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Introduction: The genus Clusia L. is mostly recognised for the production of preny-
lated benzophenones and tocotrienol derivatives.

Obijectives: The objective of this study was to map metabolome variation within
Clusia minor organs at different developmental stages.

Material and Methods: In total 15 organs/stages (leaf, flower, fruit, and seed) were
analysed by UPLC-MS and *H- and heteronuclear multiple-bond correlation (HMBC)-
NMR-based metabolomics.

Results: This work led to the assignment of 46 metabolites, belonging to organic
acids(1), sugars(2) phenolic acids(1), flavonoids(3) prenylated xanthones(1)
benzophenones(4) and tocotrienols(2). Multivariate data analyses explained the vari-
ability and classification of samples, highlighting chemical markers that discriminate
each organ/stage. Leaves were found to be rich in 5-hydroxy-8-methyltocotrienol
(8.5 pg/mg f.w.), while flowers were abundant in the polyprenylated benzophenone
nemorosone with maximum level detected in the fully mature flower bud (43 pg/mg
f.w.). Nemorosone and 5-hydroxy tocotrienoloic acid were isolated from FLé for full
structural characterisation. This is the first report of the NMR assignments of
5-hydroxy tocotrienoloic acid, and its maximum level was detected in the mature
fruit at 50 ug/mg f.w. Seeds as typical storage organ were rich in sugars and
omega-6 fatty acids.

Conclusion: To the best of our knowledge, this is the first report on a comparative
1D-/2D-NMR approach to assess compositional differences in ontogeny studies
compared with LC-MS exemplified by Clusia organs. Results derived from this study
provide better understanding of the stages at which maximal production of natural
compounds occur and elucidate in which developmental stages the enzymes respon-

sible for the production of such metabolites are preferentially expressed.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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1 | INTRODUCTION

Holistic and untargeted analyses of plant extracts demand the applica-
tion of analytical technologies that provide rich qualitative and quanti-
tative  information, such as ultrahigh-performance liquid
chromatography coupled to mass spectrometry (UPLC-MS) and
nuclear magnetic resonance spectroscopy (1D-NMR). Compared with
1D-NMR that can suffer from overlapping signals hindering identifica-
tion and quantification, 2D-NMR experiments can provide unequivo-
cal or at least much better structural assignments to identify or
determine unknown structures which are hard or mostly impossible to
assign using MS-based techniques only. Among the 2D-NMR tech-
niques, heteronuclear multiple-bond correlation (HMBC) provides a
large number of well-defined signals that provide rich qualitative
structural information by the long-range couplings between carbons
and protons. Such a technique aided in the identification of novel
phloroglucinols in hypericum extract, presenting a potential tool for
characterisation of crude plant extracts among omics tools.! Although
NMR and MS can both provide the same results in principal compo-
nent analysis (PCA) of discriminatory fingerprints,? they are by no
means comparable in their potential to elucidate single compounds or
classes, especially considering their different detection principles and
sensitivity levels.

Clusiaceae Lindl. is a family that belongs to the order Malpighiales®
that is represented by 15 genera and ca. 800 species. The neotropi-
cal genus Clusia L. is the largest genus of this family, with 321 species,
distributed in Central and South America, from the Bahamas to
southern Brazil. Clusia species are known to produce a hydrophobic
resin from their flowers, a characteristic feature for the attraction of
bees that collect it for building nests to prevent against nest insect
attack.*?

Phytochemical studies of several Clusia species revealed its rich-
ness in secondary metabolites, especially prenylated benzophenones
and xanthones, proanthocyanidins, terpenes, and tocotrienols, groups
associated with many potential biological activities.® Benzophenones
in Clusia show an extraordinary rich prenylation pattern with low oxi-
dation indices.” The polyprenylated benzophenones clusianone,
chamone |, xanthochymol, and nemorosone exhibit antibacterial,®

|11 12,13
’

HIV-inhibitory,”1° antiplasmodia and cytotoxic activities.

Nemorosone and 7-epi-nemorosone are active against breast and

1415 \whereas clusiax-

prostate carcinoma cell lines, respectively,
anthone and Z-6-tocotrienoloic acid, metabolites of other classes,
were isolated from Chicosciencea pernambucensis G. Mariz stem bark
and showed anti-Leishmania properties.*® Most of these compounds
found in Clusia contain isoprenoid groups attached to an (originally)
aromatic core that play an important role in their pharmacodynamics
or pharmacokinetics and are of great potential for the discovery of

bioactive agents.?” Prenylated phenolic acids present novel functions

such as in Humulus lupulus L. (hop) and Morus alba L. as cytotoxic and

18,19

anti-inflammatory agents and have yet to be explored in Clusia.

Thus, Clusia is a perfect research target for our interest in both plant

20-22

lipids collected by bees and prenylated aromatics, for example, in

Hypericum.?3-2%

Clusia minor is a dioecious species traditionally used to treat pain
and inflammation in sores and warts. Extracts from its leaves exhibit
antioxidant, anti-inflammatory, and cytotoxic activities based on
in vitro and in vivo studies.?® The antinociceptive potential of C. minor
extract was confirmed in a model to assess inflammatory hyperalgesia
in mice. The analgesic action was achieved in a dose-dependent man-
ner probably through peripheral and central pathways that modulate
pain.?” Identification of active agents in C. minor to account for its
effects and for quality control purposes has yet to be reported, espe-
cially using advanced analytical tools targeting its whole metabolome.

Previous phytochemical studies of C. minor are rather limited espe-
cially using omics approaches. Its flower resin was analysed using HPLC,
revealing the presence of nine compounds, of which only three peaks
were identified as prenylated phloroglucinols based on their MS frag-
mentation pattern.?® In another study, three polyprenylated benzophe-
nones derivatives (propolone D, hyperibone B, and garcinielliptone |, all
m/z 519 [M + HI*), were isolated from its fruits.2’ More recent studies
focused on the GC-MS analysis of its leaves, with the detection of ste-
rols, triterpenes, volatiles, and vitamin E.2¢%7

With an increasing interest in the Clusia genus' health benefits
and the lack of detailed phytochemical studies of its species to justify
such applications scientifically, and also to evaluate other potential
uses based on its rich constituents, the objective of the present work
was to assess the metabolome variation of C. minor organs at different
developmental stages via UPLC-MS and NMR fingerprinting. One suc-
cessful application of HMBC in H. lupulus (hops) resin classification
from different cultivars coupled to multivariate data analysis such as
PCA has been reported by our group,®® which we extend herein for
the assessment of ontogenic effects in Clusia for its different organs
including leaf, flower, fruit, and seed. Results derived from this study
provide better insights into the biosynthetic pathways regulating the
production of Clusia metabolites. It also can reveal the best harvesting
stages of natural compounds of interest and offers opportunities to
identify the enzymes and genes involved in their generation, for

example, by parallel transcriptomics.

2 | EXPERIMENTAL
21 | Chemicals

Methanol-d4 (99.80% D), acetone-dé (99.80% D), and hexamethyldi-
siloxane (HMDS) were purchased from Deutero GmbH (Kastellaun,
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Germany). For NMR quantification and calibration of chemical shifts,
HMDS was added to a final concentration of 0.935mM. Acetonitrile,
methanol, water, and acetic acid (LC-MS Chromasolv grade) were
obtained from Fluka Analytical Sigma-Aldrich (Munich, Germany).
Chromoband C18 ec (1 mL 100 mg™?) cartridge was purchased from
Macherey and Nagel (Diren, Germany). All other chemicals and stan-
dards were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2 | Plant material

Different developmental stages and organs of C. minor shrub grown in
a greenhouse facility at the Leibniz Institute of Plant Biochemistry
(IPB), Halle, Germany were harvested between June 2015 and April
2016. Plant material was immediately frozen in liquid nitrogen, trans-
ported in a box with dry ice and stored at —80°C. Deep-frozen plant
material was milled in liquid nitrogen using pestle and mortar. All
information on collected samples and their maturity stage is recorded
in Table 1 and Figure 1.

2.3 | Metabolites extraction

Each organ sample (150 mg) was extracted in 5 mL 100% methanol
containing 5 pg/mL umbelliferone (internal standard) in an ultrasound
bath for 15 min. Extracts were then vortexed vigorously and centri-
fuged at 8000 x g for 5 min at 5°C. For UPLC-MS analysis, an aliquot
(900uL) was taken and placed on a C18 silica-based cartridge
(100 mg) preconditioned with methanol and water. Samples were
then eluted with 900 uL MeOH into an autosampler glass vial. For
NMR analysis, 3.5 mL extract was transferred to a glass vial and dried

TABLE 1 Codes for the different developmental stages and
organs of Clusia minor L. analysed in this work.
Codes Stage/organ
L1 Expanding leaves
L2 Mature leaves
FL1 Juvenile bud stage
FL2 Second green bud stage
FL3 Third green bud stage
FL4 Fourth green bud stage
FL5 First pink bud stage
FL6 Fully mature bud
FL7 Preanthesis flower stage
FL8 Fully open flower
FL9 Senescent flower
FR1 Immature fruit
FR2 Mature fruit
FR3 Fully expanded fruit
SE Seeds of expanded fruit

i 3
Aochemicalw Ly
under a gentle stream of nitrogen. Pellets were then resuspended in
800 uL methanol-d4 containing HMDS (0.935mM) (internal standard).
After centrifugation (13,000 x g for 1 min), the supernatant was
transferred to a 5-mm NMR tube. Each developmental stage/organ
had two biological replicates and one technical replicate for each one
of the biological replicates. The extraction procedure was performed
under minimal light condition and at low temperatures (transported in

dry ice) to prevent against metabolite decomposition.

24 | UHPLC-HRMS analysis

LC-MS was recorded on an Orbitrap Elite mass spectrometer (Thermo
Fisher Scientific, Germany) coupled to a Dionex UltiMate 3000
UHPLC system and equipped with a DAD-3000 photodiode array
detector. Samples were injected (2 uL) onto a RP-18 column (particle
size 1.9 um, pore size 175 A, 50 x 2.1 mm ID, Hypersil GOLD,
Thermo Fisher Scientific) maintained at 40°C. The solvent system con-
sisted of water/0.1% formic acid (A) and acetonitrile/0.2% formic acid
(B). Total run time was 15 min using a flow rate of 0.4 mL/min and
the following elution gradient: 0-1 min, isocratic 5% B; 1-1.5 min,
70% B; 1.5-8.5 min, 100% B; 8.5-10 min, isocratic 100% B; and 10-
15 min, isocratic 5% B. Mass spectra were acquired in negative ion
mode with a heated electrospray ionization (ESI) source at 400°C,
spray voltage 3.0 kV, capillary temperature 300°C, FTMS resolution
30,000, and sheath and auxiliary gas (nitrogen) at 30 (arbitrary units)
and 15 (arbitrary units), respectively. Collision-induced dissociation
(CID) mass spectra (buffer gas: helium) were recorded using normal-
ised collision energy of 35%. The instrument was externally calibrated
by the Pierce ESI negative ion calibration solution (product
No. 88324) from Thermo Fisher Scientific. Data were inspected using
Xcalibur v. 2.2 SP1.48 (Thermo Fisher Scientific, Germany).

2.5 | NMR spectroscopy analysis

All spectra were recorded on a Varian/Agilent VNMRS 600 NMR
spectrometer operating at proton and carbon NMR frequencies of
599.83 and 150.84 MHz, respectively using a 5-mm inverse detection
cryoprobe. *H-NMR spectra were recorded using a spectral resolution
of 0.26 Hz/point [SW = 8389 Hz, acquisition size = 64 K of complex
points, zero filled to a final Fourier transform (FT) size of 128 K].
Other parameters applied: pulse width (pw) = 6 ps (90°), relaxation
delay = 22.3 s, acquisition time = 2.7 s, and number of scans = 120.
HMBC spectra were collected over a bandwidth of 14 ppm in F2 (*H)
and 235 ppm in F1 (*3C) using two scans per 256 increments for F1
and 2516 complex data points in F2. HMBC experiments were opti-
mised for long-range couplings of 8 Hz, a 1-s relaxation delay and
0.15-s acquisition time that resulted in a total acquisition time of
22 min. All NMR spectra were acquired within samples prepared
immediately before data acquisition (maximum 6 h time interval) to
reduce degradation and artefact formation. Spectra were automati-

cally phase adjusted and proton and carbon chemical shifts were
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L1

FIGURE 1 Representative photos of Clusia minor L. parts at different stages used in this study. Codes refer to Table 1. Scale bars = 1 cm. L1,
expanding leaves; L2, mature leaves; FL1, juvenile bud stage; FL2, second green bud stage; FL3, third green bud stage; FL4, forth green bud stage;
FL5, first pink bud stage; FL6, fully mature bud; FL7, preanthesis flower stage; FL8, fully open flower; FL9, senescent flower; FR1, immature fruit;
FR2, mature fruit; FR3, fully expanded fruit. [Colour figure can be viewed at wileyonlinelibrary.com]
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referenced to HMDS (6 *H = 0.062 ppm) and internal CD3;0D (&
13C = 49.0 ppm), respectively.

Further 2D-NMR spectra were recorded for selected samples,
namely *H-H correlation spectroscopy (COSY), *H-H total correla-
tion spectroscopy (TOCSY), *H-3C heteronuclear single-quantum
coherence (HSQC), and *H-13C HMBC, using standard CHEMPACK
7.1 pulse sequences (gDCOSY, zTOCSY, gHSQCAD, and gHMBCAD,
respectively) implemented in Varian VNMRJ 4.2A spectrometer

software.

26 |
flowers

Isolation of major compounds from the

A Shimadzu prominence system (Kyoto, Japan) consisting of an SPD-
M20A photodiode array detector, a CBM-20A communication bus
module, a DGU-20A5R degassing unit, and an LC-20AT HPLC pump
was used for semi-preparative separation of the two major com-
pounds of C. minor flowers. A reversed-phase column and a gradient
mobile phase of acetonitrile and water was used. Collected fractions
were dried under nitrogen stream and the obtained white powder
was analysed by UPLC-MS and NMR spectroscopy as described
above.

27 | UPLC-MS, 1D-, and 2D-NMR data processing
for multivariate data analyses

Native UPLC-MS files were converted into mzML. Converted files
were analysed in the XCMS package, under R Studio environment for
peak detection, alignment, integration, and relative quantification,
using custom-written procedures. *H"NMR spectra of all samples
were stalked using MestReNova version 10.0 software (Mestrelab
Research SL, Spain) and preprocessed, with baseline correction (poly-
nomial fit—order 3) and normalisation by scaling to HMDS signal.
Spectral intensities were reduced to integrated regions, referred to as
buckets, of equal width (0.04 ppm) within the region of 64 10.0 to
—0.4 ppm. The regions between &, 5.0-4.7 and 3.4-3.25 ppm corre-
sponding to residual water and methanol signals, respectively, were
removed prior to multivariate analyses.

1H-13C HMBC spectra of all samples were processed using a sine
bell window function in F2, zero filling up to 1024 K, and a Gaussian
window function in F1 prior to Fourier transformation to ESP files
using ACD/NMR Manager lab version 10.0 software (Toronto,
Canada). For statistical analysis, spectral intensities were reduced to
2D integrated regions, referred to as pixels, that is rectangles, of con-
stant length and width in the spectral regions &¢ (—5.0 to 230 ppm) in
F1 and &4 (—2 to 12 ppm) in F2 and an intensity value per pixel
(i.e. the pixels are the 2D equivalents of the “buckets” in 1D spectra).
Pixel sizes were set at 0.925 ppm in the F1 dimension (*3C) and
0.04 ppm in the F2 dimension (*H), with the noise factor set to 3. The
regions corresponding to residual water and methanol signals were
removed prior to analyses. PCA calculated based on 2D-NMR HMBC

i 5
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fingerprint was performed with the open-source statistic software R
(2.9.2) together with the Bioconductor package pcaMethods using an
R script developed in-house and a normalisation to sum of integral set
at 10,000 as previously described.*°

The resulting integral list from 1D- and 2D-NMR spectra were
imported into SIMCA-P 14.1 software package (Umetrics, Umea,
Sweden), where the data were subjected to hierarchical cluster analy-
sis (HCA), PCA, and orthogonal projections to latent structures dis-
criminant analysis (OPLS-DA). All variables were mean centred and
scaled to Pareto variance. PCA and HCA were run for obtaining a gen-
eral overview of the variance of metabolites and to identify organ

markers.

2.8 | NMR quantification

1H-NMR spectra of all samples were acquired with a sufficient long
relaxation delay of 22.3 s, ensuring full relaxation of all proton reso-
nances during signal acquisition. The peak areas of the internal stan-
dard signal (HMDS) and of the selected proton signals of the target
compounds were integrated using the peak-peaking algorithm for all
the samples. In most of the cases, more than one peak was used for
standard deviation (SD) calculation. The following equation was
applied for calculation:

Ir

X
mT:MTx—x—Stxcstxvst
Ist XT

my mass of the target compound in the solution prepared for the
1H-gNMR measurement (ug)

Mt molecular weight of the target compound (g/mol)

It relative integral value of the *H-NMR signal of the target
compound

It relative integral value of the *H-NMR signal of the internal
standard

Xst number of protons belonging to the *H-NMR signal of the
internal standard

X1 number of protons equivalent to the *H-NMR signal of the tar-
get compound

C.: concentration of internal standard in the solution used for *H-
NMR measurement (mmol/L) corrected to its purity (99%)

V volume of solution used for *H-NMR measurement (mL)

The results are expressed as mean = SD of three measurements.
Significant differences between the values of the metabolite levels
were determined at p < 0.05 according to one-way analysis of vari-
ance (ANOVA) with Tukey's post hoc test using GraphPad Prism®
version 5.0.

3 | RESULTS AND DISCUSSION

The major goal of this study was to assess the metabolite heterogene-

ity and changes in C. minor L., in the context of its different organs
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(viz. leaf, flower, fruit, and seed) during development and ripening, in
an untargeted and comprehensive manner, using UPLC-MS and
NMR-based metabolomics. This study included expanding and mature
leaves, nine developmental flowering stages, three fruit samples at dif-
ferent maturation levels, and the seeds from the expanded fruit. The
goal of the present study was to assess metabolites biosynthesised by
the different organs of C. minor, pairing UPLC-MS, and NMR analyses.

The results provide new insights into the secondary metabolism
of a representative of the Clusia genus and helps to better valorise its
potential as source of medicinally or otherwise useful

phytoconstituents.

3.1 | Metabolites identified in C. minor L. extracts
Metabolites were identified by comparing their UPLC-MS (R, UV/Vis
spectra and MS data, accurate mass, isotopic distribution, and frag-
mentation pattern) and NMR features (chemical shifts, coupling con-
stants, and 2D correlations) with those reported in the literature.
Searches were carried out in the following databases: Reaxys, SciFin-
der, and Phytochemical Dictionary Database (CRC, Wiley). MS/MS
spectra were submitted to in silico fragmentation in MetFrag (http://
msbi.ipb-halle.de/MetFrag/). Identifications were confirmed with
authentic standards whenever available commercially or in-house.
Such comparative approach of NMR and LC/MS aided the structural
elucidation especially for several regioisomers that we failed to con-
firm using LC/MS only. They required 2D-NMR for proof of structural
assignment.

Metabolite profiles obtained by UPLC-MS and *H-NMR of leaves,
flowers, fruits, and seeds of C. minor methanol extracts showed signif-
icant visual quantitative and qualitative differences. LC-MS base peak
chromatograms of the different organs of C. minor are presented in
Figure 2. UPLC-MS peak assignments are described in Table 2, while
detected features that were confirmed using NMR are presented in
Table 3. Chemical structures of key metabolites are presented
in Figure 3 with compounds identified using UPLC-MS denoted with
L versus N in case of NMR.

To the best of our knowledge, 1D- and 2D-NMR experiments
have not been previously reported for metabolite fingerprinting of
Clusia species. A comparative *H-NMR spectrum of different develop-
mental stages of C. minor L. organs is illustrated in Figure S1. The *H-
NMR spectrum of fully mature bud flower (FL6) extract is displayed in
more detail in Figure 4A as a representative example of C. minor to
show relative peak abundance and major classes identified using
NMR. Expanded spectral regions are shown in Figure 4B-D, and sig-
nal numbers correspond to those listed in Table 3.

The HMBC spectrum of the FL6 extract is displayed in Figure S2
and approximately can be divided into three main regions along the
F2 proton dimension. Different classes of metabolites were identified
as evident from their characteristic NMR signals described further
down in detail. In the region | at & *H values between 5 and 8 ppm,
signals are well resolved in the extension of mostly the & *3C values at
100 to 200 ppm of the F1 axis, comprised of prominent moieties such
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FIGURE 2 UPLC-MS-based chromatograms of different organs of

Clusia minor L. methanol extracts, measured in negative ionisation
mode: expanding leaves L1 (A), fully mature bud flower FL6 (B), fully
open flower FL8 (C), mature fruit FR2 (D), and seeds SE (E).
Chromatographic conditions are described in the experimental
section. The identities, retention times, and basic UV and MS data of
all peaks are listed in Table 2.

as aromatic rings and olefinic chains in phenolics and prenylated
metabolites, a major secondary metabolite class in Clusia. The second
region (Il) of the HMBC spectrum includes mainly cross peaks along
the F1 dimension at & *3C 40-80 ppm, in which signals correspond to
sugars. The strongest cross peaks are in the third region (Ill) at & *H of
0.5-3.5 ppm and are spread along the full length of the F1 carbon
dimension (6 *3C 10-210 ppm) ascribed to methylene and methyl
groups of prenylated metabolites, the most characteristic natural
product class of Clusia,” accounting for most of its described biological
effects.

A total of 46 metabolites were annotated combining the analysis
of UPLC-MS and NMR datasets. Metabolites belonged to organic
acids, fatty acids, phenolics, flavonoids, xanthones, benzophenones,
and tocotrienols.

Some common plant metabolites were readily assigned by NMR.
Signals in the upfield region, namely at 6y 2.32 ppm (J = 7.8 Hz) and
1.62 ppm, were of fatty acids (N1), and these were present almost
exclusively in seeds as typical storage organ of the plant (Figure S1).
Linoleic acid (N2), an omega-6 fatty acid enhanced in the seeds, was
identified from the three signals at 6y 5.33, 2.77 and 0.90 ppm, corre-
sponding to methine, methylene, and terminal methyl groups, respec-
tively (Figure S3), and suggestive that omega-6 fatty acid is enriched
in C. minor seed. On the other hand, two doublets at &, 2.90 and
2.78 ppm (J =15.5Hz, H-3), only detected in the leaves, were
assigned to citric acid (N3). This is further confirmed from key HMBC
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NOLETO-DIAS ET AL.

(Continued)

TABLE 2

MS/MS product ions

(m/z)

Error

Molecular
formula

Rt

[M-HI

Peak
no.

Metabolite class

Identification

(ppm)

(min) UV (hm)

5.9

(m/z)

Polyprenylated

Polyprenylated benzophenone

285.1848, 325.1802, 349.1439, 430.2138,

Cs3H4004 +0.52

499.2856 1 224,289, 366

L35

benzophenone

derivative

463.2455
234.1257, 271.1334, 280.1105, 295.0964

Polyprenylated

Nemorosone (N12)

-0.93

Ca3H4204

6.03 225,289, 348

501.3006

L36

benzophenone

327.1959, 363.1592 417.2058 432.2290,

457.3097
441.2706, 457.3100

Polyprenylated

Polyprenylated benzophenone

-0.81

C33H4204

501.3006 6.53 225, 280, 360

L37

benzophenone

derivative

Polyprenylated

Polyprenylated benzophenone

-0.26 432.2300, 457.3109

C33H4204

6.68 225, 286, 362

501.3009

L38

benzophenone

derivative

Tocotrienol

5-Hydroxy-8-methyltocotrienol

151.0402, 206.0948, 274.1573, 342.2199,

-0.67

C27H4003

225,289, 348

6.98

411.2902

L39

(N14)

393.2795, 396.2666
271.2067, 355.2634, 377.1753, 432.23083,

Polyprenylated

Polyprenylated benzophenone

-0.94

C38H 5004

225,289, 348

7.03

569.3631

L40

benzophenone

derivative

525.3738

*Confirmed with authentic standards. Product ions in bold represent base peaks in MS/MS spectra.

i 9
Aochemicalw LE Y-
correlations shown in Figure S4 and a UPLC-MS peak that can be
readily observed eluting at an earlier time point of 0.37 min with
[M-H]~ at m/z 191.0196 (peak L1) (Figure 2) considering its polarity.

In the hydroxy methine region (&4 5.5-3.4 ppm) of the NMR
dataset, most signals are ascribed to protons of sugar units. Major
sugars identified in all extracts belong to sucrose (N4), a-glucose (N5),
B-glucose (N6), and fructose (N7), identified based on their anomeric
protons at 8 5.38, 5.10, 4.46, and 4.01 ppm, respectively (Table 3).

Among the detected phenolic acids, and likely to contribute to
plants’ taste and further health effects, p-coumaroylquinic acid (L4,
N8) was a major constituent detected in fruits and seeds of C. minor.
Its identification was based on both UPLC-MS and NMR analyses, as
not all NMR signals could be assigned in the crude extract spectra due
to signal overlap and highlighting the benefit of data acquisition from
both platforms (Table 3). Visualisation of the UPLC-MS trace of seed
extract indicated that a major peak eluting at 1.46 min with a [M-H]~
at m/z 337.0926 (Table 2) was a p-coumaroyl derivative. On the other
hand, in leaves chlorogenic acid (L6, N9) was the dominant phenolic
acid detected by using both UPLC-MS and NMR. This was also con-
firmed by comparison with authentic standard.

The largest subclass of flavonoids found in C. minor belonged to
flavanols. Catechin (L5, N10) and epicatechin (L8, N11) were detected
by both UPLC-MS and NMR in all samples, though at different levels.
Well-resolved aromatic *H-NMR signals were detected for both cate-
chin (N10) and epicatechin (N11) (Table 3). NMR chemical shifts are in
accordance with those previously published for catechin and
epicatechin.®!

Compared with flavanol monomer detected using NMR and
LC/MS, flavanol dimers were identified by UPLC-MS. For example,
proanthocyanidin B2 (L6) was confirmed with an authentic reference
sample, while peaks L3 and L12 were assigned to other proanthocya-
nidin B variants, based on their [M-H]™ at m/z 577.1342 and charac-
teristic fragmentation patterns. In addition, a C type proanthocyanidin
was tentatively identified in peak L9 (Table 2), not observed in NMR
due to its low abundance.

Other flavonoid subclasses detected in C. minor were flavonols
and flavones, though at lower levels compared with flavanols. They
are readily detected using LC/MS, mostly found as glycosides of quer-
cetin, kaempferol and apigenin aglycones, that is, rather ubiquitous
flavonoids in planta. Confirmation of the aglycones was based on
MS/MS signals of the quercetin residue at m/z 301 (C15H9O57) in
quercetin  O-rhamnoside (L10), rutin (L13), and quercetin 3-O-
glucoside (L15). Two kaempferol derivatives were likewise assigned in
peaks L17 and L19. Apigenin C-glucoside and apigenin O-glucuronide
were tentatively identified in peaks L14 and L18, respectively
(Table 2). The biflavone Fukugiside, previously isolated from multiple

Garcinia species,®>%2

was assigned in L20. This biflavone was found
exclusively in UPLC-MS traces of fruits and seeds and suggests that
these organs represent a potential source of this strong antioxidant.*

While flavonoids are ubiquitous in planta, xanthones are found in
a limited number of families only, including Clusiaceae.> Three xan-
thones were detected in C. minor extracts, with annotations limited to

their level of hydroxylation and prenylation, based on their MS/MS
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Analysis

TABLE 3 H- and **C-NMR data and key *H-'3C HMBC correlations of metabolites identified in Clusia minor L. methanol extract (CDzOD,
600 MHz for *H and 150 MHz for *3C).

No. Metabolite Position &1? (Jin Hz) 5P, type HMBC (H to C)

N1 Fatty acids 1 - 174.7, COOH
2,CH, 2.325t(7.8) 35.0 1,34
3, CH, 1.617 s 259 2,4
4,CH, 1.31 30.1
», CHj 0.895t(7.3) 14.5 w-1, -2
®-2, CH, 1.28 32.8
®-1, CH, 1.31 23.8

N2 Linoleic acid 11, CH, 2.775t(6.7) 26.4 9,10, 12,13
9/10/12/13, CH 5.336,5.341 m 129.1, 130.9 11
18, CH3 0.904 t (6.7) 14.5

N3 Citric acid 1, COOH - 177.6

L1 2,C - 743
3a, CH, 2.904 d (15.5) 44.2 1,2,4
3b, CH, 2.776 d (15.5) 1,2
4, COOH - 173.9

N4 a-Sucrose 1,CH 5.385d(3.8) 93.6 2
2,CH 3.428 dd (9.8, 3.8) 73.2 1

N5 a-Glucose 1,CH 5.100d (3.8) 94.0

N6 B-Glucose 1,CH 4.465d(7.8) 98.2

N7 Fructose 2,CH 4.092d(8.2) 79.3 4
4,CH 4.014d (7.5) 75.6

N8 p-Coumaroylquinic acid 1 - 127.3 -

L 2//6/,CH 7.45d (8.6) 1310 4,7
4,.C = 161.1 =
3'/5',CH 6.80d (8.6) 116.9 1’
7',CH 7.65d (16.0) 146.3 2'/6',9
8, CH 6.37 d, (15.9) 116.0 1
9, COOH = 168.8 =

N9 Chlorogenic acid 8,CH 6.278 d (15.9) 114.9 3

L6 7, CH 7.576d (15.9) 147.1 5
2',CH 7.052d(2.2) 115.2 8,3,6
5,CH 6.958 dd (2.2, 8.0) 122.9 5,6,7
6',CH 6.780d (8.0) 116.5 5
3,CH 4174 m 71.3 5
4,CH 3.730dd (2.7, 10.0) 734 4,6
5,CH 5.339 m 72.0 5

N10 Catechin 2,CH 4.561d(7.5) 82.8 3,4,1,2,6

L2 3,CH 397 m 68.8
4, CH, 2.85dd (16.0, 5.0) 28.6

2.49 dd (16.0, 8.0)

6,CH 5.928d(2.3) 96.1 10
8,CH 5.853d(2.3) 95.5 10
10,C = 100.6
1,C = 132.2
2',CH 6.835d (2.0 115.2 2,46
4, C = 146.1
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TABLE 3 (Continued)

No. Metabolite

N11 Epicatechin

L8

N12 Nemorosone

L36

N13 5-Hydroxy tocotrienoloic acid
L29

Position
5, CH
6',CH
2,CH
6,CH
8,CH
10,C
1,C
2/, CH
6',CH
1,C
3,C
5C
6,CH,

7,CH
8,C

9,C

17, CH,

10, CO
11,C
12/16, CH
13/15, CH
14, CH

18, CH
19,C
20/30, CH3
21, CHs
22, CH,
23, CH
24,C

26, CHs
27,CH,

28,CH
29,C
25,CHg
31, CH3
32, CHj3
33, CH3
2,C
3,CH,
4,CH,
5°C
6,C
7,CH
8,C

&1? (Jin Hz)

6.76 m

6.716 dd (8.2, 2.0)
4.81 (br.s)
5.909d(2.3)
5.943d(2.3)

6.835d(2.0)
6.789 dd (8.3 2.0)

1.410t(12.7)
2.008 dd (13.4, 4.0)
1.744 m

3.092 qd (14.5,7.2)

7.581 dd (8.0, 1.0)
7.244 t (8.0)

7.419 tt (8.0, 1.0)
5.105tt(7.2,1.4)
1.642 s

1.587 s

2.487 qd (14.3,7.0)
5.012 m

1.659 s

1.729 m

2.143dd (12.1, 6.0)
5.012m

1.681s

1.642 s

1.342 s

1.096 s

1.71-1.77 m
2.6381td (7.0,2.2)

6.433 s

Analysis

5¢”, type
116
119.9
79.9
95.6
953
99.9
1322
1152
119.9
783
120.6
621
423

44.6
48.6
210.2
22.6
195.4
138.5
129.6
128.7
133.0
122.9
132.9
26.0
18.0
30.5
121.2
134.8
18.3
28.3

124.2
134.0
26.3
18.1
244
16.3
75.6
322
184
146.3
141.8
116.2
116.9

_WILEY-

HMBC (H to C)

2,24
1.2 &

2,1,2

N

,27
,28,29

~N

3,18, 19, 20, 21

14, 10
12/16, 14,11
12/16, 11
17,20, 21
19,24

20
5,6,9,23, 24
5,22,25,26

7,28, 29
7,27, 30, 31

1,7,8,33
1,7,8,32

2,10
2,56,9

5,6,8,9,10,11

(Continues)
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2 LwiLey-fhgchemca
TABLE 3 (Continued)
No. Metabolite Position &1? (Jin Hz) 5P, type HMBC (H to C)
9,C 137.7
10,C 110.7
11, CHj3 2.008 s 15.7 56,7,8,9,10
1, CH, 1.50-1.56 m 40.7 2,17,2,3, 4
2/, CH, 209 m 23.2 2,1,3,4
3'/7',CH 5.127 m 126.2 2',5,6,9,16
&.C - 135.7
5,CH, 1.96 m 40.7 3/7,4,6
6, CH, 2.08 m 27.5 3/7,4,5
8,C - 134.9
9, CH, 207 m 39.4 7,8,10,11, 15
10, CH, 2.273q(7.4) 28.3 8,9,13, 14
11, CH 6.752 td (7.4, 1.5) 142.9 9,10, 12,13, 14’
12/, C - 129.5
13/, CH3 1.787 s 12.7 11,12/, 1%
14', COOH - 172.2
15'/16/, CH3 1.585s 16.1 3/7,4
17, CHjg 1.234 s 24.3 2,3,4
N14 5-Hydroxy-8-methyltocotrienol 2,C - 75.6
Led 3,CH, 1.71-1.78 m 322 2,4,10,1,17'
4, CH, 2.64 m 18.3 2,10
5C = 146.2
6,C = 141.7
7,CH 6.435s 116.9 5,6,9,10, 11
9,C = 137.7
10,C = 110.7
11, CHy 2.008 s 15.7 56
1, CH, 1.48-1.53 m 40.2 2,3,17
2/, CH, 2.09-2.13 m 23.2 2,1,3,4
3,CH 5.130 m 125.8 25,16
4'/8,C = 135.8 =
5, CH, 1.95-1.98 m 40.7 4.7
6, CH, 2.03-2.09 m 27.4 4'/8, 5,7
7',CH 5.075 m 125.6 9,15
9', CH, 1.92-1.94 m 40.7 8,11
10/, CH, 2.03-2.09 m 27.7 8,9, 11,12
11/, CH 5.075 m 125.2 9,10/, 14’
12/,C = 131.9 =
13/, CH3 1.582 s 17.8 12
14/, CH3 1.654 s 259 11,12/, 13
15, CH3 1.563 s 16.1
16/, CH3 1.570 s 15.8
17',CH3 1.234 s 244 2,3, 1

Abbreviations: d, doublet; dd, doublet of doublet; HMBC, heteronuclear multiple-bond correlation; HSQC, heteronuclear single-quantum coherence, m,
multiplet; NMR, nuclear magnetic resonance; qd, quartet of doublets; s, singlet; t, triplet; td, triplet of doublets; tt, triplet of triplets.

a1H chemical shifts with only two decimal places are chemical shifts of HSQC correlation peaks or signal overlapping.

bChemical shifts of HSQC or HMBC correlation peaks.
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FIGURE 3 Chemical (A)
structures of metabolites

identified in Clusia minor

L. methanol extracts. Organic

acids (A), phenolics and flavonoids

(B), polyprenylated benzophenone

(C), and tocotrienols (D). Note the

carbon numbering system for the (0)
compounds is used throughout
the manuscript for NMR
assignment and thus is based on
analogy rather than International
Union of Pure and Applied
Chemistry (IUPAC) rules. L and N
prior to compound numbers
denote the identification
techniques UPLC-MS and NMR,
respectively.

Fatty acids (N1)

Clusiaphenone B, L26

31 30
Nemorosone L35 (N11)

fragmentation pattern. L22 was annotated as tetrahydroxy (mono)pre-
nyl xanthone, while L23 as trihydroxy diprenyl xanthone. Compounds
with these structures have been isolated from several Garcinia species
(Clusiaceae) and are believed to contribute to their antidiabetic activ-
ity and cytotoxic effect against cancer cell lines.*3” L26 was assigned
to hydroxy-dimethoxy diphenyl xanthone and can be annotated as
3,5-Di-O-dimethyl-8-deoxy-gartanin, a compound previously reported
from the floral resin of Clusia nemorosa.>®

Another class of secondary metabolites widely distributed and
typical in the Clusiaceae are polyprenylated benzophenones.*” A total
of 11 UPLC-MS peaks showed molecular formulas and MS/MS frag-
mentation pattern characteristic of that class. Fragments include
mostly sequential losses of 69 amu (-CsHg, prenyl groups) and
18 amu (-H,0, hydroxyl groups) (Table 3) and aided in their structural
elucidation.3?*° Clusiaphenone B (L27), machuone (L33), and grand-
one (L34) were major forms and have been previously detected in Clu-

sia sandiensis fruits.**? L27 was detected in all C. minor organs, but

H (B)
I A AN ;
4 4
HO ™Yy ™ n HO™ % L7 “ OH Ho

Analysis

Citric acid L1 (N3)

OH Catechin L4 (N9)
Epicatechin L7 (N10)

Grandone, L33

OH OH O

Fukugiside, L19

: R2
\12R

16’ 15 13’
R R'=0OH, R2=COOH, L28 (N12)
R'=H, R2=COOH, L31
R'=OH, R?=CH; L38 (N13)

HO

its level was much higher in flowers. L33 seems to be present only in
flowers, whereas L34 was found in all organs but at much lower levels
in the leaves (Figure 1). Profiling results suggest that among C. minor
organs, flowers are the most enriched ones in polyprenylated benzo-
phenones, probably based on the pollination biology, rewarding bees
with such compounds. Considering our interest in that class and to
fully elucidate its major compounds detected in the flowers (Figure 2),
(L36, N12) was isolated and analysed using UPLC-MS and NMR for
full structure characterisation. Data were compared with the
literature,*® and the constituent was confirmed as nemorosone (L36,
N12). Complete *H and '°C-NMR assignments are presented in
Table 3, and extensive NMR spectra are presented in Figure S5-S8.
Nemorosone was previously found as the major component in the flo-
ral resins of Clusias like Clusia rosea, Clusia grandiflora, Clusia insignis,
and C. nemorosa.*?> Although other Clusiaceae genera are also
reported for vyielding bicyclic polyprenylated acylphloroglucinols
(BPAPs), nemorosone has only been described in the name-giving
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FIGURE 4 1H NMR spectrum of the fully
mature bud flower (FL6) of Clusia minor L. in
CD30D showing characteristic signals for
metabolites in the most relevant shift range (&
0.0-7.5 ppm) (A). Expanded spectral region from
5.0-7.7 (B), 2.5-4.7 (C), and 0.7-2.4 ppm

(D) with assigned peaks: N1 (fatty acids), N2
(linoleic acid), N4 (a-sucrose), N5 (a-glucose), N6
(B-glucose), N7 (fructose), N9 (chlorogenic acid),
N10 (catechin), N11 (epicatechin) N12
(nemorosone), and N13 (5-hydroxy
tocotrienoloic acid). Signal numbers correspond
to those listed in Table 3 for metabolite
identification using NMR spectroscopy. [Colour
figure can be viewed at wileyonlinelibrary.com]
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Clusia genus species thus far, with C. minor now added as another
potential source of that phytochemical. A comprehensive review
focusing on nemorosone effects recently has been published** con-
sidering its potential pharmacological effects including cytotoxicity
against malignant cells and antiparasitic and antimicrobial properties.
Tocotrienols are commonly concentrated during seed
development.*>* Their derivatives represent another type of preny-
lated compounds found in Clusia.” Prenyltransferases involved in the
production of these phytochemicals have yet to be cloned. Using
UPLC-MS, four peaks were annotated as tocotrienol derivatives
including L28, L29, L32, and L39. The structure of L28 could not be
confirmed, whereas L32 was annotated as tocotrienoloic acid (garci-
noic acid), a compound previously isolated from various Clusia species:
Clusia obdeltifolia,*® Clusia burle-marxii,*° C. pernambucensis,16 and
Clusia criuva.® Garcinoic acid shows many bioactive properties includ-

5051 and hypogly-

ing antioxidant, antiproliferative, anti-inflammatory,
cemic activities.?

A derivative of garcinoic acid was identified to cause peak L29
with [M-H]~ at m/z 441.2643 (C,7H3g05) with one oxygen atom
more than garcinoic acid. L29 was the second most abundant com-
pound in C. minor flowers and was isolated using HPLC for further
structure elucidation. Its MS/MS spectrum showed a major fragment
at m/z 397.2737 [M-CO,-H]~ and other product ions corresponding
to the loss of H,O (m/z at 423.2532), followed by subsequent loss of
CO, (m/z at 379.2632) (Table 2). Extensive NMR experiments were
carried out (Figure S9-S12), and L29 (N13) was identified as
5-hydroxy tocotrienoloic acid (Table 3), based on comparison with the
reported data for garcinoic acid.>® The garcinoic acid NMR spectrum
presents two aromatic protons (H-5 and H-7) appearing as two dou-
blets at &y 6.37 (J =27 Hz) and 6.47 ppm (J = 2.7 Hz), respec-
tively.>®> While 5-hydroxy tocotrienoloic acid identified herein
exhibited only one singlet at & 6.43 ppm assigned to H-7 (5¢
116.2 ppm). The NMR signal for H-11" appeared at &y 6.75 ppm (td,
J=7.4, 1.5 Hz), displaying HMBC correlations with 6c 12.7 (CH3-
13'), 28.3 (CH-10'), 129.5 (C-12'), and 172.2 (C-14’), consistent with a
prenyl side chain oxidised at the terminal position (Figure S13). In
summary, L29 structure differed from garcinoic acid by an extra OH
group at position C-4. A hydroxylated garcinoic acid has been
described in the gum resin of Garcinia kola®*; however, the authors
presented only UPLC-MS data for this compound. This is the first
report of the NMR data of 5-hydroxy tocotrienoloic acid in literature
(L29, N13).

Another tocotrienol derivative, (L39, N14), was detected in
C. minor organs with highest levels in leaves and early flower stages.
Its NMR signals presented a similar pattern to (L29, N13), but with-
out the carboxylic acid moiety at the terminal position (C-14’). This
is evident from the key cross peaks of & at 1.65 ppm (H-14') and &¢
at 17.8 (CH3-13'), 125.2 (CH-11), and 131.9 ppm (C-12') in the
HMBC spectrum (Figure S14). With a predicted molecular formula
calculated obtained from UPLC-MS of Cy7H4003 (Table 2), this com-
pound was identified as 5-hydroxy-8-methyltocotrienol. It has been
isolated only recently from the roots and branches of Allophylus
cobbe (L) Raeusch.®®> The NMR signals for 5-hydroxy-

Phytochemical 15
Analysis —WILEY
8-methyltocotrienol (L39, N14) and other major leaf compounds can
be better visualised in the leaf *H-NMR spectrum, as shown in
Figure S15.

3.2 | Multivariate data analysis of UPLC-MS and
1H- and 'H-'*C-HMBC-NMR datasets

Metabolomics studies typically generate large datasets, and for assist-
ing in identifying variations among the different developmental stages
of C. minor organs in an untargeted manner, multivariate data analysis
of spectral datasets was adopted. Chemometric tools are routinely
applied to 1D-NMR spectra,>® but less has been done with 2D-NMR
fingerprints, introducing another set of chemical shifts from the car-
bon dimension. Such 2D-spectra like HMBC spectra could complicate
the spectral processing. We have previously developed a novel (to our
knowledge the first ever) approach in coupling HMBC datasets with
PCA for hop resin classification,”® which we extend herein for the
ontogenic study in Clusia. Details for spectral processing are described
in the same report.>° Briefly, complex HMBC spectra were divided
into small pixel areas (=2D bins) comprised of 0.04 ppm in the H
dimension and 0.92 ppm in the *°C dimension and spectral intensities
to generate a 2D-NMR matrix.

PCA was employed to explore the relative variability within dif-
ferent organs. The PC1 plotted against PC2 scores derived from
UPLC-MS (Figure 5A), 1D 'H-NMR (Figure 5B) and 2D H-13C-
HMBC-NMR (Figure 5C) datasets revealed four distinct major clus-
ters, each one corresponding to a plant organ (viz. leaves, flowers,
fruits, and seeds). Replicates (biological and technical) were found to
cluster together confirming the high reproducibility of the extraction
and detection method.

The first two components of the UPLC-MS dataset explained
77% of the variance (Figure 5A), and its loadings plot (Figure 5D) indi-
cated that the polyprenylated benzophenones nemorosone and
grandone contributed most to the segregation of the flower samples.
In contrast, leaf samples were rich in citric acid and 5-hydroxy-
8-methyltocotrienol, while fruits were elevated in 5-hydroxy tocotrie-
noloic acid and a not yet identified polyprenylated benzophenone
derivative (L37).

Similar PCA results were observed in 1D- and 2D-NMR-derived
score plots, although with HMBC-NMR accounting for a smaller total
variance of 24% along PC1 and PC2 compared with 62% in the case
of *H-NMR (Figure 5B & 5C). This is likely attributed to the low detec-
tion level of HMBC compared with *H-NMR. As expected, seeds as
storage organ appeared the most distant from other organs being
enriched in fatty acids (Figure 5E & 5F) and tocotrienol derivatives.
Loading plots from both datasets were examined to highlight NMR
resonances that contribute significantly to organ differentiation. The
variables are &y buckets in the case of 1D- and cross peak pixels in
the case of 2D-NMR HMBC datasets. Similar results were revealed
from both loading plots. Nemorosone (N12) was found enriched in
flowers, while citric acid has its highest abundance in leaves. Expect-

edly, this suggests that flowers present the best source of
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FIGURE 5 Principal component analysis (PCA) score plots derived from UPLC-MS (A), 1H-NMR (B), and 1H-13C HMBC-NMR (C) datasets of

different developmental stages of Clusia minor L. organs. Respective loading plots with contributing assignments to the mass peaks (D), proton
chemical shifts (E), and cross peak pixels (F). Sample colours: green (leaves—L), yellow (flowers—FL), blue (fruits—FR), and red (seeds—SE). Sample
code details are explained in Table 1. [Colour figure can be viewed at wileyonlinelibrary.com]

polyprenylated benzophenones, the resinous substance collected by
pollinating bees, in C. minor. This also is in agreement with other taxa
such as hypericum.2?> The clustering of fruit specimens was mostly
attributed to its richness in 5-hydroxy tocotrienoloic acid (N13), so
that organ can act as a rich source of that unusual tocotrienol
derivative.

Like PCA, HCA represents another unsupervised data analysis
tool that allows easier interpretation of the results in an intuitive
graphical way. HCA of the UPLC-MS-derived dataset revealed a den-
drogram, in which four clusters were designated, comprising each one
of the organs [viz. seeds (SE), fruits (FR), leaves (L), and flowers (FL)]
(Figure 6A). Compared with UPLC-MS, 1D- and 2D-NMR spectra-
derived dendrograms (Figure 6B & 6C) showed clusters that combined

leaf samples with green flower bud stages likely for the comparable
metabolome composition especially from primary metabolites readily
to be detected in NMR and not UPLC-MS.

3.3 | Metabolite quantification in organs

Quantitative NMR (gNMR) measurement represents a reliable and
well-established method for determining the concentration of com-
pounds in mixtures. It uses the proportional relation of an integrated
signal area and the number of nuclei corresponding to its resonance.®”
Well-resolved peaks for most of the identified metabolites described
in Table 3 via 1D and 2D-NMR allowed an unbiased absolute
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FIGURE 6 Hierarchical cluster
analysis dendrograms from the UPLC-MS
(A), 1H-NMR (B), and 1H-13C HMBC-
NMR (C) datasets of modelling different
developmental stages of Clusia minor

L. organs. Colour lines: red (seeds—SE),
blue (fruits—FR), green (leaves—L), and
yellow (flowers—FL). Sample code details
are explained in Table 1. [Colour figure
can be viewed at wileyonlinelibrary.com]

quantification for their levels in all samples. Nevertheless, for the
quantification to be optimal, full relaxation of the protons of target
metabolite signals and the internal standard HMDS had to be
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achieved. For that, a rather large sum of relaxation delay and acquisi-
tion time of 25 s was employed for NMR acquisition, as the longest

relaxation times were 4.5s for the HMDS protons. For
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quantifications, NMR signals unique to each metabolite and suffi-
ciently separated from neighbouring signals were selected. Using
gNMR, the concentration of some of these primary and secondary
metabolites were calculated and are presented in Table 4, expressed
as pg mg~* fresh weight (ug mg™? f.w.).

Plants concentrate allocation of resources according to their
needs at certain stages. Growth, defence, and attraction/repulsion are
some of their priorities under normal developmental conditions.”® In
this context, results presented in Table 4 highlight the great metabolic
variability among the different organs of C. minor.

Seeds as energy storage organs encompassed the highest levels
of sugars, that is sucrose, fructose (17.97 and 6.90 ug mg=! fw.,
respectively), and fatty acids such as linoleic acid (9.85 pug mg~?* f.w.).
In fruits and seeds, secondary metabolites may act in the context of
seed dispersal and fruit defence, by being associated with rewards for
dispersers or by deterring predators and pathogens.>”

Citric acid was only detected by *H-NMR in the leaves, with high-
est level found in mature leaves (L2) at ca. 136 pug mg™* f.w. C. minor is
a facultative water-conserving crassulacean acid metabolism (CAM)
plant. This photosynthetic pathway is seen as a way to cope with

t%° and to account for the high levels of citric acid to lessen

drough
photoinhibition. Then, under drought conditions, instead of increasing
maximum photon utilisation, the plant will use the stored citric acid for
carbon intake.®? If it also adds to plant health needs to be examined.

Chlorogenic acid was also mostly observed in leaves, though with
an opposite accumulation pattern to that of citric acid, being found at
higher levels in the earlier leaf stage (L1) at 2 ug mg~?! f.w. It declines
during flower development, until it is absent or reaches the detection
limit in the fruits. A similar trend was observed during the flower
development of Lonicera japonica Thunb.®? Accumulation of chloro-
genic acid in young tissues may be a defence mechanism against vari-
ous stresses due to the antioxidant and antimicrobial potential of this
phenolic compound,®® especially in this critical stage in plant life.

Green bud flower stages (FL2, FL3, and FL4 with 3.58, 3.76, and
3.01 ug mg~?! f.w., respectively) showed the highest levels of cate-
chins. Interestingly, epicatechin was found in larger amounts than cat-
echin in most of the organs. In summary, the overall distribution of
catechin and epicatechin in the different organs had the following
abundance order: buds > flowers > leaves > fruits = seeds. It has
been reported®* that catechin and epicatechin are major flavonoids in
rose petals and that their contents also reduced during flower devel-
opment. Flavonoids can act as antioxidants and play a role in protect-
ing the flower bud cells of reactive oxygen species caused by biotic or
abiotic factors.6?

Nemorosone as major polyprenylated benzophenone was not
detected in leaves, and its concentration gradually increased during
the budding stage until it reached its peak in the fully mature flower
bud (FL6, ca. 60 ugmg™! fw.). This was followed by a steady
decrease during flowering and a sudden decline when fruits are
formed, with ca. 3 pg mg™? f.w. left in the mature fruit (FR2) (Table 4).
Polyprenylated benzophenones have their core structure derived from
the shikimate and acetate-malonate pathways, with multiple isoprenyl
substitutions at the phenyl(s). This type of compound has been

previously described as the major secondary metabolite class in floral
resins of several Clusia species, although they can be found in other
organs, as revealed in our metabolomics approach. Polyprenylated
benzophenones play an important ecological role acting as a reward
to pollinating bees that collect these floral resins for nest construction.
After slow, yet chemically not quite clear polymerisation, the resin
provides a waterproof and probably antimicrobial protection, since
the latter is an expected characteristic of benzophenones.?”#? This is
similar to the flower oil-based resins bees collect from the related
Malpighiaceae but also other, unrelated genera for nest lining.20-226%
The prenyl group in the benzophenones increases their lipophilicity
and likely the penetration into the bacterial cell to account for their
antimicrobial actions. It also enhances oxidisability (and thus may initi-
ate oxidative crosslinking in the bee nest lining).

A different metabolic function might be associated with the bio-
synthesis of tocotrienols. Only the leaves contained quantifiable levels
of 5-hydroxy-8-methyltocotrienol (N14). In other organs, this com-
pound was probably metabolised to 5-hydroxy tocotrienoloic acid
(N13), by oxidation of one of the terminal methyls to a carboxylic
acid group. The levels of N13 constantly increase in the flowering tis-
sue with most of it detected in the fully mature bud (FL6, ca. 43 -
pgmg=! fw), and eventually accumulating in the mature fruit
FR2with 50 ug mg~* f.w. among all samples (Table 4).

Tocotrienols are unsaturated forms of tocopherols (vitamin E iso-
forms) much less widespread in the plant kingdom than the latter.
They both present a chromanol ring, albeit the side chain of tocotrie-
nols contains three double bonds while the one in tocopherols is satu-
rated. Although tocopherols are well known for their health benefits,
studies indicate tocotrienols present a greater antioxidant potential
than tocopherols.®® Interestingly, tocotrienols are commonly enriched
in seeds compared with tocopherols in other organs. We observed
such enrichment earlier in seeds.*> *” Seeds have to show a higher
temperature and oxidation resistance and hence a greater membrane
stability, which can be assigned to the more rigid trienols. Transgenic
tocotrienol-accumulating plants also have shown greater phototoler-
ance than their wild-type counterpart suggestive of an efficient
in vivo antioxidant potential of these compounds via protection of
membrane lipids from peroxidation.®” Considering C. minor is a tropi-
cal plant that grows in sunny Amazonian and coastal Brazilian regions,
the presence of 5-hydroxy-8-methyltocotrienol (N14) in its leaves
suggests that this compound might exert photoprotectant, antioxi-
dant, and membrane rigidification action.

Plants tend to allocate their resources to protect tissues or organ
stages that are important towards their fitness. Production of second-
ary metabolites divert carbon reserves from tissue growth, and there-
fore the plant must follow a trade-off of fast growing, maintenance,
reproduction, and defence through physiological adaptations for sur-
vival.’8¢? The metabolites identified in C. minor are a part of various
biosynthetic pathways. The high levels of polyprenylated benzophe-
nones and tocotrienol derivatives in flowers and fruits, respectively,
suggest an important role in the attractiveness and protection of
reproductive tissues in C. minor more favoured by the plant at this

critical and culminative stage of its life.
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3.4 | Comparison of different technologies as

biomarker screening tools

The results obtained by applying UPLC-MS and NMR-based metabo-
lomics approaches to assess ontogenic changes in C. minor organs
were presented for the first time in literature using such omics
approaches. The 2D-NMR experiment performed herein is not yet
routinely used in plant metabolomics studies,® and it has several
advantages over 1D methods providing stronger structure elucidation
power than that observed in the case of 1D-NMR and likewise
MS. Also phase and baseline corrections, normalisation, and data anal-
ysis are simpler than for 2D-NMR data. However, longer acquisition
times and more advanced instruments and software are needed for
measurement in the case of 2D experiments. Yet, it should be noted
that in our study both techniques (*H and HMBC-NMR) required
equal acquisition times of ca. 30 min per spectrum due to the long
relaxation delay used in the 1D case for quantification purposes.
Therefore, 1D analysis used in this study provided direct quantifica-
tion of selected metabolites, while 2D analysis reduced spectral over-
lap and added molecular connectivity information that led to a clearer
metabolite identification.

Yuk and colleagues’® compared the potential of three different
1D- and 2D-NMR methods to discriminate earthworms exposed or
not to a pesticide, and the best outcomes were found for the HSQC
technique. In our study, both 1D- and 2D-NMR spectral data yielded
accurate discriminations among the different organs. The results infer
that leaves have the highest levels of citric acid and 5-hydroxy-
8-methyltocotrienol and seeds are rich in sucrose and omega-6 fatty
acids, flowers in polyprenylated benzophenone nemorosone, and
fruits in 5-hydroxy tocotrienoloic acid, all fitting perfectly their ecolog-
ical roles at their respective stages (Figure 7). Although HMBC is
known to be less sensitive than *H-NMR, both techniques were able
to provide accurate information on the different organs of C. minor
using similar acquisition times and providing comparable statistical
clustering results. Nevertheless, it is important to optimise the
methods according to the type and concentration of compounds in
the analysed samples. One of the drawbacks of *H-NMR fingerprint-
ing is peak overlap, here resolved by 2D HMBC-NMR dispersing sig-
nals to two dimensions instead of one. Overall, 2D HMBC-NMR
brings a third layer of complexity and contributes immensely to the
compound identification confidence because it shows long-distance
proton and carbon connectivity.

Multivariate data analyses of the datasets permitted the construc-
tion of chemometric models for data interpretation and marker identi-
fication. Comparing the three technologies, UPLC-MS was the one
that explained most of the variance among the samples (77%) likely
due to its higher sensitivity and better detection of secondary metab-
olites than primary ones, which are co-detected using NMR and which
do not show many qualitative differences among organs. Comparison
between NMR and UPLC-MS classification potential of liquorice
drugs done earlier by us already revealed that UPLC-MS provides a
stronger model attributed to its richness in MS signals for secondary

metabolites with no detection of primary metabolites which are

difficult to ionise using ESI source in UPLC-MS.2 However, sample
preparation can be more straight forward for NMR, and most of all,
LCMS datasets are influenced by differential ionisation and ion sup-
pression; therefore, peak areas cannot be directly related to com-
pound concentrations in samples. *H-NMR data on the other hand
allow absolute quantitation but are less sensitive than UPLC-MS, and
therefore mostly major compounds are detected in the samples,®®
especially if no enrichment step (which can cause artefacts) was
undertaken prior to data acquisition during sample preparation. The
results presented here highlight the complementarity of the three
experimental methods in explaining the phytochemical composition of
the different organs of C. minor.

With regard to the NMR fingerprinting technology development,
HMBC-NMR coupled to multivariate data analysis for Clusia organ
classification as a test model was compared with that of 1D-NMR.
For anonymous clustering of organ-specific constituents, 1D-NMR of
direct extracts is sufficient and fast. However, for deeper insights and
reliable annotation or especially new constituents, the long-range cou-
plings in HMBC spectra (over two and three bonds) provide crucial
information on the connectivity between carbons and hydrogens,
resulting in a better assignment of metabolites in crude plant
extracts.’° HMBC cross peak patterns of metabolites are indeed a
promising approach that in our opinion is underexplored for plant
extract classification using multivariate data analysis and sound deter-
mination of discriminating constituents.

Finally, the samples were taken from a greenhouse-grown plant
at IPB. We are aware that plants or other organisms grown under
non-native conditions may show some deviation in their metabolite
patterns (usually especially affecting flavonoid and terpenoid con-
tent)”* However, the main process, especially in flower and fruit
development, should be genetically fixed, and thus deviation from nat-
urally grown specimen (which we could not access within reasonable
time) should be minimal.

The current study represents the first comprehensive map of
metabolites in C. minor on an organ basis and during development.
Accumulation dynamics of several phytochemicals were analysed
using untargeted comparative UPLC-MS and NMR technologies. The
UPLC-MS approach utilised herein allowed for the identification of
many metabolites, while *H-NMR provided an absolute quantification
of metabolites of different classes. We have reported a novel applica-
tion of 2D HMBC-NMR to discriminate organs and developmental
stages of a plant in the context of its ontogenic variations. This dem-
onstrates the analytical potential of a 2D-NMR platform as an emerg-
ing tool for the profiling of complex plant extracts in metabolomics
studies, and it presents additional evidence for the complementarity
of NMR and UPLC-MS.

The chemical characterisation of complex structures in C. minor
extracts demonstrates the potential of modern 2D-NMR spectro-
scopic techniques to speed up the traditional lengthy processes to
identify active principles in crude plant extracts, as it can in ideal cases
provide enough information to resolve structures even without any
purification step,%° and it speeds up dereplication and identification of

known compounds. The emerging NMR metabolomics combined with
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FIGURE 7  Clusia minor changes main functional metabolites from citric acid in green parts to bee-collectable nemorosone in flowers and to
5-hydroxy tocotrienoloic acid and energy compounds in seeds. [Colour figure can be viewed at wileyonlinelibrary.com]

modern cheminformatics can indeed help to reduce the gap that has
widened in natural product drug discovery, aiding towards identifica-
tion of active agents especially if coupled to bioassays using regres-
sion models such as partial least squares (PLS).”%”3

Multivariate data analyses coupled to UPLC-MS and 1D/2D-
NMR datasets demonstrate variation in secondary metabolism exist-
ing among C. minor organs, with opening flowers being the richest
ones in bioactive polyprenylated benzophenones, particularly
nemorosone. The clustering of fruit specimens was mostly attributed
to its richness in 5-hydroxy tocotrienoloic acid. In contrast, leaf sam-
ples were rich in citric acid and 5-hydroxy-8-methyltocotrienol. Not
unexpected, the plant provides to each organ and developmental
stage the constituents of prime relevance as major (secondary)
metabolite.

Coupling these differential metabolite profile data with gene tran-
script levels can assist in probing involved genes, biosynthetic path-
way analyses, and eventually breeding if targeting increasing levels of
that phytochemical.”#”> Indeed, the correlative analysis of differential
metabolic and gene expression profiling in planta has proven a power-
ful approach for the identification of candidate genes and enzymes,
particularly for those of natural product metabolism. This aids the
identification of the best times for transcriptome analyses and for har-
vesting certain phytochemicals or enzymes.

The same metabolomics workflow of sample preparation, mea-
surement, and data processing can be adapted easily to other onto-
genic studies of secondary metabolite producing plants. The analytical

approach developed in this work can also be readily applied for

investigating the effect of other factors such as cultivars, storage, har-
vesting time, or seasonal variation on the secondary metabolite com-
position of C. minor or other plants adding to its potential use as

nutraceutical or medicinal plant in the future.
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