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Abstract: The application of high performance thin layer chromatography
(HPTLC)-based non-targeted metabolomics as a holistic approach to compare
fingerprints of metabolite changes during Artemisia annua development is des-
cribed. Images of HPTLC chromatograms obtained after derivatization with
anisaldehyde-sulphuric acid reagent were used as a dataset for multivariate ana-
lysis. Principal component analysis and orthogonal partial least squares dis-
criminant analysis confirmed the differentiation of samples belonging to veget-
ative phase, flowering stage, and seed formation stage of the plant develop-
ment. The obtained results showed that the HPTLC-based metabolomics appro-
ach can be a very reliable technique for the investigation of metabolic changes
during plant development, complementary to gas chromatography—mass spec-
trometry and nuclear magnetic resonance-based metabolomics.

Keywords: plant metabolomics; PCA; OPLS-DA.

INTRODUCTION

In this study, the cultivated Artemisia annua was used as a model system for
the assessment the application of high performance thin layer chromatography
(HPTLC) based untargeted metabolomics to probe unique metabolites during the
life cycle of the plant. Since the discovery of its constituent antimalarial arte-
misinin, 4. annua, which is the only viable resource of this drug, has been the
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1238 STANKOVIC JEREMIC e al.

subjects of extensive research on its chemical composition. More than 600 sec-
ondary metabolites have been identified throughout the plant including several
sesquiterpenoids, triterpenoids, monoterpenoids, steroids, flavonoids, coumarins,
alkaloids and benzenoids.!-2 The method of untargeted metabolomics considers
simultaneous measurement of as many metabolites as possible from each sample,
thus providing a holistic, general overview of a sample composition.3 HPTLC is
an emerging analytical tool in metabolomics research in the last decade.*5 Even
conventional thin layer chromatography (TLC) offers the advantages over other
analytical methods, such as short measuring time and capability of parallel ana-
lysis, and the availability of chemical reagents. Many improvements in HPTLC
over conventional TLC such as high resolution and data robustness, also imp-
roved some metabolomics and profiling studies. Furthermore, metabolites which
are difficult to be identified by nuclear magnetic resonance (NMR) or mass spec-
trometry (MS)-based methods could be visualized on HPTLC plates and isolated
from the plate for further chemical elucidation.® The main idea of this study is
the application of an HPTLC-based non-targeted metabolomics as a holistic
approach to compare fingerprints of metabolites changing during the plant
development.

EXPERIMENTAL
General methods

All used solvents were of analytical grade. Glass HPTLC silica gel 60 CN F254s plates
10 cmx20 cm were purchased from Merck (Darmstadt, Germany); anisaldehyde-sulphuric
acid used as a spray reagent was freshly made according to Wagner et al.” Artemisinin stan-
dard was isolated previously in the laboratory of Bulgarian Academy of Sciences. All NMR
spectra ('H, 13C, correlated spectroscopy (COSY), heteronuclear single quantum coherence
(HSQC) and heteronuclear multiple bond coherence (HMBC)) were recorded in CDCl; (with
tetramethylsilane (TMS) for referencing) on a Bruker Avance III 500 NMR spectrometer
operating at a proton NMR frequency of 500.26 MHz, equipped with a 5 mm broadband
probe (BBI) probehead. Gas chromatography (GC)/MS analyses were performed according to
Stankovic et al. (2019)® with some modifications of the temperature program and split ratio.
The oven temperature was programmed from 60 to 240 °C at 3 °C/min, then from 240 to 310
°C at 35 °C/min, and then held isothermally for 8 min.

Injection volume was 1 pL, split ratio, 20:1. For lipid fraction the oven temperature was
kept constant at 40 °C for 1 min, then was linearly programmed from 40 to 315 °C at 10
°C/min and then held isothermally for 6.5 min. Injection volume was 1 pL, split ratio 50:1.

Plant material

Artemisia annua L. is grown at Institute of Field and Vegetable Crops, Novi Sad. The
plants samples were collected 14 times at intervals of 7 or 14 days, successively in different
phenophases — from May 27 to November 3, 2018. Thus, vegetative phase (collections 1-6),
flowering stage (collections 7—11), and seed formation stage (collections 12—14) were col-
lected. The Voucher specimens (determined by Milica Rat, M.Sc., as No. 2-1514) were con-
firmed and deposited at the Herbarium of the Department of Biology and Ecology (BUNS
Herbarium), Faculty of Natural Sciences, University of Novi Sad.
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HPTLC METABOLOMICS OF 4. annua 1 23 9

Extraction of plant material

Dry and ground plant materials of each collection (150 mg) were extracted with a mix-
ture of hexane:ethyl acetate, 95:5 volume ratio (1 mL) for 15 min in an ultrasound water bath.
The extracts were centrifuged for 15 min at 13,600 rpm. The extraction procedure was inde-
pendently repeated with four biological replicates of each collection. The obtained extracts
were used for HPTLC analysis.

HPTLC analysis

The 3 pL of the extracts were sprayed with a 25-uL syringe as an 7-mm band on the
HPTLC plate using the Linomat 5 (CAMAG, Switzerland). The application position ¥ was 8.0
mm, the first application position X was 10.0 mm, and the distance between tracks was 10.0
mm. The plates were developed in a previously saturated CAMAG automatic developing
chamber 2 with a mobile phase consisting of hexane:ethyl acetate:formic acid (19:11:0.5
volume ratio). After a drying time of 4 min developed HPTLC plates were derivatized by dip-
ping in the anisaldehyde reagent (CAMAG chromatogram immersion device 3), followed by
heating at 100 °C for 5 min.

Fractionation by dry-column flash chromatography

Dry and ground average samples of all collections (167.0 g) were extracted with hex-
ane:ethyl acetate, 95:5 volume ratio(2x600 mL) for 15 min in an ultrasound water bath. The
extracts were combined, filtered, and concentrated under reduced pressure to give 1.1 g of
residue. Dry-column flash chromatography fractionation was performed in a glass column
(300 mmx22 mm) packed with silica gel (100 g Merck, <0.08 mm) using a water vacuum
pump. The column was equilibrated with the mobile phase n-hexane:ethyl acetate (95:5
volume ratio) mixture. The extract (m = 1.1 g) was diluted with the mobile phase (1:1) before
applying to the column. The elution was performed with hexane:ethyl acetate mixture with
increasing polarity (Table S-I, Supplementary material to this paper) and 34 fractions were
collected.

Methylation of non-polar lipid fraction with MeOH/H,SO,

A mixture of the lipid fraction (30 mg) and MeOH (6 mL+ two drops of conc. H,SO,4)
was refluxed in a test tube fitted with condenser for 2 h. After neutralization with saturated
sodium bicarbonate solution, the methyl esters were extracted with n-hexane. The organic
layer was dried over anhydrous Na,SO, and evaporated under reduced pressure in a rotavapor.

Image and multivariate data analysis

The HPTLC chromatograms were processed with the Image J processing program (ver-
sion 1.47q). The chromatograms were denoised using the median filter function with two
pixels width filter, and the tracks were outlined with rectangular selection tool. The line pro-
file plots (gray scale) were generated using Plot Profile option for each sample. On this way,
two-dimensional graphs containing the pixel intensities toward distance along the line were
obtained. The HPTLC image data were then normalized to the total area, mean centred and
pareto scaled. Principal component analysis (PCA) and orthogonal partial least squares to
latent structures — discriminant analysis (OPLS-DA) method was performed with SIMCA
software (version 15, Sartorius, Gottingen, Germany).

RESULTS AND DISCUSSION

The HPTLC conditions regarding amount of sample applied and mobile
phase composition were optimised to detect the maximum number of resolved
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1240 STANKOVIC JEREMIC e al.

bands per sample. Four biological replicates for each of the 14 collections of A.
annua were then fingerprinted using the HPTLC method. Thus, vegetative phase
(collections 1-6), flowering stage (collections 7—11), and seed formation stage
(collections 12—14), were covered. The fingerprint patterns visualized after deri-
vatization with anisaldehyde-sulphuric acid reagent are depicted in Fig. 1.
Compounds
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Fig. 1. HPTLC metabolic fingerprint of 14 samples (red) A. annua collected in different
developmental stages.

For the identification of the components found in the studied extracts, dry-
column flash chromatography of the plant extract was used, followed by NMR
and/or GC/MS analyses. As a result of the purification, the isolated fractions
appeared as a single band on HPTLC plate. Each band of the purified fraction
was then connected to those of A. annua extracts by co-chromatography compris-
ing their Ry values and colours after derivatization (Table I). The identity of the
purified metabolites was then performed by NMR and/or GC/MS analyses (Sup-
plementary material). Only artemisinin was not isolated as a pure compound, and
its HPTLC band was compared to that of the standard compound.

TABLE I. Identified metabolites in A. annua extracts

No. Ry Identified metabolites CO.I"“? aft_er Identification
value derivatization
1 0.94 Triacylglycerol Dark green NMR; GC/MS after
transesterification
2 0.86 a-Pinene, a-copaene, caryophyllene Purple GC/MS
E and f-selinene
3 0.78 Artemisia ketone Orange NMR; GC/MS
4 0.68 1,8-Cineole Purple GC/MS
5 0.66 Caryophyllene oxide Purple GC/MS
6 0.58 Artemisia alcohol Dark green GC/MS
7 0.46 Artemisinin Pink Comparison to standard
8 0.20 Arteannuin B Pink GC/MS
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The line profile plots generated from the images obtained using visible light
were used as a dataset for multivariate analysis. Firstly, the principal component
analysis (PCA), as a variable reduction technique to develop a smaller number of
novel variables that will account for most of the variation in the observed vari-
ables, was performed. It has resulted in five principal components (PCs) model
explaining 84.3 % of the total data of variances.

Based on PCA score plot (Fig. 2A), three groups of samples were separated
to some extent, according to the plant development stages.
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Fig. 2. A) PCA score plot; B) OPLS-DA score plot containing vegetative and flowering phase
of A. annua; C) OPLS-DA score plot containing vegetative and seed formation phase of 4.
annua; D) OPLS-DA SUS-plot, all obtained from HPTLC fingerprints; four (4) terpenes:
o-pinene, a-copaene, caryophyllene E and f-selinene.

Next, the orthogonal partial least squares to latent structures—discriminant
analysis (OPLS-DA) was applied, where novel variables will account for the
maximum separation between predefined classes. An additional advantage of the
orthogonal model is the facilitated interpretation due to separation of the system-
atic variation of the variables into two parts: one linearly related to class inform-
ation and one orthogonal to the class information.” Two OPLS-DA models were
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1242 STANKOVIC JEREMIC e al.

created containing HPTLC data of: a) vegetative phase versus flowering stage
and b) vegetative phase versus seed formation stage of 4. annua development.
The quality of the obtained models was assessed by goodness of fit (R?) indicat-
ing how well the variation of variables is explained using the predictive com-
ponents and predictive ability of the model (Q?), indicating how well the model
predicts new data, estimated by cross validation. In both created OPLS-DA
models, large R? and Q2 values over 0.5 and close to 1 indicated high goodness
of fit and good predictivity (Table II).

TABLE II. Parameters of the OPLS-DA models

Number of components ’ ) P F

Model (predictive + orthogonal) 0" (CV-NOVA) (CV-ANOVA)
Vegetative/ 1+4 0.951 0.897  4.88x10°!3 28
Flowering

Vegetative/ 1+3 0918 0.784  6.45x107 12

Seed formation

The models were validated by permutation tests and CV-ANOVA, the
significance of the models was clearly shown with p values far less than 0.05
(Table II). In the score plots (Fig. 2B and C) a clear separation between the
samples was obtained along to the predictive components. The most influential
variables were selected based on the variable influence on projection (VIP)
scores of the predictive components, and the loadings scaled as a correlation
coefficient (p(corr)). VIP > 1 and |p(corr)| > 0.5 were considered as important for
the separation. Shared and unique structure plot (SUS-plot) containing p(corr)
from both OPLS-DA models was used to reveal the changes in the metabolomes
in each of the three predefined group of samples (Fig. 2D). The unique meta-
bolites were found close to either the X or Y axis, and the shared were located on
the diagonals. Also, the metabolites which are on the extreme ends of the axes
contribute more significantly than those close to the centre. Thus, the accumul-
ation of triacylglycerol (1) is characteristic for the seed formation phase since it
is an unique metabolite in Vegetative/Seed formation model. Similarly, four ter-
penes (a-pinene (2), a-copaene (2), caryophyllene E (2) and f-selinene (2)) and
artemisia ketone (3) were accumulated in the flowering stage since they are
unique metabolites in the vegetative/flowering model. Artemisia alcohol (6),
caryophyllene oxide (5), and 1,8-cineole (4) were the main metabolites in the
vegetative stage, since they are shared in both models. For artemisinin (7) and
arteannuin B (8) there was no significant change in their amount during plant
development.

Metabolomics fingerprinting of 4. annua in different stages of development
has also been performed previously by GC/MS.10 Our objective was to highlight
the advantages of HPTLC: no need for derivatization prior to chromatography,
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HPTLC METABOLOMICS OF 4. annua 1243

and thus detection of thermolabile and non-volatile metabolites, which is not pos-
sible using GC/MS. HPTLC is also complementary technique to NMR-based
metabolomics, offering solutions where crowded regions in the NMR spectra are
difficult to resolve.4

CONCLUSION

This work presents an efficient way for analysing metabolic fingerprinting
data of A. annua L. generated by HPTLC. As a result, we demonstrated that
HPTLC may be applied as a simple and reliable untargeted approach to rapidly
differentiate the extracts originating from various developmental stages of the
plant. HPTLC also demonstrated to be the method of choice for the routine study
of complex matrices and could be used as an alternative and/or complementary
method to techniques, such as GC/MS or NMR.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/10744, or from the corres-
ponding author on request.
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U3BOJ
METABOJIOMUKA BA3UPAHA HA HPTLC 3A UCITMTHUBAE METABOJIMUKHX
ITPOMEHA TOKOM PA3BOJA BUJBKE: CTYOUJA CJIYUAJA Artemisia annua

JOBAHA CTAHKOBWR JEPEMUR', IEJAH TOBEBALL', CTE0AH UBAHOBUR', KATAPUHA CUMUR',
ANTOANETA TRENDAFILOVA®, MUTTULJA ARUMOBUE® u CJIOBOJJAH MUTIOCAB/BEBUR*®
’Ynueepsulmw y Beoipagy, Hncuutily it 3a xemujy wexHonoiujy u memanypiujy, Huciauiayw og
HauuoxanHol 3nauaja 3a Petiydnuxy Cpoujy, Ctiygenticku wipt 12—16, 11000, Beoipag, ’Institute of
Organic Chemistry with Centre of Phytochemistry, Bulgarian Academy of Sciences, 1113 Sofia, Bulgaria,
3I/Iﬂcu7uu7yw 3a pawapciigo u tospwiapciieo, 21000 Hosu Cag, 4YHueep3uu76m y Beoipagy — Xemujcku
paxyniueni, Ciiygenticku wpi 16, 11000 Beoipag u ° Cpiicka axagemuja HaAyKa U yMEHOCTIU,

Knes Muxajnosa 35, 11000, Beoipag

OmnucaHa je X0NIUCTAYKA NPUMEHA HeTapreTHe MetabojoMUKe DasupaHe Ha BUCOKOedH-
KacHOj TaHKoc/I0jHOj xpomartorpaduju (HPTLC) xoja omoryhaBa nopehewme MeTadonuukux
npodwuna Artemisia annua v npaheme HUXOBUX MPOMeHa TOKOM pa3soja duske. HPTLC xpo-
MarorpaMy HaKOH pa3BHjara aHU3aILEeXUIOM U CyMIIOPHOM KHCEIMHOM Cy KOpHLIheHH 3a
reHepucame Nojflataka 3a MyJITHBapHjaHTHY aHa/lu3y. AHa/ln3a ITITaBHUX KOMIIOHEHTH U OpTO-
rOHa/Ha JUCKpPUMHHAHTA aHa/lW3a HajMambUX KBajfipaTa Cy MOTBPAMIE pa3ivke usmehy yso-
paxa Koju mpumnanajy pasnuuutuM deHodaszama — BereTraTuBHOj ¢asy, dasu 1BeTawma U asu
¢opmupama ceMeHa. [JodujeHH pe3ynTaTH yKasyjy fa MeTadolOMHUUYKU NPUCTYN 3aCHOBAH Ha
HPTLC metonu koja je xommniemeHntapHa ca GC/MS u NMR aHanuszom, moxe duta Beoma
Noy3faHa TEXHUKA 338 aHAJIU3y IPOMEHe TOKOM pasBoja dUsbKe.

(TTpumiseHo 7. Maja, peBupupaHo 12. HoBembpa 2021, mpuxsaheno 14. pedpyapa 2022)
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