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d strategy for comprehensive
flavonoid profiling: an Ocotea spp. applicability
case†

Matheus Fernandes Alves, a Albert Katchborian-Neto, a Paula Carolina Pires
Bueno, b Fausto Carnevale-Neto, c Rosana Casoti, d Miller Santos Ferreira, a

Michael Murgu, e Ana Claudia Chagas de Paula, f Danielle Ferreira Dias, a

Marisi Gomes Soares a and Daniela Aparecida Chagas-Paula *a

We introduce a liquid chromatography – mass spectrometry with data-independent acquisition (LC-MS/

DIA)-based strategy, specifically tailored to achieve comprehensive and reliable glycosylated flavonoid

profiling. This approach facilitates in-depth and simultaneous exploration of all detected precursors and

fragments during data processing, employing the widely-used open-source MZmine 3 software. It was

applied to a dataset of six Ocotea plant species. This framework suggested 49 flavonoids potentially

newly described for these plant species, alongside 45 known features within the genus. Flavonols

kaempferol and quercetin, both exhibiting O-glycosylation patterns, were particularly prevalent. Gas-

phase fragmentation reactions further supported these findings. For the first time, the apigenin flavone

backbone was also annotated in most of the examined Ocotea species. Apigenin derivatives were found

mainly in the C-glycoside form, with O. porosa displaying the highest flavone : flavonol ratio. The

approach also allowed an unprecedented detection of kaempferol and quercetin in O. porosa species,

and it has underscored the untapped potential of LC-MS/DIA data for broad and reliable flavonoid

profiling. Our study annotated more than 50 flavonoid backbones in each species, surpassing the current

literature.
1 Introduction

In the dynamic eld of natural product (NP) research, the quest
for high coverage and accurate metabolite proling is essential,
particularly because of the presence of closely related
compounds such as glycosylated avonoids. These metabolites
oen present challenges in the automatic annotation process,
thus there is a signicant and current requirement for
enhanced analytical characterization methods.1–5 Flavonoids, in
f Alfenas-MG, 37130-001, Alfenas, Minas

al-mg.edu.br

al Crops (IGZ), Theodor-Echtermeyer-Weg

Department of Anesthesiology and Pain

Republican Street, Seattle, Washington

ity of Pernambuco, 50670-901, Recife,

125, Alphaville, 06455-020, São Paulo,

f Juiz de Fora, 36036-900, Juiz de Fora,

tion (ESI) available. See DOI:

the Royal Society of Chemistry
general, are natural compounds widespread in plants, which
are generally perceived as complex datasets in metabolomics
studies. Plant species from the Ocotea genus are one of the
richest in chemical diversity within the family of Lauraceae
plants, while still considered a botanical challenge for precise
identication and distinction.6–8 Lauraceae plants were highly
recognized for their economic value in the past century,
whereas several have demonstrated relevant medicinal poten-
tial, which is supported by traditional uses.9,10 Biological activ-
ities including anti-inammatory, antimicrobial, and cytotoxic
were reported for a range of Ocotea spp., which were attributed
mainly to the presence of alkaloids, avonoids, and lignoids.10

Recently, several benzylisoquinoline and aporphine alkaloids
from 60 different Ocotea spp. were evidenced as potential
biomarkers of anti-inammatory activity.11 Moreover, avo-
noids were found to be widespread in these species using
advanced data-independent acquisition (DIA) molecular
networking approaches.12

Recent phytochemical studies carried out by our group
revealed the anti-inammatory potential of O. diospyrifolia
and O. odorifera, leading to the isolation of several NPs,
including a novel aporphine alkaloid from the former, named
diospirifoline.13,14 However, a gap in the complete chemical
characterization of these plants persists, impeding
RSC Adv., 2024, 14, 10481–10498 | 10481

http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra01384k&domain=pdf&date_stamp=2024-03-30
http://orcid.org/0000-0003-2980-0370
http://orcid.org/0000-0003-2711-2881
http://orcid.org/0000-0002-6856-6380
http://orcid.org/0000-0002-9364-933X
http://orcid.org/0000-0003-4105-1392
http://orcid.org/0000-0002-9723-0528
http://orcid.org/0000-0002-7489-7637
http://orcid.org/0000-0001-7998-0950
http://orcid.org/0000-0001-9129-4734
http://orcid.org/0000-0001-9221-9867
http://orcid.org/0000-0003-2274-4919
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra01384k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014015


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 1

0/
29

/2
02

5 
7:

15
:0

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
comprehensive chemophenetic analyses.15 Chemophenetics is
a recently proposed term to study the distribution and
arrangement of NPs in a taxon, which is a crucial tool in the
elds of chemosystematics and chemotaxonomy of plants.16 It
enables the identication of biomarker distribution among
species, which is invaluable, particularly for a genus such as
Ocotea, in which morphological variability impacts species
delimitation.15,17

In this context, most studies concerning Ocotea plants
mainly focused on alkaloids,11,18,19 and lignoids,20–23 as this
genus is recognized as a great producer of these NP classes.15,24

However, avonoids were oen underexploited, despite their
renowned and extensive range of biological activities and health
benets. As part of the polyphenol family, avonoids are char-
acterized by their distinct 15-carbon skeleton, consisting of two
phenyl rings (A and B) and a heterocyclic ring (C). This basic
structure allows for the generation of a variety of subclasses,
including avones, avonols, avanones, avan-3-ols, antho-
cyanidins, and isoavones, each differing in the level of
hydroxylation and other substitutions in their respective
aromatic rings (Fig. 1a).25,26 In the context of glycosylated
avonoids, the presence of sugar moieties attached to the
avonoid backbone structure (Fig. 1b) oen enhances their
solubility, stability, and bioavailability, while still signicantly
altering their biological activities. However, the glycosylation in
different backbone avonoid positions also adds complexity to
the proling analyses and appropriate metabolite
Fig. 1 Main glycosylation types, aglycones, and sugars in flavonoids.
This figure illustrates the diverse subclasses of flavonoids (1a) and the
structural variations due to glycosylation (1b), highlighting the
complexity and variety within the glycosylated flavonoid family.

10482 | RSC Adv., 2024, 14, 10481–10498
identication. The traditional analytical techniques oen fall
short in sensitivity, specicity, and throughput, underscoring
the need for more robust and efficient methodologies.3,27

Modern analytical tools, combined with comprehensive anno-
tation strategies can aid in addressing these drawbacks, also
preventing redundant isolation and identication of already
known metabolites.28,29

Liquid chromatography coupled with mass spectrometry
(LC-MS)-based untargeted metabolomics represents a modern
approach in NP research, with great potential for eld
advancement by enhancing metabolite coverage.30,31 This
approach typically employs data-dependent acquisition (DDA)
and data-independent acquisition (DIA) techniques, which are
pivotal for acquiring both precursor (MS1) and fragment (MS2)
ion data.32,33 DDA selects precursor ions based on their
measured MS1 scan abundance, to acquire their corresponding
MS2 spectra.34 In contrast, DIA indiscriminately fragments all
detectable precursor ions within a larger mass range.35

Although DIA's methods, spectral libraries, and soware are
better established in the proteomics eld,36 DIA development
and applications in metabolomics are starting to rise.37–39 The
classic DIA methods are based on alternation between low and
high-energy channels, to acquire both MS1 and MS2 scans,
respectively.40,41 The terminology varies across MS platforms.
For example, in Waters quadrupole-time of ight (QTOF)
instruments it is referred to as MSE, while in Thermo
Fisher Orbitrap™ instruments it is termed all-ion fragmenta-
tion (AIF).41

Modern mass spectrometers have been able to perform
sophisticated DIA experiments with varied dened isolation
windows in sequence. The data generated for them has fewer
interferences from co-eluting species and it is, consequently,
easier for the deconvolution step. The sequential window
acquisition of all theoretical mass spectra (SWATH™), and the
SONAR™, in AB SCIEX and Waters QTOF instruments,
respectively, are examples of these modern DIA experiments.42,43

Thermo Orbitrap™ instruments includes the variable data-
independent acquisition (vDIA),44 and most recently, the
narrow-window data-independent acquisition (nDIA) in
Orbitrap™ with the asymmetric track lossless (Astral™)
analyzer.45

In addition, ion mobility spectrometry (IMS) is an ancillary
technique to high-resolution mass spectrometry (HRMS) that
has been demonstrated to improve the quality of DIA data and
has been implemented in NP research.41,46 This technique is
based on gas-phase electrophoretic separation of ions based on
their size and conformations, resulting in an additional
dimension to retention time and mass-to-charge ratio (m/z): the
collision cross-section.47

DDA is considered to exhibit superior MS2 spectral quality,
however oen fails to cover low-abundance metabolites, leaving
a signicant number of metabolic features without MS2 spectra
for metabolite annotation.39,41,48 This limitation is primarily due
to the time allocation for each scan type during the acquisition
process. In such top n DDA methodologies, approximately 95%
of the instrument's time is devoted to MS2 acquisition.
Conversely, in AIF or MSE/DIA methods, there is an
© 2024 The Author(s). Published by the Royal Society of Chemistry
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approximately equal distribution of time between MS1 and MS2

scans.35 This balanced approach results in superior coverage of
both metabolite and fragment spectra. Consequently, AIF or
MSE/DIA generates muchmore complex spectral data, providing
a more comprehensive prole of metabolites.49,50

Our group recently developed an integrative workow for
processing MSE/DIA data and conducting molecular
networking. This workow was applied to a dataset of 60 Ocotea
plant species, resulting in the annotation of several NP's.12

Although advancements in automated data handling in
metabolomics, manual inspection and critical analysis of LC-
MS data remain an indispensable step for achieving reliable
results.51,52 Herein, we present an innovative DIA-based strategy
for straightforward avonoid proling of metabolomics plant
datasets. It is a user-friendly way to manually explore the full
DIA data. Once most previous studies focus on MS1 data for
analysis, and MS2 just for further compound annotation, our
approach uses the MS2 data directly to analyze the avonoid
aglycone distribution throughout the samples.

With this strategy, we could annotate a higher number of
avonoids compared to the same species included in the
previous work.12 The strategy for avonoid proling employs the
newMZmine 3 version soware, one of the most popular for MS
data processing and downstream analysis. As an applicability
case, leaf extracts of six plant species of the Ocotea genus (O.
diospyrifolia, O. guianensis, O. lancifolia, O. notata, O. odorifera,
and O. porosa), already known for avonoid content in litera-
ture, were analyzed in an LC-MS system with a high-resolution
QTOF analyzer in MSE/DIA conguration. This dataset not
only demonstrated the versatility of the LC-MS/DIA strategy but
also highlighted its robustness in proling a diverse range of
glycosylated avonoids from the Ocotea genus.

Despite the acknowledged importance of Ocotea spp. as
a source of bioactive compounds, comprehensive metabolomic
studies focusing on avonoids in this genus are scarce,
involving few studies related to metabolic proling,12,53 extrac-
tion procedures optimization,54 biological activity,55–57 and
chemophenetic analysis.58 Classical phytochemistry approaches
showed interesting biological activities of Ocotea sp. avonoid
fractions, as antioxidant and antibacterial,59 antiherpertic,60

fungicide,61 and antimycobacterial.62 However, these
approaches generally allow characterization of the isolated
majoritarian compounds, resulting in an incomplete overview
of the avonoid content. Our research addresses this gap by
employing an analytical framework that combines the high
resolution and sensitivity of LC-MS with the coverage of DIA.

The primary goal of this study, beyond the relevance of
chemical characterization of the Ocotea species, and corrobo-
ration for future chemosystematic studies within the genus, is
to underscore the utility and effectiveness of the LC-MS/DIA
method in NP research, particularly in accelerating and
enhancing the condence and coverage of targeted glycosylated
avonoid proling. We introduce a strategy option for manually
exploring MS2 DIA data (detailed in the video), addressing the
need for more robust methods in data analysis, as DIA gains
space in NP metabolomics studies.
© 2024 The Author(s). Published by the Royal Society of Chemistry
2 Experimental
2.1 Chemicals

LC-MS acetonitrile and formic acid were purchased from Sigma
Aldrich (St Louis, MO, USA). Water was obtained using an 18
MU cmMillipore Milli-Q™water purication system (Millipore,
Bedford, MA, USA). High-performance liquid chromatography
(HPLC) grade solvents; including hexane, methanol, and
ethanol, were acquired from Sigma Aldrich (St Louis, MO, USA).
2.2 Sample collection

For the ultra-performance liquid chromatography (UPLC)
coupled to HRMS/DIA data analyses, a small amount of plant
material (1–3 leaves) from O. diospyrifolia (Meisn.) Mez, O.
guianensis Aubl., O. lancifolia (Schott) Mez, O. notata (Nees &
Mart.) Mez, O. odorifera Vell. Rohwer, and O. porosa (Nees &
Mart.) Barroso were provided by the Brazilian Herbarium Leo-
poldo Krieger (CESJ, Federal University of Juiz de Fora – UFJF,
Minas Gerais). The plants were deposited with the voucher
specimens #CESJ 62011, #CESJ 44460, #CESJ 45567, #CESJ
62057, #CESJ 31144, and #CESJ 51738, respectively, and they
can be consulted at https://specieslink.net/col/CESJ/. The study
of these plants was registered on the National System for
Governance of Genetic Heritage and Associated Traditional
Knowledge under the registration number #A5A8F67, and can
be consulted at https://sisgen.gov.br/paginas/
pubpesqatividade.aspx.
2.3 Sample preparation

The plant material was ground using pistil and liquid nitrogen.
In 2 mL Eppendorf tubes, 20 mg of the ground material was
extracted with 2 mL of ethanol : Milli-Q™ water solution in a 7 :
3 (V/V) ratio with the aid of an ultrasound bath for 15 minutes at
35 °C (170 W, 50 kHz, L100 Schuster, China). The extracts were
then centrifuged at 22 °C and 112 rcf (G-force) to collect the
supernatant. The samples were subjected to clean-up by parti-
tioning with HPLC-grade hexane (2 × 200 mL) to remove non-
polar substances, followed by ltration through polytetra-
uoroethylene (PTFE) syringe lters (pore size 0.22 mm), and
dried using an Eppendorf Speed-Vac Concentrator Plus 5305
(Hamburg, DEU) for 3 h at 40 °C. The samples were prepared at
a concentration of 1 mg mL−1 in water : acetonitrile, 1 : 1, (V/V),
and kept in a freezer (−20 °C) until analyses.63
2.4 UPLC-HRMS/DIA data acquisition

Data acquisition was performed using a UPLC system coupled
to an electrospray (ESI) source and a Xevo™ G2-XS QTOF
instrument (Waters Corp., Milford, MA, USA). Quality control
measures of pooled samples, injection order, and solvent
blanks were done as reported on our previous publication with
several other Ocotea species.12 Chromatographic separation was
achieved using a C18 column (100 × 2.1 mm, 1.8 mm particle
size diameter; ACQUITY UPLC™ HSS T3), and a mobile phase
gradient at a ow rate of 0.5 mL min−1, composed of acetoni-
trile (B) and water (A). Both phases are acidied with 0.1% of
RSC Adv., 2024, 14, 10481–10498 | 10483
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formic acid. The chromatographic gradient began with an
initial composition of 1% of B, followed by a transition to 15%
of B in 0.1 min. Further changes in solvent composition
occurred at 7.5 min (80% of B), 8.5 min (99% of B), and 8.6 min
(1% of B), which was held until 10 min. The total runtime was
10 min, with an injected sample volume of 5 mL. Oven and shelf
temperatures were set at 40 °C and 10 °C, respectively. Themass
spectrometer was operated in MSE acquisition mode with
alternating high and low-energy scans, for positive and negative
ionization modes. The ionization energy was set at 3 eV for low-
energy scans and 25–40 eV for high-energy scans. ESI-MS at
a resolution up to 40 000 with a full mass scan range set from 50
to 1000 m/z for functions 1 and 2 was applied. Instrument
parameters, including cone voltage (40 V), capillary voltage (3.0
kV), cone gas ow (30 L h−1), auxiliary gas ow rate (10 L h−1),
desolvation temperature (300 °C), source temperature (120 °C),
and desolvation gas ow (600 L h−1), were optimized. High-
purity nitrogen was employed for desolvation, collision, and
cone gas. To ensure accuracy and reproducibility, a solution of
leucine-encephalin was used as a lock mass with m/z 554.2622
(ESI−) and m/z 556.2768 (ESI+) for identication. MS data were
continuously collected, and lock spray calibration was per-
formed every 10 seconds.
2.5 Data processing

The obtained data in .raw format were converted to the stan-
dard format .mzML using the Waters2mzML 1.2.0, available on
GitHub (https://github.com/AnP311/Waters2mzML).

Converted .mzML data were imported into MZmine v. 3.9.0
for data processing (mass detection, chromatogram building,
deconvolution, isotope elimination, alignment, and gap
lling). The following steps and main parameters were per-
formed for MS1 level processing: mass detection (Mass
detector: Centroid, noise level: 3 × 102), chromatogram
builder using ADAP algorithm (Filters: MS level lter, MS1;
minimum consecutive scans, 5; minimum intensity for
consecutive scans, 8 × 102; minimum absolute height, 8 ×

103; m/z tolerance, 0.005 m/z or 10 ppm), deconvolution using
the local minimum resolver algorithm (dimension: retention
time; chromatographic threshold, 0.85; minimum search
range for retention time, 0.035; minimum absolute height, 8
× 103; minimum peak top/edge ratio, 1.8; peak duration
range, 0–2 min; minimum scans, 5), isotope elimination using
the 13C isotope lter (m/z tolerance, 0.003 m/z or 5 ppm;
retention time tolerance, 0.05 min; monotonic shape, yes;
maximum charge, 1; representative isotope, most intense).
Alignment using the Join aligner algorithm (m/z tolerance,
0.007 m/z or 12 ppm; m/z weight, 3; retention time tolerance,
0.045 min; retention time weight, 2). Additionally, gap lling
(intensity tolerance, 0.2; m/z tolerance, 0.005 m/z or 7 ppm;
retention time tolerance, 0.04 min; minimum scans, 4) was
performed to obtain the nal feature lists (m/z, retention time,
and intensity). Subsequently, for MS2 processing, the same
steps and parameters were performed using the MS level lter
set to MS2 in the ADAP chromatogram builder step, and
adjusting the minimum absolute height to 4 × 103 in this step
10484 | RSC Adv., 2024, 14, 10481–10498
and also in resolving. Parameters (ESI 1 and 2†) and batch
mode les from MZmine (ESI 3†) are available as ESI† at
Zenodo's link described in data availability section; https://
doi.org/10.5281/zenodo.10810967.
2.6 Databases construction

For compliance with this DIA strategy for avonoid proling, it
is crucial to curate chemical databases for the subsequent
automated annotation step. Thus, custom in-house databases,
named Ocotea_avDB (MS1), Br_avDB (MS1), and FlavAglyDB
(MS2) (available to download at ESI 4–6† at Zenodo's link
https://doi.org/10.5281/zenodo.10810967) were previously
prepared using SMILES as chemical structural data. To
automate and speed up database construction, an .mol2 le
based workow was built on the Konstanz Information Miner
(KNIME) platform (https://www.knime.com/) version 4.6.5
(University of Konstanz, Zurich, CHE). The workow (ESI 7 –

Fig. S1†) is online and available to download and utilize
(https://hub.knime.com/-/spaces/-/∼ffDFj4alnx3YUYUt/).

Ocotea_avDB consisted of 54 carefully curated avonoid
chemical structures previously isolated from plant species of
the Ocotea genus. For that, we have utilized original published
NP research articles in literature, and the Nuclei of Bioassays,
Ecophysiology and Biosynthesis of Natural Products Database
(NuBBEDB) (https://nubbe.iq.unesp.br/portal/nubbe-
search.html) online database. NuBBEDB currently stores more
than 2200 NPs from Brazilian plant species and allows users
to download and extract useful data information, which has
been manually curated to ensure reliability. Thus, the manual
construction of specic plant species, genera, and family
databases is more feasible and trustworthy.64,65

In addition, we have also constructed the Br_avDB,
encompassing 288 avonoids isolated from Brazilian plant
species, which are currently available on NuBBEDB (accessed
January of 2024). These are MS1 databases and consist of
comma-separated values (.csv) les containing the columns of
the precursor avonoid name, the high-resolution neutral
mass, the molecular formula, the retention time (equal to the
total time of the chromatographic method), and other
information.

Another database, the MS2 database FlavAglyDB which also
was built, comprised aglycone fragments of the main well-
known avonoids: kaempferol and isomers (datiscetin and
luteolin), quercetin, catechin/epicatechin, apigenin, taxifolin,
narigenin, and myricetin. These avonoids were selected based
on previous Ocotea biosynthetic chemical knowledge and can be
adapted to any avonoid aglycone, following the general frag-
ments detailed in the ESI (ESI 8 at Zenodo's link https://doi.org/
10.5281/zenodo.10810967).† The fragments were proposed
based on the main gas-phase cleavage patterns of O- and C-
glycosylated avonoids in the literature.66–69 For the rst type,
heterolytic and homolytic cleavages were considered. For C-
glycoconjugates, heterolytic cleavage resulting in modied
aglycones with –C3H6O2 and –C2H3O residues derived from
sugar moiety were proposed. Although some patterns occur in
avonoid substitution (e.g. avonols O-substituted, and
© 2024 The Author(s). Published by the Royal Society of Chemistry

https://github.com/AnP311/Waters2mzML
https://doi.org/10.5281/zenodo.10810967
https://doi.org/10.5281/zenodo.10810967
https://doi.org/10.5281/zenodo.10810967
https://www.knime.com/
https://hub.knime.com/-/spaces/-/%7EffDFj4alnx3YUYUt/
https://nubbe.iq.unesp.br/portal/nubbe-search.html
https://nubbe.iq.unesp.br/portal/nubbe-search.html
https://doi.org/10.5281/zenodo.10810967
https://doi.org/10.5281/zenodo.10810967
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra01384k


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 1

0/
29

/2
02

5 
7:

15
:0

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
avones C-substituted), we propose O- and C- cleavage types to
all avonoids of FlavAglyDB. These fragmentation reactions are
shown in our results and discussion section. The MS2 database
also consists of a .csv le, containing the columns of the agly-
cone fragments, the m/z, and the retention time (equal to the
total time of the chromatographic method). In the case of Fla-
vAglyDB, the m/z values are referred t to the [M − H]− ions.

2.7 Flavonoid proling

For the annotation step, the local compound database search
module of MZmine 3 was employed for both MS1 and MS2

feature lists. Only data acquired in the negative ionizationmode
was used for glycosylated avonoid proling. Whereas, positive
mode data was explored for manual complementary aglycone
analysis. The following parameters were set for both custom in-
house DBs: m/z tolerance at 0.005 m/z or 5 ppm; retention time
tolerance, equal to the total time of the chromatographic
method (10 minutes); use of adducts (only for MS1 databases),
MS mode negative, maximum charge equal 2, maximum
molecules/cluster equal 2, and [M − H]−, [M + Cl]−, [M + Br]−

and [M + FA]− adducts. The last option was set only for the MS1

databases because they contain the monoisotopic neutral
masses of the compounds. Very important to point out, that for
this MZmine module to be functional, the exact name of each
column of the .csv database le has to be indicated on the
parameter setting (see SV1†).

By these means, annotation was initially conducted by
matching the monoisotopic mass with the entries of the data-
bases, achieving the avonoid candidates on MS1-level spectra,
and aglycones annotation on MS2-level spectra. The intense
annotated aglycones (MS2 features) without correspondent MS1

avonoid annotation, were further manually inspected for their
corresponding MS1 feature data, to search for neutral losses.
This involved manually searching for precursor ions that
matched in retention time and exhibited similar peak shapes.
This method of scan-level correlation signicantly streamlined
the avonoid annotation process.

Additionally, the FlavonoidSearch tool v1.2.0 (https://sakura-
kagaku.com/komics/soware/FlavonoidSearch/) was employed
for isomeric distinctions between avonols such as
kaempferol, datiscetin, and luteolin. This tool encompasses
a comprehensive database of probable mass fragments for
known avonoids and a computational tool for database
searching. This ensures enhanced accuracy and a deeper
understanding of avonoid diversity. FlavonoidSearch operates
by using mass spectra of metabolite peaks in positive
ionization mode as queries, thus facilitating the automatic
identication of avonoids.70

2.8 Step-by-step of the strategy

For the application of the proposed strategy, MZmine 3 is applied
for comprehensive data visualization, interpretation, and inde-
pendent processing ofMS1 andMS2 data, which can be replicated
and applied for different data processing settings. This method-
ology, detailed here, is adaptable for any MSE or AIF LC-MS
analysis, although herein was specically for targeted analysis
© 2024 The Author(s). Published by the Royal Society of Chemistry
of glycosylated avonoids. The following steps are shown in the
protocol video attachment (Supplementary video 1†).

Step 1 starts with the generation of independent base peak
chromatograms for both MS1 and MS2 levels.

Step 2 consists of a chromatogram comparison. Manually
comparing MS1 and MS2 chromatograms allows researchers to
directly compare high-intensity precursors with their
fragments.

Step 3 is the overview of blank data, to identify non-
signicant peaks. Steps 1–3 are based on raw data and are
depicted in the supplemental video.† This process is important
for data rst view and to further ensure accuracy for peak
annotation.

Step 4 is the generation of feature lists. Following the initial
data processing and parameters set up, which in our case is
outlined in Section 2.5. Steps for feature list generation (mass
detection, chromatogram building, resolving, alignment, gap
lling, and annotation) can be done individually or in a batch. A
batch mode le, including steps for feature list generation, is
ready to adjust the parameters according to your sample
acquisition and available on ESI (Supplementary video 1).† Two
types of aligned feature lists are created: one for precursors
(MS1) and another for fragments (MS2). These lists were rened
by incorporating candidate avonoids and aglycone hits from
our in-house databases, corresponding to Sections 2.6 and 2.7.

Step 5 consists of the manual inspection of these features. It is
conducted by feature lists and raw data analysis, focusing on
retention time and peak shapes to ensure that fragments and
their precursors exhibited co-elution with similar detection ratios.
For instance, when examining fragment features at a retention
time associated with a candidate precursor, it is anticipated that,
for most cases, the MS2 features would display lower intensity
than the MS1 precursor and share similar peak shapes.

Biosynthetic investigation. That is not a mandatory step and
although it suits the hits. It can be performed to ensure con-
dence in level 3 annotations as per the Metabolomics Standards
Initiative (MSI).71 To this, the Kyoto Encyclopedia of Genes and
Genomes (KEGG) is a suitable online tool that can aid in
mapping the avonoid metabolic pathways.72

Critical structural analysis. The proposed structures from
level 3 annotations guide the development of fragmentation
hypotheses, aiding in the identication of candidate fragments.
This approach allows researchers to explore and hypothesize
about the structural components of NPs in respective studies.
The strategy also enables the visualization of the distribution of
the potential diagnostic ions of aglycone patterns observed
across different samples in the dataset. Particularly, the manual
search for diagnostic fragments is a feature that can be crucial
in studies focused on complex NP proling. In addition, new
tools can be also integrated, such as the FlavonoidSearch, which
employs structure- and fragmentation-related rules for avo-
noid annotation, Section 2.7.
2.9 Further data analysis, gures, and graphs

Data analysis and visualization were also conducted using
Python libraries. Pandas was utilized for data cleaning and
RSC Adv., 2024, 14, 10481–10498 | 10485
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manipulation. NumPy was used to support numerical calcula-
tions. Seaborn to perform and illustrate heatmap correlations,
and Matplotlib for the creation of the graphs, including Venn
diagrams using the Matplotlib-Venn extension. The Python
libraries were accessed using the Google Colab online cloud
service (https://colab.research.google.com/). All graphs were
exported in .png format at 500 dpi resolution. Chemical
structures were manipulated using the ChemDraw Ultra
soware version 12.0 (PerkinElmer Inc., Waltham, MA, USA).
The high-resolution Figures were designed and processed
using the open GIMP soware version 2.10.34 (https://
www.gimp.org/). The video was edited in CapCut applicative
(https://www.capcut.com).

3 Results and discussion

Data processing is one of the hardest and most important steps
to achieve a reliable annotation process. However, there is
a signicant challenge in DIA data processing, in particular, the
deconvolution of MS2 spectra and the reassociation of precursor
ions with their corresponding fragments.49,73 While vendor-
specic soware typically offers robust algorithms for DIA
processing, e.g. UNIFI from Waters, the contribution of Tsu-
gawa et al. is particularly noteworthy. They developed MS-DIAL
soware, an open-source alternative that has enriched the eld
with the MS2Dec algorithm, adept at successfully deconvoluting
the DIA data algorithm.73 The advent of MS-DIAL marked the
beginning of a new era of open DIA tools and soware devel-
opment in the metabolomics eld.74–76 Examples of recent
soware for DIA data processing are DecoID and Metab-
oAnnotatoR.77,78 Besides, MZmine 3,79 the most popular open
tool for MS data processing, despite a major development in the
implementation of sophisticated tools, currently still lacks
robust automated modules for LC-MS/DIA data processing and
export.

More recent alternatives to explore DIA data potential are
based on the integration of DDA data acquired from the same
samples, named DIAMetAnalyser,38 and data-dependent-
assisted data-independent acquisition (DaDIA),80 as well as
the combination of different collision energies in a single
analytical run.48 In addition, constructing in-house MS2 spectral
databases from chemical compounds and integrating them into
data processing are also effective strategies for rening DIA
analysis.81,82 However, these strategies depend on the avail-
ability of LC-MS systems and authentic chemical standards.
Additionally, for the context of the above-mentioned DaDIA
integrated strategies, for most DIA data available in public
repositories, e.g. Metabolights, MassIVE, and Metab-
olomeXchange, the appropriate correspondent DDA data is not
always available. Under these circumstances, for metabolomic
studies, the classical approach to MS-DIAL or vendor soware is
still sought. Alternatively, as our results demonstrate, MZmine 3
can provide efficient manual handling and inspection of DIA
data, as the current version offers optimal data visualization
modules.79 Yet, the challenges in MZmine 3 remain in accu-
rately relinking fragments to their respective precursors, crucial
for downstream analysis and data export to platforms such as
10486 | RSC Adv., 2024, 14, 10481–10498
the Global Natural Product Social Molecular Networking
(GNPS).83–85

Thus, to enhance our analytical capabilities, the primary aim
was to rene the processing and management of MS2 data. This
advancement facilitates the streamlined manual annotation of
avonoids by enabling the direct mapping of chromatogram
points associated with the aglycones of interest. Although MS-
DIAL automates data processing, reconstructing MS2 spectra
and linking them to their MS1 counterparts, it falls short in
offering a holistic view of fragment data due to its inability to
generate comprehensive feature lists. In contrast, MZmine 3
stands out for its versatility, supporting the incorporation of
MS2 lters and allowing for data processing similar to conven-
tional MS1 methodologies. This approach, seemingly unex-
plored in the scientic community, holds signicant potential
for advancing analytical capacity for enhanced avonoid
proling.

In this context, the use of LC-MS/DIA, coupled with the
advanced features of MZmine 3, has enabled a comprehensive
and detailed exploration of our datasets. This DIA-based
approach has uncovered a broad spectrum of glycosylated
avonoid compounds in the Ocotea species, providing crucial
information regarding the presence of different aglycone and
glycan fragments.3,86 The soware stands out for its effective
data processing, intuitive and integrative learning curve about
processing steps, and particularly for its user-friendly and
advanced visualization capabilities. These features render
MZmine 3 a valuable tool in metabolomics, offering robust
solutions for navigating through LC-MS data complexities.
Critical to our methodology were the meticulous phases of
manual inspection and analysis. They were not just vital for
accuracy, but also for ensuring the reliability of our metabolite
annotations. The sophisticated combination of these methods
was key in diving deep into the complex layers of these intricate
NP extracts. In this way, our approach effectively showcased the
immense potential of DIA in uncovering the hidden chemical
diversity within the Ocotea genus. This includes annotating
high and low-abundance avonoids and oen potentially non-
reported ones. The results of our investigation strongly advo-
cate for the merits of integrated automated and manual meth-
odological approaches.

The reported hits in this study are based on the feature
monoisotopic mass matching with the respective in-house
databases. The generated MS1 and MS2 chromatograms (ESI 7
– Fig. S2–S13†) displayed distinct peaks at the retention time
range of 1.5–6 min, indicating the presence of glycosylated
avonoids at MS1 and their respective potential fragmented
aglycones at MS2 spectra. By applying the proposed strategy for
DIA data processing, this can be further evidenced through
overlaying MS1 and MS2 chromatograms (Fig. 2). That made it
possible to examine continuously each one of the chromato-
grams regarding the distributions of these avonoid ions, thus,
highlighting several high-intensity precursors corresponding to
fragment ions with similar peak shapes at the same retention
times. The possibility of MS2 data processing and continuous
visualisation is a particularity of AIF or MSE/DIA data, where the
same instrument time is spent to acquire both MS1 and MS2
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Overlapped and aligned LC-HRMS/DIA (MS1 and MS2) base peak intensity (BPI) chromatograms of Ocotea spp. leaf extracts in negative
ionization mode in a 1.5–6.0 min retention time range.
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data.35 In the MZmine 3 workow, the algorithms are usually
applied to MS1 processing to further attribute MS2 spectra to
processed features (precursors).79 By applying these same
algorithms to the DIA-MS2 level spectra, we have achieved an
MS2 feature table, which is a dataset of all fragments repre-
sented by resolved features. We could analyze the fragments
from a holistic point of view, as they were uninterruptedly
distributed over the DIA data in the same way that the precur-
sors were.

The MS1 processing resulted in 1603 aligned features, with
189 hits from Ocotea_avDB. According to the MSI, they repre-
sent annotations at level 3 of condence.71 These annotations,
even though level 3, gained reliability once they originated from
a specic database containing related-to-genus NPs, thus
accounting only for avonoids previously isolated in Ocotea spp.
Considering biosynthetic aspects, where specic genes and
consequently enzymes are shared among families or genera,26

this strategy is useful to obtain more realistic annotations for
the studied species, avoiding meaningless annotations.52

In addition, we achieved 193 hits from Br_avDB, which also
contributed to level 3 condence annotations. These hits
© 2024 The Author(s). Published by the Royal Society of Chemistry
include several known avonoids not previously reported in
Ocotea spp., thus expanding the scope of avonoid proling as
they originate from plant species present in the Brazilian ora.
The details of each of those annotations are shown in the ESI
(ESI 7 – Tables S1 and S2).†

The MS2 processing aligned all Ocotea samples, resulting in
2021 features with 216 hits from FlavAglyDB. These features
represent the fragment chromatogram peaks extracted from the
continuous data, as we have done for the MS1 features. This
approach is possible due to the versatility of MZmine 3 lters to
step-by-step processing, where it is possible to perform the
common mass detection, chromatogram building, resolving
(deconvolution), deisotoping, and alignment steps also to the
MS2 data. This allowed us to explore all information about the
fragments distributed over the chromatograms. Such an
approach facilitates the manual annotation of the processing
features, as it gives a clear idea of the most intense fragments at
the same retention time. Furthermore, some fragments are
considered diagnostic ions of certain compound classes, and
thus their presence can reveal important information about the
respective chemical structure.87,88 For example, in the case of
RSC Adv., 2024, 14, 10481–10498 | 10487
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Fig. 3 Stack bar graphs of flavonoid types. This figure displays the distribution of main flavonoid backbones among different Ocotea species, as
annotated by MS2 processing. The stacked bars represent the various flavonoid subclasses and their respective biosynthetic pathways on the
right side.
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avonoids, aglycone fragments directly indicate the NP class,
and ring substitution patterns, which can aid in discriminating
among possible isomers and subclasses.89,90 This demonstrates
the effectiveness of MZmine 3 versatile lters in step-by-step
processing, facilitating manual annotation of features and
revealing crucial information for targeted proling. On the
other hand, the MS2 hits, related to the putative identied
aglycones, provide an upfront view of the avonoid main
backbone distribution among these species (Fig. 3). All this
information can be crucial for identifying dominant avonoid
subclasses and understanding related biosynthetic pathways.

Additionally, we navigated through the complex isomeric
landscape of kaempferol, datiscetin, and luteolin, which were
all present in our in-house databases. Leveraging the advanced
capabilities of the FlavonoidSearch tool, which utilizes the Jac-
card index for spectra similarity scoring, thus focusing on
fragmentation patterns comparison.70 This strategic approach,
utilizing data garnered from positive ionization, was pivotal in
inspecting distinct features at m/z 287.0550 across all Ocotea
species under examination. This method allowed rened
discrimination, enabling us to conclusively ascertain the pres-
ence of either kaempferol or datiscetin over luteolin, guided by
the most compelling scores (ESI 7 – Fig. S14†). Further delving
into the avonoid prole, our decision to annotate kaempferol
was informed by its prevalent role as a fundamental avonoid
backbone within the Ocotea genus, standing alongside other
signicant avonoids that include the quercetin and the cate-
chin/epicatechin.15 Therefore, the proposed strategy enables
a comprehensive search for the aglycone fragments and could
be complemented with other currently available tools.
10488 | RSC Adv., 2024, 14, 10481–10498
Thus, in the MS2 feature table, which was acquired in the
negative mode, the presence of several glycosylated derivatives
of kaempferol (286.0477 Da) and quercetin (302.0427 Da) were
evidenced by them/z values 285.0386 (−6.67 ppm) and 301.0337
(−5.65 ppm), along with the 284.0321 (−1.76 ppm) and
300.0272 (−1.33 ppm), corresponding respectively to the
heterolytic and homolytic cleavage of O-glycosylated avo-
noids.91 As per their structure, O-avonoid glycosides are
capable of undergoing both types of cleavage, a phenomenon
well-established in ESI ionization tandem MS for this class of
NPs.67,92,93 Additionally, apigenin C-glycosides were identied by
the modied aglycones, exemplied by diagnostic ions at m/z's
311.0555 (−1.93 ppm), 341.0661 (−1.76 ppm), 353.0673 (1.69
ppm) and 383.0777 (1.04 ppm).68,69 Then, by subtracting the
aglycone m/z value from the respective MS1 feature, with the
same retention time and peak shape, it was possible to establish
the neutral loss related to the aglycone moiety of each hit
compound. The gas-phase fragmentation pathways involved in
glycoside cleavage were proposed for the main O- and C-type
glycosides observed (Fig. 4).

Detailed information regarding the aglycones and sugars
derived from heterolytic and homolytic O-cleavage are tabulated
in the ESI (ESI 7 – Table S3; and ESI 8 at Zenodo's link https://
doi.org/10.5281/zenodo.10810967).† The complete MS2

aglycone annotation lists are also included in the ESI (ESI 7 –

Table S4).† Furthermore, determining the specic site at
which sugar attaches to a avonoid backbone without relying
on highly controlled experiments and authentic standards, is
not a simple task. Therefore, we have adopted a more reliable
approach to annotate and report these NPs (Table 1).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Key gas-phase fragmentation pathways for O- and C-type
glycosides, highlighting the main glycoside cleavages.
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The reporting of glycosylated avonoid compounds, as
detailed in Table 1, is arguably more precise, particularly given
the complexities associated with predicting sugar attachment
sites. Under highly standardized and outlined conditions, and
using mass spectrometry fragmentation rules, intensity ratios
of avonoid fragments can indicate the substitution position.3

However, simply automated spectral similarity approaches,
oen used in literature for annotating glycosylated avonoids
and specifying both the sugar type and its position (e.g. Astra-
galin = Kaempferol 3-O-b-D-glucose), may not always be accu-
rate. Factors like collision type (e.g. CID, collision-induced
dissociation, and HCD, higher energy collisional dissociation)
and variations in collision energies can signicantly inuence
the fragment distribution within MS2 spectra, potentially
leading to misinterpretations.94,95

Given that public MS2 repositories, such as GNPS, pursue
a large diversity of spectra acquired in different instruments
under different conditions, it is crucial to manually inspect the
automated hits concerning the instrument and collision energy.
For instance, we compared MS2 spectra of astragalin from GNPS
libraries, acquired under different conditions (two spectra
acquired using an QTOF analyzer in negative mode, and two
acquired using an Orbitrap analyzer in positive mode) (ESI 7 –

Fig. S15†). Despite not specifying the collision energies of each
data, the results showed quantitative and qualitative variance
among the fragments. The qualitative variance was especially
© 2024 The Author(s). Published by the Royal Society of Chemistry
for Orbitrap MS data, demonstrating the potential for misin-
terpretation in the automated annotation of glycosylated
avonoids, once the sugar moiety position cannot be precisely
assured based only on gas phase fragmentation reactions.

Furthermore, the lack of specied collision energies and
standardization across the MS data repositories remains
a challenge in metabolite annotation. Considering these nd-
ings, we advocate for reporting these NPs by indicating the
aglycone, the glycosidic bond type, and the sugar type (e.g.,
Kaempferol O-hexoside) – information that is readily accessible
through standard LC-MS methods. This approach ensures
a more reliable and consistent annotation of glycosylated
avonoids, circumventing the uncertainties associated with
automated spectral similarity techniques.

The annotation of compounds via MS2 spectral matching is
typically classied as level 2 of condence according to the MSI
guidelines, denoting putatively annotated compounds (e.g.
without chemical reference standards, based upon physico-
chemical properties and/or spectral similarity with spectral
libraries).71 Herein, our annotations are reported with level 3 of
condence, indicating putatively characterized compound
classes, however including precise avonoid aglycone and sugar
types. This is due to matching monoisotopic masses with
phylogenetic-related databases could further yield more reliable
level 3 annotations, minimizing the risk of unrelated and false
positive hits.

In summary, this semi-automated approach for MS data
analysis allows detailed DIA-based manual inspection. This was
designed to overcome some of the primary barriers in condent
metabolite annotation within plant metabolomics studies. This
method provides an alternative approach in response to the
current limitations, which include for instance the scarcity of
sample-related MS2 spectral databases and recurrent annota-
tion of unrelated hits. We underscore the critical role of the
analyst's expertise in conjunction with the known semi-
automated processes, enabling the extraction of maximal rele-
vant information from the samples under the same analysis.
Fully automated and not manually inspected analyses oen
contain errors that are overlooked in peer reviews.52 Therefore,
the dual approach of manual inspection and automated
processes ensures a more rigorous and accurate interpretation
of MS data.
3.1 Ocotea spp. applicability case: literature comparison

Data on avonoid proles in Ocotea species remain scarce in
existing literature, with only 3.4% of Ocotea species reported as
avonoid producers in the latest review from 2020.15 Despite
that, biosynthesis investigation studies can provide valuable
insights into plant evolution, linking botanical diversication
to genetic alterations, which are associated with the evolu-
tionary and adaptive processes of the Ocotea. In recognised
Ocotea spp., avonoids predominantly include glycosylated
derivatives of catechin, epicatechin, quercetin, and kaempferol,
with 45.5% being O-glycosylated. For the six Ocotea spp. present
in this study, it was indicated an even larger proportion of the O-
glycosylated derivatives of 60.1%. That suggests that these
RSC Adv., 2024, 14, 10481–10498 | 10489
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Fig. 5 Heatmap correlation of feature profiles from the 6 Ocotea
species.

Fig. 6 Venn Diagram of Br_flavDB and Ocotea_flavDB hits. This
diagram illustrates the unique and shared feature hits between these
two in-house databases.
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species may belong to a basal stage in Lauraceae's evolutionary
lineage. Moreover, according to the literature, it is the genus's
avone-to-avonol ratio of 0.05 that supports its ancestral role
in the Lauraceae, as proposed by previous botanical and
phylogenetic studies.15,96 Although not representative of the
genus (n = 6), the avonoid proling in this research has
revealed new aspects of this tendency, where the overall avone-
to-avonol ratio of the studied species was 0.48 (60 hits from
avone, and 125 hits from avonol). This ratio was not balanced
among the species (O. odorifera = 0.76, O. diospyrifolia = 0.24,
O. guianensis = 0.19, O. lancifolia = 0.04, O.notata = 0.0, and O.
porosa = 0.80), suggesting that perhaps O. odorifera and O.
porosa are not as evolutionarily close as the others in the
Lauraceae family, when compared to previous research in the
literature.15

The signicant presence of avones, which has led to
a higher avone-to-avonol ratio, could suggest a more evolved
phylogenetic position. This deviation in avonoid composition
across the species points towards a more complex evolutionary
pathway within the Ocotea genus and could be indicative of the
presence of diverse evolutionary paths. Even though, the less
annotated O-alkylated avonoids in Ocotea spp. in literature,
and also in our results, might further support this antiquity
proposal of the genus.15 However, as evolutionary analyses
become more robust with larger sets of species, the precision of
characterization analyses can also improve with advancements
in analytical technology. Therefore, as these areas develop, the
number of identied Ocotea avonoid producers is likely to
increase, offering amore comprehensive understanding of their
evolutionary journey. Still, as an overview, the results suggest
that avonoid proles might play a role in tracing the evolu-
tionary position of Ocotea spp. within the Lauraceae family.

In this study, we signicantly expanded the detection and
annotation of glycosylated avonoids in six Ocotea species,
surpassing previous metabolomics and phytochemical counts
in the literature. More specically, only a few avonoids were
reported for these species: O. diospyrifolia (only 2),13 O. guia-
nensis (6),54 O. lancifolia (9),61 O. notata (12),55,60,62 O. odorifera
(11),57 and O. porosa (only 3),97 and our study annotated more
than 50 avonoid backbones for each species (ESI 7 – Table
S5†). Except for O. notata, apigenin fragment backbones have
been identied in the ve other Ocotea species. This nding
aligns with previous reports of apigenin avonoids in O. odor-
ifera. However, for the remaining four species, this is the rst
report identifying the presence of a avone backbone. Addi-
tionally, this study also represents the rst report of avonol
kaempferol and quercetin in O. porosa species.

The heatmap correlation analysis showed that O. lancifolia
and O. notata have very similar feature proles, whereas O.
porosa and O. guianensis demonstrated to be quite distinct
(Fig. 5). In addition, the comparative analysis between
Br_avDB and Ocotea_avDB hits was concisely visualized
through a Venn diagram, revealing the intersection and
uniqueness of the feature hits across the datasets. The diagram
delineated 49 m/z hits that were exclusive to Br_avDB, illus-
trated by the distinct le circle. These hits suggest the presence
of new avonoids in these plants, not yet isolated for species
© 2024 The Author(s). Published by the Royal Society of Chemistry
from the Ocotea genus, although they are present in other plant
genera from Brazilian ora. Conversely, Ocotea_avDB exhibi-
ted exclusivity in 45 unique m/z hits, as represented by the right
circle in the Venn diagram. This supports the fact that manual
curation is essential for enhanced in-house database construc-
tions, as Ocotea_avDB contains online database entries but
also highly curated literature data, including all published
articles in the literature for the Ocotea genus. In addition,
a signicant overlap between the two databases hits, with 144
unique m/z is depicted in the intersecting zone (Fig. 6), which
was expected to be the largest section, as the online NuBBEDB

data is present in both in-house databases.
We annotated common avonoid backbones such as apige-

nin, kaempferol, and quercetin across most species. Notably,
RSC Adv., 2024, 14, 10481–10498 | 10491
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myricetin was exclusive toO. lancifolia,O. notata, andO. odorifera,
while narigenin was unique to O. diospyrifolia and O. porosa. We
observed that the avonol backbones, kaempferol, and quercetin,
predominantly exhibited O-glycosylation patterns, while apigenin
derivatives were found mainly as C-glycosides. Interestingly,
myricetin backbones were detected for the rst time in these
mentioned species. However, we highlight that as myricetin
backbone was not annotated in its pure aglycone form (m/z [M −
H]− = 317.0303), unlike kaempferol, quercetin, and apigenin.
Also, it was only annotated as C-glycoside fragments. This is
particularly intriguing because the genus Ocotea is not known in
the literature as a producer of myricetin derivatives, in corrobo-
ration with our study, which only recorded a few myricetin MS1

hits among the species. In addition, the C-glycoside myricetin
derivatives are not widespread in plants. Consequently, while this
suggests the possibility of new avonoids in these species, there
is also a potential for false positives. Further in-depth chemical
investigation is therefore essential to resolve this issue and
potentially conrm the presence of these avonoids. Regarding
the primary avonoid types: avone, avonol, and avanonol
were commonly found across most species. Flavan-3-ol is found
in all except O. diospyrifolia and O. porosa. Thus, our comparative
analysis (Fig. 7) has been designed to illustrate the distribution of
Fig. 7 Distribution of flavonoid types across Ocotea species. This figur
types: flavone, flavonol, flavanonol, and flavan-3-ol, among each exami
frequency distribution of each flavonoid type, illustrating their prevalenc

10492 | RSC Adv., 2024, 14, 10481–10498
these chemical components across different species, offering
more explicit insights into the chemical diversity of backbones
and avonoid types within the Ocotea genus.

Despite the high complexity of LC-HRMS/DIA data, our
strategy enabled a comprehensive yet straightforward analysis
of Ocotea plant extracts, bypassing exhaustive isolation and
characterization processes. DIA-MS, though less commonly
used than DDA, is highly valuable for metabolomics studies,
particularly for annotation-based metabolic proling due to its
extensive metabolite and fragment coverage.35,39,48 Our results
were revealing, particularly in discerning the distinct aglycone
patterns across different plant species, further enhanced by
analyses of gas-phase fragmentation reactions. Moreover, with
the development of specialized in-house databases, and the use
of advanced computational tools, we have achieved reliable
annotation and comprehensive avonoid proling. These tools
can predict possible glycosylation patterns, aiding in the
interpretation of MS avonoid data. In summary, while tradi-
tional techniques face challenges in the analysis of glycosylated
avonoids, ongoing advancements in analytical methods and
computational tools are continually improving the detection
and annotation of these complex and widespread molecules in
complex NP sources.
e presents individual bar graphs showing the distribution of flavonoid
ned species within the Ocotea genus. The bars represent the absolute
e or absence among the species.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Therefore, rather than attempting precise annotations of
complex glycosylated avonoids, a more generalized method
would involve identifying the aglycone, the type of glycosidic
bond, and the sugar type (such as “Kaempferol-O-hexoside”).
These elements are more easily reproduced using standard LC-
MS techniques. Thus, it offers a pragmatic and reliable way to
report glycosylated avonoids in NP research. Adopting this
strategy could enhance the accuracy and utility of proling
avonoid data in the eld of metabolomics.

4 Conclusion

This study not only speeds up the way for the annotation process
but also signicantly improves the accuracy and coverage for
identifying the correct aglycones, sugar moieties, and low-
abundance glycosylated avonoid types. Despite certain chal-
lenges in MS2 spectra deconvolution in MZmine 3, our ndings
underscore the immense potential of LC-MS/DIA in revolution-
izing metabolite proling in NP research. By combining cutting-
edge technological platforms with expert manual scrutiny, we
have demonstrated a powerful strategy that can be readily imple-
mented in NP research. This approach is crucial for advancing our
understanding and annotation of complex and varied glycosylated
avonoids. As our applicability case has shown, the Ocotea plants
might produce an extensive prole of glycosylated avonoids,
which could be potentially useful in chemosystematics studies due
to their distinct patterns. Still, in the present study, the apigenin
avone backbone was reported for most of the investigated Ocotea
species, an unprecedented nding in the literature. The avonols
kaempferol and quercetin were mainly found in the O-glycosides
form, while avone apigenin derivatives were in the C-glycosides
form. Interestingly, O. porosa displayed the highest avone :
avonol ratio of 0.8, and thus distinct from the normally expected
ratio for theOcotea plant species. Besides those interesting results,
our study also sheds light on the best practices for reporting such
compounds, prompting a revaluation of reporting standards of
specic classes, such as glycosylated avonoids. Ultimately, this
integrated approach paves the way for more comprehensive and
reliable metabolite annotation in complex NP sources using LC-
MS/DIA data.

Future research should aim to extend this proling approach
to a wider range of species within the Ocotea genus and other
complex plant matrices. Further development of more inclusive
and detailed metabolite databases would also enhance the
applicability of this methodology across different elds of NP
research. Moreover, exploring the biological activities of the
newly identied avonoids could provide valuable insights into
their potential health benets and pharmacological applica-
tions. This study sets a new benchmark for avonoid proling
in complex natural matrices, offering valuable methodologies
and insights for researchers in the elds of metabolomics,
analytical chemistry, and NP chemistry at large.

Data availability

TheOcotea datasets of the current studywere deposited to theMass
Spectrometry Interactive Virtual Environment (MassIVE)
© 2024 The Author(s). Published by the Royal Society of Chemistry
repository. The data that support the ndings of this study are
available under the registry code MSV000094030. Guidelines for
les submitted to MassIVE for public access can be found online
(https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp). The
MZmine processing parameters, and the in-house databases (.csv
les), MZmine batch le (.xml), and the structures of aglycone
fragments and sugar neutral losses (.cdx le) are available at Zen-
odo open repository (https://doi.org/10.5281/zenodo.10810967).
Accompanying information (ESI 7 and video†) supplements this
paper online. Additional les to download are available at
Zenodo's link https://doi.org/10.5281/zenodo.10810967.
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Rodŕıguez, I. Koester, K. C. Weldon, S. Bertrand,
C. Roullier, K. Sun, R. M. Tehan, C. A. Boya P.,
M. H. Christian, M. Gutiérrez, A. M. Ulloa, J. A. Tejeda
Mora, R. Mojica-Flores, J. Lakey-Beitia, V. Vásquez-Chaves,
Y. Zhang, A. I. Calderón, N. Tayler, R. A. Keyzers,
F. Tugizimana, N. Ndlovu, A. A. Aksenov, A. K. Jarmusch,
R. Schmid, A. W. Truman, N. Bandeira, M. Wang and
P. C. Dorrestein, Reproducible molecular networking of
untargeted mass spectrometry data using GNPS, Nat.
Protoc., 2020, 15, 1954–1991, DOI: 10.1038/s41596-020-
0317-5.

86 F. Hadacek, Secondary or specialized metabolites, or natural
products: A case study of untargeted LC–QTOF auto-MS/MS
analysis, Cells, 2022, 11, 1025, DOI: 10.3390/cells11061025.

87 D. P. Demarque, A. E. M. Crotti, R. Vessecchi, J. L. C. Lopes
and N. P. Lopes, Fragmentation reactions using electrospray
ionization mass spectrometry: an important tool for the
structural elucidation and characterization of synthetic
and natural products, Nat. Prod. Rep., 2016, 33, 432–455,
DOI: 10.1039/C5NP00073D.

88 B. de Lima, F. da Silva, E. Soares, R. de Almeida, F. da Silva-
Filho, A. Barison, E. Costa, H. Koolen, A. de Souza and
M. L. Pinheiro, Integrative approach based on leaf spray
mass spectrometry, HPLC-DAD-MS/MS, and NMR for
comprehensive characterization of isoquinoline-derived
alkaloids in leaves of Onychopetalum amazonicum R. E. Fr,
10498 | RSC Adv., 2024, 14, 10481–10498
J. Braz. Chem. Soc., 2020, 31, 79–89, DOI: 10.21577/0103-
5053.20190125.

89 N. Fabre, I. Rustan, E. de Hoffmann and J. Quetin-Leclercq,
Determination of avone, avonol, and avanone aglycones
by negative ion liquid chromatography electrospray ion trap
mass spectrometry, J. Am. Soc. Mass Spectrom., 2001, 12, 707–
715, DOI: 10.1016/S1044-0305(01)00226-4.

90 D. Tsimogiannis, M. Samiotaki, G. Panayotou and
V. Oreopoulou, Characterization of avonoid subgroups
and hydroxy substitution by HPLC-MS/MS, Molecules, 2007,
12, 593–606, DOI: 10.3390/12030593.

91 W.-Z. Yang, W.-Y. Wu, M. Yang and D.-A. Guo, Elucidation of
the fragmentation pathways of a complex 3,7- O -glycosyl
avonol by CID, HCD, and PQD on an LTQ-Orbitrap Velos
Pro hybrid mass spectrometer, Chin. J. Nat. Med., 2015, 13,
867–872, DOI: 10.1016/S1875-5364(15)30091-1.

92 W. Yang, X. Qiao, T. Bo, Q. Wang, D. Guo and M. Ye, Low
energy induced homolytic fragmentation of avonol
3-O-glycosides by negative electrospray ionization tandem
mass spectrometry, Rapid Commun. Mass Spectrom., 2014,
28, 385–395, DOI: 10.1002/rcm.6794.

93 B. D. Davis and J. S. Brodbelt, An investigation of the
homolytic saccharide cleavage of deprotonated avonol 3-
O-glycosides in a quadrupole ion trap mass spectrometer,
J. Mass Spectrom., 2008, 43, 1045–1052, DOI: 10.1002/
jms.1381.

94 C. Przybylski and V. Bonnet, Discrimination of cyclic and
linear oligosaccharides by tandem mass spectrometry
using collision-induced dissociation (CID),
pulsed-Q-dissociation (PQD) and the higher-energy C-trap
dissociation modes, Rapid Commun. Mass Spectrom., 2013,
27, 75–87, DOI: 10.1002/rcm.6422.

95 S. Mörlein, C. Schuster, M. Paal and M. Vogeser, Collision
energy-breakdown curves – An additional tool to
characterize MS/MS methods, Clin. Mass Spectrom., 2020,
18, 48–53, DOI: 10.1016/j.clinms.2020.10.001.

96 Y. Murai, G. Kokubugata, M. Yokota, J. Kitajima and
T. Iwashina, Flavonoids and anthocyanins from six
Cassytha taxa (Lauraceae) as taxonomic markers, Biochem.
Syst. Ecol., 2008, 36, 745–748, DOI: 10.1016/
j.bse.2008.06.007.

97 J. M. David, M. Yoshida and O. R. Gottlieb,
Phenylpropanoid-catechins from bark of Ocotea porosa,
Phytochemistry, 1994, 35, 545–546, DOI: 10.1016/S0031-
9422(00)94800-3.
© 2024 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1038/nbt.3597
https://doi.org/10.1038/s41596-020-0317-5
https://doi.org/10.1038/s41596-020-0317-5
https://doi.org/10.3390/cells11061025
https://doi.org/10.1039/C5NP00073D
https://doi.org/10.21577/0103-5053.20190125
https://doi.org/10.21577/0103-5053.20190125
https://doi.org/10.1016/S1044-0305(01)00226-4
https://doi.org/10.3390/12030593
https://doi.org/10.1016/S1875-5364(15)30091-1
https://doi.org/10.1002/rcm.6794
https://doi.org/10.1002/jms.1381
https://doi.org/10.1002/jms.1381
https://doi.org/10.1002/rcm.6422
https://doi.org/10.1016/j.clinms.2020.10.001
https://doi.org/10.1016/j.bse.2008.06.007
https://doi.org/10.1016/j.bse.2008.06.007
https://doi.org/10.1016/S0031-9422(00)94800-3
https://doi.org/10.1016/S0031-9422(00)94800-3
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra01384k

	LC-MS/DIA-based strategy for comprehensive flavonoid profiling: an Ocotea spp. applicability caseElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra01384k
	LC-MS/DIA-based strategy for comprehensive flavonoid profiling: an Ocotea spp. applicability caseElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra01384k
	LC-MS/DIA-based strategy for comprehensive flavonoid profiling: an Ocotea spp. applicability caseElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra01384k
	LC-MS/DIA-based strategy for comprehensive flavonoid profiling: an Ocotea spp. applicability caseElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra01384k
	LC-MS/DIA-based strategy for comprehensive flavonoid profiling: an Ocotea spp. applicability caseElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra01384k
	LC-MS/DIA-based strategy for comprehensive flavonoid profiling: an Ocotea spp. applicability caseElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra01384k
	LC-MS/DIA-based strategy for comprehensive flavonoid profiling: an Ocotea spp. applicability caseElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra01384k
	LC-MS/DIA-based strategy for comprehensive flavonoid profiling: an Ocotea spp. applicability caseElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra01384k
	LC-MS/DIA-based strategy for comprehensive flavonoid profiling: an Ocotea spp. applicability caseElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra01384k
	LC-MS/DIA-based strategy for comprehensive flavonoid profiling: an Ocotea spp. applicability caseElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra01384k
	LC-MS/DIA-based strategy for comprehensive flavonoid profiling: an Ocotea spp. applicability caseElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra01384k
	LC-MS/DIA-based strategy for comprehensive flavonoid profiling: an Ocotea spp. applicability caseElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra01384k

	LC-MS/DIA-based strategy for comprehensive flavonoid profiling: an Ocotea spp. applicability caseElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra01384k
	LC-MS/DIA-based strategy for comprehensive flavonoid profiling: an Ocotea spp. applicability caseElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra01384k

	LC-MS/DIA-based strategy for comprehensive flavonoid profiling: an Ocotea spp. applicability caseElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra01384k
	LC-MS/DIA-based strategy for comprehensive flavonoid profiling: an Ocotea spp. applicability caseElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra01384k
	LC-MS/DIA-based strategy for comprehensive flavonoid profiling: an Ocotea spp. applicability caseElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra01384k
	LC-MS/DIA-based strategy for comprehensive flavonoid profiling: an Ocotea spp. applicability caseElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra01384k
	LC-MS/DIA-based strategy for comprehensive flavonoid profiling: an Ocotea spp. applicability caseElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4ra01384k


