual HNPs varied
by about one order of magnitude (Table 1). Seven HNPs or
HNP classes were detected with predominance of BC-2, BC-3
and Q1 (Figs. 1a–c and 2). Except for 3,5-dibromo-2-(3′,5′-
dibromo,2′-methoxy)phenoxyanisole (BC-11) (Fig. 1d), the
detection rates of all polyhalogenated compounds were high
(≥ 90%, Table 1). Concentrations decreased in the order
ΣHNPs > ΣDDTs > ΣPCBs from 45–590 (mean value: 330
ng/g lw) to 19–190 (mean value: 60 ng/g lw) to 1.4–31 ng/g
lw (mean value: 6.8 ng/g lw), respectively, i.e. a range of
about one order of magnitude, in each case (Table 1). More
constant concentration ratios of ΣDDTs/ΣPCBs (RDDT/PCB:
12±2.8, 6.2–16) compared toΣHNPs/ΣDDTs (RHNP/DDT: 6.5
±3.7, 2.4–12) in swordfish muscles indicated that the distribu-
tion of major POPs was similar but different from HNPs (Fig.
3). In agreement with that, ΣDDTs showed a significant pos-
itive correlation withΣPCBs (Fig. S2a, r2 = 0.9747, p < 0.01),
but not with ΣHNPs (Fig. S2b, r2 = 0.2815, p > 0.05).
Therefore, the occurrence of anthropogenic POPs was more
predictable compared to HNPs. In agreement with that, the

concentration range of the HNP BC-3 was more variable
and spanned over three orders of magnitude (Table 1). This
led to highly varying BC-3/PCB 153 ratios (Fig. 3). Also, the
swordfish sample F3 showed the highest concentration of Q1,
PCBs and DDTs but not of BC-2 and particularly BC-3 which
was <LOQ (Table 1). Despite these individual variations,
mean concentrations of ΣHNPs, ΣDDTs and ΣPCBs agreed
well with the corresponding median values (Table 1).
Therefore, further discussion will be based on mean values.

Mean and range concentrations of ΣHNPs, ΣPCBs,
ΣDDTs as well as RDDT/PCB and RHNP/DDT showed no signif-
icant difference (p < 0.05) between the female (n=5) and male
(n=5) swordfish samples (Table 1). Also, no significant cor-
relation betweenΣHNPs (r2= 0.33, p>0.05),ΣPCBs (r2=0.21,
p>0.05) and ΣDDTs (r2=0.27, p>0.05) with swordfish length
was observed in the present study (Fig. 4).

In addition to muscle, liver samples were available from
swordfish samples F1, F3, F5 and F10. Preferential accumu-
lation of HNPs, PCB 153 and p,p’-DDEwas studied bymeans
of the lipid-based concentration ratio of liver/(liver+muscle)
(RL/L+M) according to Weijs et al. (2009). Accordingly, RL/L+

M > 0.5 indicated preferential accumulation in liver, while
RL/L+M < 0.5 indicated higher abundance in muscle
(Voorspoels et al. 2003). For all HNPs except Q1, results were
inconsistent in the four swordfish livers (Table 2). For in-
stance, RL/L+M values of BC-2 were <0.5 in sample F1 and
F5, but they were >0.5 in sample F3 and F10 (Table 2). One
reason could be variations in the dietary intake of HNPs (in-
dicative of hotspots) combined with a non-equilibrium
partitioning between the two tissues. Especially, in the case

Fig. 2 Contributions (%) of different HNPs and anthropogenic POPs to
the total amount of polyhalogenated compounds in swordfish muscle
(n=10) from the Seychelles waters in the Western Indian Ocean
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of HNPs, it is known that concentrations can strongly vary in
low trophic biota (prey) within short distances (Hauler et al.
2014; Barón et al. 2015; Estrella et al. 2018). By contrast,
RL/L+M values for PCB 153 and p,p’-DDE were ≤0.5
(Table 2). In agreement with that, similar RL/L+M values for
ΣPCBs and p,p´-DDE (0.31 and 0.30, respectively) could be
calculated from literature data in swordfish from both the

Southern Ionian Sea (Corsolini et al. 2005) and the Southern
Tyrrhenian Sea (< 0.5 for p,p'-DDE) (Corsolini et al. 2008).
Interestingly, Q1 also showed RL/L+M values <0.5 (or 0.5 in
sample F5). This indicated that the distribution of Q1 within
this habitat was more even than the one of other HNPs such as
the BCs and rather similar to anthropogenic POPs. In addition,
RL/L+M of Q1 was significantly correlated with RL/L+M of
PCB 153 (r2=0.9637, p<0.05) but not with RL/ L+M of p,p’-
DDE (r2=0.1655, p>0.05) (Fig. S3a,b). It has been suggested
that Q1 could be produced by marine bacteria, but most of
other HNPs were produced by algae and sponges (Gribble
2003; Vetter 2006). Therefore, the HNPs produced by marine
bacteria could show a different muscle-liver distribution in the
present samples.

In agreement with this, POP concentrations in Seychelles
swordfish were similar to those found in lower trophic level
biota from South Africa coast (Wu et al. 2020b). Moreover,
PCB 153 (0.5–2.6 ng/g lw) and p,p´-DDE (1.8–26 ng/g lw)
were the predominant anthropogenic pollutants in most
swordfish muscle samples (Munschy et al. 2020) (Table S3).
These POP concentrations were much lower than those found
in swordfish from the Mediterranean Sea (340 and 880 ng/g
lw for PCB 153 and p,p’-DDE, respectively) (Stefanelli et al.
2004). This was not surprising since the Mediterranean Sea is
a semi-enclosed and densely populated ocean area, and human
activities were more likely to pollute the ocean, and the sea-
water is renewed less frequently than in the open ocean
(Western Indian Ocean) (Marsili et al. 2018). In contrast,
low levels of PCB 153 (12 ng/g lw) and p,p’-DDE (13 ng/g
lw) were detected in swordfish from a Brazilian EEZ in the
Atlantic Ocean (de Azevedo e Silva et al. 2007).

Comparison of swordfish contamination with other
large pelagic and a small pelagic species from the
Seychelles waters

HNPs were additionally quantified in individual muscle sam-
ples of four large pelagic species (tropical yellowfin, bigeye
and skipjack tuna, respectively, and a newborn silky shark) as
well as one sample of Indian mackerel (a small pelagic forage
fish and potential prey of the pelagic predators).

Similar to the swordfish and the three tropical tunas,
∑HNPs accounted for more than 90% of the total target con-
taminant concentrations in Indian mackerel, and the total HNP
concentration (280 ng/g lw) was also within the range of the
four large pelagic fish species (110–670 ng/g lw) (Table 3,
Fig. 5a). However, the HNP profile of the Indian mackerel
differed from the other species (Fig. 5a). Namely, 1,1′-dimeth-
yl-3,3′,4,4′,5,5′-hexabromo-2,2′-bipyrrole (Br6-DBP) was the
predominant compound in the Indian mackerel sample (~40%
ofΣHNPs), and its concentration (110 ng/g lw Br6-DBP) was
higher than in all swordfish and tropical tuna samples from the
Seychelles (≤ 64 ng/g lw Br6-DBP) (Table 3). Additionally,

Fig. 3 Ratios of HNPs/DDTs, DDTs/PCBs and BC-3/PCB 153 in sword-
fish muscle (n=10) from the Seychelles waters in the Western Indian
Ocean

Fig. 4 Correlation between fish length (cm) and concentrations of halo-
genated contaminants (∑HNPs, ∑DDT and ∑PCBs) (ng/g lipid weight)
determined in the swordfish muscle (n=10) from the Seychelles waters in
the Western Indian Ocean

Environ Sci Pollut Res  (2021) 28:55252–55264 55257



concentrat ions of (1R ,2S ,4R ,5R ,1 ′E) -2-bromo-1-
bromomethyl-1,4-dichloro-5-(2 ′-chloroethenyl)-5-
methylcyclohexane (MHC-1) and 2,4,6-tribromophenol
(2,4,6-TBP) in the forage fish were also higher than those in
the large pelagic species (Table 3). Since Indian mackerels are
planktivores and the predators are opportunistic feeders, dif-
ferent habitats and migration ranges may cause Indian mack-
erel only to play a minor role in the predators’ diet (Sardenne
et al. 2016). In addition, fish could be able to partly metabolize
some less persistent HNPs similarly to some POPs. For in-
stance, stable carbon isotope analysis indicated that fish were
able to partly metabolize MHC-1 (Rosenfelder and Vetter
2012). Under this premise, HNP levels in marine organisms
may be more dependent on their actual abundance in their
habitat. As an example, MHC-1 was highly abundant in mus-
sels from Heligoland (German island in the North Sea), be-
cause Heligoland is a major habitat for a natural producer of
MHC-1, i.e. the red seaweed Plocamium cartilagineum (Wu
et al. 2020a). By contrast, MHC-1 concentrations in mussels
at Hörnumtief (Germany), which is only ~60 km from
Heligoland, were only ~1% of those at Heligoland (Hauler
et al. 2014). Hence, HNP concentrations in forage fish with
smaller migration range would be more affected by HNP

hotspots than in large pelagic fish with wider migration range
(“dilution effect”). Typically, contaminant evaluations are
based on a number of samples from the same region, which
are considered representative for a wider area. In the case of
HNPs, positions of hotspots are currently very difficult to
predict (Hauler et al. 2014; Wu et al. 2020b). Lower concen-
trations in highly migratory and opportunistic predator species
at a given location could then be the result of both a more
efficient metabolism of HNPs but also a diluting effect caused
by the intake of various diet items (e.g., fish, cephalopod,
crustaceans) from different areas. The latter effect could be
the explanation for a similar observation made by Weijs
et al. (2009). In their study from the Southern North Sea,
Weijs et al. (2009) detected lower concentrations of MeO-
PBDEs in larger harbour porpoises and harbour seals than in
smaller individuals.

Interestingly, while the same HNPs predominant in sword-
fish were also the most relevant ones in the three tropical tuna
species (Fig. 5a), the relevance of other HNPs which contrib-
uted between 6 and 16% to the total HNP concentrations was
subject to variations (Fig. 5b). Some HNPs like BC-11 or 1,1′-
dimethyl-3,3′,4,4′-tetrabromo-5,5′-dichloro-2,2′-bipyrrole
(BC-10) were only present in one or two species but not in the

Table 2 Liver/(liver + muscle)
lipid-based concentration ratios of
HNPs and anthropogenic POPs in
swordfish from the Seychelles
waters in the Western Indian
Ocean

Code BC-
2

BC-
3

Q1 BC-
11

BC-
1

BC-
10

Br6-
DBP

2,4,6-
TBA

MHC-
1

PCB
153

p,p’-
DDE

F1 0.31 0.31 0.31 0.64 0.31 0.24 0.34 0.36 0.29 0.22 0.27

F3 0.69 n.a. 0.22 n.a. 0.43 0.26 n.a. 0.82 0.35 0.15 0.37

F5 0.47 0.48 0.50 0.48 n.a. 0.69 0.44 0.58 0.53 0.50 0.46

F10 0.78 0.99 0.41 n.a. 0.82 n.a. 0.83 0.85 0.92 0.33 0.28

n.a. not applicable (concentrations <LOQ)

Values highlighted in bold indicate preferential accumulation in liver.

Table 3 Concentrations of HNPs and anthropogenic POPs (ng/g lw) in the muscle of five large pelagic fish (swordfish, the three tropical tunas and
silky shark) and one small pelagic fish (Indian mackerel) from the Seychelles waters in the Western Indian Ocean

Sampling date BC-2 BC-3 Q1 BC-
11

BC-1 BC-
10

Br6-
DBP

2,4,6-
TBA

2,4,6-
TBP

MHC-
1

∑HNPs *∑DDTs *∑PCBs RDDT/

PCB

Swordfish Jan.2013-Nov.2014 130 73 68 25 9.2 12 12 2.4 <LOQ 1.7 330 60 6.8 12

Yellowfin
tuna

Feb.2013 350 210 29 <LOD 17 <LOQ 64 1.4 <LOQ <LOQ 670 13 6.0 2.2

Bigeye
tuna

Apr.2013 52 36 17 <LOD 3.3 <LOQ <LOQ 1.7 <LOQ 1.6 110 5.8 2.0 2.9

Skipjack
tuna

Apr.2013 120 60 6.9 14 4.8 <LOQ <LOQ 1.5 <LOQ <LOQ 210 15 15 1.0

Silky
shark

Aug.2018 <LOQ <LOQ 0.1 <LOQ <LOQ <LOQ <LOQ 0.8 9.1 0.7 11 6.0 1.5 4.0

Indian
macker-
el

Mar.2018 52 44 0.8 23 14 <LOQ 109 3.5 7.7 26 280 3.5 1.4 2.5

*Concentrations of individual DDT and PCB congeners were shown in Table S3
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other ones. This underlines the particular role of HNPs, which
were much higher concentrated than PCBs, if present.
Likewise, the Indian mackerel featured a higher number of
HNPs than the pelagic predators.

A unique HNP pattern was also detected in muscle tissue of
an additional pelagic predator species, the silky shark, from
the same region. The total contamination of this newborn in-
dividual (<20 ng/g lw) was one order of magnitude lower than
in swordfish (400 ng/g lw) and tropical tunas (120–690 ng/g
lw) (Table 3). This was mainly due to lower HNP concentra-
tions, which in turn resulted in a higher share of POPs (41% of
the total contamination, Fig. 5a). Also, the HNP pattern dif-
fered strongly from the other fish species (Fig. 5a, b). Namely,
the silky shark did not show measurable concentrations of the
otherwise dominating BC-2 and BC-3, and the concentration
of Q1 was also very low (Fig. 5a, Table 3). A further pecu-
liarity in the HNP pattern of this silky shark was the high
abundance of 2,4,6-TBP which could not be detected in the
other large pelagic species (Table 3, Fig. 5b). One reason
could be a low accumulation rate of 2,4,6-TBP because of
its comparably low log KOW value of only 3.9 and its phenolic
character (Aptula et al. 2002). Hence, halogenated phenolic
compounds would be more abundant in serum than in lipids
(similarly to hydroxylated PCBs (Letcher et al. 2000)).
Instead, tropical tuna and swordfish featured higher concen-
trations of its metabolite, i.e. 2,4,6-tribromoanisol (2,4,6-
TBA) (Nyholm et al. 2009). Little is known about the trans-
formation of 2,4,6-TBP into 2,4,6-TBA. However, two labo-
ratory studies indicated a low biomagnification potential and
rapid elimination rate of 2,4,6-TBP in zebrafish (freshwater
fish) with half-lives of less than 2 days, while its metabolite

(2,4,6-TBA) was persistent and bioaccumulated in the fish
(Haldén et al. 2010; Nyholm et al. 2009). In addition, newborn
silky sharks may feed on a lower trophic level with a higher
abundance of 2,4,6-TBP. For instance, 2,4,6-TBP was also
higher concentrated than 2,4,6-TBA in Indian mackerel (Fig.
5b). However, these hypotheses should be further verified
with higher number of samples and other low trophic level
species in future. Irrespective of the mostly scattered sample
number, HNPs were generally more abundant than POPs
(ΣPCBs and ΣDDT) in all fish (swordfish, tropical tunas,
silky shark and Indian mackerel) from the Seychelles.

Following on from these initial studies, the potential vari-
ables of some HNPs were also explored. For instance, occur-
rence of Q1 (Cl7-MBP) was often accompanied with other
polyhalogenated 1′-methyl-1,2′-bipyrroles (PMBPs; ClxBry-
MBP, x+y=7) (Hauler et al. 2014; Teuten et al. 2006; Vetter
et al. 2007). Here, the isomer pattern of BrCl6-MBPs and
Br2Cl5-MBPs was the same in Indian mackerel, swordfish
and the tropical tunas (Fig. S4a,b). The same BrCl6-MBP
and Br2Cl5-MBPs pattern was also found in sardines and
chokka squid from South African coast (South Indian
Ocean) (Wu et al. 2019, 2020b), indicating that production
of Q1 and PMBPs was similar in larger parts of the Indian
Ocean. Interestingly, highly brominated PMBPs (Br3Cl4-
MBP and Br5Cl2-MBP) were detected in low amounts in
swordfish but not in other samples (Fig. S4c,d).

Similarly, BC-10 (usually the only or predominant Br4Cl2-
DBP isomer (Hauler et al. 2013; Tittlemier et al. 1999)) was
detected in all fish samples but was frequently below LOQ
(Table 3). However, similar Br4Cl2-DBP isomer patterns,
namely, predominance of BC-10 with low but distinct

Fig. 5 a Contributions (%) of different HNPs and anthropogenic POPs to
the total amount of polyhalogenated compounds in muscle of swordfish
(mean value), yellowfin tuna, bigeye tuna, skipjack tuna, silky shark and

Indian mackerel from the Seychelles waters and b corresponding detailed
contributions of other HNPs

Environ Sci Pollut Res  (2021) 28:55252–55264 55259



contributions of other Br4Cl2-DBPs could be detected in all
fish samples except silky shark and skipjack tuna (low con-
centrations of BC-10 and other PDBPs, Fig. S5a). Likewise,
Br5Cl-DBPs (two isomers) were detected in all swordfish
samples (except in the liver of F10, Fig. S5b) but not in other
fish samples from the Seychelles. Previously, two Br5Cl-DBP
isomers were also detected in Australian humpback dolphin
(Sousa chinensis) and sea cucumber (Holothuria sp.) (Hauler
et al. 2013). The widespread occurrence of HNPs in
Seychelles prompted us to investigate also tropical tuna sam-
ples collected from other regions of theWestern IndianOcean.

HNPs and POPs in tropical tunas from other regions in
the Western Indian Ocean (Chagos, Somalia and
Mozambique)

In agreement with our findings in the swordfish and tropical
tuna species collected from the Seychelles, total contaminant
levels in the three tropical tuna muscle samples (one yellowfin
tuna, one bigeye tuna and one skipjack tuna, respectively)
from Chagos, Somalia and Mozambique (i.e. in the east,
northwest and southwest of Seychelles, distance ~2000 km,
respectively, Fig. S1) were also dominated by ΣHNPs (Fig.
6). BC-2 (170–3350 ng/g lw) and BC-3 (60–440 ng/g lw),
followed by Q1 (6.3-150 ng/g lw), were also the predominant
contaminants in all samples from these three regions
(Table 4). The individual tropical tuna muscle samples from
Mozambique showed remarkably high HNP levels of up to
3860 ng/g lw (with a main contribution of BC-2). This

concentration was among the highest ΣHNP levels deter-
mined to date in fish (Covaci et al. 2008; Estrella et al.
2018; Kelly et al. 2008). Interestingly, the Mozambique
Channel has been described as an important feeding area for
tropical tunas (Chassot et al. 2019). Hence, it would be inter-
esting to screen HNPs in further species from this area.

In addition, PMBP patterns (i.e. BrCl6-MBPs and Br2Cl5-
MBPs) and PDBP patterns (Br4Cl2-DBPs) agreed with those
determined in the Seychelles samples, when these HNPs were
detectable. Also, concentrations of ΣDDTs (4.9–71 ng/g lw)
and ΣPCBs (0.7–18 ng/g lw) in these tropical tuna samples
were similarly low as in the samples from the Seychelles (3.5–
60 and 1.4–15 ng/g lw) (Table 3).

Based on the typical lipid content of fresh swordfish (12%)
and tuna (0.7%) (Sirot et al. 2008), the estimated daily intake
(EDI) of ΣPCBs and ΣDDTs via the consumption of sword-
fish and tropical tuna would pose no risk to human consumers,
with concentrations being 3–600 times lower than the thresh-
old, depending on the species and contaminants (Table S4).
However, the EDI of ΣHNPs of up to 7080 ng via swordfish
and 2700 ng via tropical tuna merits further attention, as the
toxicity of HNPs is poorly understood at present.

Non-target GC/ECNI-MS-SIM analysis of one swordfish
sample (F1)

Since determinations via GC/MS-SIM may overlook
untargeted polyhalogenated compounds, it appeared mean-
ingful to exemplarily screen the swordfish sample with the

Fig. 6 Contributions (%) of
different HNPs and
anthropogenic POPs to the total
amount of polyhalogenated
compounds in yellowfin tuna,
bigeye tuna, skipjack tuna from
the Mozambique, Somalia and
Chagos regions in the Western
Indian Ocean

Environ Sci Pollut Res  (2021) 28:55252–5526455260



highest HNP contamination level (sample F1) by the non-
target GC/MS analysis method of Vetter et al. (2017).
Altogether, ~80 polyhalogenated compounds were detected
in the swordfish sample including the 19 (~25%) compounds
covered by the targeted GC/MS-SIM quantification.
However, none of the ~60 non-targeted polyhalogenated com-
pounds belonged to the most abundant peaks in the resulting
high mass GC/ECNI-MS-SIM chromatograms. As a conse-
quence, most of these compounds could not be identified from
the mass spectra produced. However, the following rarely
reported HNPs could be tentatively assigned along with traces
of the anthropogenic cis-chlordane, trans-chlordane and
trans-nonachlor (< 1 ng/g lw).

Three out of five possible Cl6-MBPs (one chlorine atom
less than Q1) were detected by means of the monoisotopic
peak at m/z 350 and a very good match of the corresponding
hexachlorinated pattern in run NT1 (ratios of m/z 350/352/
354/356/358 with 51:100:81:35:9 in theory and
48:100:80:36:11 being measured, Fig. 7a, b). Relative reten-
tion times (RRTs, relative to Q1 = 1.00) of Cl6-MBP isomers
1, 2 and 3 of 0.91, 0.92 and 0.96, respectively, were similar to
those obtained during the UV dehalogenation of Q1 (Cl6-
MBPs) and subsequently detected in brown skua (C. skua
lonnbergi) from the Antarctic and melon-headed whale
(Peponocephala electra) from Australia (Gaul and Vetter
2008), but an unequivocal assignment of structures could
not be achieved. Based on the most abundant isotopic peak
of the molecular ion of Cl6-MBPs (m/z 352) and Q1 (m/z 386),
the estimated abundance of the Cl6-MBP isomers 1, 2 and 3
was 0.1–0.4% of Q1, respectively. Other hydrodehalogenated
PMBPs, such as Br5Cl-MBP and Br6-MBP, were previously
detected in the blubber of a common dolphin (Delphinus

delphis) from Orleans (MA, USA) by means of a non-
targeted GC×GC/TOF-MS method (Hoh et al. 2012). In ad-
dition, the pentabromo isotope pattern of the compound elut-
ing at 23.04 min was split between NT1 (m/z 554–560) and

Fig. 7 a GC/ECNI-MS chromatograms of potential isomers of Cl6-
MBPs (compounds 1–3) monitored in non-target GC/ECNI-MS-SIM
run 1 (NT1) as recorded with m/z 352 and b their mass spectrum

Table 4 Concentrations of HNPs and anthropogenic POPs (ng/g lw) in the muscle of three tropical tuna species from Chagos, Somalia and
Mozambique in the Western Indian Ocean

Sampling date BC-
2

BC-
3

Q1 BC-
11

BC-
1

BC-
10

Br6-
DBP

2,4,6-
TBA

MHC-1 ∑HNPs ∑DDTs ∑PCBs

Chagos

Yellowfin tuna Jul.2013 400 440 44 <LOD 19 <LOQ 35 3.0 <LOQ 940 23 11

Bigeye tuna Jul.2013 200 150 150 20 10 38 <LOQ 1.9 7.0 570 71 18

Skipjack tuna Jul.2013 170 60 18 <LOD 10 <LOQ <LOQ 2.4 <LOQ 260 4.9 2.5

Somalia

Yellowfin tuna Jun.2013 190 170 17 <LOD 11 <LOQ 10 1.2 0.6 400 18 6.2

Bigeye tuna Mar.2013 200 160 99 32 12 36 26 1.6 3.1 570 54 9.6

Skipjack tuna May.2013 1170 420 24 <LOD 58 <LOQ 98 1.8 <LOQ 1770 31 4.4

Mozambique

Yellowfin tuna Apr.2013 750 190 6.3 <LOD 18 <LOQ 53 2.1 1.2 1020 5.4 0.7

Bigeye tuna Mar.2013 1350 330 26 110 33 <LOQ 91 3.4 3.3 1950 15 1.5

Skipjack tuna Mar.2013 3350 300 28 <LOD 45 <LOQ 128 1.6 3.1 3860 13 3.3

2,4,6-TBP was <LOD in all samples
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NT12 (m/z 550–554). Merging of both halves of the fragmen-
tal isotope patterns corresponded with C10H7Br5N2 based on
the good agreement of measured isotope peak ratios of m/z
550/552/554/556/558/560 (11:52:100:93:42:10 measured vs.
11:51:100:98:48:10 in theory) (Fig. 8). Since Br6-DBP
(C10H6Br6N2) was also detected in this swordfish sample,
C10H7Br5N2 was most likely Br5-DBP (one bromine atom
less than Br6-DBP). Consistent with our results, Br5-DBP
was previously detected in the blubber of bottlenose dolphins
(Tursiops truncatus) from the Southern California Bight
(Shaul et al. 2015). In both cases, it remained unclear whether
Cl6-MBPs and Br5-DBP are actual HNPs or metabolites of Q1
and Br6-DBP. The above-mentioned compounds (Cl6-MBPs
and Br5-DBP) are supposed by the low-resolution GC/ECNI-
MS. In subsequent studies, high-resolution MS data with ap-
propriate mass accuracy could be used to verify the molecular
formulas.

Conclusions

Analysis of 24 fish samples from the Seychelles and other
regions in the Western Indian Ocean evidenced a pronounced
predominance of HNPs over anthropogenic POPs. Namely,
HNPs usually contributed to ~70–90% to the total contamina-
tion by polyhalogenated compounds. The non-targeted GC/
ECNI-MS analysis did not indicate the presence of abundant
HNPs in addition to those measured by targeted analysis.
However, HNP patterns were less uniform than POP patterns
and more dependent on regional (and species-related) differ-
ences. Top HNP concentrations in tropical tuna from

Mozambique were among the highest reported to date in fish.
Especially, the high contamination level with BC-2 and BC-3
was remarkable. The quantity of HNPs ingested by consum-
ing tropical tuna and swordfish were high, and given the wide-
spread occurrence and less predictable distribution, paired
with the lack of toxic data, further research should focus on
the pollution of large marine predators by HNPs.
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