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Supplementary Fig. 1. Schematic representation of Paterno-Biichi reaction with
acetone and MS? CID of a glycerophospholipid. a. Structural formula for PC
16:0 18:1 (delta 9), [M+H]", using red color to mark the C=C position. b, d. An isomer
produced by the reaction of PC 16:0 18:1 (delta 9) with acetone. ¢, e. Breakage rules
for isomers in mass spectrometry. f. The red color shows the spectrum of PC 16:0 18:1
(delta 9) in one experiment. The purple color represents the paired break peaks
(650.4397, 676.4317) representing C18:1 (delta 9) in CID mode. The blue color
represents the molecular ion peak (818.6269) after the reaction of PC 16:0 18:1 (delta
9), the neutral loss peak (800.6164), and the characteristic peak of the three methyl

groups in the lost head group (760.5851).
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Supplementary Fig. 2. Schematic representation of electron-activated dissociation
(EAD) of a Triglyceride. a-b. A breakage scenario of C18:1 (delta 6) at sn1/3 position
in EAD mode for TG 16:0 16:1(delta 9) 18:1(delta 6), [M+NH4]". ¢. The resulting
fragments are color-coded as follows: purple for C16:1(delta 9), blue for C18:1(delta
6). The corresponding carbon loss is specified above each arrow using the same color
code. Carbon losses can be -CH3CH; (25 Da), -CH» (14 Da), -CH (13 Da). d. The
resulting fragments are color-coded as follows: red for spectrum of TG 16:0 16:1(delta
9) 18:1(delta 6), [M+NH4]" in one experiment, black for common fragments
(molecular ion peak: 848.7702, NL of molecular ion peak: 830.7364), green for snl/3
Cl6:1/C18:1.
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Supplementary Fig. 3. Detail Relative retention time rules of lipid subclasses. a-b.
Statistical results of ECN, IUP, ESCN for 101 public datasets, covering 54 subclasses,
classified by different lipid category and number of separated chains. c-f. Statistical
results of ECN, IUP, ESCN, classified by different number of carbons and poly-
unsaturations. g. Fitting the relationship between the number of annotations and the

degree of conformity.
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Supplementary Fig. 4. Display of error values and error rates for ECN and ESCN
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in 101 published dataset. a. Absolute retention time error statistics: red for ECNs, blue
for ESCNs, with a dotted line representing the 95% quantile. b-c. Box plots of absolute
retention time deviation rates for ECN and ESCN by lipid subclass, with the black
horizontal line indicating the population mean, in the box plot the median as a center
line, with the box representing the interquartile range (IQR) between the upper and
lower quartiles. Whiskers extend to 1.5 times the IQR, and points beyond this range

indicate outliers.
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Supplementary Fig. 5. Additional comparison of EQ plus LCI. a. Recall rates of
EQ+LCI and EntropySearch in small-molecule compound annotation. b. The library
querying was performed using the EQ module with the MS1 tolerance set at 5 and the
MS?2 tolerance set at 5,10 or 20 when the Orbitrap instrument spectral was filtered for
the highest 10% or 5% of peaks, respectively, in the box plot the median as a center
line, with the box representing the interquartile range (IQR) between the upper and
lower quartiles. Whiskers extend to 1.5 times the IQR, and points beyond this range
indicate outliers. e. Recall@ Top-100 of lipids without MS? prediction in both
ionization modes, by performing LCI module using 10-fold random sampling, in the
plot the median as a center point, with the box representing the interquartile range (IQR)
between the upper and lower quartiles. Whiskers extend to 1.5 times the IQR, and points
beyond this range indicate outliers. d. Venn diagram of common annotation@Top-1 by
four methods: MS-DIAL, LipidSearch, EQ+LCI, and LipidMatch. e. 471 lipids
validated by manually checking MS/MS fragmentation and agreement with relative
retention time by ECN, IUP, ESCN rule. In the final check, "Manually confirmed"
indicates that both MS2 and retention time rules are in agreement, "MS2 loss" indicates
that some of the secondary spectrum peaks are missing, but the identification is still
correct, "better" means that there is a better annotation to choose from (contained in the
intersection of multiple methods), but this annotation turns out to be correct, "Low
MS1/MS2 intensity" indicates that the primary or secondary spectral response of the
annotation has a low intensity, "Unable to judge" means that the we cannot guarantee
that the annotation is completely correct, but there is no evidence that the annotation is
wrong, "Manual confirmation and retention time deviation within thresholds" indicates
that within the retention time threshold of 0.5 min, the identification result can be
considered to be consistent with the secondary spectrum and the retention time rule. f.
EQ and EQ+LCI performance in the datasets acquired from different LC-MS systems

for Recall@ Top-10, respectively.
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Supplementary Fig. 7. Positive ionization mode predictions for the spectrum of

Orbitrap Exploris 240 MS using WMYn.
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Supplementary Fig. 8. Negative ionization mode predictions for the spectrum of

Orbitrap Exploris 240 MS using WMYn.
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Supplementary Fig. 9. Establishment of aging-associated lipidome atlas in mice
and NIST SRM 1950. a. recall of the reported 2704 lipids in the MS-DIAL public
database, 1- to 4- level hierarchical library, and 1- to 5- level library, respectively. b.
Detial statistics of recall@cutoff@thresold 1.8. The size of the circle reflects the
number of annotations in lipid subclass, and the color shade reflects the recall.
Hierarchical library and reverse lipidomics demonstrated advantages in the annotation
of various lipid subclasses. ¢. Comparison of Lipid Categories Intelligence Modeling
(LCI) and Lipid Data Analyzer (LDA) for removal of false positive annotations in
aging-associated lipidome atlas in mice. The SRM 1950 was analyzed using LipidIN,
MS-DIAL, Entropy Search, and article annotations (Lipid Hunter + Lipid Annotator +
manual checks). d. The number of Top@]1 annotations for different fatty acid (FA)
compositions by each method in positive ionization mode. e. The number of
intersections of FA compositions annotated by different methods in positive ionization
mode. f. The number of Top@]1 annotations for different FA compositions by each
method in negative ionization mode. g. The number of intersections of FA compositions

annotated by different methods in negative ionization mode.
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Supplementary Fig. 10. 1-6 lipids mass spectrometric spectra identified by
LipidIN but not showed in the article (Raw data obtained from Tsugawa H, et al.
A lipidome landscape of aging in mice. Nar Aging. 2024). a. Experimental spectra of
Cer 19:2;20/26:1;0 (ion adduct in [M+H]"), and labeling of MS/MS characteristic
peaks. b. Experimental spectra of DMPE 13:0 14:0 (ion adduct in [M-H]"), and labeling
of MS/MS characteristic peaks. c. Experimental spectra of HexCer 19:1;20/23:2;0 (ion
adduct in [M+H]"), and labeling of MS/MS characteristic peaks. d. Experimental
spectra of MGDG 14:0 16:4 (ion adduct in [M+NH4]"), and labeling of MS/MS
characteristic peaks. e. Experimental spectra of PC 20:2 20:3 (ion adduct in
[M+CH3COOQY), and labeling of MS/MS characteristic peaks. f. Experimental spectra
of PE 0-20:0 22:4 (ion adduct in [M-H]"), and labeling of MS/MS characteristic peaks.
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Supplementary Fig. 11. 7-12 lipids mass spectrometric spectra identified by
LipidIN but not showed in the article (Raw data obtained from Tsugawa H, et al.
A lipidome landscape of aging in mice. Nat Aging. 2024). a. Experimental spectra of
PIO-13:0 20:4 (ion adduct in [M-H]"), and labeling of MS/MS characteristic peaks. b.
Experimental spectra of TG O-17:0 17:1 17:1 (ion adduct in [M+NH4]"), and labeling
of MS/MS characteristic peaks. ¢. Experimental spectra of FA 14:3 (ion adduct in [M-
HJ"), and labeling of MS/MS characteristic peaks. d. Experimental spectra of PG O-
15:1 16:0 (ion adduct in [M-H]), and labeling of MS/MS characteristic peaks. e.
Experimental spectra of OxPE 16:0 20:3;0 (ion adduct in [M-H]"), and labeling of
MS/MS characteristic peaks. f. Experimental spectra of TG 12:0 14:0 18:2 (ion adduct
in [M+NHa4]"), and labeling of MS/MS characteristic peaks.



S5
wEgEisge
0000000

§
3
b3
: g
S
S -
mm
&
® |
5 5 5 5 &5 B &
o o @ © R ~ 8
S S S S S S S

1]

enoadg spidi] umouy pue
pajoipaid usamjaq ALiejiwls auiso

T8 0:9L 07k OL
Z:811:8L70:91 OL
T:8L 19119 OL
1:8L70:81 191 OL
11817191 091 OL
1:8170:81 0'8L OL
T:8L 191 0L OL
2817 0:9L70:9L OL
1:9L70:9L 071 OL
€81 1:9170:94 OL
€:81°2:81 181 OL
118171181 0:LL OL
€02 1:81 081 OL
1:8171:81 0181 OL
T:8L 11917 0:9) OL
1617181091 OL
1:8L70:91 LiGL OL
1:0271:81 181 OL
1817181 191 OL
1:02°1:81 091 OL
€:81°2:81 191 OL
1:8170:91 091 OL
11817181 091 OL
18112109 OL
T8 LBL L OL
1817181 LigL OL
18119V 0L OL
T8 Z:8L L9k OL
z:8L 181 L9k OL
T:811:8170:8L OL
1:8L70:91 Od

0:91 9d1

0:8L 9d1

z:8L 9d1
0:22/02°1:81 43D%3H
0:91/02¢}:8} 199ZXeH
181718l 9a

z:i8L 181 ©a
zigLegL 9a
z:8L0:9L ©a
0:€2/02Z:1'81 420
0:22/0Z°1:81 49D
0:42/02:1:81 48D
z:8L 30

osss00e8 !

0.99460.99470.99%
mmﬂ.m

281 0:9) 3d

& | 18091 0d
@ | z81 7091 0d
€:8170:94 Od
9:22°0:81 Od
0:9L70:94 Od
28171181 Od
2:8170:81L Od
9:22°0:94 Od
2:8170:2L Od
181 0%k Od
S22 0:9L Od
€02 0181 Od
1:02 091 Od
#:02 0:81 Od
z:81 281 od
€02 0:91 Od
¥:Z2 0:91 Od
¥:Z2 0181 0d
1917091 Od
€02 181 Od
#:02 0:91 Od
¥:02 1:81L Od
281 0k Od
0:8L 3d1

z8L vd

191 vd

161 V4

§:Ze vd

.v ¥:0270:02 O-Sd
#:02 1:8L 0-3d
$:021:94 0-3d
#:02 1:81 0-0d
0:92/02:1:81 433
0:91/02:1:81 433
0:%2/02:0:8} 193
0:%2/02:1:8} 183
0:%2/02:1:9} 183
0:22/02°2:8} 183
0:22/02:0:8} 193
0:22/0Z:1:8} 183
0:%2/0Z:1:6} 183
0:€2/0Z:1:8} 183

pajoipaid usamjaq Ae|iwis auisod

=]
enoadg spidij umou

8
3
X pue

0.9179

Supplementary Fig. 12. Dotted line plot of WMYn predicted NIST SRM 1950

hort 3 samples. a. Cosine similarity of 44

ilarity using serum co
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lipid profiles to known lipid profiles predicted using WMYn in positive ionization

mode. b. Cosine similarity of 43 lipid profiles to known lipid profiles predicted using

WMYn in negative ionization mode.
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Supplementary Fig. 13. Differential analysis of selected biomarkers. a. The ROC
curves demonstrate the effect of using biomarkers separately and in combination. b.
Differences in scores of ten lipid markers in 1393 clinical samples using t-tests (two-
sided), in the box plot the median as a center line, with the box representing the
interquartile range (IQR) between the upper and lower quartiles. Whiskers extend to
1.5 times the IQR, and points beyond this range indicate outliers. ¢. Differences in
scores of ten lipid markers in 333 clinical samples using t-tests (two-sided), in the box
plot the median as a center line, with the box representing the interquartile range (IQR)
between the upper and lower quartiles. Whiskers extend to 1.5 times the IQR, and points
beyond this range indicate outliers. d. Differences in scores for each of the ten lipid
markers in the 1393 clinical samples were examined separately using t-tests (two-sided),
in the box plot the median as a center line, with the box representing the interquartile
range (IQR) between the upper and lower quartiles. Whiskers extend to 1.5 times the
IQR, and points beyond this range indicate outliers. e. Differences in scores for each of
the ten lipid markers in the 333 clinical samples were examined separately using t-tests
(two-sided), in the box plot the median as a center line, with the box representing the
interquartile range (IQR) between the upper and lower quartiles. Whiskers extend to

1.5 times the IQR, and points beyond this range indicate outliers.
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Supplementary Fig. 14. Annotated Performance and Clinical Case Study of
LipidIN on the ZenoTOF 7600 System. a. Annotated intersections between LipidIN
and MS-DIAL at the C:DB level. b. Annotated intersections between LipidIN and MS-
DIAL at the fatty acid composition level. ¢. Annotated intersections between LipidIN
and MS-DIAL at the C=C position level. d. Reference (blue) and measured (red) spectra
of TG 16:0 16:1(9) 18:2(9,12). e. Analysis of differences in clinical data across 333
cases at specific double-bonded locations; BC indicates breast cancer, while HD

indicates healthy donor.
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Supplementary Tables

Supplementary Table 1. Functional comparison of different tools.

Ion mobility data MS/MS similarity Decision tree Hierarchical
Software name
support calculation annotation library
LipidIN Yes Yes Yes Yes
MS-DIAL 5.1 Yes Yes Yes No
LipidMatch
No No Yes No
202

Entropy Search No Yes No No
LipidSearch 4.2 Yes Yes Yes No




Supplementary Table 2. Parameters used in different tools.

Peak picking Version /
Tool Names MSI1 tolerance  MS2 tolerance algorithms / Download  other parameters
packages data
MS2 fliter: 0.01
5 ppm/ 10
LipidIN 10 ppm /20 ppm RaMS - Other Parameters
m
PP Set to Default
Model-based peak Other Parameters
MS-DIAL 0.01 Da 0.025 Da V512
detection Set to Default
Other Parameters
LipidMath 0.01 Da 0.025 Da No peak detection 2.0.2
Set to Default
o Self-peak Other Parameters
LipidSearch 5 ppm 10 ppm ) V42
detection Set to Default
Other Parameters
Flash entropy 0.01 Da 0.025 Da No peak detection ~ 2023/9/23
Set to Default
Other Parameters
Entropy Search 0.01 Da 0.025 Da No peak detection ~ 2024/5/3

Set to Default
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