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A B S T R A C T   

Stable isotope labeling has emerged as a valuable tool for metabolite identification and quantification. In this 
study, we employed DLEMMA, a dual stable isotope labeling approach to identify and track phenylpropanoid 
pathway in Arabidopsis thaliana. Three forms of phenylalanine (Phe), including unlabeled, Phe13C6 and 
Phe13C6

2H5, were used as feeding precursors. The unique isotopic pattern obtained from MS spectra significantly 
simplified data processing and facilitated global mining of Phe-derived metabolites. Following this approach, we 
have identified 35 phenylalanine-derived metabolites with high confidence. We next compared phenyl-
propanoids contents between leaves of wild type (WT) and the dominant PRODUCTION OF ANTHOCYANIN 
PIGMENT 1 (pap1-D) Arabidopsis thaliana mutant using a combined sample matrices and label-swap approach. 
This approach was designed to correct any unequal matrix effects between the two divergent samples, and any 
possible uneven label incorporation efficiency between the two differently labeled Phe precursors. Thirty of the 
35 identified metabolites were found differential between WT and pap1-D leaves. Our results shown that the 
ectopic PAP1 expression led to significant accumulation of cyanidin-type anthocyanins, quercetin-type flavonols 
and hydroxycinnamic acids and their glycosylated derivatives. While levels of kaempferol glycosides and a 
hydroxycinnamic acid amide were reduced in the pap1-D leaves.   

1. Introduction 

The phenylpropanoid pathway (PP) represents a rich source of me-
tabolites critically important for plant growth, biotic and abiotic defense 
responses (Kurepa et al., 2018; Rasmussen and Dixon, 1999). Phenyl-
alanine ammonia-lyase is the first committed enzyme in the pathway, 
which converts L-phenylalanine (Phe) from the primary metabolic pool 
to a myriad phenylpropanoids (Zhang and Liu, 2015). Phenylpropanoids 
can be classified into 5 structural groups, including flavonoids, mono-
lignols, phenolic acids, stilbenes and coumarins (Noel et al., 2005). 
Although numerous studies have characterize PP genes and enzymes 
(Fraser and Chapple, 2011), a large portion of species- or 
lineage-specific phenylpropanoids still remains unidentified (Deng and 
Lu, 2017). 

Feeding experiments using isotopically labeled precursors is 
commonly used to detect pathway-specific metabolites in plants and 

other organisms (Mahmud, 2007). In general, a stable isotope labeled 
precursor (tracer) is introduced into a biological system, and both 
labeled and unlabeled precursors are metabolized. As a consequence, 
downstream metabolites incorporate complete or part of the labeled 
elements from the precursor (Doppler et al., 2019). When analyzed by 
mass spectrometry (MS), characteristic and artificial isotope patterns are 
typically observed for the labeled metabolites. Consequently, the unique 
isotope patterns can be used to detect precursor-derived metabolites 
(Kluger et al., 2014). Apart from detecting pathway metabolites, this 
approach offers several additional advantages. First, it allows detection 
of trace level intermediate pathway metabolites because of the 
precursor-enrichment and second, it increases confidence in metabolite 
identification by efficiently eliminating the number of possible molec-
ular formulas and chemical structures according to the labeling patterns 
of detected metabolites. Furthermore, it enables novel metabolic 
pathway discovery without prior knowledge regarding the fate of 
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precursor metabolite (Feldberg et al., 2018). 
Our lab has previously extended the stable isotope tracer-based 

approach by simultaneously feeding whole plants or organs with the 
same precursor metabolite possessing two different labeling schemes 
(Feldberg et al., 2009). Compared to the conventional single stable 
isotope tracing, this approach, termed DLEMMA (Dual Labeling of 

Metabolites for Metabolome Analysis), largely reduces the number of 
plausible molecular formulas and chemical structures of the detected 
metabolites, thus facilitating metabolite identification. In addition, 
DLEMMA is also suitable for semi-quantitative comparison of different 
samples, as it is able to correct for possible unequal matrix effects from 
divergent samples and uneven label incorporation efficiency from 

Fig. 1. Overview of the DLEMMA workflow employed in this study. (A) Three differently labeled forms of phenylalanine (Phe) were used as feeding precursors, i.e. 
unlabeled, Label I (Phe-13C6), and Label II (Phe-13C6

2H5) Phe. (B) The two Arabidopsis genotype groups, WT and pap1-D, were fed with three forms of labeling 
precursors for 24h. (C) Following feeding, the six treatments were combined (i.e. combinations A to F), in which four combinations were designed for metabolite 
identification and another two for semi-quantitative differential metabolite analysis. The extracts were analyzed by high resolution LC-MS in both positive and 
negative ion modes. (D) The LC-MS raw data was preprocessed with the R package XCMS, and next the R package Miso was used to detect and extract all Phe-derived 
mass features. (E) Phe-derived metabolites were identified based on retention time, m/z, MS/MS spectra, and dual-labeling patterns obtained from LC-MS analysis. 
(F) A combined sample matrices and label-swap approach was used to semi-quantitatively compare phenylpropanoids content between the WT and pap1- 
D genotypes. 
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different labeled precursors. In addition to combining DLEMMA with 
high-resolution liquid chromatograph-mass spectrometry (HR LC-MS) 
for metabolite identification, semi-quantitative comparison and meta-
bolic network construction, DLEMMA has recently been coupled with 
mass spectrometry imaging (DLEMMA-MS-Imaging) for accurate spatial 
localization analysis (Feldberg et al., 2018). 

The PRODUCTION OF ANTHOCYANIN PIGMENT 1 (PAP1) is a R2- 
R3 MYB-type transcription factor (MYB75) regulating the biosynthesis 
of phenolic acids and flavonoids in Arabidopsis thaliana (L.) Heynh. 
(Brassicaceae) (Borevitz et al., 2000). The corresponding bright-purple 
mutant termed pap1-D was originally identified through screening of 
an activation tagging population. Because pap1-D Arabidopsis plants 
constitutively produce a large amount of anthocyanins (Lee et al., 2016; 
Tohge et al., 2005), we questioned which anthocyanin derivatives are 
produced, and what other PP metabolites are altered due to the acti-
vation and ectopic expression of the PAP1 transcriptional regulator in 
pap1-D mutant. To this end, we carried a detailed, high-confidence 
metabolites identification and semi-quantitative comparison between 
WT and pap1-D Arabidopsis plants using DLEMMA approach. 

2. Results and discussion 

2.1. Applying DLEMMA for studying the phenylpropanoids pathway 

L-Phenylalanine (Phe), the core precursor of the phenylpropanoid 
pathway, and its two differently labeled forms Phe-13C6 (Label I) and 
Phe-13C6

2H5 (Label II) were used for feeding experiments (Figs. 1A and 
6B). Since labeled metabolites possess nearly identical physicochemical 

properties as their native non-labeled analogues, the Phe-derived iso-
topologues were detected as three co-eluting chromatographic peaks 
(unlabeled and two differently labeled forms), except that their m/z 
values were different. The LC-MS data were first pre-processed with 
XCMS for peak picking and alignment. A total of 7450 and 4822 ion 
peaks (retention time × m/z) were detected in positive and negative ion 
modes, respectively. The R package Miso was then used to automatically 
detect isotopologues (one unlabeled and two different labeled forms) 
and cluster them in a peak table containing retention time (RT), m/z 
values, number of labeled atoms and mean ion intensities (Fig. 1D). In 
total, 169 (positive ion mode) and 129 (negative mode) isotopologues 
were detected for wild type (WT), and167 (positive mode) and 150 
(negative mode) isotopologues were detected in pap-1D leaves. 

2.2. Improved metabolite detection and annotation confidence through 
feeding and dual labeling of the phenylalanine precursor 

In a typical LC-MS based metabolomics study, metabolite identifi-
cation is achieved through mass-based database search followed by 
tandem MS (MS/MS) and/or manual verification (Shahaf et al., 2016; 
Xiao et al., 2012). The results with Phe feeding demonstrate that la-
beling patterns, derived from in vivo dual labeling could significantly 
increase confidence in metabolite identification. In the first example, a 
Phe-derived isotopic cluster was identified in the negative ion mode 
with unlabeled m/z value being 339.0714 (Fig. 2A). The labeling pat-
terns of this isotopic cluster were m/z+6 (Label I) and m/z+8 (Label II). 
Manual inspection of the LC-MS raw spectra confirmed that the iso-
topologues had similar RT but different m/z values (Fig. 2B). The 

Fig. 2. A representative example of metabolite identification using DLEMMA. (A) An isotopologue cluster was identified. All information necessary for metabolite 
identification such as retention time (RT), m/z values and number of labeled atoms, was depicted in a table (B) The raw MS data was first inspected (i.e. RT and m/z 
values) to validate the results obtained by the Miso software. (C) Elemental composition was then determined using the Masslynx software based on accurate un-
labeled m/z and natural isotope patterns. Next, elemental compositions C15H16O9 was searched in SciFinder, and 108 possible candidates were found. The structural 
information obtained from the labeling patterns was then used to narrow down the number of candidates. Combined with MS/MS information, this metabolite was 
identified as sinapoyl malate. 
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elemental composition of this isotopologue cluster was determined by 
searching the unlabeled m/z value 339.0714 using the i-FIT™ algorithm 
(Waters Masslynx software) within a 5 ppm window. In this example, a 
single matched elemental composition was found, and its neutral mo-
lecular formula C15H16O9 was searched in the SciFinder database 
(https://scifinder.cas.org/). In total 108 compounds were found to have 
this molecular formula. As this metabolite was labeled with six carbon 
atoms, it must contain a phenyl ring as its precursor. This sub-structure 
based search reduced the number from 108 to 94 candidates. Similarly, 
the labeling pattern m/z+8 indicated that this metabolite contained a 
phenyl ring with only 2 hydrogen atoms attached. This additional 
structural limitation further reduced the number of candidates to 35 

compounds. Finally, based on the MS/MS information this metabolite 
was identified as sinapoyl malate (Fig. 2C). 

In the example provided above, only dual labeling patterns were 
detected for the isotopic cluster. Yet, in some scenarios, we obtained 
complex labeling patterns that provided us with a much superior ca-
pacity and confidence to identify the metabolite structure. An isotopic 
cluster with an unlabeled m/z value being 975.2466 (positive ion mode) 
is one such example. Instead of dual labeling patterns being typically 
observed for most Phe-derived metabolites, in this case, seven labeling 
patterns were detected for the isotopic cluster, i.e. m/z+6, m/z+9, m/ 
z+10, m/z+12, m/z+15, m/z+16 and m/z+19 (Fig. 3). Eight possible 
elemental compositions were obtained using the same method described 

Fig. 3. A representative example demonstrating metabolite structure elucidation by DLEMMA in cases where multiple different labeling patterns are detected. An 
isotopologue cluster was detected with multiple different labeling patterns being observed, i.e. m/z+6, m/z+9, m/z+10, m/z+12, m/z+15, m/z+16 and m/z+19. 
Two possible elemental compositions were found for this metabolite. SciFinder database search revealed that only one structure matched all the 7 observed labeling 
patterns and this metabolite identified as Cyanidin 3-O-[2-O-(xylosyl)-6-O-(p-coumaroyl) glucoside] 5-O-malonylglucoside. 
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above, while only a single formula, C44H47O25, was ranked with low i- 
FIT value (lower i-FIT value indicates a better match). The metabolite 
neutral molecular formula could be either C44H46O25 (assuming it was a 
protonated ion [M+H]+) or C44H47O25 (assuming it was a radical ion 
M+.). When C44H46O25 was searched against the SciFinder database, one 
possible Phe derivative was obtained; however, its theoretical labeling 
patterns matched only two of the observed labeling patterns. By 
contrast, when C44H47O25 was searched in SciFinder, one possible Phe 
derivative was found and the theoretical labeling pattern of this com-
pound matched the seven observed labeling patterns (Fig. 3). The MS/ 
MS spectra confirmed its structure as a cyanidin derivative linked to a 
coumaric acid (Table S1). This isotopic cluster was thus putatively 
identified as Cyanidin 3-O-[2-O-(xylosyl)-6-O-(p-coumaroyl) glucoside] 
5-O-malonylglucoside. Both coumaric acid and cyanidin are Phe-derived 
metabolites and there are seven possible combinations of differently 
labeled cyanidin and coumaric acid to form this isotopic cluster in a dual 
labeling experiment; all of them were detected in our study (Fig. 3). 
Using DLEMMA, we identified 35 Phe-derived metabolites. Table S1 
provides metabolite name, accurate m/z, retention time, mass formula, 
and annotated fragments of these metabolites. 

2.3. Phenylalanine precursor feeding enhances metabolite detection 

Despite the use of highly sensitive LC-MS instrumentation, many 
trace level intermediate metabolites remain undetectable as they are 
below the instrument detection limit. Precursor feeding could promote 
accumulation and possibly biosynthesis of intermediate metabolites 
(Ouyang et al., 2005; Raghavendra et al., 2011), therefore improve their 
detection by LC-MS analysis. To assess the capacity of enhancing 
metabolite detection using precursor feeding, we compared ion in-
tensities of the same metabolite between non-fed and unlabeled-Phe fed 
Arabidopsis leaves. In one example, two isomers of ferulic acid-hexose, 
eluting at 6.10 and 6.65 min, were detected in the unlabeled-Phe fed 
Arabidopsis. The detection and identification of these isomers were 
impossible without Phe feeding (Fig. 4A). In fact, while only trace 
amounts of the two isomers were found in the non-fed group, the peak 
areas of ferulic acid-hexose isomer I (RT = 6.10) and isomer II (RT =
6.66) was increased about 39 and 6.8 times following Phe feeding 
(Fig. 4). 

We noticed that the degree of label incorporation was not identical 
among different metabolites along the metabolic pathway. Instead, it 

Fig. 4. Comparison of ion intensities of ferulic acid-hexose detected from phenylalanine fed and non-fed Arabidopsis leaves. (A) Extracted ion chromatogram (1) and 
mass spectrum (2) of ferulic acid-hexose from non-fed WT Arabidopsis. (B) Extracted ion chromatogram (1) and mass spectrum (2) of ferulic acid-hexose from un- 
labeled Phe fed WT Arabidopsis. Two isomers of ferulic acid-hexose, eluting at 6.10 and 6.66 min, were detected. The representative mass spectra are from ferulic 
acid-hexose isomer I (RT = 6.10 min). Peak areas of two ferulic acid-hexose isomers were used to compare their contents between non-fed and un-labeled Phe 
fed leaves. 
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was closely associated with the degree of label incorporation, defined 
here as labeling efficiency (LE). LE was calculated with the following 
equation, in which unlabeled, Label I and label II represent the ion in-
tensities of the different forms of the metabolite from experimental 
group B (i.e. WT fed with Label I and Label II Phe). 

LE=
Labeled ​ I + Labeled ​ II

Unlabeled + Labeled ​ I + Labeled ​ II
× 100% 

The LE for all detected Phe-derived metabolites was calculated and 
ranged from 0.6% to 96.3% with an average of 33.6% and standard 
deviation of 34.5% (Table 1). To compare the LE among different Phe- 
derived metabolites, we plotted the LE as a function of metabolite 
location in the phenylpropanoid pathway. Metabolite location was 
defined by the number of enzymatic reactions (up to the metabolite 
intermediate) starting from Phe in the phenylpropanoid pathway. Phe- 
derived metabolites up to 16 enzymatic reaction steps from the Phe 
precursor were detected in this study (Table 1). Fig. 5 points to a strong 
correlation between LE and metabolite location in the metabolic 
pathway (R = 0.89 and p-value = 3.2 × 10− 12). In general, the lower the 
LE, the further the location of the metabolite in the metabolic pathway. 
Hence, the LE information can be used for metabolic pathway elucida-
tion, e.g. the position of a newly identified metabolite in the pathway 
could be estimated according to its LE value. It is important to note that 
phenylalanine is the precursor of a plethora of secondary metabolites in 
plants. Therefore, the relationship between labeling efficiency of a 
metabolite and the position of its biosynthetic step in the phenyl-
propanoid pathway is not always linear. Nevertheless, it is arguably true 
that, in tracer experiments, the more biosynthetic steps are involved the 
lower the LE value. 

2.4. Semi-quantitative differential metabolite analysis with DLEMMA 

A major limitation in quantitative measurement by LC-MS is that it 
suffers from matrix effects, especially when using electrospray ioniza-
tion (ESI) (Matuszewski et al., 2003; Zhou et al., 2017). Matrix effects 
refer to the alteration of ionization efficiency of a target analyte due to 
the presence of co-eluting compounds in the sample matrix. They often 
depend on the nature of samples and therefore differ from sample to 
sample (Silvestro et al., 2013). As a consequence, the accuracy of 
semi-quantitative comparison among different samples will be affected. 
To account for any unequal matrix effects between WT and pap1-D, the 
two samples with different labeling schemes were mixed before sample 
extraction and subsequent LC-MS analysis, e.g. Label I WT + Label II 
pap1-D (Group E in Fig. 1C). This approach is particularly advantageous 
as mixing the two different samples eliminates matrix effects variations, 
while the different labeling schemes allow distinguishing the same 
metabolites originating from the two different samples. In addition, in 
order to account for possible different label incorporation efficiencies 
between the two differently labeled-Phe precursors, we have included 
another ‘swapped labeling’ group, i.e. Label II WT + Label I pap1-D 
(Group F in Fig. 1C), for semi-quantitative comparison. Similar 
approach has been used to correct such experimental errors in stable 
isotope labeling by amino acids in cell culture (SILAC) based proteomics 
studies (Park et al., 2012; Chen et al., 2016). The fold change (FC) of the 
same metabolite from the two groups was calculated using either of the 
following equations. The equations are geometric mean of FC from 
‘swapped labeling’ group: 

FCPAP1

/

WT =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
LI − PAP1
LII − WT

×
LII − PAP1

LI − WT
2

√

FCWT

/

PAP1 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
LI − WT

LII − PAP1
×

LII − WT
LI − PAP1

2

√

The regulatory gene PAP1 has been reported to increase anthocyanin 
content when overexpressed in Arabidopsis (Borevitz et al., 2000; 

Table 1 
Labeling efficiency and location in the phenylpropanoid pathway of metabolites 
detected and identified in high confidence.  

# Pathway 
Location 

Metabolite Labeling 
Efficiency 
(%) 

FCPAP/WT Class 

1 L1 Phenylalanine 96.3 precursor P1 
2 L2 (1) γ-glutamylphenylalanine 88.8 1 P2 
3 L2 (2) p-Coumaric acid 93.9 7.3 H3 
4 L3 (1) Coumaric acid hexose (I) 92.0 9.0 H2 
5 L3 (2) Coumaric acid hexose (II) 82.2 5.5 H5 
6 L3 (3) p-Coumaroylagmatine 75.0 0.025 HCAA1 
7 L4 (1) Caffeic acid hexose 70.9 3.4 H8 
8 L4 (2) Ferulic acid 73.7 3.9 H6 
9 L5 (1) Ferulic acid hexose (I) 84.6 11.5 H1 
10 L5 (2) Ferulic acid hexose (II) 47.3 6.3 H4 
11 L6 Sinapinic acid 51.3 2 H 
12 L7 (1) Sinapoyl glucose (I) 47.9 3.9 H7 
13 L7 (2) Sinapoyl glucose (II) 39.1 2.1 H9 
14 L8 (1) Sinapoyl malate(I) 17.7 1.2 H 
15 L8 (2) Sinapoyl malate (II) 16.6 1.1 H 
16 L9 (1) Kaempferol 3-O-gluco-

side 7-O-rhamnoside 
1.8 0.26 K2 

17 L9 (2) Kaempferol 3-O-rhamno-
side 7-O-rhamnoside 

1.4 0.036 K3 

18 L10 Quercetin 3-O-rhamno-
side 7-O-rhamnoside 

2.2 3.7 Q3 

19 L11 (1) Quercetin 3-O-[6-O 
(rhamnosyl)-glucoside] 
7-O-rhamnoside 

2.7 7.2 Q2 

20 L11 (2) Kaempferol 3-O-[6-O- 
(rhamnosyl)-glucoside] 
7-O-rhamnoside 

2.3 0.28 K1 

21 L11(3) Quercetin 3-O-glucoside 
7-O-rhamnoside 

2.7 9.11 Q1 

22 L12 Cyanidin 3-O-[2′′-O- 
(xylosyl) glucoside] 5-O- 
glucoside 

8.5 detected 
only in 
pap1-D 

C 

23 L13 (1) Cyanidin 3-O-[2′′-O-(2′′′- 
O-(sinapoyl) xylosyl) 
glucoside] 5-O-glucoside 

11.2 detected 
only in 
pap1-D 

C 

24 L13(2) Cyanidin 3-O-[2′′-O- 
(xylosyl) glucoside] 5-O- 
(6′′′-O-malonyl) 
glucoside 

minor 
amount 

detected 
only in 
pap1-D 

C 

25 L13(3) Cyanidin 3-O-[2′′-O- 
(xylosyl) 6′′-O-(p- 
coumaroyl) glucoside] 5- 
O-glucoside 

10 14.1 C2 

26 L14 (1) Cyanidin 3-O-[2′′-O- 
(xylosyl)-6′′-O-(p-O- 
(glucosyl)-p-coumaroyl) 
glucoside] 5-O-glucoside 

minor 
amount 

detected 
only in 
pap1-D 

C 

27 L14 (2) Cyanidin 3-O-[2′′-O- 
(xylosyl)-6′′-O-(p- 
coumaroyl) glucoside] 5- 
O-malonylglucoside 
(I) 

7.4 7.7 C6 

28 L14 (3) Cyanidin 3-O-[2′′-O- 
(xylosyl)-6′′-O-(p- 
coumaroyl) glucoside] 5- 
O-malonylglucoside (II) 

15.5 39.0 C1 

29 L14 (4) Cyanidin 3-O-[2′′-O-(2′′′- 
O-(sinapoyl) xylosyl) 6′′- 
O-(p-coumaroyl) 
glucoside] 5-O-glucoside 

12.5 6.7 C9 

30 L15 (1) Cyanidin 3-O-[2′′-O- 
(xylosyl) 6′′-O-(p-O- 
(glucosyl) p-coumaroyl) 
glucoside] 5-O-[6′′′-O- 
(malonyl) glucoside] 

5.7 7.8 C5 

31 L15 (2) Cyanidin 3-O-[2′′-O-(2′′′- 
O-(sinapoyl) xylosyl) 6′′- 
O-(p-O-(glucosyl) p- 
coumaroyl) glucoside] 5- 
O-glucoside 

3.6 6.2 C10 

32 L15 (3) 9.5 8.1 C4 

(continued on next page) 
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Mitsunami et al., 2014). Here 30 out of the 35 identified metabolites 
were found differential between pap1-D and WT leaves; 26 accumulated 
at higher level in pap1-D and 4 were more abundant in WT leaves. 
Particularly, we have identified 14 anthocyanins (Table 1 and Table S1) 
and all of them highly accumulated in the pap1-D mutant leaves 
(p-value < 0.05). Ten anthocyanins were also detected at trace levels in 

WT leaves. FC values (FCPAP1/WT) were then calculated for the 10 an-
thocyanins; they ranged from 6.2 to 39.0 (Fig. 6). Apart from anthocy-
anins, an additional set of 16 phenylpropanoids displayed differential 
accumulation between pap1-D and WT leaves, with FC value higher than 
2 (FCPAP1/WT or FCWT/PAP1). Among them, we detected six flavonoids 
including three quercetin and three kaempferol glycosides. Interest-
ingly, all quercetin glycosides highly accumulated in pap1-D leaves with 
FC values ranging from 3.7 to 9.1 (FCPAP1/WT), while kaempferol gly-
cosides were more abundant in WT with FC values ranging from 3.6 to 
27.7 (FCWT/PAP-OX) (Fig. 6A). Dihydrokaempferol serves as a ‘hub’ pre-
cursor that is further metabolized by flavonol synthase (FLS) to form a 
variety of kaempferol glycosides. Alternatively, it can be converted to 
dihydroquercetin by flavonoid 3′-hydroxylase (F3′H) for quercetin and 
quercetin glycosides biosynthesis by FLS, or for anthocyanin biosyn-
thesis by flavonoid 3′-hydroxylase (F3′H) (Fig. 6B). It has been reported 
that overexpression of PAP1 in Arabidopsis resulted in elevated tran-
script levels of F3′H and dihydroflavonol reductase (DFR) (Tohge et al., 
2005). As a consequence, dihydrokaempferol is directed to the quercetin 
and anthocyanin branch, leading to the accumulation of quercetin gly-
cosides and anthocyanins in pap1-D and reduced kaempferol glycosides 
levels (Fig. 6B). This supports our findings here that all quercetin gly-
cosides accumulated to higher levels in pap1-D as compared to WT 
leaves. In addition to flavonoids, nine hydroxycinnamic acids, including 
caffeic, p-coumaric, ferulic, sinapic acid, and their glycosides highly 
accumulated in pap1-D leaves with FC values ranging from 2.1 to 11.5 
(FCPAP1/WT). Accumulation of hydroxycinnamic acids is likely due to the 
elevated expression of PHENYLALANINE AMMONIA-LYASE (PAL) and 
4-COUMARATE-COA LIGASE (4CL) involved in their biosynthesis 
(Fig. 6B). A single hydroxycinnamic acid amide (p-coumaroylagmatine) 
showed significant accumulation in WT as compared to pap1-D mutant 
leaves (Fig. 6a). The pap1-D Arabidopsis dominant mutant has been 
shown to exhibit significantly improved tolerance to UV radiation, salt 
(Oh et al., 2011), freezing (Schulz et al., 2016) and drought stress 
(Nakabayashi et al., 2014), which are attributed to the accumulation of 
anthocyanins, quercetin and hydroxycinnamic acid derivatives (Schulz 
et al., 2016; Stelzner et al., 2019). 

Tohge et al. (2005) have employed high-resolution LC-MS to 
compare phenylpropanoid levels between WT and pap1-D Arabidopsis 
leaves. They detected 17 differential metabolites, including 11 antho-
cyanins, 3 quercetin glycosides and 3 kaempferol glycosides (Tohge 

Table 1 (continued ) 

# Pathway 
Location 

Metabolite Labeling 
Efficiency 
(%) 

FCPAP/WT Class 

Cyanidin 3-O-[2′′-O-(2′′′- 
O-(sinapoyl) xylosyl) 6′′- 
O-(p-O-coumaroyl) 
glucoside] 5-O-[6′′′’-O- 
(malonyl) glucoside] (II) 

33 L15 (4) Cyanidin 3-O-[2′′-O-(2′′′- 
O-(sinapoyl) xylosyl) 6′′- 
O-(p-O-coumaroyl) 
glucoside] 5-O-[6′′′’-O- 
(malonyl) glucoside] (I) 

11.6 8.6 C3 

34 L16 (1) Cyanidin 3-O-[2′′-O-(6′′′- 
O-(sinapoyl) xylosyl) 6′′- 
O-(p-O-(glucosyl)-p- 
coumaroyl) glucoside] 5- 
O-(6′′′’-O-malonyl) 
glucoside 
(I) 

0.6 7.1 C8 

35 L16 (2) Cyanidin 3-O-[2′′-O-(6′′′- 
O-(sinapoyl) xylosyl) 6′′- 
O-(p-O-(glucosyl)-p- 
coumaroyl) glucoside] 5- 
O-(6′′′’-O-malonyl) 
glucoside (II) 

3 7.6 C7 

The number in the ‘Pathways Location’ column indicates the corresponding 
metabolites described in Fig. 5. ‘L’ is location, the number after ‘L’ indicates its 
location in the phenylpropanoid pathway. The number in the bracket is used to 
distinguish metabolites that are at the same pathway location; the number in the 
‘Class’ column indicates the corresponding metabolite described in Fig. 6A. For 
detailed information on the identified Phe-derived metabolites, including 
metabolite name, accurate m/z, retention time, mass formula, and annotated 
fragments, see Table S1. P, phenylalanine and derivatives; H, Hydroxycinnamic 
acid and their glycosides; K, Kaempferol glycosides; Q, Quercetin glycosides; C, 
Cyanidin glycosides; HCAA, Hydroxycinnamic acid amide. 

Fig. 5. Linear correlation between labeling efficiency and metabolite location in the phenylpropanoid pathway. The number next to each point corresponds to 
metabolite location shown in Table 1. ‘L’ stands for location, the number after ‘L’ indicates its location in the phenylpropanoid pathway. The number in the bracket is 
used to distinguish metabolites that are at the same pathway location; LE: labeling efficiency. The color scale represents different percentage of labeling efficiency. 
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Fig. 6. Differential analysis of phenylpropanoid pathway metabolites between WT and pap1-D mutant Arabidopsis leaves. (A) Representation of differential me-
tabolites found between WT and pap1-D in leaves. The data represents geometric fold change mean + standard deviation (SD) of four biological replicates. (B) The 
phenylpropanoid biosynthetic pathway and metabolites detected in the course of this study. The enzymes highlighted in red are those regulated by the PAP1 
transcription factor according to the previous report from Tohge et al. (2005). Dash line denotes multiple enzymatic reactions in the pathway. PAL, phenylalanine 
ammonia-lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate-CoA ligase; CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3-hydroxylase; 
F3′H, flavonoid 3′-hydroxylase; FLS, flavonol synthase; FGT, flavonol glycosyltransferase; DFR, dihydroflavonol reductase; ANS, anthocyanidin synthase; AGT, 
anthocyani(di)n glycosyltransferase; AAT, anthocyanin acyltransferase. GST, glutathione S-transferase. The pathway was modified from Tohge et al. (2005). 
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et al., 2005). In this study, we have identified all 17 differential me-
tabolites reported by Tohge et al. (2005). Moreover, we have identified 
13 additional phenylpropanoids, including three anthocyanins, nine 
hydroxycinnamic acids and one hydroxycinnamic acid amide. Our re-
sults highlighted that DLEMMA could improve metabolite coverage and 
annotation. 

3. Conclusion 

The use of stable isotope labeling has been instrumental in circum-
venting major challenges in metabolomics assays, i.e. metabolite iden-
tification and quantification. In this study, we used DLEMMA to detect, 
identify and semi-quantitatively compare phenylpropanoids between 
WT and pap1-D mutant Arabidopsis leaves. By employing this approach, 
we have identified 35 Phe-derived metabolites in high confidence, of 
which 30 were differential between WT and pap1-D leaves. In particular, 
our results showed that the ectopic PAP1 expression led to significant 
accumulation of cyanidin-type anthocyanins, quercetin-type flavonols 
and hydroxycinnamic acids and their glycosylated derivatives. While 
levels of kaempferol glycosides and a hydroxycinnamic acid amide were 
reduced in the pap1-D leaves. DLEMMA approach can be easily extended 
to other precursors and organisms for high-confidence metabolite 
identification and detailed metabolic pathway elucidation. Using 
DLEMMA requires that the precursor should be partially positionally 
labeled (i.e. only specific substructures of the precursor are labeled by 
stable isotopes). The rationale is that many precursor-derived metabo-
lites are typically synthesized by adding up or breaking down the 
building blocks of the precursor. Since different substructures of the 
precursor can be recognized and distinguished by their unique labeling 
schemes, the substructures of the precursor-derived metabolites can be 
then inferred by comparing their labeling patterns with that of the 
precursor. Furthermore, in order to improve the confidence and effi-
ciency of this approach, ideally each substructure of the precursor could 
be tagged with distinctive labeling schemes, thus providing more com-
plete and definitive structural cues to the precursor-derived metabolites. 

4. Experimental 

4.1. Reagents 

Unlabeled Phenylalanine (Phe), Label I Phe (Phe-13C6, all the six 
carbon atoms part of the phenyl ring labeled with 13C) (13C > 99%) and 
Label II Phe (Phe-13C6 

2H5, all the six carbon atoms and five hydrogen 
atoms on the phenyl ring labeled with 13C and 2H) (13C > 98%, and 2H >
99%) were purchased from ISOTEC™ (Sigma-Aldrich). All other re-
agents were from Sigma-Aldrich Chemicals. 

4.2. DLEMMA experiments set-up 

Plants of Arabidopsis thaliana (L.) Heynh. (Brassicaceae) ecotype 
Columbia were grown in a climate chamber under short-day conditions 
(8/16h, 22/18 ◦C, light/dark). One hundred milligrams leaves of 8- 
week-old plants were excised by cutting at the proximal side of the 
pedicel with scissors under water to avoid air penetration into the 
pedicel, which may influence the feeding efficiency. The leaves were 
immersed into a PCR tube with 0.5 mL aqua solution of 0.5 mg/mL 
feeding precursor [Phe (unlabeled), Phe 13C6 (Label I), or Phe 13C6

2H5 
(Label II)] (Fig. 1A). The DLEMMA feeding experimental set-up con-
sisted of two genotype groups; three wild type (WT) and three pap1-D 
(ABRC stock number: CS3884) leaves with each group fed with unla-
beled Phe (treatments #1 and #4 in WT and pap1-D, respectively), Label 
I Phe (treatments #2 and #5 in WT and pap1-D, respectively) and Label 
II Phe (treatments #3 and #6 in WT and pap1-D, respectively) (Fig. 1B). 
Feeding experiments were performed for 24 h at 25 ◦C under constant 
fluorescent illumination and humidity. After feeding, leaves were care-
fully rinsed with water to remove traces of external fed precursor. Next, 

we combined leaves from different treatments to six experimental 
groups. Four of them were used for high-confidence metabolite identi-
fication: Group A (treatment #1), Group B (#2 + #3), Group C (#4) and 
Group D (#5 + #6). Two additional groups, i.e. Group E (treatment #2 
+ #6) and Group F (#3 + #5), were used for semi-quantitative differ-
ential comparison of the WT and pap1-D. This swapped label approach, 
as shown in Group E and F, was designed to account for the unequal 
matrix effects between WT and pap1-D plants, and the unequal incor-
poration efficiency between Label I and Label II Phenylalanine. Leaves 
were flash frozen with liquid N2, ground and extracted with 0.1% formic 
acid in 92% MeOH:8%H2O (v/v) (400 mL per 100 mg leaf). The sus-
pension was sonicated for 10 min, centrifuged at 14,000 g for 5 min, and 
supernatant filtered through a 0.22 μm PTFE membrane filter before LC- 
MS analysis. Each group contain three biological replicates. LC-MS ex-
periments were performed using a UPLC- QTOF-MS system (Waters 
Premier QTOF, Milford, MA, U.S.A.). Metabolites were separated on a 
100 × 2.1 mm i.d., 1.7 μm UPLC BEH C18 column. The mobile phase 
consisted of 0.1% formic acid in Acetonitrile: Water (5:95, v/v) (phase 
A), and 0.1% formic acid in Acetonitrile (phase B). The linear gradient 
program was as follows: 100-72% A over 22 min, 72-60% A over 0.5 
min, 60 - 0% A over 0.5 min, held at 100%B for a further 1.5 min, then 
returned to the initial conditions (100% A) in 0.5 min, and conditioning 
at 100% A. The total analytical run was 26 min. The flow rate was 0.3 
mL/min, the column temperature was kept at 35 ◦C. Masses of the eluted 
compounds were detected by a QTOF Premier MS, equipped with ESI 
source. Full scan mass spectra were acquired from 50 to 1500 Da. The 
following settings were used for LC-MS/MS run: capillary spray at 3.0 
kV; cone voltage at 30 eV; collision energies were 10–25 eV for positive 
mode and 15–40 eV for negative mode. Argon was used as the collision 
gas for collision-induced dissociation (CID) (MS/MS) experiments. The 
MS was calibrated using sodium formate, and leucine enkephalin used as 
the lock mass. A mixture of 14 standard compounds, injected after each 
five samples, was used for quality control. 

4.3. DLEMMA data analysis and metabolic identification 

The MassLynx software version 4.1 (Waters Inc.) was used to 
calculate accurate masses. 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 R 
environment. The resulting XCMS set objects were then subjected to the 
R package Miso (Dong et al., 2019) for isotopologue cluster detection. 
Manual identification was performed using the SciFinder Database 
(https://scifinder.cas.org). Differential metabolites were selected if the 
fold change was greater or equal to 2 and the p-value was less than 0.05. 
Line plot and bar plot were produced using R package ggplot2. 
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