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ARTICLE INFO ABSTRACT

Keywords: Lake Steinsfjorden, an important noble crayfish (Astacus astacus) habitat, is often affected by blooms of Plank-
Cyanobacteria tothrix spp. that produce microcystins (MCs). A poor correlation between MCs by ELISA in the water and in
ELISA crayfish tissue in a study in 2015 prompted further investigation by LC-HRMS. LC-HRMS analyses of filters from
Egﬁgéﬁ?y water samples and on selected crayfish tissue extracts from the 2015 study revealed the presence of known and
Microcystins previously unreported MCs. Crayfish samples from May and June 2015 were dominated by MCs from the
Planktothrix Planktothrix bloom, whereas in September novel MCs that appeared to be metabolites of MC-LR were dominant,

even though neither these nor MC-LR were detected in the water in 2015. A water sample from October 2016
also showed MCs typical of Planktothrix (i.e., [p-Asp°]- and [p-Asp®,Dhb’IMC-RR and -LR), but low levels of MC-
RR and MC-LR were detected in the lake water for the first time. In late summer and autumn, the MC profiles of
crayfish were dominated by the homonorvaline (Hnv) variant MC-LHnv, a putative metabolite of MC-LR. Taken
together, ELISA, LC-HRMS and previous PCR analyses showed that although Planktothrix was part of the crayfish
diet, it was not the sole source of MCs in the crayfish. Possibly, crayfish in Lake Steinsfjorden may be ingesting
MCs from benthic cyanobacteria or from contaminated prey. Therefore, information on the cyanobacterial or MC
content in the water column cannot safely be used to make predictions about MC concentrations in the crayfish in
Lake Steinsfjorden. Interestingly, the results also show that targeted LC-MS analysis of the crayfish would at
times have underestimated their MC content by nearly an order of magnitude, even if all previously reported MC
variants had been included in the analysis.

1. Introduction

The noble crayfish (Astacus astacus) is a valued delicacy for human
consumption, and Lake Steinsfjorden is one of the most important lo-
cations for harvesting crayfish in Norway (Skurdal et al., 2002).
Although this native European crayfish species is classified as “vulner-
able” on the IUCN red list (JUCN, 2022), and “endangered” on the
Norwegian red list (Artsdatabanken, 2021), it is also of great cultural
and economic significance and therefore protection is a priority in

Norway. Thus, the Norwegian legislation and management of noble
crayfish allows for a strictly regulated fishery (Johnsen and Vrélstad,
2017). The noble crayfish population in Lake Steinsfjorden has been
stable for the last 10 years (Johnsen et al., 2019) and accounts for
approximately 25-30% of the annual harvest in Norway (Johnsen et al.,
2019; Skurdal et al., 2002).

Lake Steinsfjorden is a dimictic and mesotrophic lake with a
maximum depth of 24 m and a surface area of 13.9 km?, which is located
in southeastern Norway (Halstvedt et al., 2007). The larger and deeper

Abbreviations: Adda, 3S-amino-9S-methoxy-2S,6,8S-trimethyl-10-phenyl-4E,6E-decadienoic acid; AGC, automatic gain control; CE, collision energy; DDA, data-
dependent acquisition; Dha, dehydroalanine; Dhb, dehydrobutyrine; DIA, data-independent acquisition; DMAdda, 9-O-demthylAdda; DMSO, dimethyl sulfoxide;
ELISA, enzyme-linked immunosorbent assay; Hnv, 5-hydroxynorvaline; LC-HRMS, liquid chromatography-high-resolution mass spectrometry; LoD, limit of
detection; maxIT, maximum injection time; MC, microcystin; Mdha, N-methyldehydroalanine; Mlan, N-methyllanthionine; Mser, N-methylserine; Nao, Ns—acety—

lornithine; RDBE, rings plus double-bond equivalents; SD, standard deviation.
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Lake Tyrifjorden is connected to the southern end of Lake Steinsfjorden
through a narrow shallow passage with a low water exchange (Halstvedt
et al., 2007). Lake Steinsfjorden is popular for recreational activities
such as swimming, fishing and water sports, and water from the lake is
also used for irrigation of nearby farmland.

Cyanobacterial blooms of Planktothrix agardhii and Planktothrix
rubescens occur frequently in Lake Steinsfjorden (Halstvedt et al., 2007;
Rohrlack et al., 2008), and both are known to produce cyanotoxins such
as the microcystins (MCs). Planktothrix spp. can form metalimnetic
blooms at 10—12 m depth during their growth season in Lake Steinsf-
jorden (Halstvedt et al., 2007). Planktothrix filaments become evenly
distributed throughout the whole waterbody of the lake by the autumnal
circulation, where they can survive in large quantities under the ice
cover during winter. These filaments are released in the spring thaw,
accumulating both in shallow areas and on the shore (Samdal et al.,
2020). Consumption of Planktothrix filaments by the omnivorous cray-
fish in Lake Steinsfjorden was demonstrated by PCR analysis (Samdal
et al., 2020), confirming this as a potential route of exposure to cyano-
bacterial toxins, including MCs.

MCs are toxic cyclic heptapeptides, with the unusual p-amino acid
3S-amino-9S-methoxy-2S,6,8S-trimethyl-10-phenyl-4E,6E-decadienoic
acid (Adda) at position-5 (Fig. 1). So far, around 300 MC analogues have
been identified, with the most commonly reported MCs being MC-RR
(5), MC-YR, MC-LR (12), and MC-LA (27) (Bouaicha et al., 2019;
Jones et al., 2021). Although none of these four variants have been
found in Lake Steinsfjorden, a series of MCs have been recorded in the
lake or from Planktothrix cultures isolated from the lake. In earlier
studies these were reported as desmethylMC-LR, desmethylMC-RR,
desmethylMC-HtyR, and desmethylMC-YR (Rohrlack et al., 2008) due to
the difficulty of identifying the position of the demethylation by
LC-MS/MS. Two later papers reported [D-Asps,Dhb7]MC-RR (4),
[D-Asp3]MC-RY, and [D-AspB]MC-LY, as well as analogues tentatively
identified as [p-Asp’]MC-RR (3), [p-Asp’,DMAdda®,Dhb’]MC-LR,
[p-Asp® Dhb’]IMC-LR  (9), [p-Asp® Dhb’/]MC-HtyR (8), [p-Asp°]
MC-HtyR, [p-Asp’]MC-LR (10), [p-Asp®,Dhb’IMC-RY, and [p-Asp’,
Dhb’]MC-LY, together with low levels of several other analogues in
water samples or Planktothrix cultures obtained from Lake Steinsfjorden
(Mallia et al., 2019; Miles et al., 2013a).

Decapods, including freshwater crabs, crayfish and shrimps, are
known to accumulate MCs in various organs, especially the hepato-
pancreas and gonads (Bownik, 2013; Liras et al., 1998; Tricarico et al.,
2008). In general, MC levels in contaminated decapods are highest in the
hepatopancreas, stomach, and intestine, and lowest in the (tail) muscle
(Gutierrez-Praena et al., 2013; Papadimitriou et al., 2012; Samdal et al.,
2020; Tricarico et al., 2008). Mortalities of white shrimp have been
reported in aquaculture ponds during blooms of Microcystis aeruginosa
and an Anabaena sp., where up to 55 pg/g MC-LR had accumulated in
the hepatopancreas, but MC-LR concentrations were below 0.1 pg/g in
the tail muscle (Bownik, 2013). MCs were found to accumulate in the
hepatopancreas of North American signal crayfish (Pacifastacus lenius-
culus) fed on toxic and nontoxic Planktothrix agardhii for two weeks,
without any detectable negative effects on their health (Lirds et al.,
1998), and a few studies have also examined the accumulation of MCs in
the noble crayfish (Gutierrez-Praena et al., 2013; Miles et al., 2013a;
Papadimitriou et al., 2012). A report from 1997 (Aune et al., 1997)
proposed that noble crayfish in Lake Steinsfjorden might accumulate
MCs. This was later confirmed by (Miles et al., 2013a), highlighting the
need for a more comprehensive study with modern analytical tools.

A recent field study by Samdal et al. (2020) investigated the uptake
and distribution of MCs in crayfish in Lake Steinsfjorden in 2015, and
discovered a good correlation between Planktothrix cell counts and MC
levels (by Adda-ELISA) in the lake water. However, MC levels in the
crayfish tissues by multihapten MC-ELISA showed no correlation with
Planktothrix or MCs by Adda-ELISA in the water in 2015 (Fig. S5 of
Samdal et al. (2020)), nor in 2016 (Samdal et al., 2020). The authors
suggested that this might be due either to very slow depuration of the
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MCs in the crayfish from the previous year or to alternative uptake
routes through bioaccumulation from the food web. However, the in-
formation on the concentration of total MCs present in the samples was
only obtained through ELISAs. Without information on the toxin profiles
in the water and crayfish, no further conclusions were drawn, apart from
that the MC content in the crayfish in Lake Steinsfjorden cannot be
predicted from the MC content of the water in the lake.

During the study from 2014 to 16, Lake Steinsfjorden contained
relatively high Planktothrix biomasses (up to 2.0 mg/L in the epilimnion
(0-7 m) and 4.7 mg/L in the metalimnion (8-14 m) (Fig. 2)) at the
sampling station, when compared to previous and subsequent years
(Fig. S1 in Samdal et al. (2020)). Planktothrix spp. dominated in the lake
from May-July 2015, but diatoms (Bacillariophyceae) were the dominant
algae from August-October. Planktothrix spp. survived under the ice
during the winter of 2014-15 and large piles of Planktothrix biomass
were observed when the ice broke up in spring.

The aim of this study was to investigate the MC profiles by LC-HRMS
in the same set of extracts of crayfish tissues (stomach, intestine, hepa-
topancreas and tail muscle) from 2015 to 2016 that were used for the
original ELISA analysis of Samdal et al. (2020), and to compare these
with the MC profile from the water in Lake Steinsfjorden during
May-September 2015 and with a water sample from October 2016. It
was anticipated that this might reveal details of the uptake, metabolism,
and depuration of MCs in A. astacus, which were inaccessible in the
previous study because the immunoassay methods used by Samdal et al.
(2020) revealed only the total concentrations of MCs in the samples.

2. Materials and methods
2.1. Materials

Inorganic chemicals and organic solvents were reagent grade or
better. The standard of MC-LR for the multihapten-ELISA was obtained
from Enzo Life Sciences Inc. (Farmingdale, NY, USA), and was calibrated
in-house against CRM-MC-LR from NRC (Halifax, NS, Canada). The
standard for the Adda-ELISA was as provided with the kit (Abraxis LLC,
Warminister, PA, USA). A mixed standard of MC CRMs prepared from
CRM-MCRR (5), CRM-MCLR (12), CRM-dmMCLR (11), CRM-
Leu'MCLY, and CRM-NODR (all from NRC, Halifax, NS, Canada) was
used for LC-HRMS quantitation. Mixtures of retention-time standards
were prepared from [D-ASpB]MC-RR 3), [D-Asp3,Dhb7]MC-RR 4), [p-
Asp3]MC-LR (10), MC-LA (27), MC-LY (28), MC-LW (31), MC-LF (33),
MC-YR, MC-HilR, and MC-WR sourced from Abraxis, and from MC-RY
purified from a bloom material (Miles et al., 2013b). In addition, ex-
tracts of cultures or field samples containing a wide range of MCs
identified in previous studies were used (Ballot et al., 2020; Mallia et al.,
2019; Miles et al., 2013b), together with an in-house reference material
(Hollingdale et al., 2015), as qualitative standards and for comparison of
LC-MS/MS spectra with those of MCs in the crayfish and water samples.

2.2. Water filter samples

Samples were taken monthly from May to October in 2015 at 1 m
intervals (0-14 m) at the deepest part of the lake (60.09452 °N,
10.32427 °E), by filtering 100 mL of lake water through a cellulose ni-
trate membrane filter (0.45 pm, diameter 40 mm; Sartorius AG,
Gottingen, Germany). The filters were dried at ambient temperature
overnight and stored at —20 °C in the dark until used. All the filters from
each sampling date were cut into 3 strips and placed together in a glass
scintillation vial, and MeOH-water (1:1, 15 mL) was added. The vials
were briefly bath-sonicated (1 min), then vortex-mixed (500 Hz for 1 h
at 25 °C; Multitherm mixer, Benchmark Scientific, Edison, NJ, USA).
Aliquots (1 mL) of the methanolic extracts were filtered (0.22 pm;
Corning Costar Spin-X centrifuge tube filters, Sigma—Aldrich, St. Louis,
MO, USA) for analysis by LC-HRMS.
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1 [D-Asp®Mlan’]MC-RR Arg Arg Mlan H Me H 11435626 2 573.2922
2 [D-Asp’Mlan’]MC-RR Arg Arg Mlan H Me H 11435626 2 573.2922
3 [D-Asp’]MC-RR Arg Arg Mdha H Me H 10225429 2 512.7824
4 [D-Asp®Dhb’IMC-RR Arg Arg Dhb H Me H 10225429 2 512.7824
5 MC-RR Arg Arg Mdha Me Me H 1036.5585 2 519.7902
6 [DMAdda’]MC-LR Lleu Arg Mdha Me H H 979.5258 1 981.5404
7 [Mlan’]MC-LR Leu Arg Mlan Me Me H 11145612 2 558.7915
8 [D-Asp®Dhb’JMC-HtyR Hty Arg Dhb H Me H 10435208 1 1045.5353
9 [D-Asp®Dhb’/]MC-LR Leu Arg Dhb H Me H 979.5258 1 981.5404
10 [D-Asp’]MC-LR Leu Arg Mdha H Me H 979.5258 1 981.5404
11 [Dha’]MC-LR Leu Arg Dha Me Me H 979.5258 1 981.5404
12 MC-LR Leu Arg Mdha Me Me H 993.5415 1 995.5560
13 [Mlan’]MC-LHnv Leu Hnv Mlan Me Me H 1073.5235 1 1075.5380
14 [Mlan’]MC-LHnv Leu Hnv Mlan Me Me H 10735235 1 1075.5380
15 [DMAdda’lMC-LHnv  Leu Hnv Mdha Me H H 938.4881 1 940.5026
16 MC-LCit Leu Cit Mdha Me Me H 994.5255 1 996.5401
17 [D-Asp®]MC-LHnv Leu Hnv Mdha H Me H 938.4881 1 940.5026
18 [Mser’IMC-LHnv Leu Hnv Mser Me Me H 970.5143 1 972.5288
19 dmMC-LHnv Leu Hnv Mdha Me Me H 938.4881 1 940.5026
20 MC-LM(O) Leu Met(O) Mdha Me Me H 984.4758 1 986.4903
21 [Dha’]MC-LHnv Leu Hnv Dha Me Me H 038.4881 1 940.5026
22 MC-LNao Leu Nao Mdha Me Me H 993.5303 1 995.5448
23 [Glu(OMe)’MC-LHnv Leu Hnv Mdha Me Me Me  966.5194 1 968.5339
24 dmMC-LHnv Leu Hnv Mdha Me Me H 938.4881 1 940.5026
25 MC-LHnv Leu Hnv Mdha Me Me H 952.5037 1 954.5183
26 MC-HilHnv Hil Hnv Mdha Me Me H 966.5194 1 968.5339
27 MC-LA Leu Ala Mdha Me Me H 908.4775 1 910.4920
28 MC-LY Leu Tyr Mdha Me Me H 1000.5037 1 1002.5183
29 MC-LAbu Leu Abu Mdha Me Me H 922.4931 1 924.5077
30 MC-LM Leu Met Mdha Me Me H 968.4809 1 970.4954
31 MC-LW Leu Trp Mdha Me Me H 10235197 1 1025.5342
32 MC-LV Leu Val Mdha Me Me H 936.5088 1 938.5233
33 MC-LF Leu Phe Mdha Me Me H 984.5088 1 986.5233
34 MC-LL Leu Leu Mdha Me Me H 950.5244 1 952.5390
35 isoMC-LL Leu Leu Mdha Me Me H 950.5244 1 952.5390
36 [Dha’]MC-RR Arg Arg Dha Me Me H 10225429 2 512.7824
37 [D-Asp®]MC-HtyR Hty Arg Mdha H Me H 1043.5208 1 1045.5353
38 [Dha’]MC-HtyR Hty Arg Dha Me Me H 1043.5208 1 1045.5353

Fig. 1. Structures of MCs identified in the samples, and showing characteristic positive and negative mode fragments for MC-LR (12). Compound numbers in the text,
Figures and Tables refer to the MC variants listed here. Compounds 13-26 and 35 do not appear to have been reported previously, and their tentative identities are
based only on LC-HRMS/MS and chemical reactivity data. The positions of demethylation for some dmMC-LHnv variants could not be determined from the available
data. Compounds 36-38 were only detected indirectly by mercaptoethanol derivatization, due to chromatographic overlap of the underivatized compounds with
major isomer(s). An additional partly characterized variant with [M+H]" at m/z 972.5288 (25 + H,0) was also detected at 10.92 min (Table S3).
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Fig. 2. Cyanobacterial biomass and MC concentrations by Adda-ELISA in Lake
Steinsfjorden for 2014-2016 at respectively 0-7 m and 8-14 m. Note that
“Other cyanobacteria” were present at all times, but concentrations never
exceeded 36 mg/m>. For further details, such as other phytoplankton, see also
Fig. 3 in Samdal et al. (2020).

2.3. Water samples

Monthly integrated water samples for phytoplankton composition
and biomass and for MC analyses were taken from May-October in
2014, 2015 and 2016 at the deepest part of the lake (STL) (Fig. 1 of
Samdal et al. (2020)). A Ramberg sampler (2-m) was used to collect
samples from 0 to 7 m and 8-14 m.

For quantitative phytoplankton analysis, a 100 mL subsample was
removed from a sample taken from the integrated samples and pre-
served with Lugol’s solution and a concentrated net sample (mesh size
20 pm) was taken and preserved by addition of formaldehyde (4% final
concentration) for qualitative analysis. A 5 mL subsample was taken and
stored at —20 °C for further analysis of total MCs by Adda-ELISA.

2.4. Phytoplankton

Phytoplankton taxa were counted and determined as described by
Samdal et al. (2020). The water samples collected from Lake Steinsf-
jorden were tested for MCs using the MC-Adda ELISA (Abraxis LLC,
Warminister, PA, USA) as described in Samdal et al. (2020). The test is
an indirect competitive ELISA based on the recognition by specific an-
tibodies of the Adda moiety found in most MCs and nodularins.

2.5. European noble crayfish (Astacus astacus)

Wild crayfish were caught using baited traps once a month from June
to October 2015 by a local landowner with permission from the county
governor of Buskerud as described by Samdal et al. (2020). Twenty
crayfish per month (total of 100; 42 female, 58 male) with an average
length of 91 mm (SD 6.5 mm) were thus analysed from 2015, and a total
of 10 crayfish (4 female, 6 male) were analysed from October 2016. The
crayfish were dissected in a partly-thawed condition, using clean
equipment for each crayfish. Tissue samples were taken from the
stomach, hepatopancreas, intestine and abdominal tail muscle and
extracted as described by Samdal et al. (2020). The concentration of MCs
in each crayfish extract was determined by indirect competitive ELISA as
described by Samdal et al. (2020), based on the multihapten approach
(Samdal et al. (2014)) with only minor adjustments to plate-coater and
antibody concentrations to optimize the assay.

Environmental Research 242 (2024) 117623
2.6. LC-HRMS analysis

The method, based on Yilmaz et al. (2019) and Foss et al. (2018),
used a Q Exactive HF Orbitrap mass spectrometer equipped with a
heated electrospray ionization interface (ThermoFisher Scientific, Wal-
tham, MA, USA) using an Agilent 1200 G1312B binary pump, G1367C
autosampler and G1316B column oven (Agilent, Santa Clara, CA, USA)
connected to a Symmetry C18 column (3.5 pm, 150 x 2.1 mm; Waters,
Milford, MA, USA) held at 40 °C. Analyses were performed with mobile
phases A and B of HoO and CH3CN, respectively, each of which con-
tained formic acid (0.1% v/v). Gradient elution (0.3 mL/min) was from
20 to 90% B over 18 min, then to 100% B over 0.1 min and a hold at
100% B (2.9 min), then returned to 20% B over 0.1 min with a hold at
20% B (3.9 min) to equilibrate the column (total run time 25 min). In-
jection volume was typically 1-5 pL. Extraction of product-ion masses,
and the inclusion and exclusion lists for data-dependent acquisition
(DDA), were performed with the mass tolerance set to 5 ppm.

The MS was operated in positive ion mode and calibrated from m/z
74-1922. The spray voltage was 3.7 kV, the capillary temperature was
350 °C, and the sheath and auxiliary gas flow rates were 25 and 8 units
respectively, with MS data acquired at 2-20 min. Chromatograms were
obtained in data-independent acquisition (DIA) mode (full-scan: scan
range m/z 500-1400, resolution 60,000, automatic gain control (AGC)
target 1 x 106, maximum injection time (maxIT) 100 ms; DIA: resolution
15,000, AGC target 2 x 10°, maxIT auto, and stepped collision energy
(CE) of 30, 60 and 80 eV at m/z 530, 590, 650, 710, 770, 830, 890, 950,
1010, 1070, 1130, 1190, 1250, 1310, and 1370 with isolation window
62 and default charge state 1) to obtain full-scan and DIA fragmentation
spectra. Mass spectral data were also collected using a combined full
scan (FS) and top-10 data-DDA method. Data was acquired as for DIA
but with an exclusion list generated from a blank injection and an in-
clusion list from a publicly available database of MC m/z values (Miles
and Stirling, 2018), except that maxIT was set to 100 ms and dynamic
exclusion 5.0 s and “if idle pick others” were selected. The DIA and DDA
chromatograms were extracted for product-ions at m/z 135.0804,
135.1168, 361.1758, 375.1914, and 393.2020 to identify candidate
MCs. Targeted LC-MS/MS spectra were obtained with alternating
full-scan (as described above) and parallel reaction monitoring modes at
the desired value of m/z, typically with resolution 30,000, AGC target 5
x 10°, max IT 400 ms, isolation window 0.7. Typical collision energies
were: stepped CE at 30 and 35 eV for MCs with no Arg; stepped CE at 60,
65 and 70 eV for MCs with one Arg; and CE at 65 eV for [M+H]" and
stepped CE at 20, 25 and 30 eV for [M+2H]?" of MCs with two Arg
groups. The resolution, maxIT, AGC target and injection volume were
sometimes adjusted for minor peaks or insufficiently resolved
product-ions, and the CE was sometimes adjusted (as specified) to
enhance the intensity of structurally diagnostic product ions.

In negative mode the MS was calibrated from m/z 74-1922 and the
spray voltage was —3.7 kV, while the capillary temperature, sheath and
auxiliary gas flow rates were the same as for positive mode. Chro-
matograms were obtained in negative DIA mode (full scan: scan range
m/z 750-1400, resolution 60,000, AGC target 1 x 106, maxIT 100 ms;
DIA: scan range m/z 93-1400, resolution 15,000, AGC target 2 x 105,
maxIT auto, and stepped CE 65 and 100 eV at m/z 772, 815, 858, 902,
945, 988, 1032, 1075, 1118, 1162, 1205, 1248, 1294, 1335, and 1378
with isolation window 45 and default charge state 1) to obtain full-scan
and DIA fragmentation spectra. Mass spectral data were also collected
using a combined full scan (FS) and top-10-DDA method. DDA data were
acquired as for DIA but with an exclusion list generated from a blank
injection and an inclusion list from a publicly available list of MC m/z
values (Miles and Stirling, 2018), except that maxIT was set to 100 ms
and dynamic exclusion 5.0 s and “if idle pick others” were selected. The
DIA and DDA chromatograms were extracted for the product-ion at m/z
128.0353 to identify candidate MCs.

Dedicated full-scan chromatograms were obtained as described
above, but with alternating positive and negative ionization scans with
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the resolution set to 120,000 and maxIT to 300 ms. The positive-ion
chromatograms of crayfish extracts were extracted for the exact m/z
values (+5 ppm) for [M+2H]?" (1-5, 7 and 36) or [M+H]" (6, 8-35, 37
and 38) ions of the microcystins in Table 1. A mixed quantitative stan-
dard containing MC-RR (5), MC-LR (12), and [Leu']MC-YR (1 13,1023,
and 393 ng/mL, respectively) was prepared from the CRMs and used to
produce linear calibration curves (all R? > 0.997) from five serial 3-fold
dilutions in MeOH. Peak areas from microcystins in the samples were
then quantitated against the calibration curve for the most appropriate
of the three external microcystin standards. Doubly-charged variants
1-5, 7 and 36 were quantitated against [M+2H]?" of MC-RR, singly
charged mono-Arg-containing variants 6 and 8-12 were quantitated
against [M+H]" of MC-LR, and singly charged non-Arg-containing
variants 13-35 against [M+H]" of [Leul]MC—LY).

2.7. Derivatization reactions
Mercaptoethanol derivatization was performed by addition of

(NH4)2COs3 (0.1 M, 200 pL) to filtered extracts (200 pL) followed by 1 pL
of a 1:1 mixture of mercaptoethanol and ds4-mercaptoethanol

Table 1

Environmental Research 242 (2024) 117623

(Sigma-Aldrich, St. Louis, MO, USA) (Yilmaz et al., 2019). A control
reaction was performed in parallel whereby 1 pL of water was added
instead of the thiol. Derivatization with Cys was performed by addition
of NaHCO3 (10 mg/mL, 10 pL) to an aliquot of extract (20 pL), followed
by addition of 1i-cysteine (10 mg/mL, 10 pL). Oxidation of
sulfide-containing MC variants, performed by addition of DMSO (10 pL)
to an aliquot of the extract (25 pL) followed by addition of Oxone (10
mg/mL, 20 pL), was based on Miles et al. (Miles, 2017; Miles et al.,
2014). Acetylation was performed by evaporation of an aliquot of the
crayfish extract (50 pL) under Nj, adding acetic anhydride (10 pL) and
pyridine (10 pL) and allowing the reaction to stand for 30 min, after
which the reaction mixture was evaporated under N, and reconstituted
in MeOH-H0 (1:1, 50 pL).

2.8. Isotopologue analyses

The five most intense peaks in the [M—H]~ and either [M+H]" or
[M+2H]?" isotopologue clusters from LC-HRMS of putative MCs were
analysed with the NRC Molecular Formula Calculator (version Oct 2022;
https://metrology.shinyapps.io/molecular-formula-calculator/).

Microcystins detected by LC-HRMS in water or crayfish samples from Lake Steinsfjorden in 2015 and 2016 (see also Fig. 1).°

Positive (z = +1 or +2) MC profile of water (%)

# Microcystin variant RT (min) Thiol react.” Neutral Formula 4 Measured m/z A (ppm) 2015 2016
Jun Sep Oct
1 [p-Asp® Mlan’]MC-RR 3.65 No Cs1HgoO14N14S 2 573.2926 0.7 0 0 0
2 [p-Asp®,Mlan’]MC-RR 4.11 No Cs1Hg0014N14S 2 573.2919 -0.7 0 0 0
3 [p-Asp*IMC-RR 4.63 Yes C4gH73012N13 2 512.7816 -1.5 65 78 7
4 [p-Asp®,Dhb’IMC-RR 4.70 No C4gH73015N13 2 512.7826 0.5 20 22 7
5 MC-RR 4.72 Yes C4oH75012N13 2 519.7898 -0.7 0 0 2
6 [DMAdda®]MC-LR 6.11 Yes C4gH72012N10 1 981.5385 -2.0 0 0 0
7 [Mlan’]MC-LR 6.44 No Cs2Hg1014N11S 2 558.7904 -2.1 0 0 0
8 [p-Asp®,Dhb”IMC-HtyR 7.15 No Cs2H75013N19 1 1045.5359 0.6 2 0 15
9 [p-Asp®,Dhb”IMC-LR 7.26 No C4gH72012N10 1 981.5428 2.5 12 0 29
10 [p-Asp®IMC-LR 7.19 Yes C4gH72012N10 1 981.5409 0.5 2 0 23
11 [Dha’]MC-LR 7.43 Yes C48H72012N10 1 981.5375 -3.0 0 0 7
12 MC-LR 7.40 Yes C40H74012N10 1 995.5549 -1.1 0 0 2
13 [Mlan’]MC-LHnv" 9.85 No Cs1H75015NgS 1 1075.5383 0.3 0 0 0
14 [Mlan”]MC-LHnv* 10.15 No Cs1H75015NgS 1 1075.5387 0.7 0 0 0
15 [DMAdda®]MG-LHnv 10.97 Yes C47Hp9013N7 1 940.5034 0.8 0 0 0
16 MC-LCit 12.22 Yes C4oH72013Ng 1 996.5377 —2.4 0 0 0
17 [p-Asp®IMC-LHnv 12.28 Yes C47He0013N7 1 940.5001 -2.7 0 0 0
18 [Mser”]MC-LHnv 12.48 No C4gH73014N7 1 972.5290 0.2 0 0 0
19 dmMC-LHnv 12.60 Yes C47Hg0013N7 1 940.5022 -0.4 0 0 0
20 MC-LM(0) 12.70 Yes C4gH71013N,S 1 986.4895 —-0.8 0 0 0
21 [Dha’]MC-LHnv 12.85 Yes C47Hgo013N7 1 940.5015 -1.2 0 0 0
22 MC-LNao 13.00 Yes Cs0H74013Ng 1 995.5428 -2.0 0 0 0
23 [Glu(OMe)®IMC-LHnv 13.08 Yes C40H73013N; 1 968.5339 0.0 0 0 0
24 dmMC-LHnv 13.30 Yes C47Hg0013N7 1 940.5013 -1.4 0 0 0
25 MC-LHnv 13.34 Yes C4sH71013N; 1 954.5172 -1.2 0 0 0
26 MC-HilHnv 13.76 Yes C40H73013N; 1 968.5352 -1.0 0 0 0
27 MC-LA 14.80 Yes C46Hs7012N7 1 910.4916 —-0.5 0 0 0
28 MC-LY 15.12 Yes Cs2H7,013N; 1 1002.5175 -0.7 0 0 0
29 MC-LAbu 16.00 Yes C47Hg0012N7 1 924.5065 -1.3 0 0 0
30 MC-LM 16.60 Yes C4sH71012N7S 1 970.4943 -1.2 0 0 0
31 MC-LW 16.97 Yes Cs4H72015Ng 1 1025.5326 -1.6 0 0 0
32 MC-LV 16.97 Yes C4gH71012N; 1 938.5214 -21 0 0 0
33 MC-LF 17.54 Yes Cs2H7101oN7 1 986.5221 -1.3 0 0 0
34 MC-LL 17.83 Yes C4oH73015N7 1 952.5376 -1.5 0 0 0
35 MC-LL isomer 17.96 Yes C4oH73012N; 1 952.5379 -1.2 0 0 0
36 [Dha’]MC-RR? - Yes C4sHy3012N13 2 - - 0 0 3
37 [p-Asp>]MC-HtyR? - Yes Cs2H72013N10 1 - - 0 0 5
38 [Dha’IMC-HtyR? - Yes Cs2H72013N10 1 - - 0 0 1

# A fuller version of Table 1 is presented in Table S1, including negative ionization mode results. Retention times and mass errors are from representative LC-HRMS
analyses. Variants 13-26 and 35 do not appear to have been reported previously. Variants 1, 2, 7, 13, 14, and 30 reacted with mild oxidants (30 reacted to give 20) to
give the corresponding sulfoxides while the remaining variants were unreactive. An additional partially characterized variant with m/z 972.5288 (25 + H,0) was also
detected at 10.92 min (Table S3). “MC profile of water (%)” is the percentage of the total MCs detected in that month’s sample.

b Thiol. react. = reacted rapidly with mercaptoethanol under weakly basic conditions.

¢ 13 is the minor isomer, 14 is the major one.

4 Only detected indirectly by mercaptoethanol derivatization, due to chromatographic overlap of the underivatized compound with major isomer(s).


https://metrology.shinyapps.io/molecular-formula-calculator/

C.0. Miles et al.

Elemental constraints used were: C, 40-60; H, 50-100; N, 7-14; O,
12-18, and S, 0-1 (based on Miles and Stirling (2019)), usually with the
“Use Senior Rules” setting with the mass tolerance set to 5 ppm and
resolution set to 0.001 m/z. With these settings, generally only one
viable elemental formula was obtained with a realistic number of rings
plus double-bond equivalents (RDBE) (16-30) from examining both the
positive and negative mode spectra. An illustrative example of this
approach is shown for the putative novel MC metabolite MC-LHnv (25)
(Figs. S1 and S2), for which the only neutral formula satisfying the
abovementioned constraints was C4gH71013N7.

3. Results and discussion

In this study we demonstrate that the high levels of MCs in crayfish in
Lake Steinsfjorden during the autumn, when the levels of MCs in the
water were low, not only remained high, but that the toxin profile
changed dramatically to a suite of variants that were at no stage present
in the water column. Below, we present these results and discuss their
implications.

3.1. Strategy for identification of candidate MCs by LC-HRMS/MS

A strategy designed to detect the widest possible array of MCs by
LC-HRMS was applied to the extracts, including analysis in full-scan
mode with alternating positive and negative ion scans, in conjunction
with mercaptoethanol derivatization to identify thiol-reactive potential
Mdha’-and Dha’-containing MC variants. In addition to this, LC-HRMS/
MS was performed using DIA and DDA in both positive and negative
ionization modes. The negative mode DIA and DDA chromatograms
were extracted for the product-ion p-Glu® moiety (Fig. 1) present in all
toxic MCs, and the positive mode DIA and DDA chromatograms were
extracted for a range of characteristic product ions arising from the
Adda®-moiety and from the Adda®-p-Glu®-Dha’/Mdha’ /Mser” moieties
(Fig. 1). This strategy was, therefore, expected to detect any MC variants
containing the amino acids previously detected at positions-5 and -6,
and most of the known variants at position-7, and thus to have the po-
tential to detect essentially any toxic MC regardless of its amino acid
composition at the more variable positions 1-4 (Fig. 1).

Previous studies have shown the MC profile in Lake Steinsfjorden to
be dominated by toxins from Planktothrix spp. The MCs from Lake
Steinsfjorden, or from Planktothrix cultures isolated from it, produce
either Dhb’-or Mdha-containing p-Asp>-variants of MCs (Mallia et al.,
2019; Miles et al., 2013a). The lakewater typically contains a mixture of
isomeric pairs of Dhb”-and Mdha-variants of [p-Asp>]MCs, produced by
cohabiting strains of Planktothrix (Miles et al., 2013a). As these isomeric
MCs have nearly identical retention times and fragmentation patterns in
most LC-MS methods, the most practical way to differentiate between
them with certainty by LC-MS is via their substantially different reac-
tivity with thiols (Miles et al., 2013a). We applied this approach by
derivatizing samples with a 1:1 mixture of mercaptoethanol and
ds-mercaptoethanol, which reacts rapidly with Dha’- and Mdha’--
containing MCs, but hundreds of times more slowly with the more ste-
rically hindered olefin in Dhb’-containing MCs. Not only is this change
readily detected by LC-MS, but the derivatization products are also
easily identified from their characteristic isotopologue profiles (peaks
separated by m/z 4.0251 or 2.0126 for z = +1 or z = +2, respectively; e.
g. see Fig. S3) by LC-HRMS (Mallia et al., 2019), and have similar
LC-MS responses to their underivatized precursors (Miles et al., 2013a).
This approach was applied to analyse both the water samples from Lake
Steinsfjorden and selected crayfish extracts, and its application is
exemplified by the analysis of the MCs in the water in June 2015 (Fig. 3).
Fig. 3F shows the underivatized MC profile, including unresolved peaks
for the isomeric pairs 3 and 4, and 9 and 10. However, after derivati-
zation, the underivatized Dhb’-MCs 4, 8 and 9 remained (Fig. 3A, C, and
E), whereas Mdha’-MCs 3 and 10 disappeared and were replaced by
their corresponding thiol derivatives (3* and 10*, respectively, in
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4 [D-Asp® Dhb’/JMC-RR
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Fig. 3. Thiol derivatization of the extract from filters collected from water at
0-22 m in June 2015. LC-HRMS full-scan extracted-ion chromatograms (posi-
tive mode, +5 ppm) A-E are from the sample after derivatization with 1:1
mercaptoethanol and ds-mercaptoethanol (i.e. Mdha”-MCs are derivatized, but
Dhb’-MCs are not), extracted at: A, m/z 512.7824 (4); B, m/z 551.7893 and
553.8019 (3 derivatized with mercaptoethanol, i.e. 3*); C, m/z 981.5404 (9); D,
m/z 1059.5543 and 1063.5794 (10 derivatized with mercaptoethanol, i.e. 10%),
and; E, m/z 1045.5353 (8). Chromatogram F is from the same sample without
thiol derivatization, and is the sum of extracted ions at m/z 512.7824 (3 and 4),
981.5404 (9 and 10), and 1045.5353 (8). No other MCs were detected in this
sample, apart from trace levels of the two isomeric cysteine conjugates of 3 (1
and 2). The derivatization chromatograms (A-E) are scaled to intensity of the
peak for 3 + 4 in chromatogram F (the underivatized control sample), and the
intensities from 6 to 9 min are expanded 10-fold to help visualize the minor
MCs in the sample. MCs variants detected as mercaptoethanol derivatives (i.e.
containing Dha” or Mdha’) are marked with asterisks.

Fig. 3B and D). Thiol derivatization was also helpful for identifying
Mser’ /Ser’-containing MCs, and MCs conjugated to Cys (or GSH),
because these variants do not contain a thiol-reactive conjugated olefin
at position-7 (Fig. 1).

The identities of putative Cys conjugates of MCs (i.e. Mlan’-variants)
were verified by semisynthesis via reaction of selected extracts with Cys
under weakly basic conditions (Kondo et al., 1992), followed by
LC-HRMS comparison with extracts containing the putative Cys conju-
gates. As with the mercaptoethanol derivatization, this reaction with
Cys was rapid for Mdha’-and Dha’-containing MCs (Fig. S4), whereas
the corresponding Dhb-variants reacted only very slowly. The presence
of MCs containing sulfide linkages (i.e. Cys conjugates of MCs, and
MC-LM (30)) in extracts was confirmed by mild oxidation with
DMSO/Oxone (Miles, 2017), which oxidizes sulfides to sulfoxides. This
reaction results in a characteristic increase in mass for the sulfoxide
product of 15.9949 Da, and a shortening of the retention time, relative to
the sulfide-containing precursor, when compared to the underivatized
sample by LC-HRMS (Fig. S4).

3.2. Identification of individual MC variants

Many of the MCs were identified by comparison of their retention
times, product-ion spectra and chemical reactivities with those of MC
standards (3, 4, 10-12, 27, 28, 31, and 33) or with culture- or field-
samples in which these compounds had been reported (1, 2, 6-9, 29,
32, and 34). All the MCs reported in Table 1 reacted rapidly with
mercaptoethanol, except for those containing Dhb’ (4,9), Mser’ (18), or
those that were found to be Cys conjugates (1, 2, 7, 13, and 14) of
Mdha7—containing MCs, which were all unreactive toward mercaptoe-
thanol. MCs that contained sulfide moieties (1, 2, 7, 13, 14, and 30)
were oxidised to their sulfoxides by Oxone/DMSO, while the remaining
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MCs, including sulfoxide-20, were not affected. The identities of the
minor Cys conjugates MCs (1, 2, 7, 13, and 14) were further confirmed
by reaction of the sample with Cys under basic conditions, to convert the
more abundant unconjugated MCs (3, 12, 25) to their semisynthetic
Cys-conjugates.

Crayfish samples from later in the summer of 2015 contained many
MCs that were not detected in the corresponding water samples. These
included MC-LR (12), but in some cases there were much larger peaks of
later-eluting MCs, some of which appeared to be metabolites. A thiol-
reactive peak eluting at 12.22 min had accurate masses and thiol reac-
tivity consistent with MC-LCit (16). Low levels of [D-Asp3]MC-RCit were
recently reported in a culture of Planktothrix prolifica, and were sus-
pected to have been produced from the much more abundant [p-Asp°]
MC-RR (3) that was present (Mallia et al., 2019). Confirmation of the
identity of 16 was obtained by comparison of its LC-HRMS/MS spec-
trum with that of MC-LA (27) (Figs. S5-11, Table S2). This showed that
the difference in mass between MC-LA and 16 was located solely on the
side-chain of the amino acid at position-4. Furthermore, the
LC-HRMS/MS spectrum of [M+H]" of 16 showed a neutral loss of
HNCO (43.0058 Da) from the terminal ureido moiety, characteristic of
Cit-containing peptides (Hao et al., 2009).

A prominent thiol-reactive peak (25) eluting at 13.61 min in extracts
from crayfish in late summer had accurate masses and an isotope profile
consistent with C4gH71N7013. Comparison of its product-ion spectrum
with that of MC-LA (27) (Figs. S12-S16, Table S2) revealed that the mass
difference was located entirely in the amino acid at position-4, and this
amino acid therefore had the neutral elemental composition CsH;1NO3,
containing 1 RDBE. Given that only r-amino acids have ever been
identified at position-4 in MCs, it seemed likely that this was a hy-
droxylated 1-amino acid not previously reported in MCs. Consistent with
this, several of the expected product-ions containing amino acid-4 were
dehydrated (loss of 18.0106 Da) relative to the expected m/z value.
Hydroxylation was confirmed by derivatization of an extract with acetic
anhydride to give the monoacetate derivative. Analysis of the resulting
acetate’s product-ion spectrum confirmed the acetate to also be located
at position-4 (Table S2). These results are consistent with the presence of
the uncommon r-amino acid 5-hydroxynorvaline (Hnv), which has been
reported in both plants and bacteria (Hill et al., 1993; Yan et al., 2014),
although hydroxylation at other locations on the amino acid side-chain
cannot be excluded from the mass spectral data. However, the
co-occurrence of 25 in crayfish with MC-LR (12) and MC-LCit (16)
suggests that 25 may be produced by hydrolytic or other metabolic
processes in the crayfish (Fig. 4) from one of these, and is therefore
tentatively identified as MC-LHnv (25). The diastereomeric pair of Cys
adducts of MC-LHnv (13 and 14) were also present in the crayfish ex-
tracts in late summer. Their identities were confirmed by their accurate
masses, isotope profiles, LC-HRMS/MS spectra, their ready oxidation to
their sulfoxides, and semisynthesis (Figs. S4 and S17). A number of
minor derivatives of MC-LHnv (25) were detected by LC-HRMS/MS in
the crayfish, including the Mser’-derivative (18), five demethylated

N

H

MC-LNao (22) MC-LR (12)
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congeners (15,17, 19, 21, and 24), and a methylated variant (26). The
demethylated variants were not identified with certainty due to limited
signal-to-noise in their product-ion spectra (Fig. S18), but appear to
include the DMAdda®-, D-Asp3-, and Dha7-congeners of MC-LHnv (15,
17, and 21, respectively) based on relative retention times and
product-ion spectra (Fig. S18). Similarly, the [Mser’ JMC-LHnv (18)
showed relatively low signal-to-noise (Fig. S19, Table S2), but included
a prominent product ion at m/z 393.2014 consistent with the presence of
N-methylserine at position-7. A second, broader and earlier-eluting
isomer of 18 was detected at 10.92 min, displaying a product-ion at
m/z 135.0804, but the signal-to-noise ratio in the spectrum was insuf-
ficient for further identification. A slightly later-eluting methylated
variant (26) of 25 was also detected, and detailed examination of its
LC-MS/MS spectrum (Figs. S20-23, Table S2) showed that it contained
an extra CH; group in the amino acid at position-2, relative to MC-LHnv.
This methylated variant was, therefore, tentatively identified as
MC-HilHnv (26).

A later-eluting, thiol-reactive, minor MC (22) in the crayfish extracts
from late summer had m/z 995.5, but its accurate mass and isotopologue
profile showed its formula to be CsoH74NgO13. Consistent with this, the
retention time, adduct-ion profile, and product-ion spectrum were
indicative of an MC that did not contain Arg. Comparison of the product-
ion spectrum of 22 with that of MC-LA (27) obtained under the same
conditions (Figs. S24-27, Table S2) showed that the entire mass differ-
ence between the two MCs was located on the amino acid at position-4.
This amino acid, therefore, has the elemental composition C;H;4N203,
containing 2 RDBE, and did not contain a hydroxy or amino group (as 22
did not undergo acetylation when the extract was treated with acetic
anhydride as described above). The amino acid at position-4 is, there-
fore, probably N°-acetylornithine (Fig. 4), given that this amino acid has
been reported as a plant and animal metabolite (Armstrong, 1979), and
that apparent metabolites of MC-LR (12) appeared to be abundant in the
crayfish at this time.

MC-LM (30) and a trace of MC-LM(O) (20) were detected in crayfish
with the appropriate accurate masses (Table 1). As no standard of 30
was available, and 20 has not been reported before, their identities were
confirmed by chemical reactions and comparison of their LC-HRMS/MS
spectra with those of MC-LA (27) (Figs. S28-32, Table S2). Both com-
pounds reacted rapidly with mercaptoethanol, indicating the presence
of Mdha” or Dha’. Mild oxidation with Oxone/DMSO completely con-
verted sulfide 30 into its sulfoxide derivative, 20. Examination of the
LC-HRMS/MS spectra confirmed the sequence of the seven amino acids
in both compounds, and revealed that 20 showed a neutral loss of
CH3SOH that is characteristic of peptides containing a terminal methyl
sulfoxide (Jiang et al., 1996; Miles et al., 2014), thus confirming the
identities of both 20 and 30.

3.3. Microcystin profiles in Lake Steinsfjorden

Five significant MCs (3, 4, and 8-10), together with trace levels of

S LS N
- NH - NH - NH -
0 ¢ 0 d 0 ~F 0 N
(0] - NH — > 0 -
AN HZNJ\H HZNJ\” HO

MC-LCit (16) MC-LHnv (25)

Fig. 4. Structures, and possible routes for formation, of MC-LCit (16), MC-LNao (22), and MC-LHnv (25) from MC-LR (12). Enzymatic citrullination of Arg-
containing peptides and proteins is well known (Flores et al., 2019; Mondal and Thompson, 2019).
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two isomeric Cys conjugates, were detected in extracts of filters taken
monthly (0-20 m) from Lake Steinsfjorden during spring and early
summer 2015, during the Planktothrix bloom. Both [D-AspB]MC-RR 3)
and its isomeric variant [D-Asp3,Dhb7] MC-RR (4) were present, in a ratio
of about 3:1 throughout the study period in 2015, as revealed by
derivatization with mercaptoethanol (Fig. 3, Table 1). Much lower levels
of [D—Asps,Dhb7]MC—LR (9) and its isomer [D—Asp3]MC—LR (10) (about
5:1) were also present in May—July, along with trace amounts of [p-Asp°,
Dhb7]MC—thR (8) (Fig. 3, Table 1). Although the LC-HRMS analysis
was only semiquantitative, the intensities of peaks for MCs identified by
LC-HRMS (Fig. 5) paralleled the quantitation obtained by ELISA from
integrated water samples (Fig. 2), with the total content of MCs reaching
its lowest levels in August (Figs. 2 and 5, and Fig. S33). No other MCs
were detectable in the filter extracts despite the use of untargetted
LC-HRMS and thiol derivatization methods. Previous studies of cultures
have shown that Planktothrix strains produce either Mdha’-or Dha’-MCs
(Kurmayer et al., 2005; Miles et al., 2013a). Therefore, these results
suggest the presence of at least two strains of different chemotypes
during the study period in 2015: a dominant chemotype producing the
Mdha’-variant [D-Asp3]MC-RR (3) and a trace of [D-Asp3]MC-LR (10),
and a second chemotype producing Dhb’-variants 4, 8, and 9. Inter-
estingly, a sample taken in September 2016 contained the p-Asp’,
Dhb’-variants 4, 8, and 9, and D-Asp3,Mdha7-variants 3, 11, and 37,
presumably from two Planktothrix chemotypes, and low levels of the
Mdha’-variants 5 and 12 (Fig. 3, Fig. S34, Table 1), possibly from
Microcystis viridis, another potentially MC-producing cyanobacterium
that was present in low levels in the September water sample (3.6
mg/m?>). This indicates that the dominant chemotype of Planktothrix in
Lake Steinsfjorden varies with time but is not purely seasonal, and that
other genera appear to occasionally contribute to the MC profile in the
lake.

3.4. Microcystin profiles in the crayfish

MCs were detected in all 110 individuals of noble crayfish collected
from Lake Steinsfjorden in 2015 and 2016 with the multihapten MC-
ELISA (Samdal et al., 2020). MC-profiles by LC-HRMS were obtained
from the tail muscles, hepatopancreata, intestines and stomachs of the
five most heavily contaminated crayfish, as judged by the
multihapten-ELISA, collected each month. Individual crayfish from any

3,4
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given harvesting time-point varied in the concentrations of MCs present,
but had similar MC-profiles in their tissues. Therefore the profiles will be
described in general for June and September 2015, and illustrated with
results from the two most heavily contaminated individual animals for
those time-points. The stomachs generally contained the highest con-
centrations of MCs (Samdal et al., 2020), so MC profiles obtained from
the stomachs were used for comparisons between individual animals
and sampling times.

The crayfish from June contained three main MCs, two MC-RR-
variants (3 and 4) and one MC-LR-variant (9). The MC profiles were
similar in all tissues (tail muscle, stomach, intestine and hepatopacreas)
from the same crayfish (Fig. 6), and generally corresponded well with
the observed MCs in the filters from the water (Figs. 5-7) although some
MC-LR (12) and low levels of later eluting MCs were detected in some
individuals (Fig. 7). The correspondence between MCs in the crayfish
and in the filters from the water indicated that the MCs in the crayfish in
May and June originated primarily from the water, and most likely from
the observed Planktothrix bloom. The crayfish from July (Fig. S35)
contained the same three main MCs as the crayfish in June and as found
in the water. However, in addition, five other significant MCs were also
detected in some individuals, among them MC-LR (12), three putative
MC-LR metabolites (14, 16 and 25) and MC-LA (27).

The MC profiles of crayfish from August (Fig. S36), September
(Figs. 6 and 7) and October (Fig. S37) of 2015 were dominated by MCs
that were not detected in the water column, although low levels of [p-
Asp3]MC—RR—variants 3 and 4 were present in two individuals in
October. The same MC-profile was observed in all tissues from the same
individual crayfish in September (Fig. 6), so the profile from the stomach
content is representative and could be compared to the MC profile of the
water. LC-HRMS-chromatograms revealed that MC variants 3 and 4,
present in the water at low levels (Fig. 5E), were present only at trace
levels in the crayfish stomachs in September 2015 (Fig. 7, Table S3). In
contrast, neither MC-LR and its putative metabolites (12-14, 16, 22 and
25), nor the known later-eluting cyanobacterial MC variants (27-35),
were detected in any of the water samples in 2015, despite these and
related variants being the dominant MCs in the stomach contents in
September. These results indicate that almost none (less than 1%, ac-
cording to Table S3) of the MCs in the crayfish in late summer and
autumn of 2015 originated from the Planktothrix present in Lake
Steinsfjorden at that time.
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Fig. 5. Microcystins extracted from filters from water collected from O to 22 m in Lake Steinsfjorden. The water samples are from May to September 2015 and
October 2016 and shown as LC-HRMS chromatograms (positive mode, sum of extracted ions for 3, 4, 5, 8, 9, 10 and 12 at m/z from Table 1). Peak-label numbers
refer to microcystin variants in Fig. 1 and Table 1. The intensities of the five chromatograms from 2015 are scaled relative to the sample collected in June. Blue
dashed lines show retention times of MCs present at significant levels primarily in the water.



C.0. Miles et al. Environmental Research 242 (2024) 117623

34 34

3 [D-Asp?]MC-RR
Jun 2015 4 [D-Asp® Dhb7JMC-RR
9 [D-Asp® Dhb’JMC-LR
12 MC-LR
14 [Mlan’JMC-LR
20 dmMC-LHnv
21 [Dha’JMC-LHnv

25 MC-LHnv
9 9
3,4 Water
1 —E— i 12 E pra
\ ' 4
: 127
? . 3,4 C 314 Jl
,' 9
Ll B A
34
4 ;
y / 9 7 20
ALk : Al W, 18 e,
246 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
Retention time (min) Retention time (min)
34 3,4

3 [D-Asp’]MC-RR
4 [D-Asp® Dhb’JMC-RR
10 [D-Asp’]MC-LR
Sep 2015 12 MC-LR

14 [Mlan’]MC-LR
16 MC-LCit
25 MC-LHnv
27 MC-LA
30 MC-LM
32 MC-LV
33 MC-LF
34 MC-LL

35 MC-LL isomer
E |

B L / A
A2 A6l 7 .
14 27 3435 A 19.’ /
— T T —— T T T e T ]
2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
Retention time (min) Retention time (min)

Fig. 6. LC-HRMS extracted ion chromatograms (positive mode, summed for all MC ions in Table 1) of four tissue samples from each of the two crayfish with the
highest concentrations of MCs by multihapten-ELISA harvested in: top, June 2015, and; bottom, September 2015. Chromatograms for each animal are for: A, stomach
contents; B, Intestine; C, hepatopancreas, and; D, tail meat without intestine. Chromatogram E shows MCs detected on filters in the water at harvest time. The major
MCs are indicated with compound-numbers (Table 1 and Fig. 1). Chromatograms of extracts of crayfish tissues (A-D) are normalised to the maximum intensity in the
extract from the stomach contents for each animal, and so are indicative of the relative concentrations MCs in the tissues of each individual. Blue and red dashed lines
show retention times of MCs present at significant levels primarily in the water, or in the crayfish, respectively.
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Interestingly, MC-LR (12) and MC-RR (5) were detected by
LC-HRMS at low levels in a water sample taken from Lake Steinsfjorden
the following year, in October 2016, although the toxin profile was
dominated by [D-Asps,Dhb7] -variants 4, 8 and 9, with the corresponding
[D—Aspg,Mdha7] -variants (3, 10 and 37) also present (Fig. 5 and Fig. S34,
Table 1 and Table S1). This is the first report of MC-RR and MC-LR in
water from Lake Steinsfjorden, and may reflect a low-density bloom of
Microcystis or some other non-Planktothrix spp., although the overall
concentrations of cyanobacterial cells in the water column were low at
the time in question (Fig. 2 and Fig. S33). Stomachs from crayfish har-
vested in October 2016 contained elevated levels of MCs (Table 1 of
Samdal et al. (2020)) according to the multihapten MC-ELISA, despite
the relatively low levels of MCs in the water. LC-HRMS analysis of
stomachs from the three crayfish with the highest levels of MCs by ELISA
from October 2016 (Fig. 7) showed only trace levels of most of the MCs
that were present in the water column, closely paralleling the finding
from 2015. However, the toxin profiles in these crayfish samples were
dominated by the putative MC-LR-metabolite MC-LHnv (25), its
Cys-conjugates (13 and 14), and MC-LCit (16) together with low levels
of MC-LR (12) and a range of other known non-Arg-containing MCs such
as MC-LA (27), MC-LM (30) and MC-LL (34). These results suggest that
different strains of Planktothrix, ones that predominantly produced
variants 8-10 (rather than variants 3 and 4 as in 2015), may have
become dominant in the water column in late summer 2016. Never-
theless, the pattern of MCs in the crayfish in October 2016 (Fig. 7) was
similar to that in September 2015 (Fig. 7), with MCs not detected in the
water—including presumed metabolites of MC-LR—being by far the
most abundant, once again indicative of an alternative, non-planktonic
source of MCs in the crayfish diet in the late summer in Lake
Steinsfjorden.

MC production by two benthic cyanobacteria (Nostoc linckia and
Limnothrix mirabilis) has been described in an Australian reservoir by
Gaget et al. (2017), and Cantoral Uriza et al. (2017) have described MC
production in Spanish benthic cyanobacterial strains from different
habitats. Therefore, the possible presence of benthic cyanobacteria in
Lake Steinsfjorden is worth investigating as a possible source of
non-planktonic MCs. Without knowing the origin of the non-planktonic
MCs found in the crayfish, measurements of the cyanobacterial biomass
or MC content in the water column cannot reliably be used to make
predictions about the presence of MCs in crayfish in Lake Steinsfjorden.
The results indicate that such measurements on their own are therefore
of limited value for food safety assessment for noble crayfish in this lake.
Whether this also applies to other aquatic wildlife, or to other water
bodies, remains to be determined.

An array of known (1-12, 27-35) and novel (13-26 and MC-LHnv +
H,0) MCs was identified in the crayfish by LC-HRMS (Fig. 1, Table 1
and Tables S1, S3). To verify that the majority of the MCs in the animals
had been detected with the LC-HRMS method, the total concentrations
of MCs in the stomachs of the 15 most heavily contaminated crayfish
were estimated by LC-HRMS (Table S3), and compared to the concen-
trations measured with the multihapten MC-ELISA. Because quantitative
standards were not available for most of the 39 MCs detected in the
samples, concentrations were estimated against a CRM of the MC that
each variant was considered to most closely resemble in terms of charge
state and ionizability (1-5, 7, and 36 against 5; 6, 8-14, 37, and 38
against 12, and; 15-35 and MC-LHnv + H,0 against [p-Leu'IMC-LY),
and potential matrix effects were not corrected for. The crayfish with the
highest levels of MCs by ELISA (454 pg/g in the stomach) as reported by
Samdal et al. (2020) was measured at a much lower level of total MCs by
LC-HRMS (25.9 pg/g (2589 ng/mL in the extract), Table S3), and was
therefore excluded from this analysis as an outlier. The reason for this
discrepancy is under investigation. Nevertheless, the results of this
analysis (Fig. 8) showed an excellent correlation between the two
methods, with the LC-HRMS results being about 75% of the ELISA re-
sults over the course of 5 months, during which time the toxin profiles in
the crayfish changed markedly. The difference in the results from the
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Fig. 8. Total MC concentrations in extracts of crayfish stomachs for 14 of the
15 crayfish, from Lake Steinsfjorden in Jun-Oct 2015, with the highest con-
centrations by the multihapten-ELISA. ELISA data are from Samdal et al.
(2020), and LC-HRMS data are sums of the concentrations of all MCs detected
in this study (i.e. 1-38 and “25 + H,0”; see Table 1, Tables S1, S3, and Fig. 1)
as measured in positive ionization mode. The sample with the very highest level
(S9-K07S-S9, Table S3) was excluded as an outlier. See Fig. S38 for addi-
tional analysis.

two types of analysis may be due to variations in ELISA cross-reactivities
and LC-HRMS response factors across the 39 MCs detected, matrix ef-
fects in the LC-HRMS that could not easily be corrected for, or to small
amounts of multiple MC analogues detected collectively in the ELISA but
individually below the detection limit in the LC-HRMS method. There
could also be a contribution from MCs with characteristics that make
them non-detectable with the current LC-HRMS method, such as pro-
tein- or other conjugates, very polar or non-polar variants, or variants
with unusual charge states or m/z values, such that they are outside the
retention time or m/z ranges used in the analysis. Nevertheless, if this is
the case, then these undetected variants probably do not amount to more
than about 25% of the total MCs detected by ELISA in the crayfish.

Furthermore, because the quantitative analysis of the stomach con-
tents by ELISA correlated well with the LC-MS analysis when both the
known and novel MCs were included, it seems likely that the food safety
evaluation conducted by Samdal et al. (2020) based on the ELISA data
for the edible parts (tail muscle and intestine) was appropriate.

The results of this study also illustrate the potential for obtaining
misleading results when samples that may be rich in unexpected MC
variants are analysed with highly targeted LC-MS methods. Although
the untargeted LC-HRMS/MS and ELISA methods used in this study
gave similar results (Fig. 8, Table S3), this would not have been the case
if targeted LC-MS/MS methods had been used without prior knowledge
of the microcystin profiles in the crayfish. For example, the “common”
MCs (MC-RR (5), MC-LR (12), MC-YR, and MC-LA (27), or their isomeric
Dhb’-variants) that are most often reported and analysed for, consti-
tuted only between 11% (Oct 2015) and 40% (Aug 2015) of the MCs
detected in crayfish stomachs in 2015 (Table S3). Even targeted LC-MS/
MS analysis for every previously reported MC variant (Bouaicha et al.,
2019; Jones et al., 2021), which in these experiments would have
detected 1-12 and 27-38, would have resulted in total measured MC
concentrations of between 13% (Oct 2015) and 87% (Jun 2015) of those
detected by the untargeted LC-HRMS method used here. Such targeted
LC-MS/MS analyses would have resulted in a substantial underestima-
tion of the MC content in the crayfish, and in an apparently poor cor-
relation between the ELISA and LC-MS results (Fig. S38).
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4. Conclusions

A previous study of Lake Steinsfjorden in 2015 and 2016 showed no
significant correlation between concentrations of MCs in crayfish and
the water, despite there being a strong correlation between the con-
centrations of MCs (by ELISA) and Planktothrix cells in the water in 2015
(Samdal et al., 2020). Further analyses have now revealed that the
relative concentrations of total MCs by LC-HRMS in cyanobacterial cells
captured from filtered water samples collected from the lake during
crayfish sampling in 2015 paralleled the ELISA results. Furthermore,
LG-HRMS revealed the presence of an array of Dhb’- and Mdha’--
containing [D—Asps]MC—Variants in the water that is typical for mixed
blooms of Planktothrix spp. in Lake Steinsfjorden (Miles et al., 2013a).
The MC profile in the crayfish, on the other hand, only resembled the MC
profile in the water in early summer, when the levels of Planktothrix
were at their highest during the study period. Throughout the late
summer, when Planktothrix and MC levels in the lakewater were rela-
tively low, the levels of MCs in the crayfish not only remained high, but
the MC profile in the stomachs of the animals changed dramatically to a
suite of variants that had not been present in the water column at the
sampling location (1-1.5 km from the crayfish harvesting area). This
finding rules out one of the two potential explanations put forward in the
study of Samdal et al. (2020), i.e. that the discrepancy between MCs in
the water and crayfish could be due to slow depuration of the toxins
from the crayfish. The most likely explanation for the combined ELISA,
LC-HRMS and PCR results presented here and by Samdal et al. (2020), is
that the MCs in the crayfish late in the summers of 2015 and 2016
originated from a non-planktonic source, possibly an MC-producing
summer-active benthic cyanobacterium, a contaminated prey species,
or a combination of both.

The prominent presence of the novel MCs such as MC-LHnv (25),
MC-LNao (22), and MC-LCit (16) in the crayfish in late summer raises
the possibility that MC-LR (12) can be metabolised on its Arg*-side-
chain in crayfish, or in the non-planktonic source of these MCs. If the
metabolism in crayfish was the source of these analogues, then meta-
bolism of D—Asp3—variants [D—Asp3] MC-RR (3) and [D—Asp?’,Dhb7]MC—RR
(4) could be expected to have occurred to produce the corresponding
Dhb’-and Mdha’-variants of [D—Asp3]MC—RHr1v in May and June.
However, neither these, nor the corresponding [p-Asp>]MC-RCit vari-
ants, were detected in crayfish during the study period, suggesting that
the Hnv, Cit, and Nao variants of MCs in the crayfish probably originate
from the non-planktonic source.

Regardless of the origin of the novel MCs in the crayfish in the
summer and autumn, there was no significant correlation between total
MCs in the crayfish and the levels of cyanobacteria or MCs in the water
in this study. Consequently, monitoring of cyanobacteria or MCs in the
water column in Lake Steinsfjorden cannot be relied on as a guide to the
levels of MCs in noble crayfish in this lake for the purposes of food safety
assessment.
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