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Environmental context. Arsenolipids, which are present in seaweed, can show high toxicity, emphasising the
need for more information on these compounds. We investigated the effects of different stress factors on the
arsenic compounds formed by cultures of brown algae, and compared the results with those from field-collected
samples. We show that the arsenolipid and arsenosugar profiles differ depending on the experimental
conditions, and that a deficiency in phosphate has a direct positive effect on the biosynthesis of arsenic-
containing phospholipids.

Abstract. Seaweeds have recently been shown to contain a significant proportion of arsenic in the form of arsenolipids
(AsLp). Three strains of the filamentous brown alga Ectocarpus species were grown in the laboratory with different
simulations of environmental stress: control conditions (1/2 Provasoli-enriched seawater), low nitrate (30 % of the amount
of nitrates in the control), low phosphate (30 % of the amount of phosphate in the control) and under oxidative stress levels
(2 mM H,0,). Generally, the major AsLp was an arsenic-containing hydrocarbon, AsHC360 (50—-80 %), but additionally,
several arsenic-containing phospholipids (AsPL) were identified and quantified using high-performance liquid chroma-
tography—inductively coupled plasma mass spectrometry and electrospray ionisation mass spectrometry (HPLC-ICP-MS/
ESI-MS). The AsLps in cultures were compared with AsLps in Ecfocarpus found in its natural habitat as well as with other
brown filamentous algae. The AsLp and arsenosugar profiles differed depending on the experimental conditions. Under
low phosphate conditions, a significant reduction of phosphorus-containing arsenosugars was noticed, and a significant
increase of phosphate-containing AsLps was found when compared with the controls. Strains grown under oxidative stress
showed a significant increase in AsLps as well as clear physiological changes.
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Introduction availability is hypothesised to regulate As’ uptake in algae,'™

Arsenic is found in organic and inorganic forms and ~100
naturally occurring arsenic species have been identified.[' !
Arsenic can be toxic and is known to be carcinogenic; however,
the toxicity is species-dependent and varies between arsenic
species.*! A large quantity of naturally occurring organic forms
of arsenic are formed from inorganic arsenic that is taken up
from the environment. The total arsenic (totAs) concentration
in many seaweed species is high and can reach more than
100 mg kg~ ' dry weight (DW).! There is no evidence that
elevated arsenic concentration in seawater due to pollution has
an effect on the arsenic concentration in seaweed. Arsenic
accumulates in seaweed because of the structural similarities of
arsenate and phosphate. With phosphate being actively taken up
by phosphate transporters, these transporters can mistake arse-
nate for phosphate owing to lack of specificity.[”) Phosphate
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where phosphate exposure to marine phytoplankton Dunaliella
tertiolecta has been shown to influence arsenic uptake as well as
the distribution of arsenic between different fractions.!” Other
studies showed little difference in As" uptake, metabolism and
species formation in marine phytoplankton depending on
phosphate availability.!'"!

Generally, only a minor portion of arsenic in seaweed is in
the form of the toxic arsenate taken up from the ocean.' The
arsenic in seaweed is also not found in the form of arsenoesters
as analogues to the phosphate esters in biomolecules such
as phosphorylated proteins, deoxyribonucleic acid (DNA) or
adenosine triphosphate (ATP), but mainly found as arsenosu-
gars in macroalgae. Most arsenosugars are dimethylarsinoylri-
bosides and most can be associated with just four compounds,
although 20 naturally occurring arsenosugars have been
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(a) Structures of selected arsenic-containing phospholipids (AsPL), hydrocarbons (AsHC) and fatty acids (AsFA). (b) Biotransformation

of arsenate to AsSugars and arsenolipids (AsLps), adapted from Edmonds et al.['®!

identified.[ Recently, it was established that besides arsenosu-
gars, arsenic can form lipid-soluble dimethylarsinoyl species in
seaweeds,!'"'?! i.e. hydrocarbons (AsHC), fatty acids (AsFA)
and phospholipids (AsPL), Fig. 1. It has been suggested that
these arsenolipid (AsLp) species might have a functional role
within the cell membrane, e.g. by using AsPLs to replace
phospholipids.t'""*! Benson and coworkers!"*! grew algal cul-
tures in *As" and showed that the arsenate was taken up by the
algae, where the first biotransformation intermediates were
lipid-soluble As species, thought to be AsPL. The AsPLs might
therefore be formed first where the arsenosugars (AsSugars) are
subsequently a hydrolysed product of the AsPLs.l'! These
arsenic species are closely related because AsPLs have the same
AsSugar structure as one of the most common AsSugars,
AsSugarPO,. The formation of lipids before sugars would be
the opposite of the transformation scheme proposed by
Edmonds et al.!'®! (Fig. 1b).

However, it is not clear whether the biosynthetic pathway
actually takes place in the alga itself or whether these major
arsenic species might be produced by bacteria, fungi or
microalgae.!'*!7:18]

Recent findings of Meyer et al.l'” have shown that AsHCs
show different toxicity depending on the structure of the AsHC
and can have similar cytotoxicity to inorganic arsenic (iAs).
These new findings underline the relevance of accurately
identifying AsLps but also the need to understand better how
they are formed and which factors influence their formation.

Ectocarpus siliculosus has been adopted as a general model
organism for brown algae, partly owing to its long history in
research®” but also because its life cycle can be completed in 3
months in Petri dishes.*" Ectocarpus can be cultivated from a
single cell and maintained easily!”?! and its entire genome has
been sequenced and annotated,’**) although this has not yet
revealed new insights about its arsenic metabolism.
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The objectives of the present study were to investigate
whether arsenic uptake and transformation in seaweed, using
Ectocarpus, depend on environmental conditions — with the
aim of shedding light on whether the arsenic is potentially used
by the organism and may therefore have a physiological
function.

Materials and methods
Chemical and standards

All chemicals used were of analytical grade or better unless
otherwise stated and double-distilled water was used for all
sample preparation. Formic acid (methanoic acid, HCO,H) and
the chemicals for Provasoli-enriched sea water (3-glyceropho-
sphate disodium salt hexahydrate (C3N;Na,O4P-5H,0), sodium
nitrate  (NaNO;3), ammonium iron sulfate hexahydrate
((NH4)2Fe(SO4),-6H,0), sodium EDTA, vitamin B12, thia-
mine, biotin, boric acid (H3;BOs), manganese sulfate-4H,O
(MnSO4-4H,0), zinc sulfate-7H,0 (ZnSO,4-7H,0), cobalt sul-
fate-7H,O (CoSO4-7H,0) were supplied by Sigma—Aldrich
(UK). Sodium dimethylarsinic acid (98 % DMA) used for
quantification was obtained from ChemService (USA). For
calibration of totAs and for spiking Ectocarpus cultures, a
1002-mg As L~ certified As stock solution (asH3AsO4in0.5M
HNOs3) was supplied by Merck (UK). Hexane, hydrogen per-
oxide (H,0,, 30 %, laboratory reagent grade (LR)), potassium
hydroxide (KOH, LR), hydrochloric acid (HCI), dichloro-
methane (DCM), nitric acid (HNOs; 69%) and methanol
(MeOH) were supplied by Fisher Scientific (UK). Germanium
(Ge) used as internal standard for speciation was obtained from
Sigma—Aldrich and rhodium used as an internal standard for
totAs from Specpure, Alfa Aesar (Germany). Certified refer-
ence material SPS-WW2 (waste water, Spectrapure Standards,
Norway) was used for monitoring the performance of the
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Table 1. The experimental design for the three strains and different environmental parameters (cultures: n = 3)
Stl, St2, St3 St3 + As Nitrates (LM) Phosphates (LM)
Control (ctrl) 1/2 Provasoli media 1/2 Provasoli 456 9
Oxidative stress (OS) 2 mM H,0, 2 mM H,0, 456 9
Low nitrate (N) 30% N of ctrl 30% N of ctrl 137 9
Low phosphate (P) 30% P of ctrl 30% P of ctrl 456 2.8
As conc. in each plate (ug kg ') 0.8 2.8

Agilent 8800 inductively coupled plasma mass spectrometry
(ICP-MS) on the days when totAs was measured.

Samples

Ectocarpus sp., Elachista fucicola, Hincksia sp. and Pylaiella
littoralis (all Ectocarpales) were collected in their natural
habitats. Ectocarpus and Pylaiella were collected at Grotta
beach, Reykjavik, Iceland, in August 2013. The samples were
transported in a tub of seawater to Aberdeen. Ectocarpus was
additionally collected at Aberdeen Beach, UK, and Cruden Bay,
UK (August 2013). Elachista was collected in Newburgh, UK
(July 2013). Each individual tuft of filamentous algae was
confirmed to be the assigned species by looking at portions of
each tuft under a microscope (Fig. S1). The samples were
cleaned by manually removing all other algae tangled with
them, and rinsed both in seawater and in MilliQ water before
freeze-drying. All concentrations are reported on a freeze-dried
basis. The samples were subsequently ground using a pestle and
mortar.

Unialgal Ectocarpus cultures were obtained from the
Culture Collection of Algae and Protozoa (CCAP, Oban, UK)
and are abbreviated as strains 1-3 (St1-St3) Stl: EC-Oban
(CCAP 1310/300 — E. crouaniorum), St2: EC-007-04 (CCAP
1310/13 — E. fasciculatus) and St3: EC-022—-10 (CCAP1310/
214 — E. siliculosus). A phylogenetic tree can be found in
Fig. S4. By visual assessment, the cultures were shown to
contain a small amount of bacteria, but the algal biomass was
far in excess of bacterial biomass because bacteria were kept at
minimum by using sterile equipment if possible and autoclaving
everything else before use. The experiment is therefore not
suited to concluding whether the arsenic species are generated
by bacteria or not. When harvested, the cultures were rinsed in
MilliQ water before freeze-drying and the samples ground to a
fine powder before extraction.

Experimental design

Three cultures of of Ectocarpus strains were grown in half-
strength Provasoli-enriched sea water (PES)!**°!in Petri dishes
(12°C, 12 h light/12 h dark). The media were changed every 2
weeks and each culture split into three plates when needed. Once
sufficient starting material was available, modified half-strength
PES was prepared, where the stock solutions were prepared to
have only 30 % of the normal amount of either phosphates or
nitrates. Generally, seawater levels range from ~10 to 40 uM
nitrates and 1 to 3 M phosphates,*® whereas the filtered sea-
water used here was lower in nutrients. The concentrations used
are listed in Table 1. A total of 25 L of seawater was filtered and
kept under cold conditions to use throughout the experiment;
this was done in order to keep this parameter constant. After the
addition of the Provasoli stock solution to the seawater, the
medium was autoclaved. Typical oxidative stress conditions
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were set as 2 mM exogenous H,O,, which has been applied in
other physiological studies.[*” This was obtained by adding the
appropriate amount of H,O, to each individual Petri dish that
was grown under oxidative stress every time the medium was
changed. The totAs in the media was measured to be 0.8 pg L™,
and plates grown under arsenic-enriched conditions were spiked
with 10 mg L' As" solution, resulting in a final totAs con-
centration of ~2.8 pg L™'. Only St3 was grown with added
arsenic to keep the number of samples down owing to time-
consuming measurements. Both concentrations are environ-
mentally reasonable because the concentration of arsenic in the
ocean most often ranges from 1 to 2 ug L™ ".** Experimental
parameters are summarised in Table 1.

The media were changed every 2 weeks, the cultures starting
in small Petri dishes (55 mm) and later on being transferred to
bigger Petri dishes (90 mm). The cultures were grown using the
experimental parameters for 5 months in triplicates.

Sample preparation
Sequential extraction for speciation

Lipid soluble (LS) extraction.  Ectocarpales (field-collected,
0.2-1 g) were used depending on available material and
extracted in MeOH/DCM (1:2, 5-15 mL) and left overnight.
A second extraction was performed and the combined super-
natants evaporated to dryness. The samples were then dissolved
in MeOH and concentrated to 200-1000 pL depending on
starting material (LS fraction). Hexane extraction: the dried
seaweed residue was then extracted in hexane (2 x 5-15 mL),
supernatants were combined and evaporated, and the sample
prepared for totAs measurement (1 mL HNO; added and left
overnight, 2 mL H,0, added before microwaving and samples
diluted to 20 mL).

Water soluble (WS) extraction. The dried residue was
further extracted with water (5—15 mL, depending on the
original starting material) and left overnight. The supernatant
was removed and kept refrigerated until measurement (WS
fraction).

Residue digestion. The residue was prepared for totAs
digestion (using 1 mL HNO; and 2 mL H,0,) (RS fraction).

Total arsenic. TotAs in the Ectocarpales was prepared by
weighing the dry material (0.01-0.1 g depending on availability),
which was left overnight in HNOj3 (0.2—1 mL). H,O, (0.4-2 mL)
was added before microwave digestion (CEM MARS micro-
wave, program: ramp to 50 °C; hold 5 min; ramp to 75 °C; hold 5
min; ramp to 95 °C; hold 30 min) and the samples were diluted
(5-20 mL) after the microwave digestion. For totAs measure-
ments of the different fractions: 1 mL of the water fraction was
transferred to a 15-mL tube, 100 pL of MeOH and 200 pL of
HNO; were added and diluted to 10 mL ready for totAs
measurement (standards also prepared in MeOH and HNO3).
For the LS fraction, 50 pL of the concentrated MeOH fraction



was transferred to 15-mL tubes, 0.2 mL HNO; was added and
0.4 mL H,O, added before microwave digestion. The samples
were diluted to 5 mL.

The sample amount obtained from the cultures was much
smaller (~10 mg per replicate) than for the field-collected
Ectocarpales and the same procedure as above was scaled down
proportionally. The MeOH/DCM fraction was concentrated
down to ~150 pL. MeOH and 80-puL injections were used for
the high performance liquid chromatography (HPLC)-ICP-MS—
electrospray ionisation mass spectrometry (ESI-MS). The
remainder of the sample was prepared for totAs measurement.

Glassware was used for extractions using organic solvents,
which could result in inorganic arsenic impurities in the sam-
ples, but this should not affect the arsenolipid quantification
owing to different elution times of the species.

Transmission electron microscopy (TEM)

When observing the cultures, it was evident that a physiological
difference could be noted, even by eye. To test whether a
physiological difference in the cell membrane could be noted if
for example AsLps were used in the membrane, TEM imaging
was used to observe morphological features.

Preparation

Ectocarpus cultures were viewed under a light microscope
(Zeiss Axio imager D2 inverted microscope with Zeiss Axiocam
MRC) and somatic cells were isolated from senescent cells.
Isolated cells were then processed through an optimised sched-
ule kindly provided by Ingo Maier (Ecoscope, Amtzell,
Germany). Briefly, specimens with 1 mL of culture media were
fixed by the addition of 286 pL of fixing buffer (0.4 M sodium
cacodylate, 0.1 M EDTA, pH 7.4, 1 % caffeine) and 143 pL of
25 % gluteraldehyde. These were incubated at room temperature
for 2 h and processed through three washes of wash buffer
(0.4 M sodium cacodylate, 0.1 M EDTA, pH 7.4) for 15 min
each and post-stained with 1 % OsQy4 in OsO,4 buffer (106.7 mM
sodium cacodylate) for 2 h before a single 15-min wash with
0Os0y buffer. The specimens were then stained with 1 % uranyl
acetate (in H,O) for 1 h at room temperature and dehydrated in a
10 % acetone series (10—60%, 10 min each step; 70—100 %,
15 min each step, before two overnight washes in 100 %
acetone). Spurr’s resin was then infiltrated into the samples
through incubation, first with 1 : 1 acetone to Spurr’s resin, then
2 x 100 % Spurr’s resin for 1 day each. The specimens were then
transferred to fresh Spurr’s resin and polymerised at 6070 °C
overnight. Sections were then cut using a diamond knife (with a
Leica EM UC6 Ultramicrotome), placed on copper grids and
post-stained again using uranyl acetate and lead citrate before
being imaged using a TEM (Jeol, JEM-1400-Plus).

Image processing

Organelle sizes, presented in the electron micrographs, were
measured using the freehand selection tool in ImageJ (http://
imagej.net/Downloads, accessed 12 May 2015) and the percent-
age content was calculated by dividing the organelle area by the
total cell area. In instances of plasmolysis during fixation, the
cell size was calculated from the retracted cytoplasmic bound-
ary. At least 20 cells were measured in each treatment. A one-
way ANOVA with a least significant difference (LSD) post-hoc,
to test the difference between the means of the treatments, was
performed and box plots created using SPSS (http://www-01.
ibm.com/software/uk/analytics/spss/, accessed 12 May 2015).
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Instrumental set-up

The ICP-MS was optimised for optimal sensitivity and stability
on As on a day-to-day basis. All speciation was carried out on an
Agilent 1100 HPLC system connected directly to the ICP-MS.
The instrumental operating parameters are summarised in
Table S1.

Total arsenic

The Agilent triple quadrupole ICP-MS 8800 (ICP-QQQ) was
used for arsenic detection. Total arsenic measurements were
carried out in no-gas and O, mode. In O, mode, arsenic was
measured indirectly as “As'®O" on m/z 91. There was no
significant difference between the different modes, and totAs
concentrations reported are based on no-gas measurements.
Method blanks were run with each batch of samples for totAs
and quantification was performed with matrix-matched solu-
tions of the calibration standard. To monitor the accuracy and
performance of the ICP-MS on a daily basis, the reference
material SPS-WW?2 was prepared in matrix-matched solutions
and analysed, yielding a concentration of 0.48 mg kg~' As
(£0.02 s.d.) (n=9) compared with the certified value of
0.500 +0.003 mg kg~ .

Water-soluble (WS) As

For speciation of water-soluble arsenic species, a PRPX-100
Hamilton anion-exchange column (10 pm, 4.6 x 250 mm) with
a flow rate of 1 mL min~' was used with a 20 mM ammonium
carbonate mobile phase. The measurements were performed in
0, mode. Rh was used as internal standard for the speciation and
the totAs measurements. HPLC-ICP-MS/ESIMS measurement
for a selected sample was performed to identify the arsenosugars
present, because a similar arsenosugar profile was found for all
brown algae species measured. Hydride generation (HG)-ICP-MS
was used, where the HG is added as a selective step to determine
iAs in the gaseous phase while organically bound As remains
in the solution. This instrumental setup is described in detail in
Musil et al.l**)

Lipid soluble (LS) As

HPLC-ICP-MS/ESIMS was used for the speciation of
AsLps. A reverse-phase column (Agilent Eclipse, XBD-C18,
4.8 x 150 mm) with a gradient of water and methanol both
containing 0.1 % formic acid, was used for the speciation of
AsLps. The eluent was split post column: 25 % to the triple-quad
Agilent 8800 (QQQ) and 75 % to the ESIMS (LTQ Orbitrap
Discovery; Thermo Scientific). The QQQ was used in organic
mode, with platinum cones and 6 % oxygen. The signal was
optimised at m/z 75 to give a maximum response for As. To
compensate for the changes in the response because of the
varying carbon content of the gradient, a response factor
(100 pg L' DMA in 10 pg L' Ge) was used before the
measurement of samples, as previously described.*” This
makes it possible to quantify and identify species without
species-specific standards. DMA was used as external standard
for the quantification of the arsenic species and Ge m/z 74
(10 pgL™ 1) was used as internal standard. The quantification of
the AsLps found with speciation analysis was compared with the
mass balance determined by measuring the totAs concentration
in every fraction of the sequential extraction, giving better
confidence in the quantification (Tables S3—-S4). The results
showed that the field-collected Ectocarpus (both from Aberdeen
and Reykjavik), Elachista and Pylaiella had a column recovery
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of 111 % =4 18 (85-138 %), whereas the column recovery for the
cultures had a wider range (40—-110%). The lower column
recovery was attributed to the small amount of sample material
available, i.e. AsLps of very low concentrations would elute
undetected. This theory was supported by the data from Ecto-
carpus grown under enriched arsenic conditions as the column
recovery was higher (87 % =+ 19). The quantification values for
the cultures give good indication of the concentrations and can
confidently be used for comparison between the different treat-
ments. There is no certified reference material for AsLps and the
filamentous brown alga Pylaiella was measured on each day of
AsLp speciation to observe differences in retention times and
quantification (Fig. S11).

SigmaStat (SigmaPlot 12, Systat Software, Inc., San Jose,
CA, USA) was used for the statistical evaluation of the arseno-
lipid and arsenosugar profiles using either quantities or percen-
tages. The different conditions were compared with control
conditions with a one-way ANOVA, multiple comparisons
versus control group (Holm—Sidak method).

Results and discussion

Growth of Ectocarpus cultures under different
environmental conditions

The oxidative stress (OS) samples were visually different from
the others because the Ectocarpus grew in compact balls as a
response to stress compared with the tufts the Ectocarpus
formed under all other conditions (Fig. S3). Under the micro-
scope, it could be seen that the filaments in the OS series were
generally aligned in one direction (Fig. S3b), unlike the non-
organised alignment for the other culture conditions. There was
a considerable amount of senescent and dead cell material for all
conditions, ranging from 20 to 90 %, with the highest amount of
dead cells in the Ectocarpus culture with 2 mM exogenous H,O,
and the lowest amount under control conditions (Table S2). Stl
(E. crouaniorum) seemed better suited for growing in cultures
and under the reduced nutrient conditions because the live cells
were more dispersed throughout the algae and sporangia were
visible whereas for the other strains, the live cells were clustered
in the middle of each tuft, with no sporangia occurring.

Total arsenic in the Ectocarpales and cultures

The sum of totAs of each fraction for the field-collected Ecto-
carpus ranged from 5 to 12 mg kg~', where the Icelandic Ecto-
carpus spanned the lower range (5-7 mg kg '), and the Scottish
Ectocarpus had double the concentration (10-12 mg kg ™). The
Elachista sp. (32 mg kg~ ") and Pylaiella littoralis (20 mg kg™ ")
had higher arsenic concentrations, and closer to previously
reported total arsenic concentrations in brown algae, which
commonly range between 20 and 100 mg kg ~".*'" 3! The sum of
the fractions is in good agreement with the total arsenic in the
algae (Fig. 2).

The three cultured Ectocarpus strains accumulated the same
amount of arsenic (3—5 mg kg '), whereas the strain exposed to
higher arsenic concentrations showed a significantly higher total
arsenic concentration (7-8 mg kg~ '), Fig. 2. Both arsenic
concentrations in media were close to the concentration found
in the environment, and the arsenic concentrations for the
cultures are comparable with those observed for the field-
collected Ectocarpus. The different environmental conditions,
however, had little effect on the totAs concentrations found,
which is in agreement with previous studies showing that totAs
in phytoplankton algae, the unicellular Dunaliella tertiolecta
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and the diatom Phaeodactylum tricornutum, were not signifi-
cantly different when grown under different phosphate condi-
tions.!”'”) The sample material obtained from the Ectocarpus
cultures was too small (~10 mg) to measure the total arsenic in
addition to the sequential extraction performed.

A large fraction (50-70%) of the arsenic in the field-
collected Ectocarpus was non-extractable and still bound in
the residue (RS), Fig. 2. This was also seen, to a lesser extent, for
Pylaiella (50% RS As), whereas most of the arsenic was
extractable as LS and WS for Elachista. The difference in these
extraction pattern was reproducible for the three brown algae.
This indicates a physiological difference in how the arsenic was
bound or differences in the cell-wall structure rendering break-
ing up of cells more difficult in the cases of Ectocarpus and
Pylaiella. For the Ectocarpus cultures, the proportion of residual
arsenic was even higher (70-90 %), Fig. 2. This could be due to
the high amount of dead cell material as the cytosolic arsenic
(e.g. the AsSugars) would be released into the media once the
cell breaks open, skewing the percentages of measured arseni-
cals. Similarly, a study of decomposing algae suggested that the
amount of non-extractable (recalcitrant) arsenic increased with
time.**! This would agree with the fact that algae with a higher
proportion of dead cell material appeared to have higher
amounts of non-extractable arsenic.

Arsenolipids in Ectocarpales collected in their
natural habitat

The hexane fraction of the Ectocarpales had negligible As
concentrations and was not considered further for AsLp speci-
ation analysis (Table S3). A significant portion was, however,
found in the LS fraction (MeOH portion of the MeOH/DCM
extraction), which was measured with HPLC-ICP-MS/ESIMS
for determination of the AsLps. Fig. 3 depicts the individual
arsenolipid profile for each of the Ectocarpales found in nature
(n =2, measured on the same day). These profiles were similar
even for separate measurement days of different replicates.

Identification

Identification of the AsLps was based on a comparison of the
As signal from the ICP-MS and m/z data from the parallel
ESIMS analysis. In Fig. 3, it can be clearly noted that AsHCs
dominate. For the Ectocarpus and the Elachista samples, this
peak consists almost exclusively of AsHC360 according to the
ESIMS data (Figs S8a and S9b). It was the only AsLp that could
be identified for all samples and in high enough concentrations
that the MS-MS data was always available (Table S14). For
Pylaiella, this peak was a double peak and seemed to equally
consist of at least four main AsHCs; these AsHCs were found in
the other samples, but in lower quantities (Fig. S10b).

AsHCs have been reported in a range of seafood samples and
also in seaweed. AsPLs have exclusively been reported in
seaweed whereas the AsFAs have almost only been identified
in seafood samples, although two AsFAs were reported in brown
alga.l'l Four AsHCs were identified here (Table 2); the main
AsHC360 is commonly found both in fish and algae, whereas
AsHC374 and AsHC388 (found in field-collected Ectocarpus
and cultures) have only been identified before in algae.!''-'?]
The ten AsPLs identified here have been reported in previous
studies (Table 2).

Quantification

The identified AsHCs accounted for 36 % + 8 (n =15) of the
total AsLp concentration (sum of all AsLp peaks) for Pylaiella,



A. H. Pétursdottir et al.

(a) 40 (®) 4 _

8 -

N w S &) o) ~
1 1 1 1

i

(o))

X

()]

g 1

= 0

2 EZ09Q EZow EZo0 2z4Q

o Q@ BAL0 BHaQ T 220

£ CHEh YO0Y RHDL Dhad

@ (2] n n n n n mﬁaé

(&) -

c w

8 EWS /LS MRS

2

(€) 2.0 - d) 1.2 I

1.8 A =
1.6 - 1.0

1 1 il

0.6 - 0.4 I . I
0.4 I : 1
0.2 02 I I
0
0

> > @ & % A0 N4 Q N N

¥ A \(5, ‘06 [¢) & Q QRS LR SR H ?SJQQ%

< S Sl SN0 SX O oSO T OO
& &g @ d FOOF FOOY F O Ly
& & &

Fig. 2. Overview of total arsenic in the fractions; WS, water soluble (sum of AsSugar peaks of water fraction); LS, lipid soluble (sum of AsLp
peaks, void volume excluded); RS, total arsenic in residue; totAs, total arsenic. (a) The different fractions for the Ectocarpales and totAs; error bars
represent s.d. (one to four different replicates, measured at different times, Table S3). (b) The fractions for the Ectocarpus cultures, error bars
represent the s.d. of three replicate cultures (not shown for LS fraction, see (d)). (c¢) Closer look at the LS fraction for the Ectocarpales (error bars
represent two to three different replicates, which were prepared on 2 different days and not same-day measurements). (d) The LS fraction for the
culture (error bars represent three replicate cultures, same-day measurements). (EC Abdn, Ectocarpus from Aberdeen Beach; EC Rvk, Ectocarpus
from Grotta Beach, Reykjavik, Iceland.)

0.8 ~
0.9 1 B Pylaiella
M EC-Rvk )
0.8 0.7 1 Elachista
- EC-Abdn
T 0.7 A 0.6
(=]
> 06
c’ : ) -
IS 0.5
= 05 -
S 0.4 -
‘é 0.4 4
-— i =
& 03 - 0.3
e
o 4 0.2
§ o2
0.1 01 - . i
0~ RIRIEIRIN @ S &L 0 sl _§ | | |
o
2 A AT e N @ W @ S v&é‘ @Q@ é‘ & & (qu, SV
D RO S S S SR AR A o S oy AL &) & R O NS
3 NN »2 B A® 00 2% o7 ST AT P P oV
o R S PP PR PR S (@ (P P S
Q\O ARG Eas o v,;z 3\’ \s
v ¥ Aals Q ¥

?‘:a

Fig. 3. Quantities of arsenolipids (AsLps) in filamentous brown algae found in nature and their AsLp profile with identified
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Fig. 4. (a) Chromatogram of Ectocarpus from Reykjavik (Rvk) for

comparison of retention time of the arsenolipid (AsLp) peaks in St2.
Numbered peaks: 1, AsHC360, AsHC375 and AsHC388; 2, unknown (U);
3, AsPL982; 4, AsPL958, AsPL972; 5, AsPL1000; 6, AsPL1014. (b—e)
Overlay of the three replicates for each of the different conditions for St2
measured with HPLC-ICP-MS; (b) control; (¢) low N, (d) low P,
(e) oxidative stress (OS); identified peaks in cultures (applies to all four
sets of conditions): 1b, AsHC360, AsHC388 and 3b, AsPL944.

57% + 9 (n=23) for Elachista, 75 % £ 5 (n = 6) for Ectocarpus
from Reykjavik and 76 % +7 (n=6) for Ectocarpus from
Aberdeen, Table 2 (detailed quantification for each species is
given in Supplementary Tables S8—S12). The AsHC360 dom-
inates in the Ectocarpus, with the other species present as minor
species, including several AsPLs.

Arsenolipids in Ectocarpus cultures

The sum of AsLps in the Ectocarpus (EC) cultures (Fig. 2) was
in the same range as in field-collected Ectocarpales. In general,
the sums of AsLps for each strain under different environmental
conditions are similar, with the exception that the Stl
(E. crouaniorum) grown under oxidative stress shows double the
totAsLp concentration compared with the other conditions.
Growing St3 (E. siliculosus) under enriched arsenic conditions
led to 2-3 x higher concentrations of AsLps and AsSugars.

The reproducibility of the arsenolipid profile for EC tripli-
cates was very good when taking into account both the biologi-
cal variability, because each replicate was grown in a separate
Petri dish, and the small sample amount available for the
experiments (Fig. 4). This resulted in a high precision for the
quantification where the relative standard deviation (RSD) was
<20 % on average for the main peaks (Table S5).

Identification of AsLps

The main AsLp present, AsHC360, was identified by reten-
tion time R, and ESIMS as well as MS-MS fragmentation pattern
(Fig. S6). Because of the small amount of sample available, no
other MS-MS was available. AsHC388 was found in almost all
the cultures (Table S6). Both of these AsHCs were found in the
field-collected Ectocarpales. Because of the small amount of
sample available, it was difficult to identify the less-concentrated
AsPLs. AsPL944 was found in St2 and St3, and AsPL972 under
low phosphate conditions of arsenic-enriched St3 (Tables 2, S7).
The identification of less-concentrated AsLps in the cultures
was additionally attempted by comparison of retention times
with the field-collected Ectocarpus and other algae but was not
fully conclusive (Fig. 4). The peaks were, however, assigned as
AsPLs or ‘unknown’ depending on elution pattern comparison
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Fig.5. Arsenolipid profiles and quantification for strains 1 and 2 under different environmental conditions. Conditions statistically significant from
control using ANOVA (see text for definitions). *, P <0.05; **, P <0.001: strain (a) Stl; (b) St2.

and As-specific detection. Because of the similarities of AsLps
found in Ectocarpus, Pylaiella and Elachista, all filamentous
brown algae, and the identification in the cultures of the same
main AsHC as found in the field-collected Ectocarpus, it can
be assumed that similar AsPLs will be present in the cultures.
The lipid profile differed between the different environmental
conditions as well as between the three strains. Only the cultures
grown under the low-nitrate conditions generally did not differ
significantly from the controls.

Oxidative stress

The cultures grown under oxidative stress had statistically
significant higher concentrations for AsPLs compared with con-
trol samples, a pattern noticed for all three strains (Figs 5, 6).
Seaweeds are constantly exposed to high UV radiation and
radical formation, which could cause lipid peroxidation. The
treatment with H,O, not only caused significant physiological
changes, but also an increase in AsLp synthesis. Whether the
introduction of a redox-active element into a lipid environment
as AsPL can be interpreted as a radical-scavenging mechanism,
because trivalent and pentavalent arsenic are interconvertible at
physiological conditions, remains to be studied in more detail.

Effect of arsenic on AsLp distribution

Higher As concentration in the media led to higher concen-
trations of AsLps (Fig. 6). For St2 (E. fasciculatus) and St3
(E. siliculosus), 60-80 % of the AsLps were AsHCs (Table 3),
which is similar to the EC in nature (75 % =+ 8). The AsHCs in
the Stl (E. crouaniorum) control sample account for just under
50 % of the AsLp concentration, which was the sample with the
lowest concentrations of AsLps. Conversely, the St3+4As
(E. siliculosus) had the highest amount of AsLps and the highest
percentage of AsHCs in the control cultures. Therefore, it
appears, for Ectocarpus, that at low concentrations of AsLps,
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the arsenic spreads fairly equally between all the AsLps,
whereas excess arsenic results in the formation of additional
AsHCs, mainly in the form of AsHC360 (Figs 5, 6).

It was observed that for both St3 (E. siliculosus) and St2
(E. fasciculatus), oxidative stress and low phosphate treatments
differed from the control (statistically significant, at least
P <0.05, Table 3) for both AsPLs and AsHCs. These findings
underline the effect the different stress conditions have on the
arsenolipid profile. St (E. crouaniorum) had only one replicate
for the control conditions, and hence it was not possible to
evaluate if any statistical differences existed.

Low-phosphate conditions

For strain St3 (E. siliculosus), AsSHC360 was the main AsLp
peak for all conditions but under low-phosphate conditions, a
shift occurred from AsHC360 to an AsPL. The AsHC360 peak
was only ~1/3 compared with the other conditions, whereas the
AsLp peaks are more concentrated, with an approximately four-
fold increase. This could be due to mechanisms activating more
efficient phosphate transporters under low-phosphate condi-
tions, and because of the similarities between arsenate and
phosphate, additional arsenate is taken up, leading to an increase
of the AsPLs. The pattern of higher amounts of AsPLs in strain
St3 under low-phosphate conditions can be clearly noted
(Table 3).

Under low-phosphate conditions, strain St3 (E. siliculosus)
increases the production of AsPLs but decreases AsHC produc-
tion. This is different from the increase of AsLps under oxidative
stress conditions, where this increase in AsLps represents a
higher total AsLp concentration compared with control condi-
tions. Here, for ECs grown under low-phosphate conditions,
there is no increase in the total AsLp concentration but rather a
shift in the lipids from one type of AsLp to another, i.e. from
AsHCs to AsPLs.
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Table 3. Summary of the percentages of arsenohydrocarbons (AsHCs) and arsenophospholipids (AsPLs) in the samples as well as arsenosugars
(AsSugars) (mean = s.d., n = 3, replicate cultures)
Samples listed are all three strains of Ectocarpus cultures (EC) at different conditions and field collected samples (Elachista, Pylaiella, Ectocarpus from
Aberdeen (EC Abdn) and Ectocarpus from Reykjavik (EC Rvk)). Significance refers to whether the percentage of AsPLs and AsHCs differs statistically from
control conditions using a one-way ANOVA (multiple comparisons versus control). NA, not applicable; NS, not significant. Only one replicate for St1 was used
for control conditions, statistical evaluation not computed

AsHC Significance AsPL Significance AsSugOH AsSugPOy4 AsSugSO0s;
(%) (%) (%) (%) (%)
Nature Elachista 5749 NA 284+10 NA 3345 26+1 3743
Pylaiella 3849 NA 34412 NA 8.6+0.1 16.8+0.2 69.0+£0.3
EC Abdn 75+8 NA 6+11 NA 44+7 13+2 16+2
EC Rvk 75+5 NA 8+11 NA 19+£3 20+ 14 234+10
St2 EC control 7241 1141 1943 2242 57+8
ECN 4041 P<0.05 1942 P<0.01 1444 15+3 6944
ECP 5942 P<0.05 17+3 P<0.01 3347 12405 62+ 15
EC H,0, 50+3 P<0.01 25+1 P<0.01 17£2 12+1 68+6
Stl EC control 48 - 34 - 5245 742 2946
ECN 20+4 - 62+ 12 - 30+ 1 30£8 2745
ECP 38+5 - 36+5 - 48+7 0 2742
EC H,0, 23+3 - 60+5 - 3.4+0.1 30+2 23403
St3 EC control 62+6 1244 43413 0 31412
ECN 54+2 NS 13+1 NS 32+7 13+11 22+6
ECP 15+3 P<0.01 69+ 6 P<0.01 444 0 54418
EC H,0O, 40+4 P<0.01 36+4 P<0.01 33+2 8+3 15+1
St3 + As EC control 81+2 641 36+2 5+1 36411
ECN 77+2 NS 6+2 NS 326+04 20+ 10 31+4
ECP 36+3 P<0.01 55+5 P<0.01 3542 0 43+9
EC H,0O, 64+5 P <0.01 18+2 P <0.01 32.6+0.1 13+10 34+3

Arsenosugars in Ectocarpales collected in their natural

habitats

All water fractions were measured with HPLC-ICP-MS, and a
Pylaiella sample studied with HPLC coupled simultaneously
to ESIMS and ICP-MS to identify the main AsSugars. A similar
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pattern was found for all samples and the other AsSugars were
identified by retention times of the ESIMS-identified peaks of
the Pylaiella sample. The peak at R, 14 min was iAs, which was
confirmed both with spiking experiments as well as analyses
with HG-ICP-MS (not shown). The small unidentified peak at
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enriched conditions. Dimethylarsinic acid (DMA) elutes at 3.3 min.

R; ~3.3 min is thought to be DMA based on earlier studies on
seaweed using the same method (Fig. S12).1**! This was a
minor peak and its identification was not pursued further.
Quantification and the AsSugar profile in the Ectocarpales can
be seen in Fig. 7.

Arsenosugars in Ectocarpus cultures

The arsenosugars in the Ectocarpus cultures were mainly found
to be the same as in the Ectocarpales in nature. AsSugarOH,
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AsSugarSO;, AsSugarPO, and DMA were identified in all
cultures (Fig. 7).

The Stl (E. crouaniorum) culture under oxidative stress
conditions yielded the highest totAs in the water fraction owing
to an increase in AsSugarSO; (Fig. 8a). However, for St2
(E. fasciculatus), the opposite pattern was noted, where AsSu-
garSO; was found at very low concentrations in the H,O, culture
compared with the other three conditions (Fig. 8b). A noticeable
pattern was seen for AsSugarPO,, which was present in all the
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strains in nature and in all cultures except in the low-phosphate
EC cultures. AsSugarPO,, the only AsSugar that contains
phosphate, is fairly abundant (13-20 % of AsSugars for EC in
nature, ranging from 5 to 30 % of AsSugars for the cultures but
constituting only 0—1 % of total AsSugars under low-phosphate
conditions). Ectocarpus may have conserved the phosphate for
other purposes.

The AsSugar concentrations in the cultures are lower than in
field-collected Ectocarpus, apart from strain Stl (Fig. 8a),
which had similar concentrations. This strain coped best with
growing in cultures, because its live cells were more dispersed
throughout the culture compared with the other strains where the
live cells were clustered in the middle.

Changes in morphological structures dependent on
environmental conditions

To obtain information about the morphological structure of the
Ectocarpus under the different environmental conditions
applied, the Ectocarpus cultures were prepared and analysed
using TEM microscopy (Fig. 9a). This was done in order to see
if the AsLps could have an effect on morphological structure,
i.e. whether the incorporation of AsLps into the cell membrane
would lead to a physical difference in the cell membrane or the
mitochondria noticeable by TEM. This was not found to be
the case as no sign of different cell membrane structure or
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difference in mitochondria was observed. However, there was
an effect on the chloroplast size. St3 (E. siliculosus) had a
significantly larger chloroplast size in the cell for low-nitrate
and oxidative stress conditions (Table S16). Under the enriched
arsenic conditions, the chloroplasts were larger for both low-
nitrate and low-phosphate conditions when compared with
control.

St2 (E. fasciculatus), however, demonstrated a completely
different response with regard to chloroplast size, where the
three treatments showed a reduction in chloroplast size com-
pared with control conditions, although only statistically signif-
icant for low-nitrate conditions (P = 0.004) (Fig. 9b). This could
be a different response to stress, or possibly the cultures could
not cope as well with stress and the reduced chloroplast size
indicates cell death. St1 (E. crouaniorum) showed no statistical
difference for chloroplast size for the three different treatments
compared with control conditions. This could be due to the fact
that St1 (E. crouaniorum) coped better at growing under reduced
nutrient conditions compared with the other two strains. No
other organelles showed a noticeable visible change in size
when comparing culture conditions.

Conclusions

Filamentous algae from nature and grown in laboratory cultures
showed a similar distribution with regard to AsHCs and AsPLs,



although some distinctive differences indicate genetic or habitat
influence. AsHC360 was identified in all algae samples.

Owing to the similarity of arsenate to phosphate, it was
expected that algae under low-phosphate conditions might use
non-phosphate-containing AsLps such as AsHCs to replace
phospholipids to conserve phosphate for ATP. Here, we dem-
onstrated the opposite, where no increase in AsHC was observed
but instead an increase in AsPLs, suggesting that a deficiency in
phosphate has a direct positive effect on the biosynthesis of
AsPLs. It might be hypothesised that under low-phosphate
conditions, the cell membrane transporters for phosphate trans-
port more arsenate to the mitochondria, were most of the
phosphate is needed. The higher arsenate concentration at the
site of phospholipid synthesis would then result in a higher AsPL
concentration at low-phosphate status. The absence of
AsSugPO, confirms this and suggests that if phosphate is still
bound to any organoarsenicals, it is preferentially bound as
AsPL. Whether AsSugPQOy, is a degradation product of AsPLs or
an intermediate needs further investigation.

If the arsenic concentration is increased, then the excess
arsenic is transformed into AsHCs, mainly AsHC360. Whether
this could be an indication of this polar lipid being used to
replace phospholipids or some kind of detoxification needs to be
studied in more detail. The synthesis of AsHCs or AsPLs is not
only dependent on nutritional status and oxidative stress, but
may also be dose-dependent as shown in the two concentrations
of arsenic tested.

It was observed that the different treatments resulted in
morphological change, in particular to chloroplast size, most
likely linked to stress. This was supported by the absence of
changes in the strain that coped best with stress. The stress
conditions also affected the AsLp profiles. Whether these
morphological and AsLp changes could be related to each other
needs to be addressed in a further study. The present findings
with Ectocarpus sp. show that there appear to be species- or
strain-specific traits affecting markers of stress and arsenolipid
profiles.

Supplementary material

Contained in the Supplementary material are: a table of instru-
mental parameters applied in the study; microscopic imaging of
cultures and field-collected algae; a figure depicting the visible
difference from oxidative stress compared with control condi-
tions; ahylogenetic tree of the three cultured strains and data on
the observed senescence of the cultures; all quantification data,
including tables with mass balance of all algae; tables with the
quantification of AsLps and AsSugars of all the algae; ESIMS
data (graphs) and tables with identified peaks (MS data);
information on fragmentation patterns for cultures and field-
collected Ectocarpales (MS-MS data); a figure showing Ecto-
carpus sample subjected to acid and base hydrolysis; and TEM
imaging data.
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