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17Abstract

18Efficient strategies are required to implement comprehensive suspect screening methods using
19high-resolution mass spectrometry within environmental monitoring campaigns. In this study,
20both liquid and gas chromatography time-of-flight mass spectrometry (LC-QTOF-MS and GC-
21QTOF-MS) were used to screen for >5,000 target and suspect compounds in the Sacramento-San
22Joaquin River Delta in Northern California. LC-QTOF-MS data were acquired in All-Ions
23fragmentation mode in both positive and negative electrospray ionization (ESI). LC suspects
24were identified using two accurate mass LC-QTOF-MS/MS libraries containing pesticides,
25pharmaceuticals and other environmental contaminants and a custom exact mass database with
26predicted transformation products (TPs). The additional fragment information from the All-Ions
27acquisition improved the confirmation of the compound identity; with a low false positive rate
28(9%). Overall, 25 targets, 73 suspects and 5 TPs were detected. GC-QTOF-MS extracts were run
29in negative chemical ionization (NCI) for 21 targets (mainly pyrethroids) at sub-ng/L levels. For
30suspect screening, extracts were re-run in electron ionization (EI) mode with a retention time
31locked method using a GC-QTOF-MS pesticide library (containing exact mass fragments and
32retention times). Sixteen targets and 42 suspects were detected, of which 12 and 17, respectively,
33were not identified by LC-ESI-QTOF-MS. The results highlight the importance of analyzing
34water samples using multiple separation techniques and in multiple ionization modes to obtain a
35comprehensive chemical contaminant profile. The investigated river delta experiences significant
36pesticide inputs, leading to environmentally critical concentrations during rain events.

37

38



39Introduction

40The investigation of micropollutants in waste water, surface water and drinking water is an
41important component of water quality assessments" >, Classical monitoring approaches consist of
42screening for a defined number of target compounds. However, it has been shown that with a
43targeted approach investigating a few compounds, the exposure and risk of pollutants towards
44aquatic organisms can be significantly underestimated compared to more comprehensive
45screenings®*. With the use of high-resolution mass spectrometry (HRMS) it is possible to go
46beyond target analysis™®. The field of suspect and non-target screening, primarily using liquid
47chromatography (LC)-electrospray ionization (ESI)-HRMS, is currently expanding, especially
48for emerging contaminants in water. Efficient and practical approaches with quick confirmation
490f compound identities are, however, still needed.

50Suspect screening employs compound databases containing chemical formulas, accurate
51monoisotopic masses and isotope patterns, and, in some instances, MS/MS spectra®. This enables
52users to presumptively identify compounds without the need for procuring analytical reference
53standards. It has proven to be an efficient and successful approach for detecting expected and
54unexpected compounds in the water’'®, Schymanski et al. (2014)" proposed a system for
55communicating confidence in unknown assignments depending on the amount of information
56available. It ranges from level 1 (confirmed structure by reference standard), level 2 (probable
57structure by library spectrum match or diagnostic evidence), level 3 (tentative candidates by
58plausible sub-structure or chemical class), level 4 (unequivocal molecular formula by isotope
59pattern match) to level 5 (exact mass only). This system is widely accepted by the environmental

60non-target community® and is used here to describe the findings.



61If the molecular formula is the only a priori information about the compound in a suspect
62screening', it can initially only be identified with a confidence level 4, because all isomers have
63the same exact mass and isotope pattern. As MS/MS libraries become increasingly available
64from open sources (e.g., NORMAN MassBank') and vendors (e.g., Agilent Technologies
65Personal Compound Database and Library, PCDL), additional fragment information should be
66considered when doing suspect screening'.

67MS/MS information can be acquired by either data-dependent acquisition (DDA, isolating
68precursor masses of compounds in the suspect list or using preset intensity triggers) or data-
6%independent fragmentation (DIA, fragmenting all ions or ions between certain mass ranges
70independent of a suspect list or MS data). DIA with a constant, wide mass window is also known
71as broadband DIA" or All-Ions fragmentation. DDA provides very specific MS/MS spectra
72which is very helpful in identifying unknown chemicals from a non-target screening, but scan
73speed will not be high enough to trigger all MS/MS scans in large suspect lists. DIA can become
74very complex due to co-eluting chemicals in an environmental matrix, and it is difficult to
75reconstruct an individual MS/MS spectrum. However, DIA gives additional confidence in
76confirmation of a suspect compound with known MS/MS fragments, when the chromatographic
77co-elution of library fragments with the molecular ion in the MS full scan is monitored. A
78compound with matching isotope pattern and at least one co-eluting fragment can be considered
79as level 2 identification'.

80For compounds missing from MS/MS libraries, such as predicted transformation products,
81suspect screening is limited by necessity to the molecular formula. Although a larger effort is

82necessary in the subsequent identification, findings of novel relevant TPs are important.



83While several studies have identified numerous non-target compounds in water using LC-ESI-
84HRMS® ", this approach does not provide a comprehensive picture of chemical pollution.
85Specific compound classes of environmental relevance such as pyrethroids cannot be analyzed
86by this method. Therefore, GC-MS is a necessary complementary method for more non-polar
87compounds. As the fragmentation pattern in electron ionization (EI) mode is highly reproducible
88between instruments, reliable unit mass library spectra have been assembled for over 200,000
89compounds (NIST 14)'®. Because GC-HRMS instruments are relatively new, only a limited
90number of exact mass libraries are currently available' (e.g., Agilent GC/Q-TOF — Pesticide
91PCDL). If available, the more specific accurate mass fragments should reduce the number of
92false positives in a library search®. With such a library, a suspect screening analogous to the one
93in LC-HRMS can be carried out. An additional advantage of GC is that retention times (RTs) are
94easier to compare. Thus, RT indexing (relative RTs between different methods) or even RT
95locking (adapting a method from an existing method to have matching RTs) allows confirmation
960f compound identity with high certainty.
97This study presents a holistic approach for screening over 5,000 micropollutants in surface water
98including both LC-QTOF-MS and GC-QTOF-MS platforms using a combined target and suspect
99screening workflow to produce comprehensive chemical contaminant profiles. Two new
100approaches - i) LC-QTOF-MS suspect screening using All-Ions acquisition and curated accurate
101mass MS/MS libraries and ii) GC-QTOF-MS suspect screening using a RT locked method and
102an accurate mass fragment library - are validated at environmental concentrations. To our
103knowledge, this is the first study to combine these methods to assess surface water quality. The
104screening was applied in a large storm-driven field study conducted in a sensitive habitat of the

105Sacramento-San Joaquin River Delta in Northern California.



106Materials and Methods

107Study Site and Sampling

108Sampling was carried out at six locations throughout the Cache-Slough-Complex, located in the
109Sacramento-San Joaquin River Delta in Northern California during two rain events in winter
1102016 predicted to have over 3 cm of precipitation (January 4 — 8, and March 4 — 9, respectively,
111see SI-1). The main input of point-source micropollutants as well as diffuse pollutants is
112expected to be via Ulatis Creek because of the discharge of a large waste water treatment plant
113(WWTP, 100,000 population equivalents) from the Vacaville urban area, and significant
114agricultural activity in the upstream catchment. During rain events, runoff from urban and
115agricultural areas is expected to increase the concentrations of pollutants with diffuse sources,
116while pollutants emitted by point sources, like municipal wastewater facilities with sanitary
117sewers, are expected to remain steady or decline. A transect of five locations (Ulatis Creek at
118Brown Road (UB) and Cache Slough locations C1-C4) was sampled to track pollutant dynamics.

1190ne reference site, Liberty Island (LI), which is separated from the transect and expected to have
120low micropollutant loading, was also sampled. Two 1 L grab samples — one for LC-MS and one

121for GC-MS — were taken in the middle of the river/wetland at roughly 30 cm depth during four
122and five days in the January and March events, respectively (1 sample before, 2-3 samples
123during and 1 sample after each rain event, SI-1). Three samples were not taken for logistical
124reasons resulting in a total of 51 samples. All samples were cooled during transport and stored in

125the dark at 4 °C until extraction.
126

127Chemicals and Solvents

128For the target analysis, 32 LC-MS amenable pesticides and 21 GC-MS amenable pesticides were

129selected (see SI-2). Five compounds were measurable on both instruments. Targets were chosen:



130(i) to include high use compounds in Solano County, CA at the time the methods were
131established (California DPR, 2012*") and (ii) to represent pesticides from different classes and
132with different physico-chemical properties (see SI-2). For the LC-MS measurements, 11 internal
133standards were used; for the GC-MS measurements, two surrogates and one internal standard
134were used (see SI-2). All solvents were high purity (methanol, ethyl acetate, hexane, acetone,
135dichloromethane from Fisher Scientific, acetonitrile from Burdick and Jackson); ultra-pure water
136was supplied by an in-house deionized water system (MilliQ Millipore).

137

138Extraction and Analytical Method for LC-QTOF-MS

139Surface water samples were extracted for polar and semi-polar micropollutant analysis using a
140method developed by Kern et al. (2009). In brief, surface water (1 L) was filtered through a GF/F
141filter (0.45pm), the pH was adjusted to 6.5-7, and 200 ng of internal standard mix was added.
142Samples were passed over a multilayered cartridge containing Oasis HLB (Waters,
143Massachusetts, USA), Strata XAW, Strata XCW (both Phenomenex, Munich, Germany) and
1441solute ENV+ (Biotage, Uppsala, Sweden), to enrich neutral, cationic and anionic species with a
145broad range of K, values (see Fig. 1). Cartridges were dried for one hour; elution was performed
146with 6 mL ethyl acetate/methanol 50:50 with 0.5% ammonia, followed by 3 mL ethyl
147acetate/methanol 50:50 with 1.7% formic acid, and finally by 2 mL methanol. Extracts were
148evaporated to 0.2 mL with nitrogen using a Turbovap (Biotage) and reconstituted to 1 mL using
149ultra-pure water. A calibration curve consisting of ten points between 0.1 — 250 ng/mL was
150prepared in ultra-pure water/methanol (80:20) and spiked with the same amount of internal

151standards as the samples.



152L.C-QTOF-MS (Agilent 1260 Infinity HPLC coupled to an Agilent 6530 QTOF-MS with a
153Zorbax Eclipse Plus C18 column; 100 mm, 2.5 mm, 1.8 pm, Agilent Technologies, Inc.) analysis
154was performed by injecting 40 pL of extract with the following mobile phases used in a 23 min
155run at a flow rate of 0.35 mL/min: positive ionization mode: A) deionized water plus 0.1%
156formic acid, B) acetonitrile plus 0.1% formic acid; negative ionization mode: A) ultra-pure water
157plus 1mM ammonium fluoride, B) acetonitrile (see SI-3.1 for details). The instrument was run in
158the 2 GHz, extended dynamic range mode at 4 spectra/second. Acquisition was done in All-Ions

159fragmentation mode using collision energies (CE) of 0, 10, 20, and 40 eV, i.e., all ions with m/z

16050-1,050 were fragmented in the collision cell with the corresponding CE. CE=0 means no
161fragmentation and is equal to a full MS scan. MS settings (gas flows, gas temperatures, etc.)
162were optimized separately in positive and negative ionization modes (see SI-3.1) using the 32
163target pesticides.

164

165Extraction and Analvtical Method for GC-QTOF-MS

166For non-polar compounds, the surface water samples were extracted based on a method
167developed by Hladik et al. (2009)** who analyzed over 60 pesticides and TPs from multiple
168compound classes. Surface water (1 L) was filtered through a GF/F filter, filtrate was spiked with
169two surrogates and passed over an Oasis HLB cartridge (Waters). The cartridges were dried for
1700ne hour and eluted with 10 mL of ethyl acetate. A bottle rinse (3 x 4 mL dichloromethane) was
171used to recover pyrethroids sorbed to the glass wall in post-filtration samples®. The resulting
172extracts were combined and reduced to 0.2 mL. The filters containing suspended sediment were
173spiked with surrogates, sonication extracted with hexane/acetone (1:1; 2 x 20 mL), and the

174extracts were reduced to 0.2 mL without further cleanup. Water and filter extracts were measured



175individually. Dibromooctafluorobisphenol (DBOFB, 10 ng) was spiked as an internal standard to
176all samples. A calibration curve consisting of ten points between 0.1 — 250 ng/mL was prepared
177in ethyl acetate, spiking the same amount of surrogates and internal standard as the samples.
178GC-QTOF-MS analysis (Agilent 7890B GC coupled to an Agilent QTOF/MS 7200B with a HP-
1795MS 30 m x 0.25 mm, 0.25 pm column, Agilent Technologies, Inc.) was conducted once in
180negative chemical ionization (NCI) mode using methane as collision gas and a second time in
181electron ionization (EI) mode (Fig. 1). NCI mode was used to quantify all 21 targets since NCI is
182much more sensitive for pyrethroids and other halogenated compounds than EI*. The filter
183extracts were only run in NCI mode to quantify the very non-polar target pyrethroids, which are
184expected to have the highest particle bound fractions. The optimized analytical parameters for
185NCI and additional analytical details are found in SI-3.2.

186EI mode was used for screening the Agilent GC/Q-TOF — Pesticide PCDL* containing 750
187pesticides with exact mass EI fragments and retention times. The chromatographic parameters
188for the GC-EI-MS method were adapted from the Agilent method (SI-3.2). Using these settings,
189the measured RTs matched with the library RT within 0.5 min. To get the measured RT even
190closer to the library RT, retention time locking® was implemented via five injections of the same
191standard, one at the original helium flow rate and four with —20%, —10%, +10%, and +20% of
192the selected helium flow rate. The retention time of chlorpyrifos (library RT 19.993 min in the 40
193min run) was used to optimize helium flow by a regression curve of the multiple injections.
194Retention time locking provided RTs for targets within 0.2 min of their library RTs.

195

196Target Quantification



197Target compounds (SI-2) were quantified using Agilent MassHunter Quantitative Analysis
198software (B.07). For LC-QTOF-MS, the [M+H]" or [M-H] were used as quantifier (exact mass
199window +10 ppm) and two main MS/MS fragments (taken from an existing library spectra)
200measured in the All-Ions scans were used as qualifiers. For GC-QTOF-MS, the main NCI
201fragment was used as quantifier and two additional fragments were used as qualifiers. For
202method validation and quality control, pre-spiked (before extraction), post-spiked (before
203injection) and procedural blank (extracted in ultra-pure water) samples, in triplicate, were used

204(see SI-4).
205

206Suspect Screening using All-Ions Workflow on LC-QTOF-MS

207Suspect screening employed the Agilent MassHunter Qualitative Analysis (B.07) software by
208applying the Find by Formula workflow in ESI+ and ESI- mode (SI-5.1 provides details). The
209Agilent Pesticide PCDL containing 1684 pesticides and transformation products (914 with
210MS/MS spectra) and the Agilent Water Contaminants PCDL containing 1451 compounds (1157
211with spectra) were used as suspect lists (Fig. 1). [M+H]" and [M+Na]" in the positive mode as
212well as [M-H] and [M+F] in the negative mode were searched at m/z +10 ppm and an isotope
213score (including exact mass deviation of monoisotopic m/z, abundance deviation and exact mass
214difference of isotopes versus theoretical pattern) of >70 was selected as threshold. The threshold
215value was selected as on optimum between false negatives and false positives (see results). For
216compounds without MS/MS fragments in the library, the workflow stopped here. For compounds
217with MS/MS fragments, the software automatically searched the five main fragments from the
218library in the All-Ions scans (CE 10, 20, 40). If one or more library fragments were present and
219co-eluting with the precursor mass, the compound was automatically flagged as qualified. All

220automatically detected compounds that had more than two detections in the 51 samples with



221%intensities at least five times higher than in the blank were manually inspected for peak shape,
222signal-to-noise ratio and plausibility of the qualified fragments. If possible, a reference standard
223was purchased for the tentatively identified compounds for full confirmation and retrospective

224quantification._
225

226Suspect Screening with RT Locked Method on GC-QTOF-MS

227Suspect screening for GC-EI-QTOF-MS employed Agilent MassHunter Qualitative Analysis
228software using a Find by Formula workflow similar to the LC-QTOF-MS workflow. The Agilent
229GC/Q-TOF - Pesticide PCDL containing 750 pesticides with exact mass fragments and retention
230times was used (Fig. 1). In contrast to the LC-QTOF-MS workflow, the molecular ion was set as
231optional, a retention time tolerance of + 0.2 min was included and the minimum number of
232qualified fragments was two (see SI-5.2). After manual inspection of the automatically detected
233compounds, reference standards were purchased for complete identification and for retrospective
234quantification.

235

236Extended Pesticide Transformation Product Screening

237To expand the search for transformation products (TPs) beyond those present in the databases
238mentioned above, an extensive TP screening for pesticides was conducted (Fig. 1). The batch-
239mode of the Eawag Pathway Prediction System (EAWAG-PPS**) was used to generate a list of
2401409 TPs (SMILES codes) from 76 pesticides detected in this study using three recursion steps.
241The structures were evaluated for their theoretical ionization in ESI*! and 71 were eliminated.
242The molecular formulas of the remaining 1338 structures were added into a custom database and
243all 51 LC-QTOF-MS water samples were screened using the Find by Formula workflow in

244MassHunter Qualitative Analysis in ESI+ and ESI- (see SI-5.1 for parameters). As no MS/MS



245spectra were available for these compounds, only the exact mass and the isotope score (threshold
24670) were used as criteria. Manual inspection was performed as described above for all
247compounds with more than five detections in the 51 samples and intensities more than five times
248above the blank. Additionally, at least one detection needed an isotope score >85 to eliminate
249compounds with consistently low intensities. Retention time plausibility was evaluated by
250comparing measured RTs for suspects to their predicted RTs using a correlation of logD.. (pH 4
251in ESI+, and pH 7 in ESI-, ChemAxon Jchem for Excel) and RT for target compounds. RT
252differences over 4 min were considered as not plausible.

253For the remaining plausible candidates, the samples with the highest abundances were re-run in
254targeted MS/MS mode (CE 20), isolating the [M+H]" or [M-H] mass to obtain MS/MS spectra,
255which were imported into Agilent Molecular Structure Correlator (MSC, B.07.). MSC searches a
256selected database (e.g., Chemspider, Pubchem, or a custom PCDL containing molecular
257structures) for all compounds with the same exact mass as the isolated mass. In-silico fragments
2580f all possible compounds are then compared with the measured MS/MS spectra. As output, it
259lists all measured fragments that can be explained by each structure and calculates a score based
2600n a weighted match. For the purpose of this study, a custom PCDL containing the molecular
261structures of all remaining plausible TPs was made and MSC calculated the likelihood that the
262in-silico fragments of the compounds explain the measured MS/MS spectra. The identification
263was also supported by predicting MS/MS spectra of the plausible TPs using CFM-ID
264(http://cfmid.wishartlab.com/predict)* by importing the SMILES codes into the software. If the
265candidate had plausible fragments, the compounds were considered as confirmed with a
266confidence level 3.' If a library spectrum or reference standard was available, the level of

267confidence could be reduced to 2 or 1, respectively.



268

269Priority Compounds

270In 51 samples, compounds were prioritized by number of detections, maximum measured
271concentration (Max MEC) and maximum risk quotient (Max RQ, see SI-6). Max RQ was
272calculated by dividing Max MEC by the lowest available acute toxicity value for each
273compound. If available, the sensitive toxicity concentration (STC) as defined by Nowell et al.
274(2014) for three organism groups (fish, cladocerans and benthic invertebrates) was used as a
275toxicity value. The STC represents the 5" percentile of a wide range of data and is therefore
276highly robust towards outliers. For all other compounds, the lowest acute ECs, value (48 h — 96
277h) from standard test species exposures (fish, invertebrates, nonvascular plants) as reported in the

278EPA ECOTOX database (https://cfpub.epa.gov/ecotox) was used.

279

280



281Results and Discussion

282Validation of Target Analysis (LC-QTOF-MS and GC-QTOF-MS)

283From the 32 LC-QTOF-MS targets, all achieved absolute recoveries >70%, 26 had accuracies
284between 70-130%, 30 had precisions (standard deviation of triplicates) <10%, and 31 achieved
285low method detection limits (MDL) <10 ng/L (see SI-4.1). In spite of having an isotope-labelled
286internal standard for only one third of the compounds, accuracies were generally good and
287therefore, quantification is reliable. Detection limits are comparable to Moschet et al. (2013)"
288who used the same extraction method but a different instrument for analysis. This shows that the

289extraction, separation and detection method is suitable to successfully detect pesticides with a

290broad range of physico-chemical properties (e.g., logKow: —3.3 to 6.2) from all pesticide types

291(herbicides, fungicides, insecticides).
292From the 21 GC-NCI-QTOF-MS targets, 17 achieved absolute recoveries >70% in the water

293extracts, 15 absolute recoveries >70% in the filter extracts, 19 had accuracies between 70-130%,
294all 21 had precisions <10%, and 18 achieved very low MDLs <1 ng/L (see SI-4.2). The
295extremely low MDLs of non-polar pesticides in both dissolved and particle bound fractions are
296clearly below the ECs, values for H. azteca lab cultures” and are comparable to the lowest

297reported MDLs in literature® > 2,
298

299Suspect Screening using All-Ions workflow on LC-QTOF-MS

300The LC-MS target pesticides were used to validate the performance of the suspect screening
301using the All-Ions fragmentation workflow. Targets with more than one detection (19) in the 51
302environmental samples were listed in the PCDLs; 15 of these were automatically found by the
303suspect screening; while four were not (cyprodinil, imidacloprid, propanil, thiamethoxame).

304These four compounds had maximum intensities of 2,000 in the samples. At this low intensity,



305isotope scores can fall below the cutoff value (<70) because their isotopes are either not present
3060r had increased mass error or relative abundance deviation.

307The fragment confirmation in the All-Ions workflow did not increase the false negative rate, i.e.
308compounds were not missed because of a missing fragment if a peak with matching isotope
309score was present. This is because the intensity of the main fragment in the high energy scans
310(CE 10, 20, 40 eV) was usually similar to or only slightly lower than the intensity of the
311monoisotopic ion mass in the MS full scan. In addition, the parameter settings to qualify a peak
312were chosen to be deliberately loose (1 fragment needed) because some compounds only have
313one usable fragment even when multiple CE scans are available. These compounds would be
314missed if the settings were more stringent.

3150verall, this procedure was efficient because the number of software generated hits was
316manageable and false negative suspect identifications were primarily associated with low
317intensity detections. It is clear that an automated suspect screening yields higher detection limits
318than a manually evaluated target approach.' Namely, the screening of the 51 water samples by
319the two Agilent PCDLs containing >2000 compounds automatically detected and qualified 83
320compounds in positive mode and 39 in negative mode (with criteria: detections in at least two
321samples and intensities at least five times higher than in the blank). The manual inspection
322procedure described above reduced this number to 70 plausible candidates. These were
323considered as identification with confidence level 2'*. For example, the herbicide fluridone was
324detected in 39 samples with high isotope scores >90 and three to four qualified fragments that
325were co-eluting with the [M+H]" mass (Fig. 1). From these 70 compounds, 64 reference
326standards could be purchased and 58 were confirmed by matching retention time as well as

327matching MS/MS spectra (see SI-6). This resulted in a false positive rate of 9% based on the



328software filters for mass accuracy, isotope pattern and fragment confirmation selected for this
329study. This is a low number considering that with an all ion fragmentation approach a large
330number of co-eluting peaks can occur in complex matrices. The six compounds for which no
331reference standard was available were reported as tentatively identified with confidence level 2.
332Compounds in the two PCDLs for which no MS/MS spectra were available (770 in the Agilent
333Pesticide PCDL and 294 in the Agilent Water Contaminants PCDL) were screened by the Find
334by Formula workflow, too. Here, only the isotope score cutoff was considered and the peaks
335were manually inspected for peak shape and signal-to-noise ratio. Fifteen candidates remained
336after manual inspection and a reference standard was purchased for ten compounds. For the other
337five compounds the samples were re-run in a targeted MS/MS approach and the fragments were
338evaluated (analog to TP screening, see method section). Nine compounds could be confirmed by
339a reference standard, one rejected by a reference standard and five rejected due to implausible
340fragments. As expected, a higher false positive rate was obtained when only the molecular

341formula information was available compared to the All-Ions workflow using MS/MS fragments.
342

343Suspect Screening Using Retention Time Locked Method on GC-QTOF-MS

344Screening the 51 water extracts measured by GC-EI-QTOF-MS using the Agilent GC/Q-TOF —
345Pesticide PCDL (750 pesticides) with a retention time locked acquisition method resulted in the
346detection of 84 software generated hits (criteria: more than two detections and intensities higher
347than five times the blank). Again, the criterion for the number of confirmed fragments (2) was
348deliberately chosen to be conservative. The manual inspection eliminated 39 compounds with
349bad peak shape or because one important fragment from the library spectrum was missing in the
350measurement. From the remaining 45 compounds, 4 were targets of the GC-NCI-QTOF-MS

351method, 24 were already found on LC-QTOF-MS by either target or suspect screening



352approaches described above, and 17 compounds were uniquely detected by GC-EI-QTOF-MS
353(see Fig. 1 and SI-6). Because at least two co-eluting accurate mass fragments and the retention
354time had to match the library, the confidence of the identification is very high with this approach.
355For 39 of the 45 compounds, reference standards could be obtained and as expected, all were
356positively confirmed. The remaining six compounds were reported as tentatively identified with
357confidence level 2. One positive example is the fungicide propiconazole (cis- and trans-
358isomers), which was detected in 38 out of 51 samples with at least four matching fragments and
359retention time deviations of 0.01 min from the library retention time (Fig. 1). Both cis- and trans-
360isomers were confirmed with RT using the library.

361

362Extended Transformation Product Screening

363The screening of the 51 samples with 1338 predicted theoretically ionizable pesticide TPs
364resulted in 33 and 77 software generated hits in positive and negative ionization modes,
365respectively (detections in more than five samples with intensities higher than five times that in
366the blank). Manual inspection for peak shape and signal-to-noise ratio, as well as further
367evaluations such as RT plausibility and consideration of whether the detected compound is
368theoretically ionizable in the selected mode eliminated most compounds leaving only 13 and 20
369plausible compounds in positive and negative modes, respectively. In a further step toward
370confirmation of the TPs, the abundance pattern of the 33 compounds in the 51 samples was
371plotted and compared with the concentration pattern of their potential parent compounds. Six
372compounds in positive mode and ten in negative mode (two of them detected in both modes)
373thereby showed a pattern that is expected from a compound introduced by a runoff event and was

374very similar to the pattern of the parent compound (see Fig. 2 and SI-7). The other seven and ten



375compounds had an undefined abundance pattern and were therefore eliminated from the
376candidate list. The similarity between the abundance patterns of the 14 tentatively identified TPs
377and their parent compounds suggests that these TPs were most likely formed at the source (i.e.,
378prior to or coincident with discharge).

379Re-running the samples in targeted MS/MS mode, evaluating the MS/MS spectra using the MSC
380software, comparing measured fragments to those predicted by CFM-ID, and manual inspection
381eliminated two compounds in positive mode and five in negative mode because they had
382implausible MS/MS spectra (i.e., fragments that could not be explained by the molecular
383structure).Seven compounds had plausible MS/MS fragments and were initially identified with
384confidence level 3". Two examples are shown in Fig. 2 (remaining compounds in SI-7). The
385insecticide dimethoate had two TPs with matching abundance patterns (top left): i) omethoate
386which was already found in the All-Ions workflow and was later confirmed by a reference
387standard, and ii) O-desmethyl dimethoate (CAS # 2700-77-8) for which no reference standard
388was available but which had plausible MS/MS fragments (Agilent MSC score 71.4); three of
389them were also predicted by CFM-ID (bottom left). Omethoate is the key metabolite of
390dimethoate and is formed in soil*. The perfectly matching concentration pattern between parent
391and TP indicates that the transformation happened at the source. O-desmethyl dimethoate is a
392known plant or water metabolite*® which to the authors’ knowledge has not been found in surface
393waters previously. The second example, the herbicide dithiopyr, which was frequently found in
394the All-Ions workflow, had one unknown TP with CAS # 128294-56-4 with matching abundance
395pattern (Fig. 2, top right), and multiple plausible MS/MS fragments (Agilent MSC score 92.6);
396six of them were also predicted by CFM-ID (bottom right). In addition, norflurazon-desmethyl,

397azoxystrobin acid, trifloxystrobin acid, and 2,4-dichlorophenol (TP of 2,4-D) were detected and



398all were fully confirmed by a reference standard (see SI-7 for MS/MS spectra). In addition to the
399TPs found by the extended screening, five TPs that were not predicted by EAWAG-PPS were
400detected by either target analysis or suspect screening. Four fipronil TPs were detected by target
401analysis on LC-QTOF-MS and GC-QTOF-MS, and the diuron metabolite 3,4-
402dichlorophenylisocyanate was tentatively confirmed by the GC-QTOF-MS suspect screening.
403

404Significance of Suspect Screening

405By applying both target and suspect screening approaches using LC-QTOF-MS and GC-QTOF-
406MS, 132 unique compounds were detected at least once in the 51 water samples during the two
407rain events in the Cache Slough Complex (Fig. 1, SI-6). Analysis for the 48 target pesticides (27
408LC-QTOF-MS, 16 GC-QTOF-MS, 5 both instruments), identified only 37 compounds; thus 95
409compounds that were identified by suspect screening would have been missed.

41075 of the 132 detected compounds were uniquely detected by LC-QTOF-MS, 29 uniquely by
411GC-QTOF-MS and 28 on both instruments. From the uniquely detected compounds by GC-
412QTOF-MS, five were also on the LC-QTOF-MS suspect list, while 17 of the uniquely detected
413compounds by LC-QTOF-MS were also on the GC-QTOF-MS suspect list. The reason why
414these compounds were not detected by the other instruments is most likely that they were above
415detection limits due to low environmental concentrations. This highlights the importance of
416measuring samples on both separation platforms (LC & GC) and implementing comprehensive
417suspect screening approaches in routine monitoring programs to assess chemical contamination
418in a holistic manner.

419The use of an All-Ions approach allowed for collection of MS and MS/MS level data in one

420injection, while the availability of spectral libraries was critical for positive compound



421identification. The development of more curated exact mass spectral libraries, especially for GC-
422EI-MS, is strongly suggested. Despite software advances that perform automated peak picking,
423compound identification and structure elucidation, manual review of data still allows refinement
424especially for low abundance features to reduce false positives and negative reporting. The
425extraction, analysis, data processing and reporting workflow shown here is highly effective for
426quantification of targeted compounds and identification of suspects and TPs in water samples.
427

428Environmental Relevance

429As might be anticipated for a surface water sampling program triggered by impending storms,
430the majority of detected compounds mainly entered via non-point sources (65 pesticides, 14
431TPs), likely released by runoff during the rain events. However, a significant additional number
4320f compounds were identified, including some that were expected to be present in WWTP
433effluent (22 pharmaceuticals, 5 flame retardants, 5 PFCs, 13 various) and 8 other compounds
434with unknown sources®>* (see SI-6). Most compounds (109/132) could be quantified by a
435reference standard; 81 of these had an ECs, value available allowing calculation of an RQ. The
436top 10 compounds based on RQ, maximum concentration and number of detections in this study
437are listed in Table 1 (complete list in SI-6).

438Substances with the highest concentrations (maxima >890 ng/L) were mainly waste water
439derived (e.g., the artificial sweetener sucralose, the X-ray contrast media iohexol, and the
440pharmaceutical metformin), but included one herbicide (triclopyr) and one herbicide TP (2,4-
441dichlorophenol). For seven of the ten compounds with the highest concentration, no toxicity data

442were available, precluding risk assessment. Surprisingly, 17 compounds from different substance



443classes were detected in all 51 samples and nearly half of the detected compounds were found in
444more than 50% of the samples.

445The results clearly show that the ten most critical compounds for this catchment are insecticides,
446mainly pyrethroids (7 out of 10), with RQ>0.1, hence, at concentrations close to or above the
447ECs, concentration for aquatic invertebrates. Another six insecticides (chlorpyrifos, imidacloprid,
448flubendiamine, novaluron, chlorantraniliprole and fipronil) and the pharmaceutical venlafaxine
449had RQs between 0.01 and 0.1 based on invertebrate toxicity data. At or below these
450concentrations, reduced survival was observed in the field** and in the European Union, the
451Uniform Principle requires that RQs are below 0.01 for invertebrates and fish*. In addition,
452synergistic mixture effects resulting from the large number of co-occurring chemicals are
453expected to negatively affect the ecosystem >* > _This study highlighted a potential risk for
454aquatic organisms in the Cache Slough complex during rain events, mainly caused by multiple
455insecticides.

456



457Table 1. Prioritized compounds from this study, including the 10 compounds with the highest
458risk quotient (RQ), maximum measured environmental concentration (Max MEC, ng/L), and
459number of detections (# Det.). The table is sorted by RQ, maximum concentration and detection

460frequency, respectively.

Compound Name Compound Class CASRN sz:::- Insturment Max RQ Max MEC # Det.
Cypermethrin Insecticide 52315-07-8 T GC 16 33 6
Cyfluthrin Insecticide 68359-37-5 T GC 2.5 29 18
Bifenthrin Insecticide 82657-04-3 T GC 0.6 5.4 20
Cyhalothrin Insecticide 91465-08-6 T GC 0.5 6.3 23
Malathion Insecticide 121-75-5 S LC+GC 0.4 236 4
Dimethoate Insecticide 60-51-5 T+S LC+GC 0.2 493 27
Diazinon Insecticide 333-41-5 S GC 0.2 60 4
Esfenvalerate Insecticide 66230-04-4 T GC 0.2 1.9 6
Deltamethrin Insecticide 52918-63-5 T GC 0.2 1.0 13
Permethrin Insecticide 52645-53-1 T GC 0.1 5.5 2
Sucralose Food additive 56038-13-2 S LC - >5000 51
lohexol PPCP 66108-95-0 S LC - >5000 51
Metformin PPCP 657-24-9 S LC 9E-05 >5000 39
2,4-dichlorophenol Herbicide TP 120-83-2 S LC - >1000 22
Triclopyr Herbicide 55335-06-3 S LC 4E-04 >1000 44
2,4-Dinitrophenol different uses 51-28-5 S LC 0.003 >1000 1
Tolyltriazole Corrosion inhibitor ~ 136-85-6 S LC - >1000 45
9-Octadecenamide Endogenous 301-02-0 S LC - 940 26
TCPP? Flame Retardant 13674-84-5 S LC - 930 40
TDCPP! Flame Retardant 13674-87-8 S LC - 890 51
2,4-D Herbicide 94-75-7 T LC 5E-05 778 51
Metoprolol PPCP 37350-58-6 S LC 7E-05 487 51
Boscalid Fungicide 188425-85-6 T+S LC+GC 3E-04 368 51
Diuron Herbicide 330-54-1 T LC 0.08 199 51
Fluxapyroxad Fungicide 907204-31-3 S LC 3E-05 76 51
DEET Insect repellent 134-62-3 T+S LC+GC 7E-07 53 51
fipronil Insecticide 120068-37-3 T LC+GC 0.01 14 51
Fipronil amide Insecticide TP 205650-69-7 T GC - 13 51
Fipronil-sulfone Insecticide TP 120068-36-2 T LC+GC 4E-04 9.0 51
Fipronil-desulfinyl Insecticide TP 205650-65-3 T LC+GC 9E-05 4.5 51
PFHXxS® PFCs 355-46-4 S LC - 4.2 51
Chlorthal-dimethyl Herbicide 1861-32-1 S GC 5E-07 3.1 51
Dichlobenil Herbicide 1194-65-6 S GC - - 51
Dithiopyr TP Herbicide TP 128294-56-4 S LC - - 51

461" Tris(1,3-dichloroisopropyl)phosphate, * Tris(2-chloroisopropyl)phosphate, * Perfluorohexanesulfonic acid, T:
462Target Method, S: Suspect Screening, GC: GC-QTOF-MS, LC: LC-QTOF-MS, TP: transformation product, no

463toxicity data available or not quantified.

464
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618

619Figure 1. Top: Flowchart of the extraction and data evaluation method. “Unique” compounds
620were only detected on either LC-QTOF-MS or GC-QTOF-MS, not on both instruments. TP:
621transformation product. Bottom: Example of two identified compounds in real environmental
622samples by the two suspect screening methods. Left: LC-QTOF-MS All-Ions workflow. Shown
623is an overlay plot of the exact mass of the [M+H]" and the four main fragments of fluridone from
624the spectral library. Inset: comparison of theoretical and measured isotope pattern. Right: GC-
625QTOF-MS retention time locking workflow. Shown is an overlay plot of the five main fragments

6260f cis-/trans-propiconazole in EI mode together with the library retention time (RT) information.

627

628

629

630Figure 2. Top: Concentration/area pattern in three locations (Ulatis Creek, UB, Cache Slough C1
631and C2) of A) the insecticide dimethoate (green solid line), its TPs omethoate (blue dashed line)
632and desmethyldimethoate (red dashed line, confirmed level 3) in the March rain event, and B)
633the herbicide dithiopyr (green solid line) and its predicted TP with CAS #: 128294-56-4 (blue

634dashed line) in the January rain event. Bottom: annotated plausible MS/MS spectra of the

635identified transformation products. C) desmethyldimethoate (MSC score 71.4) and D) dithiopyr

636TP with CAS #: 128294-56-4 (MSC score 92.6). ° predicted by MSC; * predicted by CFM-ID.





