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Abstract: Plants produce a wide variety of secondary metabolites in the process of evolution.

Secondary metabolites have highly diverse structures due to the modification of the basic skele-
tons of metabolites. They are required for interaction with the environment and are produced in
response to abiotic/biotic stress. Characterization of secondary metabolic pathways is signifi-
cant to plant molecular breeding and natural product biosynthesis. The liquid chromatography-
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high resolution tandem mass spectrometry ( LC-HRMS/MS) is one of the major techniques for
untargeted metabolomics study. The LC-HRMS/MS method could detect tens of thousands of
metabolic features and provide abundant structural information. It has been widely used in the
discovery and characterization of the secondary metabolome. However, due to the largely di-
verse structure and limited records in the mass spectral library, the annotation of the secondary
metabolome is very difficult.

To address the analytical challenges associated with the vast structural diversity and the large
numbers of secondary metabolites, particularly those previously unknown structural metabo-
lites, a novel method for the efficient characterization of pathway-associated metabolites was
developed. Modification reactions and MS/MS spectral information were collected using the
metabolic pathways database and mass spectral library. Screening and annotation of metabolites
involved in phenylpropanoid metabolism in maize leaves were used as an example. First, a da-
tabase of modified groups was established via pathway-associated modifications from open ac-
cess metabolic pathway database and literature. Here, pathway databases included the Kyoto
Encyclopedia of Genes and Genomes ( KEGG) and Plant Metabolic Pathways ( PlantCyc). A to-
tal of 61 modification types were enrolled, including 10 generic and 51 pathway-specific modifi-
cations. Modified metabolomes were filtered from untargeted LC-HRMS/MS metabolomics data.
Next, MS/MS spectra of the pathway-associated compounds ( probe molecules) were collected
in the Global Natural Products Social Molecular Networking ( GNPS) MS/MS spectral library.
The MS/MS of compounds assigned to chemical classes of phenylpropanoids were kept. An MS/
MS spectral database of the probe molecules was constructed. It included 2 677 spectra of 1 542
phenylpropanoid compounds in the positive mode and 814 spectra of 661 phenylpropanoid com-
pounds in the negative mode. Then, an MS/MS molecular network was generated by modified
metabolome and probe molecules. The clusters comprising both probe molecules and modified
metabolites were kept. To explore more previously unknown structural metabolites, the clusters
with one more pathway-specific modified metabolite were retained even though they didn’ t
contain any probe molecule. A total of 392 and 417 phenylpropanoid pathway-related metabolic
metabolites were obtained in positive and negative ion modes, respectively. The pathway-asso-
ciated metabolites were annotated based on the propagation of the molecular network. For the
metabolites within the co-cluster, annotations were performed using the probe molecules as the
initial seed. The modification group’s substructure information was used for network propaga-
tion annotation. For the clusters containing only pathway-specific modified metabolites, the an-
notation is similar to the above process if identified nodes were present within the cluster. Oth-
erwise, de novo annotation was manually executed based on substructure information. Finally,
129 unique metabolites were annotated after integration and removal of redundancy. Ten anno-
tated metabolites were validated using commercially available or synthesized reference com-
pounds. The other annotation results were validated using predicted chemical classes, in silico
MS/MS, and predicted retention time. They are mainly involved in the downstream branch of
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phenylpropanoid pathways, including the flavonoid pathway (8 flavonoids, 19 flavonoid O-gly-

cosides, 32 flavonoid C-glycosides), the hydroxycinnamic acid pathway (31 hydroxycinnamic

acids and derivatives) , and the lignan pathway (22 neo-lignans/lignan/lignan glycosides). All

the annotated structures were searched against the PubChem and SciFinder databases. Among

them, 26 metabolites were previously unreported in both the databases. In this study, the path-

way-associated metabolites could be quickly discovered and annotated by the integration of

probe molecules and modified metabolome. It provides a method for the in-depth study of the

phenylpropanoid pathway.

Key words: liquid chromatography-high resolution tandem mass spectrometry ( LC-HRMS/

MS) ; modified metabolome; secondary metabolites; probe molecule; annotation
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Table 1 Modifications involved in phenylpropanoids biosynthesis

Modified type Neutral loss  Generic or specific Modified type Neutral loss  Generic or specific
Methylation CH, generic Phenylacetyl coupling CsH;O specific
Methoxylation CH,0O generic Hydroxybenzoate C,H,0, specific
Hydroxylation H,0 generic p-Hydroxybenzoylation C,H40, specific
Methyl ammonia CH;NH, generic Tartarate C,H,0; specific
Acetylation CH,CO generic Dihydroxybenzoic acid coupling C,H,0,4 specific
Carboxylation COO generic Hydroxyadipic acid coupling C¢HgO, specific
Sulfation SO, generic Vanillate CgH4O,4 specific
Malonyl C;H,0,4 generic 3-Dehydroshikimic acid coupling C,HyO0, specific
Pentosylation CsHgO, generic Shikimic acid coupling C,H 0, specific
Deoxyhexosylation C¢H,,O, generic Quinic acid coupling C,H,,05 specific
Hexosylation C¢H,,05 generic Syringate Cy,HgO, specific
Putrescine C,H,N, specific Glycerol C;H(O, specific
Cadaverine CsH 4N, specific Quinol C.H,0 specific
Agmatine CsH,,N, specific Hydroxybenzyl alcohol C,H,O specific
Tyramine CgH,;NO specific Hydroxyquinol C¢H, 0, specific
Spermidine C;Hy N, specific Vanillyl alcohol CyH 0, specific
Octopamine/dopamine CgH,,NO, specific Coumaryl alcohol CyHO specific
Tryptamine C,cH;,N, specific Caffeyl alcohol CyH 0, specific
3-Methoxytyramine CyH;NO, specific Coniferyl alcohol C,0H,,0, specific
Noradrenaline CgH| NO; specific 5-OH-Feruloyl alcohol CoHo04 specific
Serotonin C,0H;,N,O specific Sinapyl alcohol C, H,04 specific
3’-Methoxyoctopamine CyH;NO; specific Non-condensed vanillyl alcohol CgH,, 04 specific
5-Methoxytryptamine C,H,N,0 specific Non-condensed coumaryl alcohol CyH,,0, specific
Spermine CoHyxN, specific Non-condensed caffeyl alcohol CoH,, 04 specific
Coumaryl CyHO, specific Non-condensed coniferyl alcohol CoH,04 specific
Caffeoyl CyH¢O,4 specific Non-condensed 5-OH-feruloyl alcohol C,,H,,0, specific
Feruloyl C,0HgO,4 specific Non-condensed sinapyl alcohol C,H,,0, specific
5-OH-Feruloyl C, HgO, specific Dimethoxyquinol CyH; 0,4 specific
Sinapyl C,,H,,0, specific Syringyl alcohol CoH,,04 specific
Malate C,H,0, specific Isoprenylation CsHg specific
Glyceric acid coupling C;H,0, specific

NIH Natural Products Library Round 1 #1 NIH
Natural Products Library Round 2) H 3 i £ |
1542 AR BERAL G Y IE B TR Z 90 K
2 677 KA 661 DA N B G WY 7 TR
PR 814 5k, H 3L AR FF > T 5 I BTG AU I
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Fig. 3 Phenylpropanoids pathway-associated metabolites screened by probes-modified metabolome molecular network
a. phenylpropanoids pathway-associated clusters in negative ion mode; b. co-cluster consisting of both probe molecules and modified
metabolites; c. modified metabolites with one or more pathway-specific modification types.



559 1]

BAETT G5 L TG RIS 231 04 o 2R AR A ) i B A R 5 vk - 795 -

551.1929, B 578 T m/z 341. 101 2 Z [i] Al GEAF
TE m/z 210.091 7 fHPEE20, NFE 1 AT A1 8 R
k45 4 77 T B ( non-condensed sinapyl alcohol ) ,
BT LT LM BT Y AR S A8 A (S R A A 7 BT 2
(feruloyl alcohol) I, XJH: 2% Bk v i & ¥ 47
THEMERE(WLE 4a) K0 5 BT IL & 45
PP K5 2 1) 254998 X PubChem £085 % , i
A ARNEZ A(dadahol A)

X HUS A IR AR R S A M A ) 1 43 R,
7 DA T A T DU AR R T A AR
FiF, R R 5 S R T W TR, X
FICAHAR 2 BT o5 A A8 1 A 3 9 R A Sk 1 B
=, Q& 3¢ Frm i AT AT 18 M R A S Atk i)
SikfE R . DAY (m/z 551,191 5) B 45
FRERT R BV AN S AW & A AR 4R A A A B
(non-condensed coniferyl alcohol) 7454 , £k
E(m/z 180.078 6) =4 m/z 371. 111 2 T &
¥ A5 ANE A & SR (coumaric acid) $#1iF & T
(m/2163.0377), E5FEF m/z371. 1112 Z [
AIREAFAE m/2 208.073 5 P B 4% iz ik £k
et i PR iy AR 455 I+ BE (m/z 210. 089 2)
FH2E 2,015 7, HEWT AT e 2 AR 4R & 0T FREF AR 25 2
A H B 210 T 25 3R 40 A M Rals A S A4
BIF TR THHE , FF A s R e B4 SR 1 A7
TE—Fh & PRE5H) (LB 4b) . 1% 454 45 PubChem

Probe molecule

1004 163A00374 a

o

] ©119A049 Y\j\A

-

& e
- | WO
50 3

<
=
E
B0ttt et
s 100 | {200 300 | 400 #)
= N 341.1012
o ) o miz
M o~

i = /@/\)\0 N
1 o N HO :)j\@()\
-50 4 on
1 > 0

£ 119.0

145.0274

-100 i
] 163.0368
Modified metabolite

F1 SciFinder £088 R4 2, YR Wk sk, R L&
TR K IE R R B TR — AR, iR
P HLA5 M 20U G I R 129 RN b is 1%
fRigt9, Hod 89 4~7E PubChem F1 SciFinder %3
FEF B A WGRE 26 > I PEARHRGE Y < Ry
&Y., RAERAEY A MS/MS X H25 4 F—
SR, Horh 68 AN RRAC I 0 1k A 2] v gl e
BT R A R . b 115 AN AR 25 4
AR (HAy 14 AR TR 43 S Aa 1A ) F900 5 £ g it
fi] , Herp 102 AR 4 6 T 57 B4 B ) AR X6 58 22 /)N
T 30%, R CFM-ID T EF 1 115 MUY
TYGER I T 5 S0 T gk R B AR AL
B REFIME (0. 5) BIfR I A 28 4, BeAH
£1(0.4~0.5) AR A 30 4, —E MM (<
0.4) B4 57 1~ BLAk, XA 10 A~ br e i At
WIS T I0IE , BRGNS M R W

RS AT, 129 AR TR Be ik A AR U 4 v
FABE T Ui 35 20y SO AR 7= A i R A A 4 (AL
K 5) , i S iR A2 R0 8 AN L 19 MR
B 32 R IR R I R R IR0 31 MR
SRR I e S A A=, L KR &R A g 2 1
22 ACBND RIRR/ARBRRITAE, Horpr 4 M 2RE
i 4 AT IS B |6 > F2 3k 1A B R It i B FL AT A
YR 11 DARNEE 5549 7F PubChem #1 SciFinder %X
P B R B (LI S 555 N4 i)

—CyoH ;05 | —non-condensed coniferyl alcohol

(Cagll150; . 371.1112)

—C1H 204 | —(non-condensed sinapyl alcohol-2H)

(CoH7057, 163.0377 )ﬁ{ CoHs0,7, 145.0269 )

—CO,
1003 o 551.1888

] o, .

s 163.0377 oy S

=] L 2

S 807 ol &%L{@

g ] oty

5 60

E ] /C\‘c\

2 o401 S .

= ] 145.0269 o A~ o

& 20 478| e (s
] I BOEURIERS
] |

0 yyy.l...].‘|| .|.|‘.I|'.|'.‘.'.|....'|!'...|

0 100 200 300 400 500 600

mlz

B4 (a) BETCAMBEST LG ERERM(b) RGN LER

Fig. 4 (a)Annotation of metabolites with known neighbor-nodes and (b) de novo annotation of metabolites
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Fig. 5 Distributions of annotated metabolites in the downstream branches of the phenylpropanoid pathway
Red numbers in brackets: previously unreported in both PubChem and SciFinder databases.
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