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ABSTRACT
Rationale: Plants synthesize diverse secondary metabolites, often specific to particular species. These metabolites (phytochem-
icals) exhibit restricted distribution among certain plant families, genera, or species. Due to their species-specific characteristics, 
they can serve as chemical markers to identify and authenticate economically important botanicals.
Method: Ultrahigh performance liquid chromatography–mass spectrometry (UHPLC–MS) and a plant metabolome reference 
library were utilized to identify and authenticate botanicals based on their characteristic phytochemicals.
Result: A chemical barcode refers to a unique molecular weight sequence (e.g., M.W. 216, 392, 390, 438, 542, 368, and 495 for 
Curcuma longa) of characteristic phytochemicals of particular plant species. This study reports the utilization of a plant metab-
olome library, LC–MS, and MS/MS data to facilitate the identification of botanicals based on their chemical barcode. We have 
analyzed 20 economically important medicinal plant species (A. nilotica, A. calamus, A. scholaris, B. monnieri, B. diffusa, C. 
asiatica, C. sativus, C. longa, F. religiosa, M. alba, M. fragrans, N. sativa, O. tenuiflorum, P. amarus, P. betel, P. longum, P. nigrum, 
P. pinnata, S. asoca, and V. negundo); no false results were observed in multiple tested samples. Apart from this, barcoded metab-
olites were also identified to validate the results based on previously reported phytochemicals from respective plant species and 
their mass spectrometry data.
Conclusion: This approach facilitated the successful identification of botanicals through their chemical barcode and utilized a 
web-based LC–MS/MS library of nontargeted plant secondary metabolites.

1   |   Introduction

Plants synthesize diversified organic compounds or metabolites 
[1]; some play crucial roles in various fundamental biological pro-
cesses, like photosynthesis, growth, respiration, reproduction, 

and storage [2]. These metabolites are known as primary metab-
olites, whereas phytochemicals with no role in primary metab-
olism are called secondary metabolites [3]. They often display 
restricted distribution among particular plant families, genera, 
or species. This restricted occurrence reflects the evolutionary 
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Abbreviations: Hr, hour; MRM, multiple reaction monitoring; m/z, mass-to-charge ratios; RT, retention time; SOP, standard operating procedure; Th, Thomson; 
UHPLC-ESI-MS/MS, ultrahigh performance liquid chromatography–tandem mass spectrometer; UMWS, unique molecular weight sequence.
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adaptations and ecological roles associated with secondary me-
tabolites, which have emerged through specialized biosynthetic 
pathways in distinct lineages of plants [4]. These metabolites are 
specific to particular plant species and serve as chemical mark-
ers for those plants. For example, Azadirachta indica (neem) 
contains limonoids [5], like nimbin, nimbidin, and nimbolide; 
Bergera koengii (curry leaf) contains carbazole alkaloids like 
mahanimbine, girinimbine, koenimbine, isomahanine, and ma-
hanine [6]; and Terminalia chebula (harad) synthesizes chebulic 
acid, chebulanin, terchebulanin, chebulagic, and neochebulic 
acid as its unique secondary metabolites [7]. The unique dis-
tribution patterns of secondary metabolites contribute to their 
significance in plant taxonomy, phylogenetics, and ecological 
interactions within natural ecosystems [8]. Due to their specific 
and limited distribution, secondary metabolites can serve as 
valuable diagnostic constituents in chemotaxonomic studies [9]. 
These unique secondary metabolites offer numerous potential 
applications that could benefit various sectors. Their specific 
chemical structures and biological activities make them attrac-
tive candidates for drug discovery, as they may possess thera-
peutic properties against various diseases [10]. Moreover, the 
chemotaxonomic significance of secondary metabolites could 
aid in identifying and authenticating plant species, contributing 
to the preservation of traditional knowledge associated with me-
dicinal plants [11].Additionally, in plant metabolome analyses, 
tandem mass spectrometry (MS/MS) emerges as a potent ana-
lytical technique for the identification of chemical compounds 
or phytochemicals [12]. During MS/MS, metabolites undergo 
fragmentation upon collision with a collision gas (such as he-
lium), generating a fragmentation pattern captured in a prod-
uct ion spectrum [13]. This spectrum records the m/z values of 
product ions and their relative intensities, forming unique fin-
gerprints that aid in metabolite identification, particularly for 
distinguishing structurally isomeric metabolites [14]. Hence, the 
phytochemical signature of secondary metabolites, along with 
their characteristic MS/MS spectral patterns, can be effectively 
utilized for the identification of plant species. Traditionally, 
plants have been identified using several methods, like morpho-
taxonomy and DNA barcoding [15–17]. However, these methods 
have certain limitations. Morphotaxonomy relies on physical 
characteristics, which can be influenced by human interpreta-
tion, leading to potential misidentification. On the other hand, 
DNA barcoding is a molecular approach that depends on the in-
tegrity of genetic material, making it less effective when samples 
are degraded or processed [18–20] Herein, we introduce chem-
ical barcode as a unique molecular weight sequence, which is 
uniquely tailored for each plant species through comprehensive 
LC–MS data analysis. This chemical barcode is employed as the 
initial stage for the identification of botanicals based on their 
characteristic phytochemicals. Further, to enhance the reli-
ability of results, each unique metabolite's MS/MS fingerprint 
is used for authentication. Thus, LC–MS and LC–MS/MS play 
a pivotal role in the analysis of phytochemicals to advance the 
authentication of economically important botanicals. In this 
work, an open-access plant metabolome library [21] is used for 
the chemical barcode and MS/MS fingerprint search of specific 
markers for individual plant species. The utilized plant metab-
olome library has more than 300 plant species from 104 plant 
families, incorporating more than 4800 MS/MS spectra of plant 
metabolites. Thus, this approach facilitates accurate and effi-
cient identification and authentication of botanicals, providing 

valuable support for herbal raw material authentication and 
quality control in botanical products.

2   |   Experimental

2.1   |   Chemicals and Materials

Analytical-grade (LC–MS) acetonitrile (CH3CN) and ammo-
nium acetate (NH4CH3CO2) were purchased from Merck Life 
Science (Mumbai, India) and Finar (Gujarat, India), respec-
tively. At the same time, HPLC-grade methanol (CH3OH) was 
purchased from Molychem (Mumbai, India). Deionized triple-
distilled water was prepared using a Milli-Q water system 
(Merck Millipore, Bangalore, India).

2.2   |   Selection of Plant Materials

This study analyses high-value medicinal plants native to India. 
These plants hold immense importance within the nation's 
healthcare and herbal sectors, serving as key ingredients in tra-
ditional remedies, pharmaceuticals, and herbal products.

2.3   |   Sample Collection and Preparation

Plant materials were collected from the Lucknow region (26.8467° 
N, 80.9462° E) in the upper Gangetic plains, with additional 
samples purchased from the local market for LC–MS analysis. 
Authentication of plant materials was carried out by a coauthor 
and angiosperm taxonomist (DKM). A detailed description of the 
plant samples is provided in Table S1. The collected plant materi-
als were dried in a conventional oven at 35°C–37°C, ground into a 
coarse powder, and stored in sealed vials at room temperature. For 
extraction, 500 mg of each powdered sample was mixed with 5 mL 
of CH3OH and sonicated in an ultrasonic water bath for 5 min 
after an initial incubation of 24 h. The mixture was then allowed 
to stand for 48 h at room temperature (~25°C). The resulting meth-
anolic extracts were filtered through a 0.2 μm syringe filter and 
transferred into sample vials for LC–MS analysis.

2.4   |   Data Acquisition

The hyphenated UHPLC-PDA-ESI-MS/MS system, developed 
by Waters Co., Milford, Massachusetts, United States, combines 
ultrahigh-performance liquid chromatography (UHPLC) with 
photodiode array (PDA) detection and a Waters Xevo TQD mass 
spectrometer interface utilizing electrospray ionization (ESI). 
This hybrid system facilitates the simultaneous acquisition 
of UHPLC and MS profiles. The chromatographic separation 
was achieved using a mobile phase composed of (A) CH3CN 
and (B) 5 mM NH4CH3CO2 buffer, which was passed through 
a Waters BEH C-18 column (150 × 2.1 mm, 1.7 μm) at a constant 
flow rate of 0.250 mL/min, employing a linear gradient shown 
in Table  S2. The UV-PDA spectra were acquired from 200 to 
450 nm, while fullscan mass spectrometric data were acquired 
in both ESI-positive and ESI-negative ion modes, covering a 
mass range from m/z 150 to 1500 Th. MS/MS experiments were 
also conducted in both ESI-positive and ESI-negative ion modes. 
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ESI parameters were maintained at a capillary voltage of 3.5 kV 
and a cone voltage of 30 V. Nitrogen served as the nebulizing and 
drying gas, with flow rates set at 50 and 950 L/h, respectively. 
The source and desolvation temperatures were set at 120 and 
350 °C, respectively, and argon gas was utilized for collision-
induced dissociation (CID). Data acquisition and processing 
were facilitated using MassLynx V4.1 software.

2.5   |   Data Interpretation and Transformation

The molecular weights of plant metabolites were determined 
based on observed adduct ions in the ESI spectra as illustrated in 
Figure S1. Subsequently, molecular weight assignment, a unique 
molecular weight sequence was created for each plant species 
by selecting major metabolites that were distinct to a particular 
plant species based on multiple searches in the plant metabo-
lome library and consistently detected across tested samples. 
This sequence served as a chemical barcode, enabling species 
differentiation regardless of seasonal and geographical meta-
bolic variations. Further, MS/MS data transformation was per-
formed using MassLynx V4.1. The comprehensive workflow for 
the conversion of MS/MS spectra into text format is provided in 
the supplementary file in Figures S2 and S3.

2.6   |   Library Search

A pictorial screenshot of the library search is visually repre-
sented in Figures S4 and S5. The search process began by ac-
cessing the plant metabolome library (https://​plant​metab​olome.​
cdri.​res.​in) and completing the registration process. Upon suc-
cessful verification via email, the assigned login credentials 
were used to access the mass spectrometry-based search section. 
For chemical barcode searches, the molecular weight option was 
selected, and the molecular weight was entered, separated by 
commas, or a Notepad file containing the chemical barcode data 
was uploaded directly. Once the search was executed, the results 
were displayed on screen, as illustrated in Figure S4. Similarly, 
for the MS/MS library search, the corresponding screenshot is 
provided in Figure S5.

3   |   Results and Discussion

3.1   |   Reference Library

This reference library outlines a standard operating procedure 
(SOP) for the identification of plant species using chemical bar-
code and MS/MS chemical fingerprints of phytochemicals. The 
protocol covers the entire workflow, from sample preparation 
to library search, ensuring a systematic approach to botani-
cal identification. In this study, 0.5 g of plant material was ex-
tracted with 5 mL of CH3OH for 48 h. The resulting extract was 
analyzed using a triple quadrupole mass spectrometer coupled 
with a UHPLC system. The acquired LC–MS data facilitated 
determining the molecular weights of 15–20 major metabolites, 
which were used for search in the library as chemical barcodes. 
Further, validation of results was performed using MS/MS frag-
ments and chromatographic elution order of these key metab-
olites (barcoded metabolites) and confirming their identity as 
chemical markers. The pictorial overview from sample prepa-
ration to library search for chemical barcode as well as MS/MS 
fingerprints is shown in Figure 1.

3.2   |   Identification of Plant Species by Chemical 
Barcode

Initially, the selected botanicals were identified using a chem-
ical barcode, which refers to a unique sequence of molecular 
weights corresponding to specific phytochemicals present in 
a given plant species. The unique molecular weight sequence 
of the phytochemicals was assigned based on their elution 
order in the chromatographic run, considering only nonre-
peated values. This sequence served as a chemical barcode for 
searching in the reference library. In the analysis of distinct 
plant species, it has been observed that each species possesses 
a unique array of chemical compounds, herein referred to as 
chemical markers. These chemical markers act as distinc-
tive identifiers (chemical barcode) for each plant species like 
for Curcuma longa (M.W. 216, 392, 390, 438, 542, 368, 495), 
Acacia nilotica (M.W. 594, 329, 564, 315, 313, and 299) Centella 
asiatica (M.W. 504, 354, 516, 462, 975, 959, and 519), and Piper 

FIGURE 1    |    SOP for molecular weights (chemical barcode) and LC-MS/MS fragments search of chemical markers.
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nigrum (M.W. 261, 257, 327, 329, 341, 235, and 343). As a result 
of the reference library search from the chemical barcode of 
unknown plant species, a list of plant species and their corre-
sponding chemical barcodes matched total hits is presented in 
Table 1. Further, the chemical barcode sequence was further 
validated by the chromatographic retention time (± 0.8 min) of 
the identified metabolites. In addition to this, evaluated other 
closely matched plant species to verify the uniqueness of con-
structed chemical barcode and data is reported in Table  S3. 
The second and third closest matched chemical barcodes were 
further verified by chromatographic retention time (± 0.8 min) 
of the hit metabolites. But the elution order and retention time 
was mismatched. Thus, it confirmed the uniqueness of identi-
fiers (chemical barcode).

3.2.1   |   Effect of Isobaric Compounds

In this study, the uniqueness of chemical barcodes was cru-
cial for the accurate identification of botanicals. However, the 
presence of common compounds, such as organic acids, sugars, 
flavonoids, and fatty acids like palmitic acid, stearic acid, oleic 
acid, and linoleic acid with similar molecular weights posed 
significant challenges to achieving selectivity in the chemical 
barcode. These compounds’ molecular weights increased the 
number of hits, while reducing selectivity and acting as interfer-
ing agents for the uniqueness of identifiers (chemical barcode). 
To address this issue, we need to exclude these interfering mo-
lecular weights through chromatographic data validation and 
enhanced selectivity of botanical identification.

TABLE 1    |    Identification of plant species by chemical barcode.

Molecular weights of plant metabolites 
based on their elution order

Search result of chemical barcode from library 
(https://​plant​metab​olome.​cdri.​res.​in/​)

S. no. Chemical barcodesa Plant Name
No. of 

metabolites$
Total 

metabolites@
Total 
hits#

Selectivity 
(%)

1. 594,329,564,315,313,299 Acacia nilotica 6 37 15 100

2. 196,224,222,234,210,208,220 Acorus calamus 7 30 13 100

3. 340,385,352,338,366,386 Alstonia scholaris 6 35 10 100

4. 478,1014,652,270,928,454,898,506 Bacopa monnieri 8 31 09 100

5. 624,330,654,492,314,32
8,342,298,312,326

Boerhavia diffusa 10 24 16 100

6. 504,354,516,462,975,959,519 Centella asiatica 7 19 10 100

7. 316,330,448,652,328,814,669,519 Crocus sativus 8 41 16 100

8. 216,392,390,438,542,368,495 Curcuma longa 7 23 13 100

9. 396,426,236,201,370,495 Ficus religiosa 6 54 10 100

10. 178,626,216,386,610,464,648 Morus alba 7 39 07 100

11. 326,344,208,374,356,370,324 Myristica fragrans 7 28 16 100

12. 204,286,772,304,164,
454,750,676,222

Nigella sativa 9 39 18 100

13. 226,360,462,312,313,444,506 Ocimum 
tenuiflorum

7 20 08 100

14. 221,276,260,418,354,
386,400,432,608

Phyllanthus amarus 9 32 12 100

15. 192,176,150,174,234,165,206 Piper betel 7 12 09 100

16. 265,316,150,222,367,208,220,273 Piper longum 8 84 13 100

17. 261,257,327,329,341,235,343 Piper nigrum 7 20 07 100

18. 314,396,352,410,336,
326,366,380,350

Pongamia pinnata 9 41 16 100

19. 578,290,448,432,463,268,304,519 Saraca asoca 8 32 12 100

20. 496,466,360,346,374,
388,377,270,272

Vitex negundo 9 40 11 100

aUnique molecular weight sequence of metabolites.
$Total number of metabolites in chemical barcode.
@Total metabolites in the library against respective plant species.
#Number of metabolite's molecular weight matched.
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3.2.2   |   Constraint of Chemical Barcode

The chemical barcode approach has certain limitations; me-
tabolites (phytochemicals) serve as chemical markers. It must 
be a major constituent with consistent availability in different 
sessions and geographical conditions. However, the expression 
levels of metabolites may vary due to seasonal and geographical 
or environmental changes. Over a period of time, the chemical 
barcode can also be modified due to the expression of additional 
metabolites (chemical markers) and potential improvements in 
botanical identification practices. Ultimately, the uniqueness of 
chemical barcodes plays a crucial role in the selective identifica-
tion of botanicals.

3.3   |   Identification of Plant Species by Their 
Chemical Markers

Selection of chemical markers is crucial for the quality control 
of plant-based medicines, including the authentication of gen-
uine species. The discovery of chemical markers for the identi-
fication of plant species is one of the major challenges in herbal 
products. The pharmacopeia defines a “chemical marker” as a 
distinct chemical component found in a plant or herbal med-
icine that is used to identify and assess the material's quality 
[22]. It allows for consistent quality control from the harvest-
ing of raw materials to drug production. Thus, a SOP was rig-
orously followed to ensure consistency and reproducibility in 
the results. For the authentication of botanical raw materials, 
a SOP includes LC–MS/MS data acquisition, transformation, 
and library search for chemical markers or barcoded metabo-
lites. During the chemical barcode search from the reference 
library, molecular weight sequences exposed similarities due 
to isobaric metabolite matching like Acorus calamus, Piper 
longum, and Cassia fistula, as depicted in Table  S3. To ad-
dress this challenge, the Top 5 molecular fragments were also 
taken into consideration (as shown in Table 2) for the library 
search. The MS/MS fragments of selected chemical markers 
were successfully utilized to identify previously known com-
pounds from evaluated plant species. It provided three-stage 
selectivity based on chromatographic retention time, molec-
ular weight, and MS/MS fragments of chemical markers. For 
the validation of the current methodology, 20 different plant 
species were evaluated using targeted MS/MS fragmentation 
of chemical markers; they were clearly distinguished from one 
another by comparing their characteristic chemical profiles. It 
can be revealed that A. calamus has β-asarone, Alstonia schol-
aris contained echitamidine, Boerhavia diffusa contained 
boeravinone D, Crocus sativus contained picrocrocin, and P. 
longum contained piperlonguminine (Table  2). Apart from 
this, some selected plants’ chemical markers were identified 
based on previous literature and mass spectrometry data for 
validation of results.

3.3.1   |   A. scholaris

Based on LC–MS/MS analysis, the chemical profiling of 
A. scholaris revealed the presence of multiple metabolites, 
each characterized by distinct retention times and molecular 
weights in positive ionization mode. Key identified metabolites 

included echitamidine (Rt 3.34 min, M.W. 341), 3-epi-dihydro
corymine-17-acetate (Rt 9.72 min, M.W. 385), and scholaris-
ine (Rt 10.62 min, M.W. 387). Additionally, compounds such 
as picrinine (Rt 13.42 min, M.W. 353), dehydrated scholari-
cine (Rt 15.38 min, M.W. 339), and picralinal (Rt 15.64 min, 
M.W. 367) were also detected (Table 2). The identification of 
these metabolites was further supported by their characteris-
tic fragmentation patterns, yielding diagnostic product ions at 
m/z 270, 220, 200, 170, 107, and 106, which corroborated their 
structural assignments.

3.3.2   |   B. diffusa

The chemical characterization of compounds extracted from 
B. diffusa was identified. Metabolites include eupalitin, eu-
palitin 3-galactoside, boeravinones (A, B, D, and E), and 
9-hydroxy-2-octadecenoic acid, with their respective Rt, m/z, 
and characteristic fragment ions documented. Additionally, sev-
eral compounds remain unidentified, including those detected 
at Rt 7.99 min (m/z 625), 9.87 min (m/z 655), and 12.65 min (m/z 
315) (Table 2). The fragmentation patterns, presented with rel-
ative abundances, facilitated compound identification through 
spectral library matching and comparison with previously pub-
lished literature. This analysis underscores the phytochemical 
diversity of B. diffusa, with potential implications in drug dis-
covery, chemotaxonomy, and the characterization of its bioac-
tive constituent.

3.3.3   |   Myristica fragrans

The characterization of compounds extracted from M. fra-
grans includes nectandrin-B (Rt 15.86 min, m/z 343), licarin A 
(Rt 15.93 min, m/z 327), eemecin (Rt 16.25 min, m/z 209), and 
fragransols (A, C, D) along with licarin B. Each compound 
is described by unique fragmentation patterns with relative 
intensities, such as nectandrin-B showing 151(100), licarin 
A at 151(100), and fragransol A at 179(100). Fragment ions 
with dominant peaks provide molecular fingerprinting, aid-
ing compound identification (Table 2). This characterization 
demonstrates the chemical diversity of M. fragrans, highlight-
ing its potential utility in pharmaceutical, nutraceutical, and 
flavor applications.

3.3.4   |   Pongamia pinnata

The Table  2 provides a mass spectrometric characterization 
of notable identified compounds including ponganone-VII (Rt 
11.57 min, m/z 315), pongamipinone B (Rt 14.66 min, m/z 397), 
and pongagallone A (Rt 15.12 min, m/z 353). Additional com-
pounds, such as pongapinone (Rt 15.84, m/z 411), pongapin or 
gamatin (Rt 15.94 min, m/z 337), and demethoxykanugin (Rt 
16.25 min, m/z 327), demonstrate the chemical complexity of 
this species (Table 2). Fragmentation patterns, such as dom-
inant peaks at 297(100) for ponganone-VII and 322(100) for 
pongapin, aid in precise molecular identification. The dataset 
underscores the phytochemical diversity and potential bioac-
tivity of P. pinnata, offering insights into its possible applica-
tions in pharmacology and natural product research.
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3.3.5   |   Vitex negundo

The Table  2 highlights the chemical characterization of various 
compounds identified in V. negundo. Negundoside (495 m/z) was 
detected at 3.53 min with a notable MS2 match, followed by ag-
nuside (465 m/z) at 7.31 min. Chrysosplenol D (361 m/z) appeared 
at 14.23 min, while aucubin and trimethoxyflavone (347 m/z) were 
observed at 15.13 min. Casticin (375 m/z) and artemetin (389 m/z) 
were identified at 15.42 and 16.54 min, respectively. At later re-
tention times, compounds with m/z values of 378 (19.29 min), 
271 (21.13 min), and 273 (21.40 min) were detected but remained 
unidentified except for glucononitol (273 m/z) (Table 2). The MS2 
scores for all compounds suggest high confidence in fragment 
matches, signifying precise annotation of precursor ions and en-
suring reliable identification of these metabolites.

4   |   Conclusion

The chemical barcode of selected botanicals and the web-based 
LC–MS/MS library of nontargeted plant secondary metabolites 
were successfully utilized for the identification of plant species. 
We followed a SOP from sample preparation to library search. 
This approach facilitated the identification of plant species 
through their distinctive molecular weight sequences (chemical 
barcode) and MS/MS fingerprint of metabolites. Thus, the plant 
metabolome library could serve as a reference library for botan-
ical identification with its chemical integrity.
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