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KEYWORDS Abstract Metabolomics has been used as a powerful tool for the analysis, and drug-lead identifi-
Data-independent acquisi- cation in medicinal plants and herbal medicines. For the coverage of a broader range of plant-based
tion (DIA); metabolites using LC-MS, one of the important parameters is the selection of analysis mode and
MS-DIAL; data processing for identification. This paper describes the utility of two distinctive acquisition
Skyline; modes in combination, a classic data-dependent acquisition (DDA) mode and a data-
Tribulus terrestris; independent acquisition (DIA) mode for obtaining the mass spectrometry data of plant extracts
Liquid-chromatography-mas using LC-ESI-QTOF/MS. Tribulus terrestris plant was used as a case study. We have applied

s-spectrometry (LC-MS) three-step data analysis pipeline l-annotation and putative identification of metabolites, 2-

validation, and relative quantification, and 3-multivariate analysis using open-access MS-DIAL,
Skyline, and Perseus software. A total of four samples of T. terrestris (aqueous extracts), two fruits,
and two whole plant samples, from two different regions, were used. By combining data analysis
results of plant fruit samples from two different regions, a total of 95 and 77 metabolites were iden-
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tified in positive and negative ionization modes, respectively. Similarly, in the analysis of the whole
plant from two different regions, 75 and 76 metabolites were identified in positive and negative ion-
ization modes, respectively. We suggested the use of DDA mode for annotation, identification of
metabolites, and generation of transition lists in MS-DIAL, furthermore, the use of DIA acquisi-
tion mode for enhancing metabolites sensitivity in complex samples, deconvolute MS1/MS2 spectra
in Skyline for the quantitative performance and analytical reliability. The developed protocol can be

used for the broader coverage of plant-based metabolites.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Metabolomics has grown into one of the major approaches for drug
discovery studies, in part driven by developments in mass spectrometry
(MS), providing high sensitivity and high-throughput coverage of the
metabolome (Wolfender et al., 2009). Untargeted metabolomics allows
for the investigation of metabolic phenotypes involving several hun-
dred to thousands of metabolites. Moreover, metabolomics is a power-
ful platform for the comprehensive profiling of a series of small-
molecule metabolites (MV < 1000). Currently, the most promising
technique in terms of metabolome coverage is liquid chromatography
coupled to mass spectrometry (LC-MS; Steiner et al., 2021; Pokrywka
et al., 2014). Compared to other alternatives, LC-MS is more versatile
in that sample preparation and elution systems (chromatographic sep-
aration) can be adapted to nearly every class of compound while being
extremely sensitive and additionally providing rich structural informa-
tion (Pokrywka et al., 2014). These features make LC-MS a particu-
larly interesting choice for untargeted metabolomics, i.e., the
unbiased measurement of all metabolites detected in a particular
analysis.

The untargeted metabolomics experiment aims to process every sig-
nal and try to identify relevant signals by combining two LC-MS
acquisitions into larger datasets that can reach up to several thousand
signals (Perez de Souza et al., 2019). The mass spectrometry data were
respectively obtained by two typical acquisition modes, data-
dependent acquisition (DDA) and data-independent acquisition
(DIA) modes. A recent trend that has been developing in the last
few years and is particularly useful in untargeted metabolomics is
the data-independent acquisition (DIA) of tandem mass spectra
(Guo and Huan 2020). Commonly used DIA methods include all-ion
fragmentation (AIF) (e.g., MS*!. MS®), where all precursors are frag-
mented, and sequential window acquisition of all theoretical fragment-
ion spectra (SWATH) where a medium pass window, such as 20 or 25
Da, is used. In traditional data-dependent acquisition, specific ions
were selected and fragmented providing a link between parental ions
and daughter fragments. However, DIA uses much broader windows
for the selection of parental ions, resulting in a second-order spectrum
containing fragments from all ions in the first-order spectra, poten-
tially providing richer structural information but with a disadvantage:
loss of the parental/daughter ion relationship (Perez de Souza et al.,
2019; Guo and Huan 2020). In previous studies, some research groups
have developed software tools focused on the processing of DIA-MS
data to facilitate the annotation and identification process by deconvo-
luting MS2 spectra(Perez de Souza et al., 2019, Guo and Huan 2020).

Tribulus terrestris L. a crawling plant belonging to the family,
Zygophyllaceae. It is widely occurring in sub-continents i.e., Africa,
Australia, Asia, and Europe. The name of the plant is coined from
the Greek word “tribolos” meaning spike fruit (Ma et al., 2017). It
is used to re-cover visual sharpness and epilepsy in Traditional Chinese
Medicine (TCM) while used for its applications as diuretic, stimulant,
and aphrodisiac properties in Indian herbal medicine. The TCM name
of T. terrestris fruit is ““Ji Li” which holds for several activities, such as
activities against heart diseases (Neychev and Mitev 2016), eye inflam-
mation, skin irritation (Reshma et al., 2016), and abdominal disten-
tion. The main use of the plant in Europe and the USA is for the

increase in muscle strength and improvement of sexual function
(Saleem et al., 2020; Angelova et al., 2013), whereas in China, it is used
for the treatment of cardiovascular diseases (Stefanescu et al., 2020).
The medicinal importance of T. ferrestris, indicated against neurode-
generation is due to the presence of steroidal saponins, alkaloids, fla-
vonoids, steroidal glycosides, cinnamic acid, and phytosterol (El-
Shaibany et al., 2015).

T. terrestris extracts have been tested for various effects like cardio-
protective, hepato-protective, antitumor (Pokrywka et al., 2017;
Figueiredo et al., 2021), anti-atherosclerotic, anti-arthritic (Li et al.,
2013; Mishra et al., 2013), antioxidant and antimicrobial (Sivapalan
2016; Akbal et al., 2018), analgesic and anti-inflammatory properties,
and could be used for the ailment of oral infections and control of den-
tal problems (Oh et al., 2012). It has been studied for its effectiveness in
the in-vivo treatment of hyperglycaemia and in-vitro inhibition of o-
glucosidase, aldose reductase, and in the treatment of pancreatitis in
mice (Soleimanpour et al., 2015; Lamba et al., 2011). In a previously
reported study, phytochemicals of T. terrestris have been investigated
(Zheng et al., 2017).

In this regard, we present herein a comprehensive untargeted meta-
bolomics study of T. terrestris plant for the putative identification of
wide range metabolome and relative quantification by using combina-
tions of DDA and DIA modes using LC-ESI-QTOF/MS. This is the
first broad strategy for untargeted screening of phytochemicals in com-
plex samples by combining results of DDA and DIA modes (to the
best of our knowledge). Various studies reported a comparison of
untargeted metabolomics results between DDA and DIA mode, but
not for untargeted phytochemical analysis (Barbier Saint Hilaire
et al., 2020, Guo and Huan 2020, Liu et al., 2021). A previous study
highlighted the specific class of phytochemicals using the DIA acquisi-
tion mode (Liu et al., 2021). The study provides an efficient workflow
for untargeted plant-based metabolomics, which can be useful for the
rapid dereplication of plant extracts and for monitoring the quality
control of herbal medicines.

2. Materials and methods

2.1. Chemicals and reagents

All solvents were purchased commercially. Methanol (Analyt-
ical grade) solvent was purchased from Merck K GaA, 64,271
(Darmstadt, Germany). Formic acid was purchased from Dae-
jung (Daejung chemicals and Metals Co. Ltd, Korea). In
house, a water purification system (Thermo Scientific, USA),
was utilized to get high-purity water (resistivity 18.1 MQ cm
at 25 °C).

2.2. Sample preparation
T. terrestris plant samples were collected from two different

regions of Pakistan including Peshawar (Region 1) and Kara-
chi (Region 2) and were identified by the plant taxonomist.
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Shade-dried plant material (fruit and whole plant) were
crushed in a blender separately. 1 g of each plant powder
was weighed and extracted with a 10 mL mixture of methanol
and water (8:2) through sonication for 20 min. Each sample
was centrifuged for 15 min at 6000 rpm to settle large particles,
and the supernatant was filtered through a 0.22 ym PTFE
syringe-driven filter. 50 pL of the filtered extract was diluted
to 1000 pL with methanol for LC-MS, and LC-MS/MS
analysis.

2.3. Instrumentation and experimental conditions

All acquisitions were performed using Bruker maXis II HR-
QTOF mass spectrometer (Bremen, Germany), coupled with
the Dionex Ultimate 3000 series UPLC system (Thermo Fis-
cher Scientific Waltham, MA, USA), further facilitated with
auto-sampler, column thermostat, and binary RS pump. For
the stationary phase, the Macherey-Nagel™ Gravity column
(3.0 x 100 mm, 1.8 um), was used. The mobile phase consisted
of 0.1% formic acid in water (A), as well as in methanol (B).
Linear gradient solvent composition was used for HPLC start-
ing with 10% B and raised to 90% B in 6.5 min, which was
maintained at 90% B for 1.5 min and then decreased back
to 10% B in 1.0 min, 1 min equilibration time was given before
and after the gradient. Furthermore, in positive and negative
ion modes, 5 pL of the samples were injected into LCMS. A
capillary voltage of 4500 V; end plate offset of 500 V; drying
gas (nitrogen) with a flow rate of 10 mL/min; drying gas tem-
perature of 280 °C; and nebulizer gas pressure of 45.0 psi, were
optimized for this study. For data-dependent acquisitions
(DDA), auto MS/MS mode was used with the mass range of
70-1200 m/z, isolation window typically < 2 Da, exclusion
time of precursor ion 5 s; a scan speed of 20 Hz, and a range
of collision energies (CE); 10, 20, 30, 40, and 60 eV. For
data-independent acquisitions (DIA), Q1 window of 25 and
50 Da was used within the mass range of 99-1200 m/z
(Table S-1) with the collision energy of 30 eV (the only CE
was best fitted in DDA acquisition).

2.4. Software and data processing

The DDA data acquired for samples in raw data (.d) format
was first converted into the Analysis Base File (Abf.) format.
MS-DIAL ver 4.80 software (http://prime.psc.riken.
jp/compms/msdial/main.html) was used for feature detection,
ion species annotation, compound spectra extraction, and
peak alignment between samples and spectral analysis result-
ing in the transition list containing information on every
detected feature such as retention time, precursor m/z, and
MS? ions. Identification of untargeted metabolites in the com-
plex mixture has been done in MS-DIAL using MS/MS
libraries available (MS/MS-Pos and MS/MS-Neg). The MS-
DIAL parameters were set as follows: retention time 1-
13 min; mass range 70-1200 Da; minimum peak width, 5
scans; minimum peak height, 1000 amplitude; smoothing level,
2; MS/MS abundance cut off, 10 amplitude; mass slice width,
0.1 Da; exclusion mass list, none; retention time tolerance,
2 min; MS! accurate mass tolerance, 0.01 Da; MSMS accurate
mass tolerance, 0.05 Da; identification score cut off, 70%.
Spectral library, (MS/MS-pos and neg) LC-MS/MS in MSP
format.

DIA acquisition mode was used to “Dig deep” for every
identified metabolite in multiple DDA run for every sample.
Skyline (21.1.0.146) is open-source software (https://skyline.
ms/project/home/begin.view) well known in proteomics for
its unique features especially visualization and advanced
method refinement options such as retention time scheduling
and reproducibility (Adams et al., 2020). These features are
now also implemented for DIA workflows of small molecules
such as pharmaceuticals (drug metabolites, and herbal medici-
nes), metabolomics, forensics, and food safety (Rardin 2018).
The Skyline parameters for DIA were set as, TOF for precur-
sor mass analyzer, resolving power; 30,000, mass range; 70—
1200 Da, retention time filtering. An isolation window with a
gap of 50 and 25 Da. covering a mass range of 99.5-
1200 Da. for MS? data. The method has a margin of 0.5 m/z
added to the isolation window, for example, 99.5-150.5,
149.5-200.5 etc.

2.5. Multivariate analysis

A.CSYV file containing peak areas of each sample was imported
by using generic matrix upload in Perseus (https://maxquant.
net/perseus/) and the data were transformed to a logarithmic
scale (log2(x)). To visualize the sample correlations, the “Anal-
ysis Hierarchical clustering” option was used for clustering all
replicates of samples based on the correlation coefficients
between them revealing higher similarity on MSI levels. The
principal component analysis (PCA) and loading plots
(Orthogonal Projections to Latent Structures Discriminant
Analysis, OPLS-DA) were plotted using SIMCA (Version
15.0, Umertrics Umed, Sweden) software (https://www.sarto-
rius.com/en/products/process-analytical-technology/data-ana-
lytics-software/mvda-software/simca).

3. Results

This study suggested a pipeline of mass spectrometry acquisi-
tion modes (data-dependent and data-independent acquisition)
and bioinformatics tools for complex samples like plant
extracts. Here, we present an effective workflow based on
open-access software for comprehensive untargeted analysis
including feature generation, putative identification, relative
quantification, and multivariate analysis using MS-DIAL,
Skyline, and Perseus software. We used the whole plant, and
fruit extracts of 7. terrestris to establish a pipeline of mass
spectrometry-based data analysis.

In this study, we proposed a three-step strategy, the first
step involved in feature generation, annotation and untargeted
identification of metabolites, followed by transition list gener-
ation of plant metabolites in each sample using DDA mode in
MS-DIAL software. In the second step, a comprehensive tran-
sition list containing precursor ions, product ions, and reten-
tion time of each feature was imported in Skyline software
for processing DIA mode and extracted MS'/MS? ion chro-
matograms for deconvolution and relative quantification.
The manual integration where required and the usual inspec-
tion for features list on MS' and MS? levels were inspected.
In the third step, the peak areas of metabolites were exported
to Perseus software for multivariate analysis. The schematic
illustration showed the pipeline of the proposed methodology
in Fig. 1.
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3.1. Identification by DDA in MS-DIAL

In positive ion mode, 362 and 329 MSI features were anno-
tated out of 1396 and 1240 (remaining are unknown features
or not under defined ppm tolerance) in the fruit samples from
region 1 and region 2, respectively. From annotated metabo-
lites, 51 metabolites in region 1 and 37 metabolites in region
2 were identified by MS? respectively. Similarly, 312 and 323
MS! features were annotated out of 1570 and 1445 in the
whole plant extract from both region | and region 2, respec-
tively. 49 metabolites in region 1 sample and 52 metabolites
in region 2 sample were identified by MS? data. In negative
jon mode, 610 MS! features were annotated, and 78 metabo-
lites were identified by MS? data by combining the results of
both region samples. All metabolites identification was opti-
mized under 10 ppm mass error and >300 dot formula.
(Table S-2, 3). The dot product score was used in combination
with retention time and accurate mass, to increase the confi-
dence in the identification of metabolites. The exact threshold
for the dot product score may vary depending on the specific
dataset and the quality of the reference library used. The peak
areas of each identified feature in each sample were used for
multivariate analysis.

3.2. Deconvolution of MS? spectra by DIA in Skyline

A raw transition list from DDA data containing information
on precursor and fragments ions of metabolites generated from
MS-DIAL was used for achieving better spectral quality and
quantity of MS2 deconvolution in DIA using Skyline. DIA
mode is described in this method to achieve sensitivity, resolve
co-elution, and relative quantification by peak areas. An isola-
tion window of 25 and 50 Da was used for automatically
extracting MS' and MS? ion chromatograms from transition
lists. Skyline provides easy observation over retention time,
extracted ion chromatograms, and peak areas for each
metabolite across numerous samples or replicates. In positive
ion mode, 95 and 75 metabolites were found in DIA fruit sam-
ples from region 1 and region 2, with 48 and 33 unique

with DDA
b )- l
Al i i
o “ Hierarchical "d —
§ clustering, Venn, - Multivariate
/ - pea-plot etc ; Analysis
Step Three

Schematic illustration of the workflow used in this study.

metabolites in both regions, respectively. Similarly, 75 and 75
metabolites were found in whole plant samples from region 1
and region 2, with 26 and 23 unique metabolites in both
regions, respectively. While, in negative ion mode, 78 metabo-
lites were found in DIA by combining both region sample
results under 10 ppm mass error. All identified metabolites in
positive ion mode from region 1 and region 2 comparison
results are illustrated in the Venn diagram Fig. 2.

Unique Skyline visualizations are helpful for data interro-
gation and useful to easily visualize the peak intensities of
the targeted metabolite among the samples. As an example,
in the Fig. 3A, DIA mode was able to find a metabolite (trani-
last m/z: 326.1039) by MS? spectra despite missed MS1 peak.
Additionally, the deconvolution of MS? data for metabolite
(spirostane + 10 m/z: 929.4760) in DIA provides an advan-
tage for coeluting isobaric and high background metabolites
by using specific transitions for relative quantitative analysis
(Fig. 3B). DDA is generally employed with exclusion criteria
that allow deeper MS? data for low abundant metabolites.
However, MS? data cannot be used for the quantitative pur-
pose. Here, DIA is superior as it can be used for the quantifi-
cation of both MS' and MS? levels. The peak areas of
metabolite (flavonol m/z: 493.1018) at both levels (MS!/MS?)
can easily be extracted from Skyline to use for multivariate
analysis (Fig. 3C).

3.3. Metabolite clustering

Based on the ion peak areas observed, heat maps were gener-
ated for both ionization modes (positive and negative) to show
a distribution of various plant metabolites across two regions.
The detection and hierarchical clustering of all identified
metabolites in plant fruit and ariel part samples with their
MS! datasets represent peak areas in each sample shown in
Fig. 4. Hierarchical clustering of metabolites in negative ion-
ization mode is presented in supplementary file Fig. S1. The
content of metabolites in 7. ferrestris was found lower in the
Karachi region compared to the content of the Peshawar
region. Results obtained in DDA mode, the distribution of
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T. terrestris fruit metabolites (B) Venn diagram of 7. terrestris whole plant metabolites.
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Fig. 3  Applications of DIA acquisition mode. (A) The confirmation of metabolite by MS2 spectra despite missed MS' peak. (B) The
advantage of using Skyline for DIA MS? deconvolution is to minimize the factor of co-elution of MS' peaks in complex samples. (C)
Skyline provides a clear illustration of DIA MS' and MS? spectra for quantitative studies.

metabolites in both regions was found different. The heatmaps
analysis showed that the highest concentrations of compounds
having several biological activities including, flavonoids, alka-
loids, terpenoids, and saponins are present in the sample of the
Peshawar region. Results obtained from the DIA mode proved
the wide range of metabolite analysis in samples of both
regions and eventually observed clear difference in the distri-
bution of metabolites between both samples.

The PCA and OPLS-DA plots illustrated valuable informa-
tion that is helpful for the understanding of the variation of
phytochemicals between the groups. After Pareto scaling and
mean centering, PCA score scatter plot was plotted, results
showed a distribution and variation within and among the
samples as shown in Fig. 5. A separation was observed among
the eight groups whereas, the fruit DIA sample has shown lar-

ger variation within the groups as compared to the other
groups.

Moreover, a loading plot was also generated based on p-
values and coded all features according to their p-values as
shown in Fig. 6. A total of 18 features are highly influential
in the discrimination of the groups. These 18 features were
found in each sample with different peak areas and intensities.

4. Discussion

The difference in results observed in both acquisition modes is
due to the biased selection of precursor ions in the DDA mode.
The MS? spectra are automatically collected for pre-cursor
ions whose MS' intensity matched or exceeded a pre-defined
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threshold value. In DDA acquisition mode, precursor ions are
selected using a small isolation window (typically < 2 Da
wide), which results in high-quality and pure MS? spectra.
The loss of many precursor ions in DDA analysis is due to
these ions are not selected for fragmentation if they do not
match the defined threshold value (low intense peaks) or if they
are co-eluted with other intense peaks. However, in the DIA
acquisition, the precursor ions are selected using a wide m/z
isolation window (typically between 25 and 50 Da) to cover
the whole mass range. All ions within these windows are then
fragmented unbiasedly and simultaneously. Therefore, both
modes are highly complementary and each of them has been
utilized to bring qualitative and quantitative information to
this study. Furthermore, the difference between the sensitivity
of both methods by their chromatograms in plant fruit samples
is highlighted in Fig. 7. The base peak chromatograms illus-
trate the difference between sensitivity in both methods very
sharply. The DIA method has achieved higher sensitivity and

generated better qualitative profiling of phytochemicals in
complex samples. The results showed many low intense peaks
were detected in DIA acquisition which were missed in the
DDA fruit sample due to low intensity or eluted below by
given threshold value. As we see in Fig. 5, the compound 1
C11H20N203, m/z: 229.1544 (M + H)+, Compound 2
CyoH»0s5, m/z: 367.1495 M + H)+, and compound 3
C3,H35019, m/z: 727.2060 (M + H) + have achieved better
sensitivity; moreover, with enhanced sensitivity DIA mode
was able to dig deeper to detect low intense metabolites in
the complex plant sample. DIA mode achieved a sensitive
and highly qualitative profile of each plant sample from both
regions.

Hierarchical clustering of all metabolites in each sample
was generated using Perseus software. As Perseus is designed
for proteomics data, unlike other commercial software it is
optimized to use at large numbers of variables and is a very
powerful software for multivariate analysis of high dimen-
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Fig. 6 OPLS-DA loading plot of all features extracted from the mass spectra. The red features in the plot showed the lowest p-values,
indicates that these are highly involved in dis-crimination of the groups.

sional data, thus is well suited for metabolomics data also
(Tyanova and Cox 2018).

We suggest the use of MS-DIAL software for feature gen-
eration, annotation, identification, and MS2 database search
followed by a comprehensive transition list generation using
DDA mode in MS-DIAL. This transition list can be uploaded
to Skyline for dig-deep strategy and relative quantification in
DIA mode. Perseus software for multivariate analysis of
metabolites in a complex sample using the efficiency of DDA
and DIA mode.

Moreover, the developed strategy may be useful for
bioactivity-guided lead molecule discovery in natural products
and can be achieved through bioassays of various fractions of
plant extracts and then the activity of a fraction can be attrib-
uted to the presence of specific natural products in that frac-
tion. T. terrestris contains high content of active ingredients
(in particular sterol saponins (Semerdjieva and Zheljazkov,
2019), as well as flavonoids, tannins, terpenoids, phenol car-
boxylic acids, and alkaloids), and its frequent uses in folk med-

icine and numerous herbal supplements are commercialized
worldwide with indications mostly to improve libido, sexual
performance in both sexes, and athletic performance, common
cough, viral flu, cold, asthma and inflammatory diseases [6—
10]. The pharmacological effect of the plant with different dis-
eases in metabolite-diseases interaction network has already
been published and discussed in recent literature (Stefanescu
et al., 2020, Amanullah et al., 2021).

5. Conclusion

In conclusion, we have successfully utilized a combination of DDA
and DIA-based mass spectrometry strategy for the identification of a
wide range of metabolites in the medicinal and industrial valued plant,
T. terrestris (as a case study). Moreover, a pipeline that integrates
freely available software, MS-DIAL, Skyline, and Perseus for the
metabolomic profiling was employed. This strategy will be helpful to
overcome the limitation with DDA in that the precursors with low
MS abundance will not get fragmented in a single experiment due to
low intensity. We suggested the implementation of DIA mode for
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the MS2 deconvolution and relative quantification of untargeted
metabolites in the field of plant-based metabolomics, specifically for
ones with less abundance. This approach can be used as a method of
choice for the large-scale profiling and rapid analysis of the metabolites
in medicinal plants as well as a quality control tool for herbal
formulations.
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