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SUMMARY

Metabolite identification remains a significant challenge in mass spectrometry (MS)-based metabolomics
research. To address this issue, we combined a triple-labeled precursor-based isotope tracing approach
(TLEMMA) with high-resolution liquid chromatography-MS for metabolite identification and metabolic
network construction. As a demonstration, we fed duckweed (Spirodela polyrhiza) with four forms of
phenylalanine (Phe) including unlabeled Phe, Phe-°H,, Phe-®H,, and Phe-"*C4'°N,. The distinctive isotopic
pattern obtained from MS spectra greatly facilitated data processing, enabling comprehensive extraction
of all Phe-derived metabolites. Importantly, the labeling pattern allowed efficient metabolite identifica-
tion by significantly reducing the number of structural and positional isomers. Using this approach, 47
phenylalanine-derived metabolites were putatively identified. To further evaluate the efficiency of metab-
olite identification in relation to the number of differently labeled precursors used, we compared the
number of filtered candidates based solely on the labeling patterns obtained from unlabeled, single,
dual, and triple isotope-labeled precursor tracing experiments. On average, TLEMMA eliminates the
number of false candidates by 99.1% compared with unlabeled samples, 95% compared with single
isotope-labeled samples, and 66.7% compared with dual isotope-labeled samples. This significant reduc-
tion in the number of false positives, along with the ability to identify previously unreported metabo-
lites, demonstrates the power of TLEMMA in advancing the field of metabolomics and metabolic
network reconstruction.

Keywords: metabolite identification, plant metabolomics, stable isotope labeling, technical advance.

INTRODUCTION accurate mass-to-charge ratio (m/z), retention time (RT),

Liquid chromatography-mass spectrometry (LC-MS) has
become a leading technique in metabolomics owing to its
high sensitivity, high throughput, and broad molecular
coverage (Wang et al., 2015). However, metabolite annota-
tion using LC-MS is intrinsically difficult and is considered
one of the major bottlenecks in metabolomics research
(Dong et al., 2024; Kim et al., 2006; Shahaf et al., 2016).
Unlike proteins or peptides, metabolites cannot be
sequenced by MS; instead, each individual metabolite
must undergo explicit structural elucidation based on
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and MS/MS information (Chaleckis et al., 2019).

The first step towards metabolite identification is to
determine the molecular formula (Nagao et al., 2014).
While ultra-high-resolution MS has significantly improved
our capability to assign molecular formulas, high resolving
power and mass accuracy alone are typically insufficient
for unambiguous formula determination, particularly for
high molecular weight metabolites (mass >500 Da) (Cha-
leckis et al., 2019; Kind & Fiehn, 2006). Even when the
molecular formula is correctly assigned, structural
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elucidation remains challenging due to the presence of
numerous isomers, which are particularly frequent in
plants (Chokkathukalam et al., 2014; Zhao & Tian, 2022).
For a given molecular formula, depending on the number
and type of elements in the chemical composition, several
to billions of isomers can theoretically exist (Kind &
Fiehn, 2006). For instance, a simple formula like CooH202
could have more than 5.9 x 10°° possible structural iso-
mers (Paton & Goodman, 2007).

Stable isotope labeling (SIL) has significantly
advanced metabolite identification (Dong et al., 2024;
Mitchell et al., 2024). Stable isotopes (e.g., 2H, "*C, and "°N)
have the same number of protons and nearly identical
physicochemical properties as their common elements
(e.g., "H, "2C, ™N) but differ in masses due to variations in
the number of neutrons (Dong et al., 2024; Freund & Hege-
man, 2017; Yu et al.,, 2023). As such, the mass shift
between co-eluting labeled and unlabeled metabolites can
be used to infer the number of labeled atoms, facilitating
molecular formula assignment. Notably, the use of
multi-isotope labeling such as the combination of uniform
3¢, ™®N, and **S labeling dramatically reduces the number
of possible molecular formulas by providing additional
constraints on the number of C, N, and S atoms in the for-
mula (Giavalisco et al., 2011; Hegeman et al., 2007).

In addition to determining molecular formulae, SIL
can also assist with metabolite structure elucidation. Two
primary labeling approaches are widely employed: uniform
labeling and partial positional labeling, each offering dis-
tinct advantages for metabolite identification. Uniform
labeling involves substituting all atoms of a specific
element (e.g., carbon) with stable isotopes (e.g., "*C) in a
precursor. This approach is particularly valuable for
high-throughput screening, as it probes all potential meta-
bolic outcomes of a labeled precursor in parallel (Chok-
kathukalam et al., 2014; Fernandez-Garcia et al., 2020;
Nakabayashi & Saito, 2020; Simpson, Olson, et al., 2021;
Simpson, Wunderlich, et al., 2021). For example, to eluci-
date quinone reaction products in wine, researchers spiked
white and red wine samples with an equimolar mixture of
unlabeled and uniformly ®C-labeled quinones. By analyz-
ing the characteristic M + n6 isotopologue pattern (reflect-
ing six labeled carbons per quinone molecule), they
identified 225 quinone-derived metabolites (Ji et al., 2022).
Alternatively, partial positional labeling, where specific
atoms within a precursor are selectively substituted with
stable isotopes, provides a more powerful approach for
metabolite structure elucidation, as it leverages prior
knowledge of the precursor’'s structure to narrow the
search space for derived metabolites (Dong et al., 2024).
Recent applications of this approach include using ring-[-
13C.]-labeled phenylalanine to identify phenylpropanoids in
Arabidopsis (Simpson, Olson, et al., 2021; Simpson, Wun-
derlich, et al., 2021) and employing both ring-["*Cs]-labeled

phenylalanine and tyrosine to detect phenylalanine-derived
and tyrosine-derived metabolites in sorghum tissues
(Simpson, Olson, et al., 2021; Simpson, Wunderlich,
et al., 2021; Tuinstra et al., 2022). To improve “structural
resolution,” distinct labeling schemes can be applied to
different substructures of a precursor. This strategy pro-
vides unambiguous “fingerprints” for precursor-derived
metabolites, thus significantly improving confidence in
identification. A notable implementation is Dual Labeling
of Metabolites for Metabolome Analysis (DLEMMA). In a
proof-of-concept study, Arabidopsis leaves were fed with
two forms of differently labeled tryptophan—[Trp-2Hs (all
five hydrogen atoms attached to the indolic ring were
labeled) and Trp-"3C4;"®N, (all carbon and nitrogen atoms
were labeled)]l. This dual-labeling strategy identified 17
tryptophan-derived metabolites, demonstrating its capabil-
ity in resolving structure isomers (Feldberg et al., 2009). In
addition, this approach has been extended to mass spec-
trometry imaging for the identification of spatially localized
tyrosine-derived metabolites (Feldberg et al., 2018).

Despite its great potential in structure identification,
SIL is primarily used to determine molecular formula.
Moreover, the extent to which SIL can be applied for
metabolite structural elucidation has not yet been rigor-
ously explored. In this study, we developed a triple-labeled
precursor-based isotope tracing approach for high-
confidence metabolite identification and metabolic network
construction. In addition, we examined and compared the
power of single-, dual-, and triple-labeled precursor-based
isotope tracing for metabolite identification. A comprehen-
sive and detailed description of the analytical and data pro-
cessing workflow is provided to facilitate the application
of this approach to different precursors and organisms of
interest.

RESULTS AND DISCUSSION

The Triple Labeling of Metabolites for Metabolome
Analysis concept

We describe an efficient analytical approach, namely Triple
Labeling of Metabolites for Metabolome Analysis
(TLEMMA) for metabolite identification. The workflow of
this approach is outlined in Figure 1, in which TLEMMA
was applied to study the metabolic pathway of the aro-
matic amino acid phenylalanine (Phe) precursor in duck-
weed (Spirodela polyrhiza). Five groups of independently
grown duckweed were fed with unlabeled and differently
labeled phenylalanine, including (1) control: samples with-
out feeding; (2) samples fed with unlabeled phenylalanine;
(3) samples fed with labeled | phenylalanine (Phe®-H,); (4)
samples fed with labeled Il phenylalanine (Phe®-H,); and
(5) samples fed with a labeled Il phenylalanine
(Phe-"3C4"°N5) (Figure 1a). The five groups were then
extracted and analyzed, respectively, using high-resolution

© 2025 The Author(s).

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2025), 123, €70333

95UD17 SUOWILIOD dA1IERID B (el dde au) Ag peuenoB a1e el YO ‘8sN Jo S9N 10} Alelg]1aUIUO AB]1/ UO (SUO1IPLOI-PUR-SUWLIB) W0 AS | 1M A ed]1]BuJUO//ScL) SUORIPUOD Pue SWS 18U} 38S [9202/20/2T] Uo Aleidiaulluo AB1IM ‘€ES0L [dITTTT 0T/10p/w00 Ao |1 Arelq 1jput|uoy/:Sany wo.y papeojumod ‘T ‘5202 ‘XETESIET



Metabolite identification and network reconstruction 3 of 12

LC-MS in both positive and negative ion modes
(Figure 1b). Principal component analysis (PCA) was first
applied to evaluate the group differences after isotope
feeding. The PCA score plots demonstrate clear separation
of the five groups in both positive and negative ion modes
(Figure S1), indicating effective incorporation of labeled
atoms. The selection and clustering of the
precursor-derived metabolites were based on two criteria:
(1) If a metabolite is of precursor origin, a mass shift
between the co-eluting unlabeled and labeled peaks will be
observed. If no mass shift is detected, this metabolite can-
not be assigned as a precursor-derived metabolite. (2) If a
metabolite is of precursor origin, it should only contain the
same type of labeled atoms as its fed precursor. For
instance, metabolites labeled with '3C and/or "N can only
be expected in Phe-"3C4'®N; fed group, but not in Phe-2Hs
or Phe-2Hg group. The above criteria are based on the iso-
topologue behavior as demonstrated in Figure 1c, that the
same metabolite derived from the differently labeled fed
precursors appears as four co-eluting peaks (one unlabeled
and three differently labeled metabolites). Only the mass
spectra indicate that the four samples are derived from dif-
ferent labeling regimes. The recently developed R package
Miso has incorporated the two criteria for automated com-
prehensive detection of the isotopologue groups and effi-
cient elimination of the false positives (Dong et al., 2019).
Compared to the non-isotope-based metabolomics
approach, TLEMMA allows not only discrimination of
precursor-derived ions but also facilitates metabolite iden-
tification. The number of labeled atoms can be calculated
by subtracting the integer mass of the unlabeled peak from
the integer mass of the co-eluting labeled peak, therefore
providing additional constraint for molecular formula
determination. Most importantly, the different labeling pat-
terns of the same metabolite derived from the different
labeled precursors are of great value for metabolite struc-
tural elucidation. Once the phenylalanine-derived metabo-
lites were identified, a detailed metabolic network can then
be constructed based on their labeling patterns and known
biochemical reactions (Figure 1d).

Isotope effect evaluation

It is generally accepted that stable isotope-labeled metab-
olites co-elute with their unlabeled forms in LC-MS runs.
While this is typically the case for "3C-labeled metabolites,
deuterium (2H) labeling can sometimes lead to a substan-
tial retention time shift (Kato et al., 2000a; Triebl &
Wenk, 2018), with deuterium-labeled molecules being
eluted first. This phenomenon is commonly known as the
isotope effect. The most likely explanation is that deute-
riums have a stronger binding with carbon atoms than
hydrogens, thus introducing differences in physiochemical
properties (such as polarity) among isotopologues (lyer
et al., 2004; Triebl & Wenk, 2018; Wieling, 2002). It has
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been reported that the degree of retention time shift is
determined by the number of deuterium atoms and the
size of the labeled compound. Small compounds labeled
with more deuterium atoms tend to have a more pro-
nounced retention time shift (Kachlicki et al., 2016a). In
addition, the pH of LC-MS eluents was also found to
affect the retention time shift. For instance, when a neu-
tral eluent was applied [mobile phase: ammonium acetate
(20 mm, pH 7.0), methanol, acetonitrile], a retention time
shift of about 1.2 min was observed between unlabeled
and 10 deuterium-labeled compounds; while with
an acidic solvent system [mobile phase: ammonium
formate (5 mm, pH 3.1), acetonitrile], unlabeled and 10
deuterium-labeled compounds were found to co-elute
(Kato et al., 2000b).

According to our design (Figure 1), up to 8 deuterium
atoms could be introduced in phenylalanine-derived
metabolites (polymers are not considered here as their
formation is quite rare), which may lead to a significant
retention time shift. As such, this shift must be carefully
estimated and considered during data processing in order
to select the complete precursor-derived metabolite and
eliminate false positives. By inspecting the raw spectra,
we have manually identified 5 isotopologue clusters in
which the labeled metabolites from experiment group D
(fed with Phe-2Hg, Figure 1) were labeled with 8 deuterium
atoms. The retention time shifts between the 8
deuterium-labeled metabolites and their respective unla-
beled forms were calculated and plotted (Figure 2a). The
representative LC chromatograms of metabolite m/z
293.1141 and its 8-deuterium-labeled form m/z 301.1632
were shown in Figure 2b. The maximum retention time
shift is 0.13 min, demonstrating that the shift is negligible.
The small retention time shift could be attributed to the
fact that an acidic solvent system [mobile phase: formic
acid (0.1%, pH ~2.7)-acetonitrile] was used in our LC-MS
system.

Metabolite identification and network construction

Stable isotope tracing allows discrimination of
precursor-derived MS peaks by comparing the mass shift
between co-eluting peaks from unlabeled and labeled
groups (Doppler et al., 2019; Yu et al., 2023). A mass shift
of 0 indicates that the MS signal is not derived from the
precursor. However, it is practically impossible to manually
calculate the mass shifts of all co-eluting peaks and iden-
tify precursor-derived isotopologue clusters in highly com-
plex biological samples. We have recently developed an R
package, namely Miso, which automates the selection of
the complete repertoire of isotopologue clusters (Dong
et al., 2019). Although Miso was originally developed for
dual-labeled precursor-based isotope tracing, it can also be
directly applied to single- or multiple-labeled precursor-
based isotope tracing experiments. Using Miso, 70 and 131
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(a) Experiment Design
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Figure 1. Schematic representation of the TLEMMA approach.
(a) Duckweed plants were fed for 24 h with four forms of phenylalanine: unlabeled, labeled | (Phe-2H5), labeled Il (Phe-?Hg), and labeled Il (Phe-"3Cq'*N;).
(b) The extracts were analyzed using high-resolution LC-MS in both positive and negative ion modes.

(c) The raw data were converted into mzML format and pre-processed with the XCMS R package. The resulting XCMS set object was then subjected to the Miso

R package to detect isotopologue clusters.

(d) Metabolite were identified based on their accurate m/z values, labeling pattern, and MS/MS fragments. A metabolic network was then constructed using the

identified metabolites.
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Figure 2. Evaluation of deuterium isotope effects.

(a) Five eight-deuterium-labeled metabolites (M + 2Hg) were manually identified from the label Il phenylalanine-fed group (Phe-2Hg). The retention time shifts
between the eight-deuterium-labeled metabolites and their respective unlabeled forms (from the unlabeled phenylalanine-fed group) were calculated and

plotted.

(b) Representative ion chromatograms of metabolite m/z293.1141 and its eight-deuterium-labeled form m/z 301.1632.

isotopologue clusters were identified from positive and
negative ion modes, respectively.

Next, each isotopologue cluster was identified accord-
ing to its labeling patterns from TLEMMA analysis. The
principle of TLEMMA-based metabolite identification is
illustrated in Figure 3. One isotopologue cluster was
detected in negative ion mode with the unlabeled and
labeled m/z values being 293.1138 (Group B, unlabeled),
298.1437 (Group C, labeled 1), 301.1638 (Group D, labeled
Il), and 303.1407 (Group E, labeled Illl), respectively
(Figure 3a). This isotopologue cluster was also detected in
the positive ion mode, which confirmed the labeling pat-
tern in each experimental group (Figure 3a). The labeling
pattern indicated that this metabolite was labeled with five
2H from Group C, eight 2H from Group D, and nine "*C and
one N from E. The molecular formula of the unlabeled
metabolite from this isotopologue cluster was first
searched within a 5-ppm window using the i-FIT™ algo-
rithm from Waters Masslynx software (version 4.1). When
more than one molecular formula is found, the calculated
number of labeled atoms based on the labeling pattern
can help narrow down the number of the possible

© 2025 The Author(s).

molecular formulas (e.g., the formula should contain at
least eight H, nine C, and one N atoms in this case). In this
example, only one molecular formula was found, and its
neutral formula Cq4H;gN,05 was used for the database
search. This formula returned 9021 possible candidates in
SciFinder (https://scifinder.cas.org). As the metabolite was
labeled with five deuterium atoms in experiment group C,
it must contain an aromatic ring with five hydrogen atoms
attached. This substructure-based searching, using the
structure information from experiment group C, reduced
the number of candidates from 9021 to 642. Similarly,
incorporating the structure information from groups D and
E reduced the candidate list to 136 and 254, respectively.
When the structure information from groups C, D, and E
were combined, the number of candidates decreased sig-
nificantly to 93, 32 of which had been reported in biological
samples. Based on MS/MS data, this metabolite was ulti-
mately identified as gamma-glutamylphenylalanine
(Figure 3a).

By applying the same principle, TLEMMA can also be
used to elucidate the structures of MS/MS fragments,
which can then be used to assist in metabolite
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Figure 3. Representative workflow for metabolite identification using TLEMMA.

(a) Elemental composition is first determined based on accurate m/z value and natural isotope pattern from the unlabeled group. Next, sub-structural informa-
tion inferred from the labeling pattern of each labeled group is used to narrow down the number of candidates in a database (i.e., SciFinder). MS/MS data are
then used to further refine the structure and screen the candidates.

(b) In addition to identifying the precursor structure, TLEMMA can also be applied to infer the structures of the fragments, which are then used to elucidate the
structure of the parent metabolite. For example, the fragment ion m/z 285.0495 is identified as kaempferol using TLEMMA, and considering the neutral loss, its
parent metabolite is identified as kaempferol glucuronide.
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identification. For instance, fragmentation trees of gamma-
glutamylphenylalanine in both positive and negative ion
modes were constructed using these identified MS frag-
ments (Figure S2). In addition, comparing the MS/MS spec-
tra of labeled and unlabeled counterparts provides
valuable information for metabolite structural elucidation.
Common fragments correspond to the unlabeled portions
of the molecule, while differences in revealed the labeled
portions. This approach is particularly useful for identifying
metabolites with limited fragments. For instance, an isoto-
pologue cluster was detected in the negative ion mode,
with the unlabeled m/z value being 461.0963 (Figure 3b).
Only one major fragment was observed for this metabolite,
with m/z values being 285.0386 (Group B, unlabeled),
289.0658 (Group C, labeled ), 289.0651 (Group D, labeled
II) and 294.0701 (Group D, labeled lll), respectively. A
molecular formula search of this fragment in SciFinder
revealed 476 candidates, including several common fla-
vones reported in plants, such as kaempferol, luteolin, fise-
tin, isoscutellarein, and orobol. As this ion was not further
fragmented, we were unable to identify it solely based on
its m/z value. However, with the assistance of the labeling
patterns, this fragment was identified as kaempferol. The
common neutral loss of 176.06 indicates the loss of a glu-
curonic acid from the parent metabolite (Figure 3b). There-
fore, the parent metabolite was ultimately identified as
kaempferol glucuronide (Level 2 identification).

Using TLEMMA, 47 phenylalanine-derived metabolites
were putatively identified in duckweed (Table S1). Some of
these metabolites were used for metabolic network con-
struction, providing insights into the associated metabolic
pathways (Figure 4).

Discrimination of positional isomers

The biological activities of many phenylalanine-derived
metabolites are often regulated by the conjugation of
sugar moieties (Dixon & Paiva, 1995). The sugar moieties
can be located at different positions on the carbon skele-
ton, forming positional isomers. Determining the exact
position of the linkage and distinguishing positional iso-
mers are generally challenging using conventional MS-
based approaches, as positional isomers often exhibit
nearly identical fragmentation patterns (Kachlicki et al.,
2016b; Yang et al., 2016). For the same reason, stable iso-
tope tracing-based approaches are not always able to
determine the definitive chemical structures of the query
compounds. Nevertheless, stable isotope tracing can at
least eliminate some false positional isomers based on the
labeling pattern information, as demonstrated in the exam-
ple shown in Figure 5. An isotopologue cluster with the
labeling pattern of M + 2H; (Group C), M + 2Hg (Group D),
and M + 3Cq (Group E), and an unlabeled m/z 355.1035 at
the negative ion mode, was detected. The metabolite was
identified as ferulic acid hexose. The labeling pattern

© 2025 The Author(s).

suggests that the hexose can be only attached at the C4
position (Figure 5a), since the labeling pattern would
change if the hexose were attached at any other positions.
For instance, if the hexose were attached at the C8 posi-
tion, the labeling pattern would shift to M + 2H; (Group C),
M + 2H, (Group D), and M + "3Cg (Group E), which does
not match the experimental result (Figure 5b).

In addition to sugar moieties, positions of other sub-
stituents can also be restricted based on information
deduced from the labeling pattern. However, it is impor-
tant to note that the ability to discriminate positional iso-
mers is limited to those substituents whose positions,
when changed, alter the labeling pattern.

Comparing the power of metabolite identification by the
use of single-, dual-, or triple-labeled precursor-based
isotope tracing

To understand the power of metabolite identification asso-
ciated with the number of differently labeled precursors,
we compared the number of candidates filtered by the
labeling patterns from single-, dual-, and triple-labeled
precursor-based isotope tracing. According to our experi-
ment design (Figure 1), there are three single-labeled
precursor-based isotope tracing (SLEMMA) groups: Group
C, Group D, and Group E; three dual-labeled precursor-
based isotope tracing (DLEMMA) groups: that is, Group
C + Group D, Group C + Group E, and Group D + Group E;
and one triple-labeled precursor-based isotope tracing
group: Group C + Group D + Group E. However, substruc-
ture search based only on the labeling patterns from
Group D can be very cumbersome. For example, 17 possi-
ble substructures can be deduced from the M + 2Hg label-
ing pattern in Group D (Figure S3), and each must be
searched individually against a database for metabolite
structure identification. Therefore, only Group C and Group
E were selected to represent SLEMMA, Group C + Group E
to represent DLEMMA, and Group C + Group D + Group
E to represent TLEMMA.

Three representative examples are shown in Figure 6.
The number of metabolite candidates for a given molecu-
lar formula is significantly reduced when additional struc-
tural constraints are applied. For instance, a database
search of the molecular formula CioH;4NO3 in SciFinder
revealed 6767 compounds with this elemental composi-
tion. However, when structural constraints were applied,
only 467, 341, 57, and 10 candidates remained for S
TEMMA1, SLEMMA2, DLEMMA, and TLEMMA, respec-
tively (Figure 6a). Similar results were observed for other
examples (Figure 6b,c). For simplicity, sterecisomers were
counted as filtered candidates but were considered the
same metabolite during subsequent identification. To gen-
eralize these findings, we calculated the mean number of
selected candidates across all studied metabolites, as
shown in Figure 6d. On average, 78.8, 93.1, and 96.6% of

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2025), 123, 70333

95UD17 SUOWILIOD dA1IERID B (el dde au) Ag peuenoB a1e el YO ‘8sN Jo S9N 10} Alelg]1aUIUO AB]1/ UO (SUO1IPLOI-PUR-SUWLIB) W0 AS | 1M A ed]1]BuJUO//ScL) SUORIPUOD Pue SWS 18U} 38S [9202/20/2T] Uo Aleidiaulluo AB1IM ‘€ES0L [dITTTT 0T/10p/w00 Ao |1 Arelq 1jput|uoy/:Sany wo.y papeojumod ‘T ‘5202 ‘XETESIET



8 of 12 Yonghui Dong et al.

o
HO' OH

HO
OH OH

© 2025 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2025), 123, 70333

95UD17 SUOWILIOD dA1IERID B (el dde au) Ag peuenoB a1e el YO ‘8sN Jo S9N 10} Alelg]1aUIUO AB]1/ UO (SUO1IPLOI-PUR-SUWLIB) W0 AS | 1M A ed]1]BuJUO//ScL) SUORIPUOD Pue SWS 18U} 38S [9202/20/2T] Uo Aleidiaulluo AB1IM ‘€ES0L [dITTTT 0T/10p/w00 Ao |1 Arelq 1jput|uoy/:Sany wo.y papeojumod ‘T ‘5202 ‘XETESIET



Metabolite identification and network reconstruction 9 of 12

Figure 4. Putative phenylalanine-derived metabolic network in duckweed.

The pathway was constructed based on possible biochemical reactions. Dashed and solid arrows represent multiple and single biochemical reactions in the
pathway, respectively. The metabolite numbers correspond to those in Table S1. Metabolites identified with Level 1 identification are indicated by numbers with
a pink background, while metabolites identified at other levels are marked with a blue background.

@ 49 |
+5 |
+3 |
1355.1035

m/z

& +9
+4 |
+3 |
1355.1035

m/z

Figure 5. Representative example of using triple-labeled precursor-based isotope tracing for the identification of positional isomers.

An isotopic cluster with the labeling pattern of M + *Hy, M + °H,, and M + '3C,, and an unlabeled m/z 355.1035 in negative ion mode was detected. The metabo-
lite was identified as ferulic acid hexose. The labeling pattern indicates that the hexose is attached at the C4 position, as attachment at other positions (e.g., like
C2, C5, C6, C7, or C8) would alter the labeling pattern (a). For example, attachment at the C8 position would result in a pattern of M + °H,, M + *H,, and

M + "3Cq, which does not match the experimental result (b).

the candidates were eliminated using structural constraints
from SLEMMA, DLEMMA, and TLEMMA, respectively.
Notably, TLEMMA was able to further eliminate an addi-
tional 83.7 and 50% of the false candidates from SLEMMA
and DLEMMA, respectively.

It is critical to emphasize that the efficacy of metabo-
lite identification using this approach does not strictly scale
with the number of labeled precursors; instead, it hinges
on the strategic design of labeling patterns. While prior
knowledge of metabolic pathways can guide substructure
selection, this approach is not limited to known metabolic
modifications. The key lies in optimizing both precursor
selection and labeling strategy. Precursor selection should
align with the biological question in order to maximize the
likelihood of detecting biologically relevant metabolites
(Fernandez-Garcia et al., 2020). In terms of labeling, it is
crucial to maximize the number of substructure coverages
so that researchers can detect both anticipated and novel
precursor-derived metabolites by tracing isotopic “finger-
prints” and improve metabolite identification confidence

© 2025 The Author(s).

by correlating the “fingerprints” with specific substructure
information.

While effective in narrowing down possible structural
isomers (Figure 6), TLEMMA alone is not sufficient for
confident metabolite identification. Additional methods,
such as spectral library matching, manual interpretation,
and machine learning-based structural elucidation, are
often needed to achieve high-confidence metabolite iden-
tification. Another limitation of this approach is its tar-
geted nature, which confines identification to metabolites
of specific pathways. Careful consideration must be given
to the design of the labeling scheme. It is essential to
ensure that the labeled precursor covers as many sub-
structures as possible, while also allowing for clear dis-
tinction between different substructures through distinct
labeling patterns. In addition, the precursor is suggested
to be labeled with at least 4 atoms to avoid the distur-
bance of natural isotopic peaks. During precursor feeding,
each sample group should be supplied with only one
type of labeled precursor. This helps prevent the
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Figure 6. Evaluation of the power of metabolite identification by comparing the number of filtered candidates based on the labeling patterns of single-, dual-,

and triple-labeled precursor-based isotope tracing.

(a—c) Three representative examples demonstrate the number of filtered candidates based on single-, dual-, and triple-labeled precursor-based isotope tracing.
(d) The average number of filtered candidates from 53 isotopologue clusters, based on single-, dual-, and triple-labeled precursor-based isotope tracing. The bar

plot represents mean + SD.

formation of metabolic products derived from multiple
precursor sources, which could complicate the mass
spectra and hinder metabolite identification. Labeling effi-
ciency is another critical factor, as it largely determines
the labeling depth and the number of precursor-derived
metabolites. It is suggested to optimize precursor concen-
tration and feeding duration with unlabeled precursor to
ensure sufficient labeling depth.

CONCLUSION

Metabolite identification is a major bottleneck in MS-based
metabolomic studies. Stable isotope labeling has long
been used as a key tool for unambiguous molecular for-
mula determination and, more recently, for structural eluci-
dation. Here, we present a TLEMMA for efficient
metabolite identification. This approach not only narrows

© 2025 The Author(s).
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down the number of molecular formulas but also signifi-
cantly reduces the number of structural isomers for a given
molecular formula. In some cases, it is also able to con-
strain the number of positional isomers. As a proof of
concept, we applied this approach by feeding duckweed
with three differently labeled forms of phenylalanine as
tracing precursors: Phe-?Hs, Phe-?Hg, and Phe-'3Cy'°N;.
Using this method, 47 phenylalanine-derived metabolites
were identified. To explore the power of metabolite identi-
fication associated with the number of differently labeled
precursors, we compare the number of filtered candidates
based solely on the labeling patterns from unlabeled,
single-, dual-, and triple-isotope-labeled precursor tracing
experiments. On average, TLEMMA eliminates 96.6, 83.7,
and 50% of the false candidates from unlabeled, SLEMMA,
and DLEMMA, respectively.

EXPERIMENTAL PROCEDURES
Materials

Phenylalanine (>98%) was purchased from Sigma-Aldrich (Reho-
vot, Israel), and phenylalanine-Hs (*H >98%), phenylalanine-2Hg
(?H >98%), and phenylalanine-"3C9"*N, ("3C >99%, "N >99%) were
from Cambridge Isotope Laboratories (Andover, MA, USA). All
other reagents were purchased from Sigma-Aldrich Chemicals.

Duckweed fronds (Spirodela polyrhiza) were propagated at
26°C, 30-50 umol m~2s~" cool white-fluorescent light, and 5%
CO; in 250 ml Erlenmeyer flasks containing 80 ml half-strength
Hutner's solution (SP medium). Twenty-five plants were pre-
cultivated for 4 weeks, and the medium was replaced with fresh
medium each week. Two-frond colonies, obtained from this pre-
cultivation, were fed with a phenylalanine precursor for 24 hours.
The feeding experiment consisted of 6 groups, with each group
containing 5 two-frond colonies: Group A (SP medium), Group B
(5 mg ml~", unlabeled Phe), Group C (5 mg ml~", Phe-2Hs, Label
), Group D (5 mg ml~", Phe-?Hg, Label II), and Group E
(5 mg ml~", Phe-"3C4'®N, Label Ill) (Figure 1).

Duckweed fronds were gently washed twice in Milli Q water
and dried with Kimwipes. Subsequently, they were snap-frozen in
liquid nitrogen and ground into fine powder using an analytical
mill (IKA; A11 basic). Next, 100 mg of the frozen fine powder was
extracted with 80% methanol:water (v/v) containing 0.1% formic
acid. The mixture was briefly vortexed and then sonicated for
20 min. Finally, the extracts were centrifuged for 15 min at
14 000 g and filtered through a 0.22 um PTFE filter (Acrodisc® CR
13 mm; PALL Life Sciences, Germany) prior to LC-MS analysis.

LC-MS analysis

Chromatographic experiments were performed on an ultra-high-
performance liquid chromatography with quadrupole time-of-
flight mass spectrometry (UPLC-QTOF-MS) system (HDMS
Synapt, Waters, UK). Separation was performed on a Waters
ACQUITY UPLC BEH C18 column (100 x 2.1 mm, 1.7 um) with the
column temperature set at 35°C. The mobile phase consisted of
0.1% formic acid in acetonitrile/water (5:95, v/v, phase A) and 0.1%
formic acid (v/v) in acetonitrile (phase B). The LC method was as
follows: the linear gradient was from 100 to 72% phase A over
22 min, from 72 to 0% phase A over 14 min, then held at 100%
phase B for a further 2 min, and then returned to the initial condi-
tions (100% phase A) for 0.5 min and conditioned at 100% phase

© 2025 The Author(s).

A for 1.5 min. A divert valve (Rheodyne) excluded the first 1 min
and last 2 min of gradient from the injection. Data acquisition was
performed in the MSE mode with an energy ramp that records
accurate mass precursor and fragment ion information from every
detectable component in a sample. The MSE mode rapidly alter-
nates between two functions: the first acquiring low-energy accu-
rate mass precursor ion spectra and the second acquiring
elevated-energy accurate mass fragment ion spectra. The collision
energy was set to 4 eV for the low-energy function and to
10-30 eV ramp for the high-energy function in the positive ion
mode (15-35 eV in the negative ion mode). Scan time for each
function was set to 0.25 s. The MSF mode with energy ramp was
used to add as much of the specific fragmentation patterns of
each metabolite as possible in one continuous run. LC-MS/MS
experiments were run using the following settings: capillary spray
at 1.0 kV; cone voltage at 27 eV. Argon was used as the collision
gas for collision-induced dissociation (CID). In addition, a mixture
of 14 standard metabolites, injected after every 10 samples, was
used for quality control (Table S1).

Data processing and metabolite identification

The raw instrument data were first converted into mzML format
using ProteoWizard MSConvert (Kessner et al., 2008). Peak picking
was performed using XCMS (Smith et al., 2006) under the R envi-
ronment. The resulting XCMS set objects were then directly sub-
jected to the R package Miso (Dong et al., 2019) for isotopologue
cluster detection. Metabolite identification was performed using
the SciFinder Database (https://scifinder.cas.org). To decrease the
number of false positives, we further searched those tentatively
identified metabolites by matching accurate mass, retention time,
and fragment information against our in-house database Weiz-
mass (V2) (Shahaf et al., 2016). The metabolite identification confi-
dence level for each identified metabolite in this study was
assigned following the modified four-level classification scheme
from the Metabolomics Standards Initiative (Sumner et al., 2007):
Level 1. Validated identification based on reference standard, with
retention time, accurate mass, and MS/MS matching. Level 2.
Putative identification based on matching fragmentation data to
metabolite MS/MS libraries. Level 3. Tentative structures match
precursor m/z to a metabolite database. Level 4. Unique molecular
formula determined based on isotope abundance distribution,
charge state, and adduct ion determination.
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Figure S1. Principal component analysis (PCA) of LC-MS data
obtained from five duckweed sample groups.

Figure S2. Manually constructed fragmentation trees of gamma-
Glutamylphenylalanine.

Figure S3. Possible substructures deduced from Group D with the
labeling pattern M + 2Hs.

Table S1. Phenylalanine dereived metaboliteds identied in Lemma
using triple labeling.
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