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Abstract (70 words, currently 70)

Full-scan mass spectrometry (MS) data from both liquid chromatography (LC) and MS
imaging capture multiple ion forms, including their in-source fragments. Here we leverage such
fragments to structurally annotate full-scan data from LC-MS or MS imaging by matching against
peak intensity scaled tandem MS spectral libraries using precursor-tolerant reverse match
scoring. Applied to inflammatory bowel disease and imaging datasets, we show the approach
facilitates re-analyses of data in public repositories.
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Main (1500 words, currently 2807)

The scientific community is investing substantial resources — funds, time, and effort — in
collecting samples, obtaining metabolomics data, analyzing results, and making them publicly
available. Just as a conservative number, we are approaching a milestone of one million public
liquid chromatography-mass spectrometry (LC-MS) files and over 11,700 MS imaging files across
major repositories such as Metabolomics Workbench', MetaboLights?, GNPS/MassIVE?, and
METASPACE®. The rationale behind public data deposition (even when restricted access is
employed) extends beyond promoting scientific transparency and reproducibility; it also facilitates
future reuse, as typically only a small fraction of the data is utilized upon initial publication.

Given that the average annotation rate in metabolomics studies ranges from 10% to 20%°"
8 one crucial aspect of data reuse is to provide new annotations that can be re-contextualized to
uncover new biological insights. In untargeted metabolomics, two primary approaches are
employed: data collection with tandem MS (MS/MS) and without (MS1-only or full-scan). The
latter method offers an advantage in peak shape quality due to the increased number of scans
contributing to each peak, leading to enhanced absolute or relative quantification accuracy and
thus more reliable statistical analyses. However, MS1-only data presents limitations in discovering
molecules that were detected but not yet annotated through subsequent reanalysis. Notably, more
than 40% of untargeted LC-MS metabolomics data files in public repositories consist solely of
MS1 data, and almost all MS imaging metabolomics data are MS1 scans. This situation creates
a significant gap in data reuse and reinvestigation for full-scan data in untargeted metabolomics.

Traditionally, MS1 data interpretation relies on accurate mass measurements and isotopic
patterns, which can suggest possible molecular formulas*®'® but often falls short of providing
structural information. However, it is also generally understood that many ions may undergo in-
source fragmentation or exhibit post-source decay''~"®, generating fragment pieces that also
appear in MS1 data. As these processes involve thermal activation, the resulting in-source
fragment ions exhibit fragmentation patterns very similar to those observed in collision-induced
dissociation (CID) MS/MS spectra. This opens the possibility of leveraging such in/post-source
fragments as a handle to create pseudo MS/MS spectra, also referred to as composite spectra’’,
that can be leveraged for MS/MS reference library-based annotation in metabolomics and
exposomics studies'> 2.

Strategies, such as IDSL.CSA', have demonstrated the proof-of-principle of matching
pseudo MS/MS spectra, obtained by aggregating ion forms across entire datasets, to reference
MS/MS libraries using scoring methods like cosine or entropy similarity®*. This works particularly
well for GC-MS? due to the consistent use of a fixed energy (70 eV) for both data acquisition and
reference spectra, and the absence of many co-eluting ion forms such as different adducts or
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71 multi-meric species. However, in LC-MS, different ion forms, such as adducts and multimers,
72  often dominate pseudo MS/MS spectra, which may prevent matching to reference MS/MS
73 libraries that do not account for these ion forms. Furthermore, as we show below, the fragment
74 ions we detected tended to match reference MS/MS spectra generated with lower-energy
75  fragmentation, while most reference spectra available in the public domain are collected under
76  medium to high collision energies. In these lower-energy spectra, low-m/z ions often appear at
77  very low intensities or may be absent entirely, resulting in missed matches. Other experimental
78  strategies aimed to overcome this limitation—for example, elSA?® and EISA-EXPOSOME'® have
79  been developed to incorporate in-source fragments in metabolite annotation. Therefore, in their
80 current implementations, these methods require full-scan data under enhanced in-source CID
81  (isCID) energies (e.g., 40 eV) to obtain adequate spectral matches, and they work in a targeted
82 fashion. Consequently, these methodologies cannot be used for reanalyzing hundreds of
83  thousands of public untargeted MS1 data files acquired without extra isCID experimental designs.
84
85 In the realm of MS imaging, metabolite candidate annotations are obtained by annotating
86  molecular formulas and cross-referencing these formulas in common metabolite/lipid chemical
87 databases such as HMDB?, LipidMaps?® and ChEBI®. This approach corresponds to level 4
88 identification confidence (unequivocal molecular formula) according to the Metabolomics
89  Standards Initiative®. Despite the rapid growth of MS/MS spectral libraries®, metabolite annotation
90 of MS imaging data has not yet fully benefited from this expanding community resource.
91
92 We therefore highlight in this work that we can annotate MS1 data applicable to both LC-
93 MS and MS imaging data. Our approach integrates two steps (although how these steps are
94  implemented is critical): (1) clustering ions or metabolic features through correlation analysis of
95  extracted ion chromatograms (XICs) or ion images in the retention time domain or spatial manner
96 (Fig. 1a); and (2) employing a precursor-tolerant (open search®') but using reverse spectral
97  matching approach to compare deconvolved MS1 spectra, or pseudo MS/MS spectra, against
98 peak scale-adjusted reference MS/MS libraries for structure candidate identification. Unlike
99 traditional forward spectral matching which utilizes all the peaks in both query and reference
100 spectra for scoring, reverse matching is a unidirectional spectral comparison which ignores
101 unaligned peaks in the query spectrum®, tolerating contaminant peaks sourced from co-eluting
102 metabolic features or signal artifacts. In the following sections, we elaborate on the spectral
103  matching design and its underlying rationales, demonstrating how this approach enhances
104  annotation capabilities for MS1 data in both LC-MS and MS imaging experiments.
105
106 Each molecule detected by mass spectrometry is represented by multiple molecular ions
107  of various adduct forms (e.g., M+NH4*, M+Na*) that co-elute during chromatography®~%° or, in the
108 case of MS imaging, share spatial correlations with each other, in addition to in-source fragments.
109  Consequently, intact molecular ions of different adducts, along with their fragments, appear in the
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110 same reconstructed pseudo MS/MS spectrum (Fig. 1b). Unlike a typical MS/MS spectrum
111 collected in data-dependent acquisition (DDA) mode, it is not known which ion—if any—represents
112  the precursor ion in a pseudo MS/MS. To address this, we implemented an open search
113  approach-it does not assume a single, predefined precursor ion for each spectrum, but instead
114  considers every ion as a potential precursor ion simultaneously. It employs an unlimited mass
115  tolerance window to accommodate potential mass shifts due to different adducts or multimers,
116  enabling the recognition of various precursor types within the same spectrum.

117
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119 Fig. 1 | Structure annotation of full-scan MS data. a, A unified solution to annotate MS1 data from LC-MS or MS imaging experiments.
120 Pseudo MS/MS spectra are generated through correlation analyses in time or spatial domain. The precursor ion-tolerant (open search)
121 reverse spectral searching allows structure annotation of pseudo MS/MS leveraging existing reference MS/MS libraries. b, Open
122 search allows matching against reference spectra of multiple adduct forms. ISFs, in-source fragments. ¢, Reverse spectral search
123 discards unmatched peaks in the query spectrum and thus improves spectral search. d, Peak intensity scaling helps to match pseudo
124 MS/MS spectra against reference MS/MS which are collected under medium to high collision energies. e, Similarity score distribution
125 of searching pseudo MS/MS against libraries with or without peak scaling, or both. Reverse cosine scores of ground truths using
126 chemical standards are used. f, An example of structure annotation from LC-MS data (NIST human feces) and XIC correlations. Peak
127 intensities are square rooted. g, An example of structure annotation from MS imaging data (mouse brain) and extracted ion images.
128 lon images were created using 5 ppm mass tolerance. Peak intensities are square rooted.
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130 However, there are challenges in matching a pseudo MS/MS spectrum against the MS/MS
131 spectral library, making it often not possible to provide direct matches. Pseudo MS/MS spectra
132  contain not only fragment ions but also molecular ions of other adduct types and unavoidably mis-
133  clustered ions that are co-eluting. These additional ions are undesirable during spectral matching
134  as they significantly diminish the search scores as the reference libraries do not contain all of the
135 different ion forms. We therefore employed a reverse spectral search (Fig. 1¢). In this method,
136  reference spectra serve as templates, and unmatched peaks in the pseudo MS/MS are discarded
137  when calculating matching scores. This approach is particularly crucial for MS imaging data,
138  where ions with similar biological functions tend to have similar spatial patterns and thus high
139  correlations, resulting in more ions that should not be compared when trying to annotate (e.g.,
140 lipid molecules can exhibit similar spatial distributions on cellular membranes).

141

142 Furthermore, as pseudo MS/MS spectra are obtained with minimal energy input (only
143  energy for transfer and/or trapping of the ions), the fragment ion intensities tend to more closely
144  align with low-energy CID spectra. Currently, most reference MS/MS spectra in libraries are
145  collected under medium to high collision energies. Therefore, we developed a peak intensity
146  scaling approach to better align them (Fig. 1d). Using chemical standard pools of bile acids and
147  drugs, in total containing 14 known molecules, for which full-scan MS data were collected under
148 in-source CID (isCID) energies of 0 eV, 10 eV and 20 eV, we demonstrated that this peak scaling
149  approach provided more matching scores of >0.7 for ground truths compared to not applying peak
150 scaling (Fig. 1e). Combining search results from both original and peak-scaled reference libraries
151  yielded the highest number of matches with reverse cosine scores larger than 0.7.

152

153 To further validate our approach, we collected LC-MS data from NIST reference human
154  fecal samples in both DDA and full-scan modes. Full-scan data were acquired under 0 eV, 10 eV,
155 and 20 eV isCID energies. We were able to obtain spectral library matches for 567, 306, 484, 511
156  and 604 metabolic features in MS/MS (DDA, 42 eV), MS1 (DDA), MS1 (0 eV), MS1 (10 eV), and
157  MS1 (20 eV) modes, respectively (Fig. 2a). Unexpectedly, MS1 annotation revealed a unique
158  chemical space, with the majority of annotated features in MS1 data being distinct from MS/MS
159  annotations. More than 79% of the features annotated via pseudo MS/MS lacked corresponding
160 MS/MS spectra in DDA experiments. While DDA typically acquires MS/MS spectra for the more
161  abundant features, this approach captures more low-intensity features when they produce
162  sufficient in-source fragments (Fig. 2b). When examining the same metabolic features collected
163  in DDA, structure similarity analyses between MS1 annotations and MS/MS annotations showed
164  that they generated similar chemical candidates (Fig. 2c), where a higher isCID energy led to
165  more similar or identical structure matches with MS/MS annotations. We then investigated the
166  compound classes®® of annotated compounds under different acquisition conditions (Fig. 2d).
167  While MS1 data generally annotated more molecules than MS/MS across most compound
168 classes, organic acids & derivatives, and lipids & lipid-like molecules were not as well recognized
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169 in MS1 annotation compared to MS/MS, and this suggests that certain classes of compounds will
170 be easier to annotate via the pseudo MS/MS strategy forwarded here. Overall, above results
171 indicate that MS1 annotation expands the range of detectable metabolites, potentially uncovering
172  previously overlooked compounds in untargeted metabolomics studies, including those available
173  in public repositories.
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178 Fig. 2 | MS1 structure annotation provides new insights. a, Annotations of NIST fecal samples by MS/MS (DDA) or MS1 data with
179 different isCID energies. b, MS1 annotation is able to capture low-abundant metabolic features compared to MS/MS annotations in
180 DDA. Boxes cover the interquantile range (IQR), with medians labeled. The upper whisker represents Q3 + 1.5 x IQR; the lower

181 whisker represents Q1 - 1.5 x IQR. P values were calculated using two-sided Mann-Whitney U tests. ¢, Structure similarity distributions
182 between MS1 annotations and MS/MS annotations when annotating the same metabolic features. d, Compound class distributions of
183 the metabolites annotated in the NIST feces dataset. e, t-SNE visualization of MS1 annotations in the IBD dataset. Nodes are colored
184 by compound pathways from NPClassifier. f, An example molecular network generated using pseudo MS/MS spectra in the IBD
185 dataset (HILIC positive). Tyrosine-related compounds were annotated and linked. P values were calculated using two-sided Mann-

186 Whitney U tests. The mirror plot shows pseudo MS/MS spectra from Tyr-C6:0 and Tyr-C8:1. g, LysoPC(16:0/0:0), PC(16:0/16:0) and
187 PC(16:0/18:1) annotated in the mouse brain imaging data. They were all verified by authentic standards in LC-MS/MS data. lon images

188 were created using 5 ppm mass tolerance. Peak intensities are square rooted in the mirror plots, with matched peaks shown in the
189 pseudo MS/MS. h, Carnosine annotated in the mouse body imaging data. lon images were created using 5 ppm mass tolerance.
190 Peak intensities are square rooted in the mirror plot, with matched peaks shown in the pseudo MS/MS.

191

192

193 To highlight reanalysis of a public project with MS information, we revisited a public LC-

194  MS full-scan dataset from an inflammatory bowel disease (IBD) study*’. This dataset comprised
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195 546 stool samples from three diagnostic groups: non-IBD (n = 134), Crohn's disease (CD, n =
196  266), and Ulcerative colitis (UC, n = 146). The analysis employed four distinct LC-MS modes:
197  HILIC positive, HILIC negative, C8 positive, and C18 negative. We performed MS1 annotations
198 in batches, obtaining 3010, 293, 227 and 636 unique metabolites (unique InChlKey strings) in the
199 four modes, respectively. Altogether, we identified 3802 unique metabolites with level 2/3
200 confidence®. A t-SNE visualization (Fig. 2e), color-coded by compound pathways from
201 NPClassifier®®, revealed distinct clustering patterns among annotated compounds. Alkaloids and
202 shikimates & phenylpropanoids form large, spread-out clusters, suggesting diverse structural
203  variations and their prominence in the gut metabolome. Fatty acids and terpenoids form relatively
204  distinct clusters, indicating unique intensity profiles for lipid-based metabolites across the IBD
205 sample set. We constructed a molecular network using the pseudo MS/MS spectra from the HILIC
206  positive mode. A subnetwork for tyrosine-related compounds was highlighted in Fig. 2f, including
207  N-acyl amides that showed alterations in non-IBD vs CD or non-IBD vs UC comparisons. The
208 annotation of Tyr-C8:1 could be propagated through modified cosine-based MS/MS similarity and
209 delta masses with neighbor nodes, and the mirror plot clearly shows the fragmentation pattern of
210 tyrosine as well as the neutral loss of the fatty acyl chain. These findings align with previous IBD
211 studies®**', which identified alterations in lipid metabolism and N-acyl amide profiles as key
212  factors in IBD pathogenesis, and highlight that our reanalysis approach can assist in uncovering
213 clinically relevant metabolic signatures the original depositors did not describe.

214

215 To demonstrate the efficacy of our strategy on MS imaging data, we applied it onto mouse
216  brain*, mouse body and human hepatocytes*? datasets. In the mouse brain sample, we annotated
217  hemin and phosphatidylcholine (PC) lipids of varying chain lengths. Fig. 1g displays the ion
218 images of the hemin cation and its in-source fragments, and the visual inspection clearly revealed
219 that the ion image of the hemin cation exhibits spatial patterns highly similar to those of its in-
220 source fragments, with the expected lower abundance of in-source fragments. Fig. 29 illustrates
221 the annotations of LysoPC(16:0/0:0), PC(16:0/16:0) and PC(16:0/18:1), which were all verified by
222  authentic standards in LC-MS/MS data*. In the mouse body dataset, we obtained 143 candidate
223  annotations. Notably, carnosine was found to be localized to the brain and muscle tissues (Fig.
224 2h), aligning with its dual role as a neuroprotector and a muscle performance enhancer®. In the
225  brain, carnosine's presence suggests its involvement in neurotransmitter regulation and synaptic
226  plasticity, processes crucial for learning and memory*. In muscle tissue, it functions as an
227  intracellular buffer, regulating pH levels during physical activity, and exhibits antioxidant
228  properties* that may aid in recovery from exercise-induced stress. The significant abundance of
229 carnosine in these tissues underscores its importance in both neurocognitive function and
230  physical performance. Extending our analysis to a single cell analysis data set of human cell lines,
231  we examined an MS imaging dataset from differentiated human hepatocytes*? revealed various
232  lipid classes including phosphatidylcholines, diacylglycerols, and triacylglycerols. As an illustrative
233 example, Extended Data Fig. 1 showcases the annotation of a diacylglycerol species. This result
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234  highlights the ability of this approach to annotate complex lipids that are interpreted at the single
235 cell level. These findings collectively demonstrate the versatility of our approach across different
236  types of data, from tissue-level imaging to single-cell analysis. By enabling confident annotation
237  of molecular species in various biological contexts, our method promises to enhance our
238 understanding of spatial metabolomics and lipidomics in health and disease.

239

240 Despite its capacity to annotate MS1 data from both LC-MS and MS imaging experiments,
241 there are a number of important limitations one has to consider when applying this approach. This
242  approach will not be able to distinguish most isomers, particularly in complex metabolite mixtures
243  with inadequate chromatographic separation. These structurally similar compounds often co-elute
244  and produce similar fragments, impeding the creation of clean pseudo MS/MS spectra and their
245  subsequent distinction. This issue is notably evident in lipid analysis—molecules of the same lipid
246 class share identical characteristic fragments (e.g., the head group ion of phosphatidylcholines),
247  where integration of heuristic rules for retention orders may provide deeper insights. Currently
248  scaling is optimized for maximum number of annotations but this also results in increased
249  incorrect matches compared to no scaling (Extended Data Fig. 2). We expect future optimization
250 of scaling can further improve the annotation confidence. Another consideration is the potential
251  for ion contamination or incorrect ion clustering when generating pseudo MS/MS spectra,
252  especially in MS imaging data lacking chromatographic separation. Such limitations elevate the
253  risk of incorrect matches to reference MS/MS spectra. As we show, certain compound classes
254  are underrepresented (e.g., organic acids & derivatives and lipids & lipid-like molecules) in MS1
255  annotation. This underrepresentation arises from insufficient generation of in-source fragments
256  due to the comparatively low energy imparted on the ions in MS1-only scans. These constraints
257  highlight avenues for future research, including the advancement of more precise MS1 data
258  deconvolution techniques, incorporation of additional orthogonal data for isomer differentiation,
259  and refinement of spectral search algorithms specifically tailored for MS1 data annotation.

260

261 Our MS1 annotation approach unveils exciting new prospects for untargeted
262 metabolomics data reuse and analysis. A key opportunity lies in developing an MS1-based
263  MASST*“" (Mass Spectrometry Search Tool) to perform reverse metabolomics*® on LC-MS and
264  MS imaging data, which allows the contextualization of molecules (known or unknown) driven by
265 metadata integration*® including body distributions, producing organisms, health conditions and
266 interventions. While the current MASST enables searching MS/MS spectra against public data
267  repositories using forward (modified) cosine to retrieve valuable metadata for new biology
268  discovery, MASST could now potentially be extended to the MS1 level. As a proof-of-principle,
269 we queried the pseudo MS/MS spectrum of phenylalanine-C3:0 from the NIST feces sample,
270  which was more abundant in the omnivore group than the vegan group, against the pseudo
271 MS/MS spectra pool from the IBD dataset. This search returned an MS/MS match with cosine
272  score of 0.90 (Extended Data Fig. 3). The matched pseudo MS/MS was also annotated as
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273  phenylalanine-C3:0 in the IBD dataset, showing statistical significance in both non-IBD vs CD and
274  non-IBD vs UC comparisons with higher abundance in the non-IBD group. This indicates the
275 feasibility of MS1-based MASST across all four major repositories. Our MS1 annotation
276  approach’s ability to identify low-abundance features suggests the possibility of achieving broader
277  metabolome coverage through MS1-based molecular networking®. This approach could catalyze
278 the propagation of annotations through spectral similarity analysis, revealing previously
279  unidentified metabolites and facilitating the creation of pseudo MS/MS-based suspect libraries®
280 for future data reuse and reanalysis. With over 14,800 untargeted metabolomics datasets (~one
281 million data files) currently available in public repositories, this represents an untapped resource
282  for exploring the dark metabolome®~including those elusive metabolites that have thus far
283  escaped identification. As we refine and extend our MS1 annotation techniques, we anticipate an
284  extensive deepening of our understanding of complex metabolic processes and their roles in
285  diverse biological systems and disease states.

286
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287  Methods

288

289  Pseudo MS/MS spectra generation

290 For LC-MS data, metabolic features are extracted using the MassCube backend®', which
291  is a Python-based framework for untargeted metabolomics. For each pair of metabolic features
292  within the same retention time window (e.g., £1.5 s), peak-peak correlation is calculated using
293 their chromatographic profiles. To perform the correlation analysis between two ions, they must
294  share at least 4 consecutive MS1 scans in their chromatographic profiles.

295

296 Pseudo MS/MS spectra are then generated as follows: For each metabolic feature (target
297  feature), all other features with correlations exceeding a predefined threshold (e.g., Pearson
298  correlation coefficient = 0.80) are collected. These correlated features are compiled into a pseudo
299  MS/MS spectrum for the target feature. Peak heights of the correlated features in the original MS1
300 data are used as their respective intensities in the pseudo MS/MS spectrum. Peaks that are
301  determined as isotope peaks by MassCube are excluded from pseudo MS/MS generation.

302

303 For MS imaging data, the process is adapted to account for spatial information. Each MS
304  scan undergoes noise reduction using a moving average algorithm. Within a moving window of
305 100 Da, the baseline is determined as 5 times the mean intensity of the lowest 5% ions in the
306  window, effectively removing background noise. Data centroiding is performed if necessary to
307  reduce data complexity. lon images are extracted using mass bins of 0.01 m/z, and then spatially
308 correlated. A minimum of 5 shared pixels with non-zero intensities between two ion images is
309 required to ensure meaningful correlations and mitigate the impact of sparse data. Pseudo
310 MS/MS spectra are generated by applying a predefined spatial correlation cutoff (e.g., 0.85),
311  followed by deduplication to remove redundant spectra. Both Numba®? acceleration and parallel
312  processing are employed for computation efficiency enhancement.

313
314  Reverse spectral search
315 Reverse spectral search is an asymmetric matching process, where one spectrum is

316 treated as template (T) and the other as query (Q). All the peaks in the template spectrum and
317  aligned peaks in the query spectrum are involved in matching score calculation, shown as follows.
Qatigned * Taiignea
| Qatigneal|ll Taull
319 Considering that pseudo MS/MS spectra are generated from low-energy fragmentation
320 scan modes, and that most public reference MS/MS are acquired under medium to high collision

318 reverse cosine =

321  energies, we propose a mass-dependent approach to scale peak intensities for reference MS/MS
322  spectra. This method aims to simulate the pattern observed in low-energy MS/MS, where
323 fragment ions with m/z values closer to the precursor m/z exhibit higher abundance, while those
324  further from the precursor m/z show lower abundance. For a reference MS/MS, we have


https://www.zotero.org/google-docs/?3gzhfb
https://www.zotero.org/google-docs/?Eq0CQl
https://doi.org/10.1101/2024.10.14.618269
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.14.618269; this version posted October 17, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

m/z;
325 @ = ——
m/zprecursor
326 Ii,new = ek“i . Ii

327  where q; is the m/z ratio of fragment i to the precursor; I; is the original intensity; I; ,.,, is the
328 scaled peak intensity; k is the scaling factor where we set it as 8 throughout this paper. Square
329 root transformation is then applied on both reference and pseudo MS/MS spectra. Each pseudo
330 MS/MS is searched against the reference MS/MS library in a precursor-tolerant manner, where
331  we ask that the precursor ions of matching hits should be in the m/z values of the query pseudo
332 MS/MS spectrum. For each pseudo MS/MS, we reserve the top 1 hit for each unique precursor
333  m/z value among all annotations. Each annotation is then linked to a single metabolic feature in
334  the metabolic feature table using the retention time of the pseudo MS/MS and the precursor mass
335  of the annotation.

336

337 To speed up the process of library search, we modified the flash entropy framework®’
338  specifically for reverse cosine search, which outputs reverse cosine score, matched peak number
339  and spectral usage (sum intensities of matched peaks over total intensities in the query spectrum).
340  The following cutoffs were used for LC-MS MS1 data annotation: minimum score, 0.7; minimum
341  matched peaks, 4; minimum spectral usage, 0.20. For MS imaging data, we used: minimum
342  score, 0.7; minimum matched peaks, 4; minimum spectral usage, 0.05.

343

344 The reference MS/MS library needs to be preprocessed and indexed before use. We
345  provided the indexed version of GNPS MS/MS library (downloaded on July 17, 2024) as well as
346  the code to index an MS/MS library on GitHub (https://github.com/Philipbear/ms1_id).

347

348  Preparation of chemical standards

349 For the bile acid pool, a stock solution of 10 mM of glycocholic acid (GCA),
350 glycochenodeoxycholic acid (GCDCA), taurodeoxycholic acid (TDCA), taurocholic acid (TCA),
351  taurolithocholic acid (TLCA), and tauro-3alphahydroxy-12ketocholanoic acid was prepared. All

352  bile acids were diluted to 10 uM into a single 2 mL LC-MS glass vial (Thermo Fisher) to create a
353  pooled sample. For the drug pool, a stock solution of 10 mM of sertraline, venlafaxine, ritonavir,
354  darunavir, losartan, quetiapine, sulfasalazine, and abacavir was prepared. All drugs were diluted
355 to 10 pyM into a single 2 mL LC-MS glass vial (Thermo Fisher) to create a pooled sample.

356

357  Preparation of NIST reference materials

358 NIST fecal reference materials (two vegan tubes and two omnivore tubes) were subjected
359 to a biphasic extraction®® to remove lipids and retain the metabolite fraction. One mL of NIST fecal
360 material was transferred to a 2 mL Eppendorf tube and dried overnight in a CentriVap. Dry
361  materials were resuspended with 325 pL of cold MeOH (LC-MS grade, Thermo Fisher), vortex for
362 10 s, and sonicated for 5 min before adding 1083 uL of cold MTBE. Samples were vortexed for
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363 10 s and sonicated for 2 min followed by 1 h incubation at 4 °C. To induce phase separation, 271
364  pL H2O (LC-MS grade, Thermo Fisher) was added to the samples and centrifuge at 10,000 x g
365  for 10 min. The upper phase was removed and 1084 puL of MeOH was added, followed by an
366  overnight incubation at -20 °C. Samples were centrifuged at 15,000 x g for 10 min. An equal
367  amount (50 pL) of the fecal NIST materials were combined to generate a pooled NIST reference
368 fecal sample. All samples were dried in a CentriVap and stored at -80 °C until resuspension. NIST
369 reference fecal materials were resuspended in 200 uL of 50% MeOH/H20O with sulfadimethoxine
370  asinternal standard before LC-MS analysis.

371
372  LC-MS analysis
373 The chromatographic separation was done on a reverse phase polar C18 (Kinetex Polar

374 C18, 100 mm x 2.1 mm, 2.6 ym, 100 angstrom pore size with the matching guard column,
375  Phenomenex) using a Vanquish UHPLC coupled to an Orbitrap mass spectrometer (Thermo
376  Fisher Scientific). Five microliters of samples were injected into the mobile phase, which is
377  composed of solvent A (H20 with 0.1% formic acid) and solvent B (ACN with 0.1% formic acid)
378  with the column compartment kept at 40 °C. Samples were eluted at a flow rate of 0.5 mL/min
379  using the following gradient: 0 min, 5% B; 1.1 min, 5% B; 7.5 min, 40% B; 8.5 min, 99% B; 9.5
380 min, 99% B; 10 min, 5% B; 10.5 min, 5% B; 10.75 min, 99% B; 11.25 min, 99% B; 11.5 min, 5%
381 B; 12.5 min, 5% B. Data were acquired using DDA mode or full-scan mode in electrospray positive
382  ionization mode.

383

384 For DDA mode, the parameters were set as: sheath gas flow 53 L/min, aux gas flow rate
385 14 L/min, sweep gas flow 3 L/min, spray voltage 3.5 kV, inlet capillary 269 °C, aux gas heater
386 438 °C, S-lens RF level 50.0. MS scan range was set as 100-1000 m/z with mass resolution of
387 35,000 at m/z 200. Automatic gain control (AGC) target was set to 1E6 with a maximum injection
388  time of 100 ms. Up to 5 MS/MS spectra per MS1 were collected per cycle with mass resolution
389 17,500 at m/z 200, maximum injection time of 150 ms with an AGC target of 5ES. Isolation window
390 was set to 1 m/z and the isolation offset at 0 m/z. Stepwised normalized collision energies were
391 setat25eV, 40 eV, and 60 eV. The apex trigger was set to 2-15 s and a dynamic exclusion of 5
392  s. Isotopes were excluded from the analysis.

393

394 For full-scan mode, the parameters were set as: sheath gas flow 53 L/min, aux gas flow
395 rate 14 L/min, sweep gas flow 3 L/min, spray voltage 3.5 kV, inlet capillary 269 °C, and aux gas
396 heater 438 °C. MS scan range was set as 100-1000 m/z with mass resolution of 70,000 at m/z
397  200. AGC target was set to 1E6 with maximum injection time as 150 ms. Data in full-scan mode
398  were acquired using different isCID energies: 0 eV, 10 eV, and 20 eV.

399

400  Statistical analysis
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401 positive mode). For each metabolic feature, we cleaned its pseudo MS/MS by removing
402  allions larger. For the IBD dataset, missing values were filled using the minimum of 5E5 and 10%
403  of the minimum intensity for each feature. Outlier removal was conducted using the interquartile
404 range (IQR) method. Data points below Q1 - 1.5 x IQR or above Q3 + 1.5 x IQR were removed
405 from each group (non-IBD, CD or UC). Two-side Mann-Whitney U tests were performed. For t-
406  SNE visualization, intensity values were subjected to log transformation and feature-wise z-

407 normalization.

408
409  Molecular networking
410 A molecular network was constructed using the pseudo MS/MS spectra from the IBD

411  dataset (HILIC positive mode). For each metabolic feature, we cleaned its pseudo MS/MS by
412  removing all ions larger than the feature m/z. Then, an MGF file for all cleaned pseudo MS/MS
413  spectra was prepared. The MGF file was uploaded onto the GNPS2 platform, where a classical
414  molecular networking workflow (version 2024.09.20) was completed. A minimum of modified
415  cosine of 0.8 and matched peaks of 6 are required to build an edge in the network construction.
416  The job is available at https://gnps2.org/status?task=670aa34a07544a5cbbd1f1d40605f50f.
417

418
419  Data availability
420 All the source data used in this study are publicly accessible. For LC-MS data, pooled

421  chemical standards are available at GNPS/MassIVE repository with accession number
422  MSV000095789; NIST human feces are available at GNPS/MassIVE repository with accession
423  number MSV000095787; the IBD dataset is available at Metabolomics Workbench with project
424  number PRO00639. For MS imaging data, the mouse brain data are available at MetaboLights
425  repository under code MTBLS313; the mouse body dataset is available at METASPACE platform
426  with ID 2022-07-08 20h45m00s; the hepatocytes data are available at METASPACE platform
427  with project ID Rappez 2021 SpaceM.

428

429

430 Code availability

431 Source codes are available at GitHub (https://github.com/Philipbear/ms1_id) and Zenodo
432  (https://zenodo.org/records/13864878) under the Apache-2.0 license.

433
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585
586 Extended Data Fig. 1 | DG(16:0/18:1/0:0) was annotated in hepatocytes MS imaging data, with a reverse cosine score of 0.85. Both
587 acyl chains could be annotated in the MS/MS spectrum. The ion image was created using a mass tolerance of 5 ppm.
588
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592
593 Extended Data Fig. 2 | Peak scaling tends to increase the false discovery rate (FDR) during spectral matching. We selected low-

594 energy reference MS/MS spectra from the NIST20 MS/MS library using collision energy (CE) < 3 eV or normalized collision energy
595 (NCE) < 3%. These spectra were then searched against the non-scaled and scaled GNPS library. With a minimum of 4 matched

596 peaks (peaks other than the precursor ion), FDR results of different score cutoffs were shown in the line plot. We expect future
597 optimization of scaling can further improve the annotation confidence.
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602 Extended Data Fig. 3 | A proof-of-principle of MS1-based MASST. We searched the pseudo MS/MS spectrum of phenylalanine-C3:0
603 from NIST human feces data against the pseudo MS/MS spectra pool from the IBD dataset, and it returned a match of cosine 0.90
604 with 6 matched peaks. The returned hit was also annotated as phenylalanine-C3:0 in the IBD dataset.
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