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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
described. Images of HPTLC chromatograms obtained after derivatization with
anisaldehyde-sulphuric acid reagent were used as a dataset for multivariate
analysis. Principal component analysis and Orthogonal Partial Least Squares
Discriminant Analysis confirmed the discrimination of samples belonging to
vegetative phase, flowering stage, and seed formation stage of the plant
development. The obtained results showed that the HPTLC-based metabolomics
approach can be a very reliable technique for the investigation of metabolic
changes during plant development, complementary to GC-MS and NMR-based
metabolomics.

Keywords: plant metabolomics; PCA; OPLS-DA.
INTRODUCTION

In this study the cultivated A. 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
artemisinin, A. annua, which is the only viable resource of this drug has been the
subjects of extensive research on its chemical composition. More than 600
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secondary metabolites have been identified throughout the plant including several
sesquiterpenoids, triterpenoids, monoterpenoids, steroids, flavonoids, coumarins,
alkaloids and benzenoids.*? 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.* HPTLC is
an emerging analytical tool in metabolomics research in the last decade.*® Even
conventional TLC offers the advantages over other analytical methods, such as
short measuring time and capability of parallel analysis, and the availability of
chemical reagents. Many improvements in HPTLC over conventional TLC such
as high resolution and data robustness, also improved some metabolomics and
profiling studies. Furthermore, metabolites which are difficult to be identified by
NMR or 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 x 20 cm were purchased from Merck (Darmstadt, Germany); Anisaldehyde-sulphuric acid
used as a spray reagent was freshly made according to Wagner et al.” Artemisinin standard was
isolated previously in the laboratory of Bulgarian Academy of Sciences. All NMR spectra (*H,
13C, COSY, HSQC and HMBC) were recorded in CDCls (with TMS for referencing) on a
Bruker Avance 111 500 NMR spectrometer operating at a proton NMR frequency of 500.26
MHz, equipped with a 5 mm BBI probehead. 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 uL, 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 collected.
The Voucher specimens (determined by Milica Rat, MSc, as No 2-1514) were confirmed and
deposited at the Herbarium of the Department of Biology and Ecology (BUNS Herbarium),
Faculty of Natural Sciences, University of Novi Sad.

Extraction of plant material

Dry and ground plant materials of each collection (150 mg) were extracted with a mixture
of hexane:ethyl acetate, 95:5 (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 independently repeated
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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-pL syringe as an 7-mm band on the
HPTLC plate using the Linomat 5 (CAMAG, Switzerland). Application position Y was 8.0 mm,
first application position X was 10.0 mm, and 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, v/v/v). After a drying
time of 4 min developed HPTLC plates were derivatized by dipping 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 sample of all collections (167.0 g) was extracted with
hexane:ethyl acetate, 95:5 (2 x 600 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 x 22 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 v/v) 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 S1,
Supplementary Material) 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,) 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 (version
1.47q, USA). 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 profile
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 centered, 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, Géttingen, 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 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 derivatization with
anisaldehyde-sulphuric acid reagent are depicted on Fig 1.
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For the identification of the components found in the studied extracts, dry-
column flash chromatography of the plant extract was utilized, followed by NMR
and/or GC-MS analyses. As a result of the purification, 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 comprising their Re
values and colors after derivatization (Table 1). The identity of the purified
metabolites was then performed by NMR and/or GC-MS analyses (Supplementary
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
Re Color after

No. Identified metabolites . Identification
value derivatization
. NMR; GC/MS after
1 094 Triacylglycerol Dark green transesterification
2 ogg OPinene, a-copaene,_caryophyllene Purple GCIMS
E, and B-selinene
3 078 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/IMS

The line profile plots generated from the images obtained using visible light
were used as a dataset for multivariate analysis. Firstly, 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 variables
was performed. It has resulted in five principal components (PCs) model
explaining 84.3 % of the total data of variances.

Compounds
1 3 4 B T8 7 8 9 10 11 12 13 14 (Tablel)
- — 1
- - 2
3
et 4/5
- - - 6
7
8

Fig 1. HPTLC metabolic fingerprint of 14 samples (red) A. annua collected in different
developmental stages
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Based on PCA score plot (Fig. 2(A)), three groups of samples were separated
to some extent according to the plant development stages.

Next, orthogonal partial least squares to latent structures—discriminant
analysis (OPLS-DA) was applied, where novel variables will account for
maximum separation between predefined classes. An additional advantage of the
orthogonal model is the facilitated interpretation due to separation of the
systematic variation of the variables into two parts: one linearly related to class
information and one orthogonal to the class information.® Two OPLS-DA models
were created containing HPTLC data of a) vegetative phase versus flowering stage
and b) vegetative phase versus seed formation stage of A. annua development. The
quality of the obtained models was assessed by goodness of fit (R?) indicating how
well the variation of variables is explained using the predictive components 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 Q? values over 0.5 and close to 1 indicated high goodness of fit, and good
predictivity (Table II).

TABLE Il. Parameters of the OPLS-DA models

Model Number of components R2 Q? p F
(predictive + orthogonal) (CV-NOVA) (CV-ANOVA)
Vegetative/ 1+4 0.951 0.897  4.88-10%3 28
Flowering
Vegetative/ 1+3 0918 0.784  6.45.107 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 I1). In the score plots (Fig. 2(B) and Fig. 2(C)) a clear separation between
the samples was obtained along to the predictive components. The most influential
variables were selected based on 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. 2(D)). The unique metabolites were
found close to either the X or Y axis, and 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 accumulation of triacyl-
glycerol (1) is characteristic for the seed formation phase since it is unique
metabolite in Vegetative/Seed formation model. Similarly, four terpenes (a-pinene
(2), a-copaene (2), E-caryophyllene (2) and S-selinene (2)) and artemisia ketone
(3) were accumulated in the flowering stage since they are unique metabolites in
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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 A. annua in different stages of development
has also been performed previously by GC-MS.1° Our objective was to highlight
the advantages of HPTLC: no need for derivatization prior to chromatography, and
thus detection of thermolabile and non-volatile metabolites which is not possible
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.*
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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 A. annua; (D) OPLS-DA SUS-plot, all obtained from HPTLC fingerprints; four (4)
terpenes: a-pinene, a-copaene, E-caryophyllene and S-selinene.

CONCLUSION

This work presents an efficient way for analyzing 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
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discriminate extracts originating from different developmental stages of the plant.
HPTLC also demonstrated to be the method of choice for routine study of complex
matrices and could be used as an alternative and/or complementary method to
techniques, such as GC/MS or NMR.

Acknowledgments: The authors are grateful for the support from Joint Research Project
between Serbian Academy of Science and Arts and Bulgarian Academy of Sciences,
“Phytochemical investigation of secondary metabolites from plants and fungi and their
biotransformed products®.

H3BO[J
METABOJIOMHUKA BA3UPAHA HA HPTLC 3A UCITUTUBAE METABOJIMUKUX
[TPOMEHA TOKOM PA3BOJA BUJBKE: CTYIUJA CIIYUAJA Artemisia annua

JOBAHA CTAHKOBUR JEPEMUR', IEJAH TOBEBALI!, CTEGAH HBAHOBUR', KATAPUHA CUMHR!,
AHTOAHETA TPEHIA®UIOBAZ, MUIHLIA ARUMOBUR’ u CJIOBOIAH MUTOCAB/BEBUR!
'Yuusepsuiniew y Beoipagy, HHCIUTGY T 30 XeMUjy TEXHOTOTU]Y U MeThanypiujy, HHCTRUTIY T 0g HAUUOHATHOT
3Hauaja 3a Pewiybnuxy Cpdujy, Citygentmicku wpi 12-16, 11000, Beoipag; *Hncliuiiyii 3a 0piancky Xemujy ca
ueniupom 3a Quinoxemujy, Byiapcka axagemuja nayxa, 1113 Couja, Byiapcka; *Hnciauiiy i 3a pamapciaso u
Hospimapciuso, 21000 Hosu Cag, Cpouja u *Ywusep3uinein y Beoipagy - Xemujcku paxynivein, CillygeHTcK Y
wpt 16, 11000 Beoipag u Cpiicka akagemuja nayka u ymemnociuu, Knes Muxajnosa 35, 11000, beoipag,
Cpouja

OmucaHa je XONMHUCTHYKA TNpPUMEHa HeTaprerHe MeTadoloMuke OasWpaHe Ha
BUCOKOe(DUKACHOj TaHKOCIOjHOj xpomaTorpaduju (HPTLC) koja omoryhasa mnopeheme
MeTadonuukux npoduna Artemisia annua ¥ npaheme BUXOBUX IPOMEHA TOKOM Pa3Boja OUBKe.
HPTLC xpomaTorpamu HaKOH pa3BHjala aHU3AIAEXUAOM U CYMIIODHOM KHCETMUHOM Cy
KopuuiheHH 3a reHepucame I0jaTaka 3a MY/ITHBApHjaHTHY aHauu3y. AHanM3a IVIaBHHX
komrnoHeHTH (PCA) 1 opTOroHaaHa IMCKPUMHHAHTa aHa/lM3a HajMamwux kBagpara (OPLS-DA) cy
MIOTBPAUIIE pasiuKe u3Mehy y3opaka Koju MpUnazajy pasnudutum ¢eHodaszama - BeTeTaTHBHO]
asu, dasu uBerama W (asu ¢opmupama cemeHa. [loDujeHH pesynaTaTd ykasyjy Ia
meTabonmoMHUuKy MpUCTyn 3acHOBaH Ha HPTLC meronu koja je kommnemeHntapHa ca GC-MS u
NMR anHanusom, MoXKe OUTH BeoMa IOy3[aHa TEXHHWKA 3a aHa/lM3y NMPOMEHE TOKOM pa3Boja
OusbKe.

(ITpumrbeno 7. maja 2021; pesunupano 12. HoBendpa 2021; mpuxsaheno 14. dhedpyapa 2022.)

REFERENCES

1. V. Vajs, A. Joki¢, S. Milosavljevi¢, Nat. Prod. Commun. 12 (2017) 1157

(https://doi.org/10.1177/1934578X1701200802)

G. D. Brown, Molecules 15 (2010) 7603 (https://doi.org/10.3390/molecules15117603)

3. J. L. Wolfender, S. Rudaz, Y. H. Choi, H. K. Kim, Curr. Med. Chem. 20 (2013) 1056
(https://doi.org/10.2174/0929867311320080009)

4. L.F. Salomé-Abarca, M. Mandrone, C. Sanna, F. Poli, C. A. M. J. J. van der Hondel, P.
G. L. Klinkhamer, Y. H. Choi, Phytochemistry 176 (2020) 112402.
(https://doi.org/10.1016/j.phytochem.2020.112402)

5. M. Maldini, G. D’Urso, G. Pagliuca, G. L. Petretto, M. Foddai, F. R. Gallo, G. Multari,
D. Caruso, P. Montoro, G. Pintore, Foods 8 (2019) 294
(https://doi.org/10.3390/foods8080294)

6. Y. Ge, X. Chen, D. Godevac, P. C. P. Bueno, L. F. Salomé Abarca, Y. P.Jang, M. Wang,
Y. H. Choi, Planta Med. 85 (2019) 917 (https://doi.org/10.1055/a-0947-5797)

N



https://doi.org/10.1177%2F1934578X1701200802
https://doi.org/10.3390/molecules15117603
https://doi.org/10.2174/0929867311320080009
https://doi.org/10.1016/j.phytochem.2020.112402
https://doi.org/10.3390/foods8080294
https://doi.org/10.1055/a-0947-5797

8 STANKOVIC JEREMIC et al.

7. H. Wagner, S. Bladt, E. M. Zgainski, Plant Drug Analysis, Springer-Verlag, Heidelberg,
1984 (https://doi.org/10.1007/978-3-662-02398-3)

8. J. Stankovi¢, M. Novakovi¢, V. Tesevié, A. Ciri¢, M. Sokovi¢, G. Zdunié, Z. Daji¢-
Stevanovi¢, D. Godevac, J. Serb. Chem. Soc. 84, (2019) 1355
(https://doi.org/10.2298/JSC190513106S)

9. S. Wiklund, E. Johansson, L. Sjostrém, E. J. Mellerowicz, U. Edlund, J. P. Shockcor, J.
Gottfries, T. Moritz, J. Trygg, Anal. Chem. 80 (2008) 115
(https://doi.org/10.1021/ac0713510)

10. M. Chenfei, W. Huahong, L. Xin, X. Guowang, L. Benye, J. Chromatogr. A 1186 (2008)
412 (https://doi.org/10.1016/j.chroma.2007.09.023).



https://doi.org/10.1007/978-3-662-02398-3
https://doi.org/10.2298/JSC190513106S
https://doi.org/10.1021/ac0713510
https://doi.org/10.1016/j.chroma.2007.09.023

Journal of
the Serbian
Chemical Society

JSCS-info(@shd.org.rs » www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 00(0) S1-S17 (2022) Supplementary material

85,

" ffice@shdg,

SUPPLEMENTARY MATERIAL TO

HPTLC-based metabolomics for the investigation of metabolic
changes during plant development:
the case study of Artemisia annua

JOVANA STANKOVIC JEREMICY™*, DEJAN GOPEVAC!, STEFAN IVANOVIC?,
KATARINA SIMICY, ANTOANETA TRENDAFILOVAZ2 MILICA ACIMOVIC? and
SLOBODAN MILOSAVLJEVIC*

"University of Belgrade — Institute of Chemistry, Technology and Metallurgy — National
Institute of the Republic of Serbia, 11000 Belgrade, Serbia; *Institute of Organic Chemistry
with Centre of Phytochemistry, Bulgarian Academy of Sciences, 1113 Sofia, Bulgaria;
3Institute of Field and Vegetable crops, 21000 Novi Sad, Serbia and 4University of Belgrade -
Faculty of Chemistry, Studentski trg 12-16, 11000 Belgrade, Serbia and *Serbian Academy of
Sciences and Arts, Knez Mihailova 35,11000 Belgrade, Serbia

Table S-1. Fractionation by dry-column flash (DF) chromatography

Number of fraction Hexane : ethyl acetate volume ratio Volume, mL
DF1-DF9 95:5 400
DF10-DF18 90:10 400
DF19-DF22 85:15 200
DF23-DF26 80:20 200
DF27-DF30 75:25 200
DF31-DF34 70:30 200

IDENTIFICATION OF THE COMPOUNDS — SPECTRAL DATA

Compounds on HPTLC plate (Fig. 1) Triacylglycerol retention factors,
Rf=0.92-0.96

*Corresponding author: jovanas@chem.bg.ac.rs
https://doi.org/10.2298/JSC210507007S
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Fig S-7. GC-FID chromatogram of fraction DF16 containing Methyl palmitoleate (Retention
time - RT = 20.560 min, Retenrion index - Rl 1935), Methyl Palmitate (RT = 20.73 min,
RI = 1950) and 9,12-Octadecadienoic acid (Z,Z)-, methyl ester (RT = 22.53 min, Rl = 2116)
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Fig. S-8. MS spectrum of methyl palmitoleate (top) and its comparison with the spectrum
from the database (middle and bottom)
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Compounds on HPTLC plate (Fig. 1): a-pinene (Rl = 932), a-copaene
(Rl = 1373), E-cariophylene (Rl = 1416); S-selinene (Rl = 1484), Rr=0.84 - 0.88
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Fig S-11. GC-MS chromatogram of fraction DF1 containing a-pinene, a-copaene,
E-caryophyllene, and p-selinene
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Fig. S-12. MS spectrum of a-pinene (top) and its comparison with the spectrum from the
database (middle and bottom)
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Fig. S-13. MS spectrum of a-copaene (top) and its comparison with the spectrum from the
database (middle and bottom)
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Fig. S-14. MS spectrum of E- s-caryophyllene (top) and its comparison with the spectrum
from the database (middle and bottom)
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Fig. S-15. MS spectrum of S-selinene (top) and its comparison with the spectrum from the
database (middle and bottom)
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Compound on HPTLC plate (Fig 1.) Artemisia ketone R¢ = 0.74 - 0.82
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Fig. S-16. 'H NMR spectrum of artemisia ketone
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Fig. S-17. GC-MS chromatogram of fraction DF3 containing artemisia ketone (Rl = 1057.5)
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Fig. S-18. MS spectrum of artemisia ketone (top) and its comparison with the spectrum from
the database (middle and bottom)
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Compound on HPTLC plate (Fig 1.) 1,8-cineole Rs = 0.68
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Fig. S-19. GC-MS chromatogram of fraction AA DF5 containing 1,8-cineole (Rl = 1028)



S16

STANKOVIC JEREMIC et al.
1004 43
&1
108
71 84 111 154
139
69 o3
w_
1
53 79
125
o 77 136
gl | I
0 l!\tl|il!\\|l‘\\hwllllll\l|||J!‘\!“||'|1!\||=|!\||||I|!\\|‘\|||| T
40 50 60 70 80 90 100 110 120 130 140 150 180 170
(Text File) Scan 982 (8.811 min): AA DF 5.D\data.ms
43
100 81
108
71 a4 111 16 154
o 69 3
55
1 S
58
53| || o5 79 ‘ 125 136
od—dil. .I‘H. elinn L TR [ o [ |
I I A
45 136
53| g8
5. 95
o 139
55 65 11 154
84
71 108
1004 a1
40 50 60 70 & i 0 110 120 130 140 150 180 170

80 90 100
Head to Tail MF=946 RMF=950

40

S0 60 70 80 90 100 110 120

130

140

150

160

170

Fig. S-20. MS spectrum of 1,8-cineole (top) and its comparison with the spectrum from the

database (middle and bottom)
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Compound on HPTLC plate (Fig 1.) Caryophyllene oxide Rf = 0.66
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Fig. S-21. GC-MS chromatogram of fraction DF7 containing caryophyllene oxide (Rl 1581)





