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Highlights

e  First study of As speciation in sea cucumber body parts

e Water-extractable As shown significant variation between sea cucumber species

e Arsenobetaine is dominant species in Apostichopus californicus and Apostichopus japonicas
e Main fraction of recovered As in Cucumaria frondosa is inorganic As

e Steaming of sea cucumbers removed only small fraction of total As
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With the constant quest for new sources of superfoods to supplement the largely nutrient deficient diet
of the modern society, sea cucumbers are gaining increasing popularity. Three species of sea cucumbers,
Cucumaria frondosa, Apostichopus californicus and Apostichopus japonicas were collected from three
geographical regions, Atlantic and Pacific coast of Canada and Yellow sea/East China sea in China,
respectively. These organisms were sectioned into parts (body wall, tentacles, internal organ, skin and
muscle) and analysed for total arsenic (As) by inductively coupled plasma mass spectrometry (ICP-MS) and
As species by high-performance liquid chromatography (HPLC) coupled to ICP-MS. Sequential extraction
was performed to address As species distribution between lipids (polar and non-polar) and water-
extractable fractions. Two extraction methods for water-extractable As were compared in terms of the
number and the amount of extracted species. The results revealed that total As concentration and As
species distribution varies significantly between sea cucumbers species. Total As in studied body parts
ranged between 2.8 + 0.52 and 7.9 + 1.2 mg kg, with an exception of the muscle tissue of A. californicus,
where it reached to 36 + 3.5 mg kg™. Arsenobetaine (AsB) was the most abundant As species in A.
californicus and A. japonicas, however, inorganic As represented over 70% of total recovered As in the
body parts of C. frondosa. Arsenosugars-328 and 482 were found in all studied body parts whereas
arsenosugar-408 was only found in the skin of A. californicus. This is the first time that such a variation in

As species distribution between sea cucumber species has been shown.

Summary capsule

Sea cucumbers accumulate appreciable quantities of As, with significant variation in the abundance of

water-extractable As compounds between three studied sea cucumbers species.

Introduction

Sea cucumbers have been used in traditional medicine of East Asia for many centuries to treat
hypertension, rheumatism, asthma, sinus congestion and anemia [1]. However, it is very recently that
they became globally known as health supplements. Nutritionally, they have low fat but high protein
content and are rich in essential amino acids, minerals (Ca, Mg, Fe and Zn) and vitamins (A, B1, B3 and B3)
[2, 3] . Their dry body wall is the most commonly consumed body part which is rich in collagen and

polyunsaturated fatty acids such as eicosapentanoic acid and docosahexanoic acid [4]. Chemical and
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bioactive extracts made from sea cucumbers have been used in surgeries to heal cuts and applied on
burns and wounds [5] and they were found to contain anti-cancer compounds [6]. Sea cucumbers are also
a valuable source of saponins, an important class of natural products with a large spectrum of
pharmacological effects [7]. A recent study showed that saponin-enriched sea cucumber extracts act as
anti-obesity agent through inhibition of pancreatic lipase [8]. Additionally, sea cucumber used as additives

in dietary supplements have shown to lowers serum lipids and causes weight loss in rodents [9, 10].

Sea cucumbers (Figure 1) are soft bodied marine invertebrates belonging to the class of Holothuroidea.
They have an elongated tubular body with a single branched gonad and leathery skin. There are over 1700
species of sea cucumbers with the greatest diversity found in the Asia Pacific region [2]. In the wilderness,
they live and feed in the bottom of the seabed thus contribute to mixing of upper sediments, nutrient
recycling and stimulation of algal growth which makes them an important part of the coastal ecosystem
[11]. Sea cucumbers are commercially fished in more than 40 countries and exported mainly to Asian
markets [12, 13]. Due to high international demand for sea cucumbers some species have become very
rare or locally extinct [14, 15]. Their decline in the natural habitat is offset by aquaculture sources which
have seen a dramatic increase in recent years and is led by China [16]. The total Chinese production of sea
cucumbers in 2017 was 200 000 metric tonnes (comparable with annual shrimp exports from Thailand)
with the majority of aquaculture operations being located in Bohai and the Yellow sea [17]. Sea cucumbers
are generally non-selective deposit feeders and certain species live within the sediment which serves as
the main sink for marine pollutants; as such, sea cucumbers can be under high toxic stress. Densely
populated and industrialised coastal regions of Northern Bohai and the Yellow sea are heavily polluted
with domestic and industrial effluents containing arsenic (As) and other metals [18]. Consequently,
juvenile sea cucumbers were found to bioaccumulate As at much faster rate compared to other heavy
metals such as mercury or lead [19], reaching levels above 15 mg kg™ in adult organisms [20, 21]. Arsenic
toxicity varies among its species with iAs (sum of As!" as arsenite and As") as arsenate) being a Class 1
carcinogen and arsenobetaine (AsB) exhibiting low toxicity [22]. However, there are over 100 As species
naturally occurring in the environment, and toxicity that can fall anywhere between highly toxic to benign
[23]. Based on the toxicity of AsB, organic As species were thought to be non-toxic until several As
hydrocarbons were found to have similar cytotoxicity as iAs [24, 25]. Subsequently, As hydrocarbons were
found to be blood-brain barrier permeability enhancers [26] and As lipids were discovered in human
breast milk [27]. Abundance of As species between aquatic biota also displays high variation. Fat soluble
As lipids were found in fish oils and seaweed [28-33], AsB is the largest fraction of As species in shellfish

and finfish, while arsenosugars (AsSug) and iAs are dominant in seaweeds and molluscs [23, 34, 35]. Other
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As species such as arsenocholine (AsC), trimelylarsine oxide (TMAO), dimethylarsonic acid (DMA) and

monomethylarsinic acid (MMA) were reported in various seafood at trace levels [23].

There are very few publications discussing As levels in sea cucumbers with very limited information about
As species. Therefore, we found it compelling to address this knowledge gap especially considering the
“superfood” status of sea cucumbers. In present study, we collected and analysed three sea cucumber
species including Cucumaria frondosa, Apostichopus californicus and Apostichopus japonicas from the
Atlantic and Pacific coasts of Canada as well as from the Yellow sea and East China sea in China,
respectively for total As and As species. We compared different As extraction protocols and assessed the

impact of cooking on As species prior to consumption.

Material and methods
Chemicals and reagents

Optima grade hexane, methanol, dichloromethane and ACS grade trifluoroacetic acid and hydrogen
peroxide were purchased from Fisher Scientific. Analytical grade nitric acid (69 — 70%) by J. T. Baker was
obtained from VWR and further purified by sub-boiling distillation in-house. Ammonium carbonate
(99.999% trace metals basis), ammonium bicarbonate (299.5%, BioUltra), malonic acid (99%, Reagent
Plus), arsenic pentoxide (99.9%), cacodylic acid (99.0%), disodium methyl arsenate (99%) were purchased
from Sigma Aldrich. ABET-1 [36] was used for preparation of arsenobetaine calibration standards and
together with certified reference materials (CRMs) DORM-4 [37] and SQID-1 [38] CRMs were obtained
from National Research Council Canada. Arsenosugars 328, 408 and 482 were kindly provided by FDA’s
Division of Bioanalytical Chemistry. Deionized water (> 18 MQ cm Milli-Q Element, Millipore) was used in

all experiments. All glassware were acid cleaned using 10% HNOs.

Sample collection and preparation

C. frondosa samples were obtained from two different provinces of Atlantic Canada, Nova Scotia and
Newfoundland. Samples from Nova Scotia were obtained by commercial fishers from Northwest Atlantic
Fisheries Organization (NAFO) fishing area 4Vn, offshore of Louisburg, Nova Scotia, in September to
October 2019. After being fast-frozen upon landing, the samples were stored at -25°C. Before processing,

sea cucumbers were thawed with running sea water, and dissected to obtain 3 parts: body wall, tentacles
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and internal organs. Raw samples for each body parts were then kept frozen and shipped to the National
Research Council of Canada laboratory in Halifax and freeze-dried. Processed sample sets were prepared
by steaming the body parts for 24 minutes, and then dried in an oven at 38°C. Samples of C. frondosa
offshore of the southern coast of Newfoundland and Labrador were obtained from NAFO fishing area 3Ps
in February 2019. The sampling was carried out in triplicate and all raw samples were freeze-dried.
Samples of 5 individual A. californicus were collected at Snake Island (4912.845’N, 12353.552'W) near
Nanaimo, British Columbia on October 15, 2018. It should be noted that this is along a British Columbia
ferries route, and near container ship anchorage i.e. it is not an area typically commercially fished for sea
cucumbers. Upon landing, the samples were dissected to obtain 2 body parts: skin and muscle, and stored
frozen. Frozen raw samples were then shipped on dry ice to the National Research Council of Canada
laboratory in Halifax and freeze-dried. Samples of A. japonicas were collected from 3 different aquaculture
sites (a) Haiwangjiu Island, Zhuanghe, Dalian, Liaoning Province during October 2017; (b) Yangma Island,
Yantai, Shandong Province during October 2017; and (c) town of Xinan, Xiapu, Ningde, Fujian Province

during March 2018. Upon landing, they were dissected to obtain body wall and freeze-dried.

All dry samples were milled using a coffee grinder and sieved (35 mesh, 425 pum) to obtain a homogenous

powder for analysis..

Respiratory tree

Intestine

Cuverian
tubules

Tube feet

Figure 1. Diagram of cross-section of sea cucumber. Figure from [39]

Sample preparation

Total As
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Approximately 0.1 g of sea cucumber body parts (triplicate) were accurately weighed into Teflon digestion
vessels and predigested overnight with 7 mL of HNOs and 2 mL of H,0,. Samples were then digested in
microwave digestion system (Ethos EZ, Milestone) using a temperature programme of 0 — 15 min ramp to
200 °C and hold at 200 °C for 15 min. After digestion the samples were transferred into 50 mL vials,
evaporated to dryness and reconstituted in 2% HNOs. Samples were stored at room temperature until
further analysis. One CRM from NRC Canada, SQID-1 and 1 method blank were included in each digestion

cycle.
Sequential extraction of As species

Sequential extraction was adapted from a previously published method [31]. One to 4 g (depending on
sample availability) of sea cucumber was accurately weighed into 40 mL glass vial and extracted 2 x with
35 mL of hexane on a rotary shaker for 3.5 hours. The samples were centrifuged after each extraction and
the combined supernatants were evaporated to 1 mL (Hexane fraction). The residue was dried and
reweighed between each subsequent extraction step. Dry residue was then extracted 2 x with 35 mL of
DCM/MeOH (2:1) on the rotary shaker for 12 h for the first and 30 min for the second extraction step.
Samples were centrifuged, both supernatants were combined, evaporated to dryness and reconstituted
in 1 mL of MeOH (MeOH fraction). Dry residue following the DCM/MeOQOH extraction was divided into two
subsamples and transferred into 50 mL vials. One aliquot was extracted with 40 mL of MilliQ water, the
other with 40 mL of 2 mM TFA with 1% H,0,, both in a water bath at 90 °C for 1 h. The samples were
brought to room temperature, centrifuged and the supernatant was collected (water/TFA fraction). The
residue was washed with 2 x 20 mL of MilliQ water on the rotary shaker for 10 minutes and left to dry
overnight at 60 °C. Dry residues were predigested overnight in 1 mL of HNO; acid and 1.5 mL of H,0; and
subsequently digested in water bath at 90 °C for 1 h. Digests were evaporated to dryness and

reconstituted in 2% HNOs (residue fraction).

In a second set of experiment the extraction sequence going from non-polar analytes to more polar
analytes was reversed. The extraction cascade was performed by first obtaining water/TFA fraction, then

MeOH, hexane and residue fraction.
One CRM, DORM-4 and 1 blank sample was carried with each batch of sequential extraction.

Total As in sequential extraction fractions One hundred pL of hexane and MeOH fraction was accurately
weighted into Teflon digestion vessels, evaporated to dryness and digested with 4 mL of HNOsand 3 mL

of H,0, following the procedure for total As. One mL of water/TFA extract was digested with 1 mL of HNOs
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and 1.5 mL of H,0; in a water bath at 90 °C for 1 h. All digests were evaporated to dryness, reconstituted
in 2% HNOs and stored at room temperature until analysis. One CRM, SQID-1 and 1 method blank were

included in each digestion cycle.

Instrumental setup and analysis

Total As All samples were analysed using ICP-MS/MS (Agilent 8900, Agilent Technologies, Mississauga,
ON, Canada) in O, mode which was optimised daily for sensitivity and stability. Monitored masses were
m/z 91 (m/z 75 As + m/z 16 O) for As, and 71 for Ga which was used as an internal standard (IS).
Quantitation was performed using external calibration, quality control samples of low and intermediate

As concentration were measured every 7 samples and the blank was analysed every 5 samples.

As speciation by anion exchange chromatography (AEC) Agilent 1200 HPLC coupled with ICP-MS/MS
(Agilent 8800, Agilent Technologies, Mississauga, ON, Canada) was equipped with a Hamilton PRP-X100
column (10 um, 4.1 x 250 mm) and identical guard column. Isocratic elution was carried out using 25 mM

carbonate buffer at 1 mL min™.

As speciation by cation exchange chromatography (CEC) Agilent 1200 HPLC coupled with ICP-MS/MS
(Agilent 8800, Agilent Technologies, Mississauga, ON, Canada) was equipped with a Metrosept C6 column
(5 um, 4.0 x 250 mm) and identical guard column. Gradient elution was carried out as previously described
[40]; mobile phase A: MilliQ water; B: 50 mM pyridine (pH 2) with following gradient: 0 — 22 min (0% B,
0.7 mL min), 22.5 - 34 min (10% B, 1 mL min™), 34.5 — 44 min (0% B, 1.2 mL min).

Monitored masses were m/z 91 (m/z 75 As + m/z 16 O) for As, and 71 for Ga which was used as IS.
Quantitation was performed by using external calibration standards of DMA, MMA, AsB and iAs in a
concentration range of 5 — 100 pg kg™. Due to limited availability, AsSug-328, 408 and 482 were added
into selected samples to confirm the retention time. The quantitation of AsSugs was accomplished using
the calibration curve of neighbouring As compounds. Mixed calibration standard was injected every 5
samples and the peak area of individual As species was used for drift correction. Following above method,
every 5 samples were quantified using new calibration curve. Blank sample was injected every 6 samples

to monitor possible carry over.

Results and discussion
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Selection of chromatographic method

Several chromatographic methods were tested for baseline separation of water-extractable As species in
sea cucumbers extracts. Water and TFA extracts either defatted or containing naturally present lipids were
tested on PRP-X100 and Metrosep C6 columns. Isocratic elution with 2 mM malonic acid previously used
for As speciation in rice and tuna [41] showed significant iAs peak broadening and peak splitting when
applied on non-defatted extracts. Increasing the molarity of malonic acid didn’t improve the peak shape
although it shortened the retention time as demonstrated by the authors. Recently, Wolle and Conklin
[42] reported on a chromatographic method using a bicarbonate-carbonate gradient which allowed for
separation of a large number of As species. Indeed, this method provided very good separation of several
As species in the sea cucumbers extracts but a peak with retention time of As") was observed in each
chromatogram including the blank. A similar observation was noted by others when using a nitric acid
gradient with a benezene-1-2-disulfonate modifier [42] but also with a bicarbonate-carbonate gradient
[43]. It is assumed that impurities in mobile phase are a source of AsY) which is pre-concentrated on the
column during the equilibration and first gradient step and subsequently eluted with increasing molarity
of the mobile phase. Changing of bicarbonate-carbonate salts from different suppliers as well as various
ratios of mobile phases during the gradient elution were not able to eliminate this peak from the
chromatogram. Considering the implications of As") coming from mobile phase impurities on the
methods’ LOD and quantitation of low As" levels in sea cucumbers, isocratic elution with 25 mM

carbonate buffer was selected for separation of As anions (Figure 2a).

To find a suitable method for separation of extracted cationic species, several methods were tested [44,
45] and the Metrosep C6 column with identical pre-column and gradient elution using 50 mM pyridine
(pH 2.7) method as reported by Sloth et al. provided a suitable separation [46] (Figure 2b). It should be
noted that while using both anion and cation exchange chromatography a slight shift in retention time of
later eluting species was observed between analytical standards and samples. Due to the high dilution
factor of As species during the extraction step the extracts were not further diluted in water, but directly
injected on the column. The difference between sample and calibration standard matrix is the most
probable cause of the observed retention time shift. To verify the retention time in the sea cucumber

extracts, samples were spiked with individual standard solutions.

Selection of extraction method
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In development of the extraction method for water-soluble As species, the extraction yield, number of
extracted species and quality of chromatographic separation were compared. Extraction was performed
in neutral pH, in MilliQ water which is frequently used for As extraction from marine samples [30, 47, 48]
and in low pH using 2 mM trifluoracetic acid (TFA) with 1% H,0, pH 1.7 [41]. The addition of H,0, was
chosen for oxidation of As" to AsY) thus detecting iAs species as As'Y). Both extractions were carried out
in a water bath at 90 °C [41]. In terms of extraction efficiency, no significant difference was observed
although TFA with 1% H,0; extracted slightly larger portions of As compounds in all tested samples apart
from muscle tissue. Lower extraction efficiency of water was reflected in higher As concentration found
in the digested residue, however the sum of water extractable As species with the As residue was in good
agreement between tested methods. Higher extraction efficiency using acidic conditions was also
reported by Wolle and Conklin who conducted extensive comparison of numerous extraction methods on
various marine tissues [42]. Their results indicated, that the extraction efficiency is likely affected by the
samples matrix. Furthermore, they observed conversion of AsSug-392, 408 and 482 to AsSug-328 under
acidic and alkali conditions, although another study showed that these AsSug degrade to AsSug-254 [49].
Comparison between extraction methods implemented in this study found that 2 mM TFA with 1% H,0,
was more efficient in extraction of AsSug-482 from all studied tissues as it can be seen in Figure 2a. The
concentration of AsSug-482 was found to be higher in majority of TFA extracts in comparison with water

extracts which is at odds with Wolle and Conklin’s observations [42].

a b.
50000
AS) 3000
40000 AslV) 2500
AsSug-482 //?
o v 2000
£ 30000 DMA
z
g 5 1500
£ 20000 | g .
I 1000
$5666 _— \ DMAAASSug 328
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\e—"  MMA
o == N \ ) s o TR POV
0
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Figure 2. Anion (a.) and cation (b.) exchange HPLC-ICP-MS chromatograms of water (blue) and TFA

(yellow) extracts of C. frondosa tentacle.
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Traces of AsSug-408 were found in skin tissues of all TFA extracts but interestingly only some skin water
extracts contained this As species. Additionally, AsSug-328 was found in all studied samples but in
concentrations below the method LOQ. Comparing AsSug-328 peak areas between the TFA and water
extracts showed no significant differences. It should be noted that acidic extraction methods tested by
Wolle and Conklin [42] used acids at higher concentrations, thus a lower pH and 3 times higher percentage
of H,0, than conditions in the present study. The milder acidic conditions used in this study might be
responsible for increased extraction efficiency compared to water extraction and seemingly reduced rate
of AsSug conversion if this in fact occurs in system presently studied. As the studied samples contained a

large portion of As" it was necessary to use H,0, under given chromatographic conditions. The shoulder

of the As"" peak in water extracts overlapped the peak of DMA either completely or partially, depending
on As") concentration which interfered with the quantitation of As!"), DMA and in some tissues AsSug-
482. In terms of number of extracted peaks, we found traces of MMA and DMAA in addition to other
unknown species in TFA but not in water extracts. Therefore, based on the evaluated conditions, TFA

extraction was found more suitable for the purpose of our study.

Normal extraction Reverse extraction

25 25

B Hexane — OTFA

B MeOH W MeOH
20 = 20
ETFA E Hexane

M@ Residue W Residue
15

10 10

5

: mal Im I-HI _H- S : I'r HI e - Hl m- F- N

20 ot o o T\
" ‘\5& wo o V‘\\)‘3 ‘\,:_ik $(_5
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0 A & S "
‘\5.?* ‘QS’“ 3 ‘\b\)sc \A‘-"q'x‘ $<;5*

Figure 3. Total As in extracted fractions following normal (non-polar = polar) and reversed (polar = non-polar)
extraction steps. Colours of the bars represent individual extraction steps and their order represents the sequence
of extraction steps. NS — Nova Scotia; BC — British Columbia; R — raw; |10 — internal organs; T — tentacle; BW — body

wall
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To address the importance of lipid extraction prior to the extraction of water-soluble species, normal and
reversed extraction protocols on selected set of samples was performed (Figure 3). Each extracted fraction
was digested and analysed for total As and TFA extracts were speciated using AEC and CEC. Upon visual
comparison of the extracts colour differences were observed in extracted lipid fractions. Following normal
extraction, polar and non-polar lipids were of dark orange to brown colour. Using the reverse extraction
method, polar lipids were a very light orange and non-polar lipids were colourless suggesting a potential
chemical alteration and/or degradation of the lipids. In terms of As distribution, no significant difference
in total As concentration in TFA extracts and the residues was found, with the exception of BC-muscle
samples. On the contrary the amount of As extracted in hexane fraction significantly decreased when the
TFA and MeOH were applied prior to hexane i.e. during reversed extraction protocol. A similar observation
was previously reported by Pétursddttir et al. who defined lipids found in hexane fraction of the reversed
extraction as stable non-polar lipids [50]. The fraction of non-polar lipids that was extracted into MeOH
after the reversal of the extraction steps was defined as non-stable non-polar lipids which got hydrolysed
upon contact with TFA or water. The notion of potential degradation of As lipids exposed to TFA during
reverse extraction was also supported by an increase in the concentration of DMA and iAs in the TFA
fraction. Conversion of As lipids under acidic and alkali condition to DMA, AsC, iAs and other unknown
species was previously reported [42, 51, 52]. Increase in AsB was also observed with reversed extraction
steps which is caused by partial extraction of AsB into the MeOH fraction during the normal extraction
protocol. Thus when the steps were reversed, the majority of AsB was extracted into TFA fraction. This
explained the significant shift of As between MeOH and TFA fractions in BC-muscle sample (Figure 3) in

which AsB constituted of over 90% of total As.

Arsenic distribution in the body parts of sea cucumbers

The total As concentration in the individual body parts of sea cucumbers varied between sea cucumber
species (Table 1). SQID-1 CRM (n = 21) used as a quality control, was digested with each extracted fraction
as well as sea cucumber tissues for total As analysis. Individual measurements of CRM were in good
agreement with the certified value 13.3 1.1 mg kg (cert. 14.1 + 2.2 mg kg?). C. frondosa, which was
harvested off the Atlantic coast of Canada had total As concentration in the range of 5.2 + 0.81 mg kgt in
the body wall to 8.7 + 0.91 mg kg™ in tentacles. Sea cucumber harvested off the Pacific coast of Canada,
A. californicus showed much larger range of total As, from 2.8 + 0.52 mg kg* in the skin tissue to 36 + 3.5

mg kgt in the muscle tissue. Only body wall of A. japonicas harvested in China was available in which As
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ranged between 5.0 + 0.12 mg kg from aquaculture in Liaoning Province, to 7.7 + 0.090 mg kg from
aquaculture in Fujian Province. The total As concentration in A. japonicas was lower than reported in the
literature, 12.4 mg kg in the muscle tissue [21] or 15.5 mg kg in the whole body of sea cucumber [20].
It is possible that lower concentration reported in presented study are due to different geographical
location, seasonal variation or the actual growth stage of sea cucumbers and body parts which were
analysed. To the best of our knowledge there are no available data for the comparison of total As in C.
frondosa and A. californicus. The significant difference in As accumulation between these two species
could be either due to As rich diet as a result of high concentrations in local environment or differences
in As metabolism between sea cucumber species. Specific environmental exposures in the aquatic
compartments are reflected in increased concentration of As in the sediments which can be caused by
industrial activities or geological conditions. The Pacific coast has limited industrial activities, including
forestry and shipping that are minor relative to the scale of industrial activities in the Yellow and East
China Seas. The Atlantic coast of Canada is dominated by fisheries and aquaculture. However, some
coastal location such as Seal Harbor in Nova Scotia were historically exposed to high As concentrations
from mining effluents resulting in sediment As levels as high as 770 mg kg [53]. Thus, while increased As
concentration can be expected in marine biota harvested from coastal regions, it would not account for
As found in C. frondosa which are collected further from the coast. From a geological perspective, Nova
Scotia is located on meguma metasedimentary terrane which is associated with gold-quartz and
arsenopyrite veins [54] resulting in significantly higher As concentration in the local well water [55].
Therefore, As concentration in the sediments could be higher at this coastal regions, hence biota can be
exposed to higher As concentrations. Similarly, As rich groundwater was reported on Bowen Island, British
Columbia as a consequence of several geological and geochemical processes [54, 56]. Therefore it appears
that both coastal regions have geological predisposition to elevated concentration of As such that the
observed differences in As accumulation in studied sea cucumbers is more probably rooted in the

biological response to As.

Biochemical variations and different responses to environmental stresses between sea cucumber species
have been previously reported. Studies looking at accumulation of metals and metalloids in three species
of sea cucumbers observed higher accumulation rate in gut when compared with body wall [57]. Another
study, looking at saponin distribution in the body parts of large number of sea cucumbers, found that the
organ specific distribution is species dependent [7]. Research by Guo et al. showed that not all sea
cucumber species are suitable for development of anti-obesity drugs because only 3 out of 10 studied

species exhibited pancreatic lipase inhibitory activity [8]. Different types of sulfate polysaccharides with
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potential bioactivity, were found amongst sea cucumber species. Stichopus hermanni contained
significant amount of sulfated glycosaminoglycan, whereas fucoidan, and fucosylated chondroitin sulfate
were found in Thelenota ananas [4]. Thus it appears that various sea cucumber species may have very
different potential to metabolise specific groups of bioactive compounds and hence their response to
environmental stressors may be also species specific. Considering the large number of variables in present
study, it is not possible to conclude with confidence what are the driving factors behind observed

differences in As accumulation between C. frondosa and A. californicus.

Table 1. Total As in each extracted fraction and total As in different body parts of sea cucumbers in mg kg™.

Hexane MeOH TFA Residue Sum Total As
%

Body part/ location n Av (SD) Av (SD) Av (SD) Av (SD) Av (SD) n Av (SD) bias
Apostichopus japonicas
Body wall Liaoning Province 1 0.13 2.1 1.4 1.08 4.7 3 5.0(0.12) -7%
Body wall Shandong Province 1 0.10 7.1 2.4 0.99 11 3 7.1(0.035) 50%
Body wall Fujian Province 1 0.23 7.7 1.80 3.1 13 3 7.7 (0.090) 66%
Cucumaria frondosa
Internal organs NS 3 1.7 (0.16) 1.6 (0.21) 3.9 (0.68) 1.6 (0.12) 8.8 (0.85) 9 7.9(1.2) 11%
Internal organs NL 3 1.8 (0.28) 1.4(0.21) 3.4(0.74)  1.9(0.15) 8.4(1.2) 9 6.2(0.57)  36%
Internal organs NS - processed 3 2.6 (0.11) 0.61(0.08) 3.5(0.32) 1.9 (0.14) 8.4 (0.22) 9 6.2 (0.26) 37%
Tentacles NS 3 1.6 (0.09) 0.90 (0.27) 5.0(1.6) 2.2(0.48) 9.6 (1.0) 9 8.7 (0.91) 11%
Tentacles NL 3 1.2 (0.43) 1.6 (1.00) 4.6(1.3) 1.5(0.10) 8.9(2.3) 9 6.3(1.1) 40%
Tentacles NS - processed 3 1.9(0.16) 0.30(0.04) 3.4(0.24) 1.3 (0.30) 6.8 (0.36) 9 5.6 (0.19) 21%
Body wall NS 3 0.53(0.13) 0.47(0.25) 3.4(0.52) 1.4 (0.21) 5.8 (0.95) 9 6.0 (1.1) -3%
Body wall NL 3 0.58 (0.09) 0.38 (0.08) 4.0 (1.0) 1.3(0.16) 6.2 (1.1) 9 5.2(0.81) 19%
Body wall NS - processed 3 0.67 (0.19) 0.41(0.12) 2.7 (1.6) 1.5(0.44) 5.3(2.2) 9 4.3(1.6) 22%
Apostichopus californicus
Muscle BC 5  044(0.04)  32(41)  52(0.90) 0.83(0.16) 3947 15 36(3.5) 8%
Skin BC 5 0.11 (0.04) 0.60(0.17) 1.0(0.19) 0.86(0.072) 2.6 (0.36) 15 2.8 (0.52) -7%

NS — Nova Scotia (Atlantic coast); NL — Newfoundland and Labrador (Atlantic coast); BC — British Columbia (Pacific

coast)

Total As was measured in each fraction collected from sequential extraction to account for total As mass

balance of the method. The sum of As from the four extraction steps was in good agreement with total
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As in the sea cucumber body parts where the recovery bias ranged generally from —7% to +22%. The large
bias in body wall Shandong and Fujian province samples is most probably due to overestimation of MeOH
fraction, which is over 3 folds higher than in body wall from Liaoning Province. Similarly, DORM-4 CRM
(n=4) used for sequential extraction to monitor extraction showed on average 30% bias with certified total
As concentration 9.07 + 0.88 mg kg? (cert. 6.87 + 0.44 mg kg?). Arsenic appears to be uniformly
distribution within polar and non-polar lipid extracts of the C. frondosa but in the A. californicus polar
lipids shown higher abundance. Interestingly, 90% of As in muscle tissue of A. californicus was extracted

in MeOH fraction.

Water-extractable As species in the body parts of sea cucumbers

Speciation of the water-extractable As compounds showed very large variation between the organs and
between sea cucumbers species. Arsenobetaine, previously reported in A. japonicas [21], was also found
to be the most abundant species in our study, followed by AsSug-482 and iAs (Figure 4). Only low
quantities of AsSug-328, DMA, DMAA and MMA were found in body wall of A. japonicas. Over 95% of
total recovered water-extractable As from muscle of A. californicus, was found to be AsB and only traces
of AsSug-482, DMA, DMAA and iAs were found. The skin of A. californicus contained the largest variety of
As species and the major fraction was AsSug-482, followed by AsB, DMAA, DMA, iAs and 3 unknown
compounds. Other species were found in low concentration and AsSug-408 was present only in trace
levels. On the contrary, in C. frondosa iAs was the most abundant species in all body parts representing
on average 75% of total recovered water-extractable As. AsSug-482, AsB and DMA were other three main

As species found in substantial quantities.
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Figure 4. Total As concentration and percentage fraction of individual As species in TFA extracts in body wall of A.
japonicas, muscle and skin of A. californicus and internal organs, tentacles and body wall of C. frondosa. Processed

body parts belong to C. frondosa. Error bars represent SD of replicate samples; n=3 or 5.

Arsenic present in sea cucumbers is of dietary origin. Sea cucumbers feed on algae, phytoplankton and
other decaying organic matter on the sea floor. Algae are reported to contain major portion of As as
AsSug [30, 47, 58, 59], although several studies reported small quantities of AsB [60, 61]. It was found that
AsB is not readily taken up and retained by microalgae and thus it is most likely associated with topical
epifauna and bacteria on the damaged blades of algae [62]. Therefore, some dietary intake of AsB can be
assumed and indeed it is supported by AsB found in food pellets of sea urchins [58], belonging to the same
phylum as sea cucumbers. However, sole dietary intake could likely not explain the large quantities found
in the studied sea cucumbers. Several pathways for AsB bio-synthesis from AsSug have been proposed
which could take place in the digestive tract of aquatic herbivores facilitated by bacteria present on the
consumed algae [60]. Large quantities of trimethylated, oxo and thio-dimethylated AsSug found in sea
urchins support this hypothesis [58, 63], however, only trace amounts of some unknown As species were
found in the extracts of sea cucumbers which could not be identified due to the lack of standards. It is
possible that these As species were not quantitatively eluted from the column as the sum of As species in
body parts of A. japonicas and A. californicus, which are rich in AsB amounted to between 72 and 82 % of

total As (Figure 5) in the water-extractable fraction.

Considering AsSug being the predominant As species in algae [30, 47, 58, 59], it is reasonable to assume
that their presence as observed in sea cucumbers is of a dietary origin. However, AsSug are also a main
structural blocks of As containing lipids (AsLipids). Thus, AsSug can be either an intermediates in bio-
synthesis of AsLipids or an artefacts of AsLipids degradation induced by the extraction method. Lipids are
essential components of skin and thus it should be expected to find larger variety of AsLipids in this body
part. Accordingly, in skin of A. californicus, AsSug-482 was found to be the dominant As species and AsSug-
408 was only found in this body part. A high concentration of AsSug-482 was generally found in all sea
cucumber body parts as seen in Figure 4, and this has also been reported in the body parts of sea urchins
[58]. The authors argue that synthesis of AsSug-482 is likely to take place in vivo through bonding of AsSug-
328 with phosphatidic acid in the cell membrane. Newly formed As containing phospholipids can be then
hydrolysed to AsSug-482. Lipid hydrolysis can be induced by trace amounts of water present in the

extraction solvents during the lipid extraction step.
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Interestingly, a very different As species profile was found in C. frondosa where iAs dominated the water-
extractable As in all body parts. While some algae are known to contain large quantities of iAs, e.g. in hijiki
(Sargassum fusiforme) reaching over 100 mg kg™ [47, 64], Foster et al. argued that as As") interferes with
phosphorylation, its uptake and distribution would not be beneficial and a mechanism for its uptake
exclusion would exist [58]. Another possible source of iAs is a rapid break down of dimethylarsinylethanol
(DMAE), which is a degradation product of AsSug in macroaglae under anaerobic conditions [65].
However, the large quantities of iAs found in the present study are most probably an accumulative result
of various sources. While sea urchins were found to contain only small fraction of iAs [58, 60, 63], several
researchers reported elevated concentrations of iAs in bivalves and gastropods [66-68]. Additionally, it
should be noted that the sum of As species in C. frondosa body parts, accounted for between 57 and 61%
in raw and 46 and 54 % in processed body parts (Figure 5) with respect to total As in these fractions.
Considering that more As species are accounted for when cations are the major fraction of As species
suggests that significant portion of anions is not being eluted from the chromatographic column.
Consequently, without the knowledge of the identity of these As species it is challenging to pinpoint the

bio-synthetic pathways that may contribute to the observed As species variation.
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Figure 5. Total As concentration and percentage fraction of quantified As species in TFA extracts in body wall of A.
japonicas, muscle and skin of A. californicus and internal organs, tentacles and body wall of C. frondosa. Processed

body parts belong to C. frondosa. Error bars represent SD of replicate samples; n=3 or 5.

Impact of thermal processing on As species

Raw body parts of C. frondosa were steamed for 24 min (Method section) in order to determine the impact
of common thermal processing used in the industry. On average, the processed samples were found to
have 28% less total As than unprocessed samples (Table 1). In terms of individual As fraction, steaming
reduced total As in all sequential fractions apart from non-polar lipids. Speciation of water-extractable As
showed a decrease in AsSug-482, AsB and DMA in all body parts. On the contrary, iAs concentration
increased as well as AsSug-328 in tentacles. The change in concentration of the individual As species is
similar to the trend observed when reversed extraction was applied. It appears that thermal treatment
degrades AsSug and possibly polar As lipids which is reflected in higher fraction of iAs. Thus it could be
concluded that cooking of sea cucumbers, in excess water as a proxy to water extraction is the preferred

preparation method to reduce As levels rather than steaming which removes only small portion of As.

Conclusion

In present study, comparison between normal and reversed sequential extraction of As species with
increasing / decreasing polarity, respectively from the body parts of sea cucumbers revealed a presence
of non-stable non-polar As containing lipids. Steaming of sea cucumber body parts, resulted in As species
alteration and a small decrease in total As indicating that such processing method would have negligible
impact on As. Comparison between extraction of water-extractable As compounds using water and TFA
showed that the later reagent can extract larger variety of As species. Speciation of water-extractable As
from the body parts of sea cucumbers showed large As species diversity between A. californicus, A.
japonicas and C. frondosa. While AsB and AsSug-482 were the major species in A. californicus and A.
japonicas, iAs was predominantly accumulated in the body parts of C. frondosa. Sequential extraction of
non-polar and polar lipids showed the presence of As in these fractions indicating that some As in sea
cucumbers is present as lipophilic compounds. The identity of these compounds remains a subject of
future research. Overall the results showed that a generalised approach to As speciation in individual

classes of aquatic fauna doesn’t apply to sea cucumbers and it is very probable that similar differences
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will be observed in other biota. In order to shed more light on the observed variation in As species

distribution between studied sea cucumbers it would be beneficial to speciate As in algae species that are

the presumptive food source for sea cucumbers from the respective geographical regions. Furthermore

given the difference in total As and As species between sea cucumber species, additional data is required

to further understand the associated metabolic processes.

Word count: 6466 excluding authors’ names and affiliations

Conflict of interests

No conflict of interest is declared.

Acknowledgment

ZG would like to thank Mesay M. Wolle, Andrea Raab and Joerg Feldman for their insights into As

speciation. J. Lochead and Ch. Hansen are thanked for providing samples of A. californicus.

References

1. Fredalina, B., et al., Fatty acid compositions in local sea cucumber. General Pharmacology: The
Vascular System, 1999. 33(4): p. 337-340.

2. Pangestuti, R. and Z. Arifin, Medicinal and health benefit effects of functional sea cucumbers.
Journal of traditional and complementary medicine, 2018. 8(3): p. 341-351.

3. Chen, J., Present status and prospects of sea cucumber industry in China. lle, 2005. 1: p. 25-38.

4, Pangestuti, R. and Z. Arifin, Medicinal and health benefit effects of functional sea cucumbers. )
Tradit Complement Med, 2018. 8(3): p. 341-351.

5. Mokhlesi, A., et al., Fatty acid compositions in local sea cucumber, Stichopus chloronotus, for
wound healing. Asian Journal of Animal and Veterinary Advances, 2001. 7(3): p. 127-135.

6. Ma, X., et al., Frondoside A inhibits breast cancer metastasis and antagonizes prostaglandin E
receptors EP4 and EP2. Breast cancer research and treatment, 2012. 132(3): p. 1001-1008.

7. Caulier, G., et al., Review of saponin diversity in sea cucumbers belonging to the family
Holothuriidae. SPC Beche-de-mer Inf. Bull, 2011. 31(1): p. 48-54.

8. Guo, L., et al., Saponin-enriched sea cucumber extracts exhibit an antiobesity effect through
inhibition of pancreatic lipase activity and upregulation of LXR-beta signaling. Pharm Biol, 2016.
54(8): p. 1312-25.

9. Zhang, Y., et al., Rhein reduces fat weight in db/db mouse and prevents diet-induced obesity in

C57Bl/6 mouse through the inhibition of PPARy signaling. PPAR research, 2012. 2012.



493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538

10.

11.

12.

13.

14,

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Zhang, B., et al., Dietary sea cucumber cerebroside alleviates orotic acid-induced excess hepatic
adipopexis in rats. Lipids in health and disease, 2012. 11(1): p. 48.

MacTavish, T., et al., Deposit-feeding sea cucumbers enhance mineralization and nutrient cycling
in organically-enriched coastal sediments. PloS one, 2012. 7(11): p. e50031.
Gonzdlez-Wangiemert, M., M. Aydin, and C. Conand, Assessment of sea cucumber populations
from the Aegean Sea (Turkey): First insights to sustainable management of new fisheries. Ocean
& Coastal Management, 2014. 92: p. 87-94.

Purcell, SW., Y. Samyn, and C. Conand, Commercially important sea cucumbers of the world.
2012.

del Mar Otero-Villanueva, M. and V.N. Ut, Sea cucumber fisheries around Phu Quoc Archipelago:
A cross-border issue between South Vietnam and Cambodia. SPC Beche-de-mer Information
Bulletin, 2007. 25: p. 32-36.

Toral-Granda, V., A. Lovatelli, and M. Vasconcellos, Sea cucumbers: a global review of fisheries
and trade. Vol. 516. 2008: Food and Agriculture Organization of the United Nations Rome.
Lovatelli, A., et al., Advances in sea cucumber aquaculture and management. Can J Fish Aquat
Sci, 2004. 61: p. 519-528.

UN, F. Chinese sea cucumber farming ready to bounce back. 2018.

Luo, W.,, et al., Ecological risk assessment of arsenic and metals in sediments of coastal areas of
northern Bohai and Yellow Seas, China. Ambio, 2010. 39(5-6): p. 367-375.

Jiang, H., et al., Heavy metals in sea cucumber juveniles from coastal areas of Bohai and Yellow
seas, north China. Bull Environ Contam Toxicol, 2015. 94(5): p. 577-82.

Lee, H.W., et al., Characterisation of inorganic elements and volatile organic compounds in the
dried sea cucumber Stichopus japonicus. Food Chem, 2014. 147: p. 34-41.

Shiomi, K., et al., Purification and comparison of water-soluble arsenic compounds in a flatfish
Limanda herzensteini, sea squirt Halocynthia roretzi, and sea cucumber Stichopus japonicus.
Comparative Biochemistry and Physiology Part C: Comparative Pharmacology, 1983. 74(2): p.
393-396.

IARC. Arsenic and arsenic compounds. 2012; Available from:
http://monographs.iarc.fr/ENG/Monographs/vol100C/mono100C-6.pdf.

Francesconi, K.A., Arsenic species in seafood: origin and human health implications. Pure and
Applied Chemistry, 2010. 82(2): p. 373-381.

Meyer, S., et al., In vitro toxicological characterisation of three arsenic-containing hydrocarbons.
Metallomics, 2014. 6(5): p. 1023.

Meyer, S., et al., Arsenic-containing hydrocarbons are toxic in the in vivo model Drosophila
melanogaster. Metallomics, 2014. 6(11): p. 2010-2014.

Miller, S., et al., Effects of arsenolipids on in vitro blood-brain barrier model. Archives of
toxicology, 2018. 92(2): p. 823-832.

Stiboller, M., et al., Arsenolipids detected in the milk of nursing mothers. Environmental Science
& Technology Letters, 2017. 4(7): p. 273-279.

Amayo, K.O., et al., Identification and quantification of arsenolipids using reversed-phase HPLC
coupled simultaneously to high-resolution ICPMS and high-resolution electrospray MS without
species-specific standards. Anal Chem, 2011. 83(9): p. 3589-95.

Amayo, K.O., et al., Novel Identification of Arsenolipids Using Chemical Derivatizations in
Conjunction with RP-HPLC-ICPMS/ESMS. Analytical Chemistry, 2013. 85(19): p. 9321-9327.
Pétursdottir, A.H., et al., Environmental effects on arsenosugars and arsenolipids in Ectocarpus
(Phaeophyta). Environmental Chemistry, 2016. 13(1): p. 21.



http://monographs.iarc.fr/ENG/Monographs/vol100C/mono100C-6.pdf

539 31. Pétursdéttir, A.H., et al., Arsenolipids are not uniformly distributed within two brown macroalgal

540 species Saccharina latissima and Alaria esculenta. Analytical and bioanalytical chemistry, 2019:
541 p. 1-13.

542 32. Amayo, K.O,, et al., Identification of arsenolipids and their degradation products in cod-liver oil.
543 Talanta, 2014. 118: p. 217-223.

544  33. Amayo, K.O., et al., Arsenolipids show different profiles in muscle tissues of four commercial fish
545 species. Journal of trace elements in medicine and biology, 2014. 28(2): p. 131-137.

546 34, Molin, M., et al., Arsenic in the human food chain, biotransformation and toxicology—Review
547 focusing on seafood arsenic. Journal of trace elements in Medicine and Biology, 2015. 31: p.
548 249-259.

549  35. Taylor, V., et al., Human exposure to organic arsenic species from seafood. Science of the Total
550 Environment, 2017. 580: p. 266-282.

551 36. Mai Le, P., et al., ABET-1: Certified Reference Material of natural arsenobetaine bromide. 2016,
552 National Research Council of Canada.

553 37. Willie, S., et al., DORM-4: Fish protein certified reference material for trace metals. 2012,
554 National Research Council of Canada.

555 38. Kumkrong, P., et al., SQID-1: Cuttlefish certified reference material for trace metals,

556 arsenobetaine, and methylmercury. 2016, National Research Council of Canada.

557 39. Inouye, B. Internal anatomy of a sea cucumber. Available from:

558 https://manoa.hawaii.edu/exploringourfluidearth/biological/invertebrates/phylum-

559 echinodermata.

560  40. Wolle, M.M. and S.D. Conklin, Speciation analysis of arsenic in seafood and seaweed: Part I1—
561 single laboratory validation of method. Analytical and bioanalytical chemistry, 2018. 410(22): p.
562 5689-5702.

563 41. Raber, G., et al., An improved HPLC—ICPMS method for determining inorganic arsenic in food:
564 application to rice, wheat and tuna fish. Food chemistry, 2012. 134(1): p. 524-532.

565  42. Wolle, M.M. and S.D. Conklin, Speciation analysis of arsenic in seafood and seaweed: Part I-
566 evaluation and optimization of methods. Anal Bioanal Chem, 2018. 410(22): p. 5675-5687.

567 43, Sloth, J.J., E.H. Larsen, and K. Julshamn, Selective arsenic speciation analysis of human urine
568 reference materials using gradient elution ion-exchange HPLC-ICP-MS. Journal of Analytical

569 Atomic Spectrometry, 2004. 19(8): p. 973-978.

570 44, Hansen, H.R,, et al., Identification of tetramethylarsonium in rice grains with elevated arsenic
571 content. Journal of Environmental Monitoring, 2011. 13(1): p. 32-34.

572 45, Lai, V.W.-M., W.R. Cullen, and S. Ray, Arsenic speciation in scallops. Marine chemistry, 1999.
573 66(1-2): p. 81-89.

574 46. Sloth, J.J., E.H. Larsen, and K. Julshamn, Determination of organoarsenic species in marine

575 samples using gradient elution cation exchange HPLC-ICP-MS. Journal of Analytical Atomic

576 Spectrometry, 2003. 18(5): p. 452-459.

577 47. Raab, A, P. Fecher, and J. Feldmann, Determination of arsenic in algae—results of an

578 interlaboratory trial: determination of arsenic species in the water-soluble fraction. Microchimica
579 Acta, 2005. 151(3-4): p. 153-166.

580  48. McSheehy, S. and Z. Mester, Arsenic speciation in marine certified reference materials Part 1.
581 Identification of water-soluble arsenic species using multidimensional liquid chromatography
582 combined with inductively coupled plasma, electrospray and electrospray high-field asymmetric
583 waveform ion mobility spectrometry with mass spectrometric detection. Journal of Analytical

584 Atomic Spectrometry, 2004. 19(3): p. 373-380.


https://manoa.hawaii.edu/exploringourfluidearth/biological/invertebrates/phylum-echinodermata
https://manoa.hawaii.edu/exploringourfluidearth/biological/invertebrates/phylum-echinodermata

585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Gamble, B.M,, et al., An investigation of the chemical stability of arsenosugars in simulated
gastric juice and acidic environments using IC-ICP-MS and IC-ESI-MS/MS. Analyst, 2002. 127(6):
p. 781-785.

Pétursdéttir, A.H., et al., Quantification of labile and stable non-polar arsenolipids in commercial
fish meals and edible seaweed samples. Journal of Analytical Atomic Spectrometry, 2018. 33(1):
p. 102-110.

Ebisuda, K.-i., et al., Lipid-soluble and water-soluble arsenic compounds in blubber of ringed seal
(Pusa hispida). Talanta, 2003. 61(6): p. 779-787.

Castlehouse, H., et al., Biotransformation and accumulation of arsenic in soil amended with
seaweed. Environmental science & technology, 2003. 37(5): p. 951-957.

Parsons, M., et al., Marine environmental impacts of historical gold mining activities, Isaacs,
Seal, and Wine harbours, Nova Scotia. Geochem.: Explor., Environ., Anal, 2008.

Boyle, D., R. Turner, and G. Hall, Anomalous arsenic concentrations in groundwaters of an island
community, Bowen Island, British Columbia. Environmental geochemistry and health, 1998.
20(4): p. 199-212.

Bottomley, D., Origins of some arseniferous groundwaters in Nova Scotia and New Brunswick,
Canada. Journal of Hydrology, 1984. 69(1-4): p. 223-257.

Carmichael, V., L. Clarkson, and L. Ringham, Well Water Survey for Arsenic in the Powell River
and Sunshine Coast Communities of British Columbia. 1995: Coast Garibaldi Health Unit.

Tunca, E., M. Aydin, and U. Sahin, Interactions and accumulation differences of metal(loid)s in
three sea cucumber species collected from the Northern Mediterranean Sea. Environ Sci Pollut
Res Int, 2016. 23(20): p. 21020-21031.

Foster, S., W. Maher, and F. Krikowa, Changes in proportions of arsenic species within an
Ecklonia radiata food chain. Environmental Chemistry, 2008. 5(3): p. 176-183.

Frankenberger Jr, W.T., Environmental chemistry of arsenic. 2001: CRC Press.

Foster, S. and W. Maher, Arsenobetaine and thio-arsenic species in marine macroalgae and
herbivorous animals: Accumulated through trophic transfer or produced in situ? ) Environ Sci
(China), 2016. 49: p. 131-139.

Nischwitz, V. and S.A. Pergantis, First report on the detection and quantification of
arsenobetaine in extracts of marine algae using HPLC-ES-MS/MS. Analyst, 2005. 130(10): p.
1348-50.

Duncan, E., S. Foster, and W. Maher, Uptake and metabolism of arsenate, methylarsonate and
arsenobetaine by axenic cultures of the phytoplankton Dunaliella tertiolecta. Botanica Marina,
2010. 53(4): p. 377-386.

Kirby, J., W. Maher, and D. Spooner, Arsenic occurrence and species in near-shore macroalgae-
feeding marine animals. Environmental science & technology, 2005. 39(16): p. 5999-6005.
Rose, M., et al., Arsenic in seaweed - forms, concentration and dietary exposure. Food Chem
Toxicol, 2007. 45(7): p. 1263-7.

Edmonds, J., K. Francesconi, and J. Hansen, Dimethyloxarsylethanol from anaerobic
decomposition of brown kelp (Ecklonia radiata): a likely precursor of arsenobetaine in marine
fauna. Experientia, 1982. 38(6): p. 643-644.

Sloth, J.J. and K. Julshamn, Survey of total and inorganic arsenic content in blue mussels (Mytilus
edulis L.) from Norwegian fiords: revelation of unusual high levels of inorganic arsenic. J Agric
Food Chem, 2008. 56(4): p. 1269-73.

Whaley-Martin, K.J., et al., Arsenic speciation in blue mussels (Mytilus edulis) along a highly
contaminated arsenic gradient. Environ Sci Technol, 2012. 46(6): p. 3110-8.



631
632
633

634

68.

Whaley-Martin, K.J., I. Koch, and K.J. Reimer, Determination of arsenic species in edible
periwinkles (Littorina littorea) by HPLC-ICPMS and XAS along a contamination gradient. Sci Total
Environ, 2013. 456-457: p. 148-53.



