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Figure S1. LC-HRMS extracted negative ion chromatograms of an extract of hepatopancreas from AZA-contaminated mussels from Bruckless before (left) and after treatment
with sodium metaperiodate (right). The top panels are extracted for m/z 787.4638 and 801.4794 (7-9), the middle panels for m/z 803.4587 and 817.4744 (1-3), and the bottom
panels for m/z 965.5115 and 979.5272 (4-6). Data is from analysis of existing historical full-scan LC-HRMS (method B) data from Kilcoyne et al. (2018).[1]
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Figure S2. HRMS/MS spectra of [M-H]- for 1-3 obtained from NRC RM-Multi-toxin by LC-HRMS/MS (method B) in negative ionization mode. Spectra of 4-9 obtained under
identical conditions are shown in Figures 4 and 7. Spectra of 1-3 in positive ionization mode are shown in Figure 56. lons marked with letters refer to major structurally

diagnostic ions listed in Table 1, with additional information in Figure 54 and Table S2.
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Figure S3. Expansion of the negative ion mode LC-HRMS/MS (method B) spectra of [M—H]- for 24-O-3-D-glucosides 4-6 showing the regions containing product ions

resulting from the three modes for elimination of the glucosyl moiety (see Figure 4 for full spectra). The higher mass product ion arises from net elimination of

dehydroglucose (CsH100s5, 162.0528 Da), the lower mass ion from elimination of glucose (CsHi20s, 180.0634 Da), and the product ion of intermediate mass from a less common

elimination of gluconolactone (CsH100s, 178.0477 Da). Proposed structures for the resulting product ions are depicted on the MS/MS spectrum of 5.
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Figure S4. Proposed fragmentation pathways for OA (1) and its 24-O-3-D-glucoside (4) during LC-
MSr (unit mass resolution) and LC-HRMS/MS in negative ion mode. The m/z values are exact masses,
and are within +5 ppm of the accurate masses observed during LC-HRMS/MS analysis. Solid arrows
show fragmentations observed using [M—H]- as precursor ions with both LC-MS? and LC-HRMS/MS,
while dashed arrows show fragmentations observed with LC-MS? and MS* Note that the product
ions at m/z 787 and 463 were observed with glucoside-4 but not with 1. The corresponding product
ions were also observed for 2, 3, 5, 6 (LC-MS? and LC- HRMS/MS), and 7-9 (LC-HRMS/MS).

Toxins 2021, 13, 510. https://doi.org/10.3390/toxins13080510 www.mdpi.com/journal/toxins



Toxins 2021, 13, 510

S6 of 538

725.36
100 803.46
50 804 53 947.50
] 463.39 785.50 948.56
o] 305.38 421.37 53340 56341 707.49 ) 860.52 929.58 | 949.36
100 787.31
] 142 949.30
50 91324 | |
] 805.13
o] 34563 44731 51142 54708  697.54 /3344 866.53 966.64
00— 971.54
i 885.50
50
] 953.53
1 34745 38335 46928 55135 63757 707.50 809.4 94358
00— A AR A SRS R RAAS REAS RASH RASH LA Ak RS AAS REAY RASH RAR) M) RARS A0 RALS AASE AR R e e e M Aans aad aany ]
300 400 500 600 700 800 900 1000
m/z

NL: 7.94E2
Water8ConcNegMS2-803,965#179-197
RT: 5.04-5.23 AV: 9 F: [TMS - ¢ ESI
Full ms2 965.30@cid35.00
[265.00-1000.00]

NL: 1.78E2
Water08Conc-NH4-822,984#143-156
RT: 4.96-5.14 AV: 14 F: [TMS + ¢ ESI
Full ms2 984.50@cid25.00
[270.00-1000.00]

NL: 1.26E3

Water8Conc-Ms2Na,3s-104
losses#138-147 RT: 5.08-5.20 AV: 5
F: ITMS + ¢ ESI Full ms2
989.50@cid55.00 [270.00-1000.00]

Figure S5. LC-MS? spectra of OA 24-O-f3-D-glucoside (4), showing the [M-H]- (upper), [M+NHa]* (middle), and [M+Na]* (lower) spectra.

Toxins 2021, 13, 510. https://doi.org/10.3390/toxins13080510

www.mdpi.com/journal/toxins



Toxins 2021, 13, 510

S7 of 538

Relative Abundance

milz 723.4071
CoHgoOqoNa*

00— OA (1) . 55 gy 20953220 2 38 x 105 1.0 ppm
- . at
] CaHagOsNa* oy pf:m P
80 F -1.7 ppm
] miz 443.2405
60 024(l]—|32606Na* H AN miz 705.3961
- -= ppm miz 483.2351 miz 555.3281 CoHs50,Na*
40_ - 40" 158~'9
. CosHaO;Na* Ca3H40/Na* rCnlessg':sl\\fg1 -1.7 ppm
- -0.4 ppm -2.1 ppm 37" Is2-'g
20~ pp PP\ 03 pp
02 L l | L . | 1 . . L L | . L | 1 L
| miz 7234073
581.3083 . CaoHgOqoNa*
100— DTXZ (2) C32 Hag Og Na 2.74x 10 -0.8 ppm
7 F miz 571.3236 ~©-2628 ppm D
80  miz429.2250 CayHygO5Na*
3 Ca3H3,OgNa* -0.9 ppm miz 695.3765
AL : 48'; risa miz 5553281 CuHsONa®  miz 705.3957
40 e CyHygO;Na* miz 6493334 ~0-1pPM CuoHezOoNa
J 26136007 Na -2.1 ppm C..H. O.Na* -2.3 ppm
J -0.1 ppm 361500 /
20 ] -2.0 ppm ‘
0 ] ' L t . L | | | . I s L i | L | L1 1 1 N
| miz 737.4222
Ca4iHepO,Na*
g 41Mg2 10
DTX1 (3) miz 595.3232 6.40 x 10 1.8 ppm
1007 E Ca3Hs0OpNa*
3 F miz 585.3388 -1.5 ppm
807 CapHeO:Na*
] miz 443.2407 S e
60 CaqHasOsNa* H APPM
] 0.6 ppm miz 569.3482
404 miz 4832351 CoHoONa" miz 663.3504 miz 719.4126
7 CzegsgorNa 5.9 ppm CayHsOgNa* CayHgiOgNa*
20; -0.5 ppm \ 0.1 ppm -0.5 ppm
) — e e A e e e e
420 440 480 500 520 540 560 580 600 620 640 660 680 700 720 740

miz

Figure S6. HRMS/MS spectra of [M+Na]* for 1-3 obtained by LC-HRMS/MS (method B) in positive ionization mode. Spectra of 1 and 2 were from the D. acuta extract,
while the spectrum of 3 was from the extract of P. lima culture JHPL2. Spectra of 4-9 obtained under identical conditions are shown in Figures 5 and 8. Spectra of 1-3 in

negative ionization mode are shown in Figure 52. Ions marked with letters refer to major structurally diagnostic ions listed in Table 1, with additional information Figure

S7 and Table S3.
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Figure S7. Proposed fragmentation of [M+Na]* for 4 and 5 based on LC-MS» (method A) and LC-
HRMS/MS (method B). Product ions observed with the various stages of MS» (n = 2-4) are indicated,
and were detected at unit mass resolution, but were also observed by HRMS/MS within +5 ppm of
the expected exact masses (which are indicated below the structures).
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Figure S8. LC-MS? of the minor peak which exhibited a [M+NHa4]* at m/z 1146. Two series of [M-35
(NH4OH)-18 (H20)x-162 (dehydrated glucose or other glycosyl residues)]* product ions are

apparent, consistent with a diglycoside of OA.
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Figure S9. 'H NMR spectrum of OA-glc (4) in CD3OD at 600 MHz. Major impurity peaks are marked
with asterisks. The inset shows the low-field region without solvent suppression.
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Figure S10. COSY NMR spectrum of OA-glc (4) in CDsOD at 600 MHz.
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Figure S11. TOCSY NMR spectrum of OA-glc (4) in CDsOD at 600 MHz.
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Figure S12. 1D-SELTOCY (d9 = 30, 50, 80 and 160 ms (from bottom to top)) NMR spectra at 600
MHz determined for H-1" of OA 24-O-3-D-glucoside (4), which identify the H-2' to H-6" signals of
the glucoside unit.
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Figure S14. HMBC NMR spectrum of OA-Glc (4) in CDsOD.
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Figure S13. HSQC NMR spectrum of OA-Glc (4) in CDsOD.
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Figure S16. 1D-SELROESY NMR spectrum for H-1' of OA-Glc (4) in CDsOD.
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Figure S17. 1D-SELROESY NMR spectrum for H-24 of OA-Glc (4) in CDsOD.
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Figure S18. 1D-SELROESY NMR spectrum for 25=CHz (Z) of OA-Glc (4) in CDsOD.

OA-giucoside SELROESY
: 25=CH2 (2)

[rel]

S

5 4 3 2 [ppm]

10

Figure S19. 1D-SELROESY NMR spectrum for 25=CH: (E) of OA-Glc (4) in CDsOD.
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Figure S20. "H NMR spectrum of DTX2-glc (5) in CDsOD at 600 MHz. Major impurity peaks are
marked with asterisks. The inset shows the low-field region without solvent suppression.
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Figure S21. Expansion of the "TH NMR spectrum of DTX2-glc (5) (Figure 520) showing the secondary

methyl region of 5.
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Figure S22. COSY NMR spectrum of DTX2-glc (5) in CD3OD at 600 MHz.
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Figure S23. TOCSY NMR spectrum of DTX2-glc (5) in CDsOD at 600 MHz.
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Figure S24. 1D-SELTOCY (d9 = 30, 50, 80, and 160 ms (from bottom to top)) NMR spectra at 600
MHz determined for H-1" of DTX2 24-O-3-D-glucoside (5), which identify the H-2' to H-6' signals

of the glucoside unit.
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Figure 525.

HSQC NMR spectrum of DTX2-glc (5) in CDsOD.
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Figure S26. HMBC NMR spectrum of DTX2-glc (5) in CDsOD.
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Figure S27. ROESY NMR spectrum of DTX2-glc (5) in CDsOD.
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Figure 529. 1D-SELROESY NMR spectrum for H-24 of DTX2-glc (5) in CD30OD.
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Figure S30. 1D-SELROESY NMR spectrum for 25=CH: (Z) of DTX2-glc (5) in CDsOD.
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Figure S31. 1D-SELROESY NMR spectrum for 25=CH: (E) of DTX2-glc (5) in CDsOD.
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Figure S32. Positive-ionization mode extracted-ion (+5 ppm) SIM chromatograms from LC—- HRMS
analysis (method B) of: the mixed standard of 4, 5, and 7 containing 1-3 as minor contaminants (A-
C); an extract of a D. acuta culture VGO1065 (D-F), and; the SPE concentrate from CRM-FDMT1 (G-
I). The chromatograms in panels A, D, and G were extracted at m/z 989.5080 and 1003.5237 (m/z of
[M+Na]* for 4-6), those in panels B, E, and H at m/z 827.4552 and 841.4709 (m/z of [M+Na]* for 1-3),
and in panels C, F, and I at m/z 811.4603 and 825.4759 (m/z of [M+Na]* for 7-9). Peaks are labelled
with the compound numbers (Figure 1), observed retention times and m/z values, and the number
in the top right-hand corner of each panel indicates the intensity (counts) of the highest peak. A
corresponding set of peaks was also detected in the negative ionization chromatograms (e.g., see

Figure 3).
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Figure S33. Negative ionization mode LC-HRMS SIM chromatograms (method B) of HP-20 extracts of Dinophysis cultures (Table S3) extracted at (+5 ppm, from left to right)

m/z 965.5115 (4, 5), 803.4587 (1, 2), and 787.4638 (7, 8). Comparisons with standards (1, 2, 3, 4, 5, and 7) and an SPE concentrate of CRM-FDMT1 are shown in Figure 3.
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Figure S34. Negative mode LC-HRMS SIM chromatograms (method B) of the mixed standard of 4, 5, and 7 (top) and a selection of reference materials, shellfish extracts,
and algal cultures extracted at the exact masses (+5 ppm) of 1-3 (left panel) and 7-9 (right panel).
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Figure S35. Negative mode LC-HRMS SIM chromatograms (method B) of: A, the mixed standard of 4, 5, and 7; B, an extract of NRC CRM-FDMT1; C, an SPE concentrate of
the extract of NRC CRM-FDMT1, and; D, and extract of NRC CRM-DSP-Mus-c. Chromatograms are extracted at the exact masses of 4-6 (left-hand panels), 1-3 (centre panels),

and 7-9 (right-hand panels).
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Figure S36. Negative mode full scan LC-HRMS (method C) chromatograms showing the CRM-FDMT1 SPE-concentrated extract (top), and the same extract after spiking with
standards of 4, 5, and 7 (bottom). The segment at 10-15 min was extracted at m/z 965.5115, 15-20 min at m/z 803.4587, and 20-25 min at m/z 787.4638 (all at +5 ppm). Each
segment of the two chromatograms is displayed with the same absolute vertical scale to show the change in peak intensities of 4, 5, and 7 after spiking, relative to 1 and 2

(which were only present as trace contaminants in the standards used for spiking).
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Figure S37. Negative mode LC-HRMS/MS PRM spectra (method C) of [M-H]- of 4 in: top, the FDMT1 SPE concentrate, and; bottom, in the mixed standard of 4, 5, and 7.

Toxins 2021, 13, 510. https://doi.org/10.3390/toxins13080510

www.mdpi.com/journal/toxins



Toxins 2021, 13, 510 527 of S38

100— 255.1240

90 5 ex FDMT1 SPE concentrate

80—
70—
60—

50
87.0088

40

30— [1208% 4510765 965.5132
20—
169.0872 321.2073 453.2344

| | 209.1185 .
10 305.2125 725.3408 803.4593
I ] 395.2561 || 947.5058

0 |\ bl .Hl Ll

I
100— 255.1241

90 5 ex Standard mix

Relative Abundance

80—
70
60—

%07 g7 0088

40

30— 113.0609
: 151.0764 965.5120

20—

169.0875

104 | 208.1188 3212078 463.2349 25,3456
) 803.4624

| | ol sos212e 395.3933

\\||'\||\\\\l\\l'\\l\\'|l\||\\\\\\\||\||\\\\|\\||\|\\l\ll\\|\\\‘\||\||\\\\I|\|\||\|\\|\\||\|\\|

100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950
miz

Figure S38. Negative mode LC-HRMS/MS PRM spectra (method C) of [M—H]- of 5 in: top, the FDMT1 SPE concentrate, and; bottom, in the mixed standard of 4, 5, and 7.
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Figure $39. Negative mode LC-HRMS/MS PRM spectra (method C) of [M—-H]- of 7 in: top, the FDMT1 SPE concentrate, and; bottom, in the mixed standard of 4, 5, and
7. Some extraneous peaks are visible in the spectrum obtained from FDMT1 due to the presence of components from the blue mussel matrix and the lower signal-to-

noise for 7 in this sample.
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Figure S40. Negative mode LC-HRMS/MS PRM spectra (method C) of [M-H]- of top, 4 in the mixed standard of 4, 5, and 7; middle, 1 in the FDMT1 SPE concentrate,
and; bottom, 7 in the mixed standard of 4, 5, and 7. The PRM spectra were all acquired with the same collision energy (70 eV), and show a marked difference in the

abundance of the B-ring retro-Diels—Alder cleavage (marked on structure) product ion (m/z 255.1238 for 1 and 4, m/z 239.1289 for 7) relative to the other product ions.
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Figure S41. Full scan negative mode LC-HRMS (method C, FS/AIF) chromatograms from a range
of samples. The left-hand segments at 11-15 min were extracted at m/z 965.5115 and 979.5272 (for
4-6), and the right-hand segments at 15-19 min were extracted at m/z 803.4587 and 817.4744 (for 1-
3) (all at 5 ppm). Peaks are labelled with their base-peak m/z, retention time (min), and compound-

number (Figure 1).
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Figure S42. Full scan negative mode LC-HRMS (method C, FS/AIF) chromatograms from a range
of samples. The left-hand segments at 15-19 min were extracted at m/z 803.4587 and 817.4744 (for
1-3), and the right-hand segments at 19.5-23.5 min were extracted at m/z 787.4638 and 801.4794 (for
7-9) (all at +5 ppm). Peaks are labelled with their base-peak m/z, retention time (min), and

compound-number (Figure 1).
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Figure S43. LC-HRMS analysis (method D) of: A, M. edulis (Castlemaine Harbour, 13/07/20) and; B,
M. edulis (Bantry North, 31/08/20) samples containing OA (1), DTX2 (2), and their glucosides (4 and
5) (see Table 5).
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Figure S44. Total ion chromatograms from the NRC CRM-FDMT1 extract using LC-MS/MS
(method E) in: positive ion mode (top), and; negative ion mode (bottom). *Indicates peak whose
identity has not been confirmed with this analytical method.
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Figure S45. Total ion chromatograms obtained using LC-MS/MS (method E) on M. edulis from
Sumner, New Zealand, on 04/01/2017 from: A, the non-hydrolyzed extract in positive, and; B,
negative ion modes, and; C, the hydrolyzed extract in positive, and; D, negative ion modes. Possible
traces of DTX1-glu (6) and 7-deoxyOA (9) close to the limit of detection are marked with asterisks.
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Figure S46. Total ion chromatograms obtained using LC-MS/MS (method E) on M. edulis from
Akaroa Harbour, New Zealand, on 07/08/2017 from: A, the non-hydrolyzed extract in positive, and;
B, negative ion modes, and; C, the hydrolyzed extract in positive, and; D, negative ion modes.
Possible traces of DTX1-glu (6) and 7-deoxyOA (9) close to the limit of detection are marked with
asterisks.
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Table S1. Details of Dinophysis cultures extracted for analysis in this study.

Label/accession Species Volume | Yield Number
number (mL) (cells/mL) of cells
VGO 1065 D. acuta* N/A* N/A* 9,226,000
2/VGO 1396 D. caudata 1,084 3,000 3,252,000
3/VGO 1349 D. acuminata 4,500 1,407 6,331,500
4/VGO 1396 D. caudata 650 931 605,150
5/VGO 1349 D. acuminata 2,700 321 866,700
7/VGO 1391t D. acuminata 17,910 714 12,787,740

* Grown in eight separate vessels, and the extracts combined. fGrown in a photobioreactor without
aereation, as described in Hernandez-Urcera et al 2018 [2].
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Table S4. Relative abundances expressed as a percentage of the total 1-9 detected, and total concentrations of 1-9 (ng/mL), by LC-HRMS (method D) in stored extracts of
SPATT discs deployed in Irish waters by Fux et al. [3, 4] in 2005-2006°.

Location Date? OA (1) DTX2 (2) OA-Glc (4) Conc.
Bruckless 25/08/05 89.3 7.1 3.6 2030
Bruckless 24/05/06 94.2 5.8 ND 380
Bantry Bay 12/10/05 84.2 15.8 ND 455
Bantry Bay 07/09/05 62.7 34.7 2.7 2948
Bantry Bay 12/10/05 794 20.6 ND 613

2Assuming identical relative responses. No DTX1 (3), glucosides of DTX1 and DTX2 (5 and 6), nor any 7-deoxyOA/DTXs (7-9) were detected in any of the samples. !Format
dd/mm/yy.

Table S5. Concentrations of 1-9 (ug/g) in mussel samples (unhydrolyzed extracts), measured in negative mode full scan with LC-HRMS (method C, FS/AIF)-

Sample Country 1 2 3 4 5 6 7 8 9 Total
Hepatopancreas NO 0.022 | 0.014 | 0.028 | 0.000 | 0.004 0.000 | 0.000 | 0.000 | 0.000 [ 0.070
Whole mussel NO 0.028 | 0.028 | 0.316 | 0.003 | 0.000 | 0.018 | 0.000 | 0.000 | 0.000 | 0.392
Indian Pt. broth NS, CA | 0.001 | 0.000 | 0.374 | 0.000 | 0.000 | 0.008 | 0.000 | 0.000 | 0.000 | 0.384
Bonavista Bay NF, CA | 0.000 | 0.000 | 0.550 | 0.000 | 0.000 | 0.023 | 0.000 | 0.000 | 0.003 | 0.575
Ship Harbour NS, CA | 0.647 | 0.000 | 0.037 | 0.031 | 0.000 | 0.001 | 0.000 | 0.000 | 0.000 | 0.716
CRM-DSP-Mus NO/EI | 0591 | 0561 | 0919 | 0.037 | 0.022 | 0.000 | 0.085 | 0.000 | 0.000 | 2.215
Castlemaine Harbr EI 0.039 | 0.010 | 0.003 | 0.066 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.118
Bantry Middle EI 0.496 | 0.058 | 0.008 | 0.106 | 0.000 | 0.000 | 0.023 | 0.001 | 0.001 | 0.693

“Obtained from extracted ions of the exact masses in Figure 1 (+ 5 ppm). Results obtained with LC-HRMS (method B, SIM) on the same extracts are presented in Table 4.
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Table S6. Tabulation of transitions used in MRM analyses with LC-MS/MS method E*

‘Negative mode Positive mode
Analyte Precursor CE1 Product 1 CE2 Product 2 Precursor | CE Product
1and 2 803.5 63 255.1 57 563.3 827.6 65 723.5
3 817.5 63 255.1 57 563.3 841.5 65 737.4
4 and 5 965.5 63 255.1 57 725.3 989.5 65 885.5
6 979.5 63 255.1 57 725.3 1003.5 65 899.4
7 and 8 787.5 63 239.1 57 547.2 811.6 65 707.5
9 801.5 63 239.1 57 547.2 825.5 65 721.4

“Precursor and product ion m/z, CE = collision energy (eV). For analyte identities, see Figure 1.
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