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Abstract
Theobroma cacao is a rich source of flavonoid compounds, which are potent antioxidants. Flavonoids are well-known for 
their health benefits against cardiovascular diseases, cancer, and improvement of blood pressure. For this reason, cacao mass 
production has drawn the attention from the functional foods industry. Furthermore, cacao cell suspensions can be used to 
evaluate complex biosynthetic pathways, such as flavonoids due to the homogeneity of the cell population, the unlimited 
availability of raw material, the high cell growth and division rates, and the reproducibility of in vitro growth conditions. 
However, the metabolome of cacao could be affected by exposure to light; especially shorter wavelengths such as blue light 
trigger targeted flavonoid synthesis. Here, we provide the first report of the metabolomic profile of cacao cell suspensions 
grown under white-blue and dark conditions. For this, targeted metabolomics was conducted on flavonoids, including 
bioactive compounds such as catechin, epicatechin and proanthocyanidins (PAs). Moreover, untargeted metabolomics was 
performed to evaluate the response of the endogenous metabolites exposed to darkness and light. For this, unsupervised and 
supervised multivariate methods were used. Additionally, a chemical annotation and classification was conducted for the top 
50 features obtained from the PLS-DA, in order to identify metabolic pathways that are associated to the light treatments. 
An increase of glycosylated flavonoids and PAs with higher degrees of polymerization from cells grown under light com-
pared to dark, suggested that light conditions may trigger mechanisms associated with moderate stress. Additionally, lipids, 
flavonoids, and phytosterols increased after light treatment. The potential of cacao cell suspensions in food biotechnology 
is discussed, considering that the characterization and quantification of the cacao flavonoid composition are the first steps 
to evaluate the putative contribution of chocolate to human health.
Key message Metabolomic profiles of cacao cell suspensions under light and dark conditions suggest that flavonoid 
modification processes could be involved in defense response under light stress.

Keywords Cacao · Cell suspensions · Metabolomics · Blue LED light · Flavonoids

Introduction

Theobroma cacao seeds are the raw material for the 
chocolate industry, which is estimated at 90 billion dol-
lars per year (Patras et al. 2014; Anga 2014). Cacao seeds 

are a rich source of dietary polyphenols, 60% of which 
are monomeric flavanols (epicatechin and catechin) and 
proanthocyanidins (PAs) oligomers stored in the cotyle-
dons of cacao seeds (Barnaba et al. 2017). These com-
pounds contribute to the bitter flavor of cocoa products and 
are responsible for its astringent taste (Magi et al. 2012). 
Bitterness and astringency are features in high-quality 
chocolate products and place the study of phenolic com-
pounds at the core of the industry (Elwers et al. 2009). 
Moreover, cacao flavonoids are strong antioxidants largely 
due to their o-diphenol structure (Elwers et al. 2009). The 
antioxidant effect of catechins and PAs has been linked to 
a number of health benefits, including the prevention of 
chronic and cardiovascular diseases and cancer, as well 
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as potent inflammation inhibition (Sánchez-Rabaneda 
et al. 2003; Calderón et al. 2009; Gutiérrez-Salmean et al. 
2015). Such biological effects occur since they are potent 
antioxidants and chelators of divalent cations, enzyme 
inhibitors, and enzyme modulators (Barnaba et al. 2017). 
Among cacao phenols, PAs have been found to be the most 
potent antioxidant species (Calderón et al. 2009). Addi-
tionally, it has been reported that cocoa contains more phe-
nolic substances than tea and red wine, including a higher 
antioxidant capacity (Lee et al. 2003). Accordingly, recent 
epidemiological studies have stressed that phenolic-rich 
diets including chocolate are associated with beneficial 
health effects and a longer life expectancy (Ali et al. 2015). 
Consequently, a health claim on cocoa flavanols based on 
their properties shown to be beneficial to cardiovascular 
fitness was granted by the European Food Safety Author-
ity, EFSA (2012).

Several factors affect the quality and quantity of plant 
polyphenolic compounds. These include genetics (varietal 
and regional) as well as a large array of environmental vari-
ables such as growth conditions, light intensity, humidity, 
temperature, fertilizer use, wounding and infections, among 
others (Niemenak et al. 2006; Sampaio et al. 2011; Borges 
et al. 2013). Light is perhaps one of the most important regu-
lators of growth and development, and it is also key for the 
biosynthesis of secondary metabolites (Wang et al. 2009; 
Ghasemzadeh et al. 2010; Fu et al. 2016; Pedroso et al. 
2017). Phenolic biosynthesis requires and is enhanced by 
light (Ghasemzadeh et al. 2010). Wavelengths, mainly blue 
light, together with light intensity are key factors reported to 
contribute to the biosynthesis of flavonoids in plants (Mani-
vannan et al. 2015; Zoratti et al. 2014; Pedroso et al. 2017; 
Li et al. 2018). In cacao, several factors including microcli-
mate and sunlight as well as pod position on the trees have 
been reported to impact the quantity of polyphenols (Counet 
et al. 2004; Elwers et al. 2009; Afoakwa et al. 2013; Gu et al. 
2013; Krähmer et al. 2015; D’Souza et al. 2017).

Understanding the effects of light on secondary metab-
olism in field-grown plants can be challenging due to the 
aforementioned environmental factors influencing flavonoid 
production. Thus, the use of cell suspension cultures is a 
powerful platform to evaluate complex biosynthetic path-
ways and physiological processes at the cellular and molecu-
lar levels. This is enabled by the homogeneity in the cell 
population, large availability of material, high rate of cell 
growth and reproducibility of cell suspensions (Moscatiello 
et al. 2013). Cacao polyphenol production has been reported 
in cell cultures under different conditions and some advances 
using light conditions to modulate in vitro flavonoid pro-
duction have been described and patented (Alemanno et al. 
2003; Rojas et al. 2008, 2015; Pancaningtyas 2015; Gallego 
et al. 2016, 2018). This demonstrates the potential of cacao 
cell cultures as a reliable source of natural products.

Flavonoid metabolic profiles have been well docu-
mented in cacao at several time points during seed devel-
opment (Rigaud et al. 1993; Hammerstone et al. 1999; 
Bucheli et al. 2001; Stark and Hofmann 2005; Elwers et al. 
2009; Pereira-Caro et al. 2013; Wang et al. 2016; D’Souza 
et al. 2017), in fermented and/or dry seeds (Tomas-Bar-
berán et al. 2007; Patras et al. 2014; Barnaba et al. 2017), 
as well as in chocolate products such as cocoa powder 
and cocoa liquor (Sánchez-Rabaneda et al. 2003; Natsume 
et al. 2000; Wollgast and Anklam 2000; Stark and Hof-
mann 2006; Calderón et al. 2009; Magi et al. 2012; Ali 
et al. 2015; D’Souza et al. 2017). Such profiles include 
other polyphenolic compounds besides flavonoids, for 
instance, simple phenols, benzoquinones, phenolic acids, 
acetophenones, phenylacetic acids, hydroxycinnamic 
acids, N-phenylpropenoyl-l-amino acids, phenylprope-
nes, coumarines, chromones, naphthoquinones, xanthones, 
stilbenes, anthraquinones, lignans, and lignins (Barnaba 
et al. 2017). The identification of cacao flavonoids has pre-
dominantly been done using a variety of chromatographic 
techniques for the separation of oligomers, accompanied 
by independent methods for structural characterization 
(Rigaud et al. 1993; Hammerstone et al. 1999; Natsume 
et al. 2000). Today, normal- and reverse-phase high-per-
formance liquid chromatography coupled to mass spec-
trometry is the most used technique for the identification 
of flavonoids and their sub-products in cacao seeds at 
different stages (Counet et al. 2004; Sánchez-Rabaneda 
et al. 2003; Patras et al. 2014; D’Souza et al. 2017). An 
accurate characterization of polyphenol composition by 
LC–MS/MS can contribute to the evaluation of the puta-
tive benefits of chocolate to human health (Wollgast and 
Anklam 2000) and can provide information about biosyn-
thetic responses to variables like light and other abiotic 
stresses. Furthermore, the characterization of the chemical 
profile in cacao cell cultures could lead to determining its 
potential in the design of functional foods.

Despite the fact that cacao has been extensively examined 
in terms of its chemical composition, very little information 
and biotechnological approaches are available for cacao cell 
cultures. Herein, we describe for the first time the metabolic 
composition of cell cultures derived from cacao seeds, with 
emphasis on flavonoid content and their potential in bio-
technological applications. We have recently reported that 
light can effectively regulate flavonoid profiles, inducing a 
faster accumulation of phenolic compounds and shifting of 
epicatechin/catechin ratios, in particular as a response to 
switching from white to blue light (Gallego et al. 2018). 
Here we have analyzed the metabolic profile of cacao cell 
suspensions grown under white-blue light and dark based 
on targeted and untargeted metabolomic studies. Finally, our 
data are discussed in the context of the potential for cacao 
cell cultures in food biotechnology and human health.
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Materials and methods

Plant material and growth conditions

Mature, 8-month-old cacao pods of the Trinitario (BIOA 
accession) were collected at the commercial farm of the 
Compañía Nacional de Chocolates, during the harvest of 
August 2016 in the region of San Vicente de Chucurí-San-
tander, Colombia (06°53′00″N, 73°24′50″W). Cacao cell 
suspensions were induced following Gallego et al. (2017). 
The cultures were maintained at 23 ± 2  °C under cool-
white fluorescent lamps (12 µmol m−2 s−1) for 16 h light 
at 100 rpm. After 12 days, cell suspensions were filtered 
using a 300 µm mesh and an inoculum (4 g l−1 dry weight) 
was used for establishing cultures. These were sub-cultured 
every 7 days under dark conditions in order to prepare the 
suspensions for the light treatments. Media composition was 
prepared according to Gallego et al. (2017).

Light treatments

Cell suspension cultures were exposed to two light treat-
ments for 14 days using light-emitting diode (LED) lights. 
In the first treatment, we evaluated a sequential exposure 
to 7 days white LED then blue LED (L) for other 7 days. 
In the second treatment, cells were kept in the dark (D) for 
14 days. White and blue LED arrays were designed to give 
an intensity of 60 µmol m−2 s−1 under a photoperiod of 16 h 
light and 8 h dark. Erlenmeyer flasks of 100 ml containing 
30 ml of cells were subcultured at day 7 and all samples were 
collected at day 14 for PAs extraction and further metabo-
lomic processing. Four replicates were collected for each 
treatment. The same experiment here described was used 
to obtain transcriptomic data and reported in Gallego et al. 
(2018).

Sample preparation

Cell suspension was filtered and washed with ultrapure 
water. Subsequently, the biomass was lyophilized at 
− 20 °C. Then 50 mg of dry weight cacao cell suspensions 
were extracted using 1 ml of extraction solution (70% ace-
tone:29.5% water:0.5% acetic acid), then vortexed for 5 s 
followed by water bath sonication for 15 min using a bench-
top ultrasonic cleaner (Model 2510, Bransonic, Danbury, 
CT, USA). After sonication, samples were vortexed again 
and centrifuged at 5000 rpm for 10 min. The samples were 
re-extracted as before and the supernatants from each extrac-
tion were pooled. The degreasing of samples were followed 
using hexane twice, and then the aqueous phase was filtered 
through a 0.45 μm polytetrafluoroethylene (PTFE) syringe 

filter (Millipore, Billerica, MA, USA). This procedure was 
performed according to Liu et al. (2013). Four biological 
replicates of each treatment were extracted. To quantify 
soluble PA levels, the p-dimethylamino-cinnamaldehyde 
(DMACA) method was used. Absorption was measured at 
640 nm at 1 min intervals for 20 min to get the maximal 
readings. The total PA levels were calculated using a stand-
ard curve prepared using PAs B2 (Indofine, NJ, USA). For 
metabolomics analysis, genistein (2.5 µg ml−1) was spiked 
in each sample as an internal standard before HPLC analysis.

RP‑HPLC–MS/MS conditions

Reverse phase HPLC using a Prominence 20 UFLCXR 
system (Shimadzu, Columbia, MD) was used to perform 
the metabolomic analysis. 5 µl of extract was injected to a 
Waters (Milford, MA) BEH  C18 column (100 mm × 2.1 mm, 
1.7 μm particle size). The column was maintained at 55 °C 
and 20 min aqueous acetonitrile gradient, at a flow rate of 
250 µl min−1. Solvent A was HPLC grade water with 0.1% 
formic acid and Solvent B was HPLC grade acetonitrile with 
0.1% formic acid. The initial condition was 97% A and 3% 
B, increasing to 45% B at 10 min and 75% B at 12 min, 
which was held until 17.5 min before returning to the initial 
conditions. The eluate was delivered into a 5600 (QTOF) 
TripleTOF using a Duospray™ ion source (all AB Sciex, 
Framingham, MA). The capillary voltage was set at 5.5 kV 
in positive ion mode and 4.5 kV in negative ion mode, with 
a declustering potential of 80 V. The mass spectrometer was 
operated in information dependent acquisition mode with a 
100 ms survey scan from 100 to 1200 m/z, and up to 20 MS/
MS product ion scans (100 ms) per duty cycle using a colli-
sion energy of 50 V with a 20 V spread. Analytical standards 
of catechin, epicatechin, epicatechin gallate, gallocatechin 
and quercetin were purchased from Sigma (St. Louis, MO, 
USA). The purity of the standards was 98% and all of these 
were prepared as stock solutions at 1 mg l−1 in methanol. 
Samples were processed at the metabolomics facility of Penn 
State University.

Metabolomics data processing

Accurate precursor masses, MS/MS fragments in negative 
mode, retention time (RT), and intensities were exported 
from AB Sciex (Progenesis QI software) to MS-DIAL V. 
2.34 (Tsugawa et al. 2015). For data collection, mass range 
was set from 100 to 1200 m/z, centroid parameter 0.01 Da 
for MS1 tolerance and 0.05 Da for MS2. For peak detec-
tion, linearly weighted smoothing average algorithm was 
used, setting the smoothing level at 1 scan, minimum peak 
width at 5 scan, and the minimum peak height at 3000 of 
amplitudes. For RT peak spotting, the default values were 
accepted (mass slice of 0.1 m/z and step size of 0.05 m/z). 
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For peak alignment, filtering, and missing value interpola-
tion we use 0.05 min at RT tolerance and 0.025 Da at MS 
tolerance.

Metabolomics data analysis

First at all, the obtained peak areas were normalized to gen-
istein (m/z = 269.0457) internal standard, log transformed 
and Pareto scaled, missing values imputed, and outliers 
removed before proceeding to univariate and chemomet-
rics analyses. The input raw data is available in Supple-
mental Table S1. Statistical analysis was performed using 
the software MetaboAnalyst 4.0 (Chong et al. 2018). In the 
flavonoid targeted approach, parameters of metabolite fold 
change (FC) > 2 and volcano plot with p value < 0.1 and 
FC > 2 were used for the comparison blue light (L) and dark 
(D). For the untargeted approach, metabolite FC > 2, and 
significant changes (FDR adjusted p < 0.05) were calculated 
using a volcano plot. A partial least squares projection to 
latent structures discriminant analysis (PLS-DA) were per-
formed between treatments for the complete metabolome. 
The output consisted of score plots to visualize the con-
trast between different samples for the two treatments and 
variable importance in the projection (VIP) loading plots to 
detect putative biomarkers that explain the cluster separa-
tion. All analyses were carried out with four replicates. The 
peak intensity data were visualized in heatmaps using R. 
In addition, the web application MetFamily (Treutler et al. 
2016) was used to identify light-regulated metabolite fami-
lies by integrating MS1 abundances with MS/MS spectra. 
A minimum spectrum intensity of 500 was used. The hierar-
chical cluster analysis (HCA) was performed using an MS1 
abundance threshold of 20,000 counts and a  log2-FC (LFC) 
of two, to identify metabolite families. Relative abundance 
were used to perform the multivariate statistical analysis.

This was followed by a flavonoid annotation targeted 
metabolomic approach using a previously in-house designed 
database of mass spectra (m/z) and RT of known phenolic 
compounds in cacao beans and chocolate products (Wollgast 
and Anklam 2000; Natsume et al. 2000; Sánchez-Rabaneda 
et al. 2003; Stark and Hofmann 2006; Tomas-Barberán et al. 
2007; Calderón et al. 2009; Elwers et al. 2009; Magi et al. 
2012; Pereira-Caro et al. 2013; Wang et al. 2016; Patras et al. 
2014; Ali et al. 2015; Barnaba et al. 2017; D’Souza et al. 
2017). The data base was used to identify putative phenolic 
metabolites in the cacao cell suspensions metabolome. In 
addition, each metabolite was searched manually on Metlin 
(https ://metli n.scrip ps.edu/), MassBank (https ://massb ank.
eu/MassB ank/index .html), and PubChem (https ://pubch 
em.ncbi.nlm.nih.gov/) databases to confirm their identifica-
tion. External standards of catechin, epicatechin, quercetin, 
gallocatechin epigallocatechin and epigallocatechingallate 

were also run with the same parameters of cacao cell 
suspensions.

Results

Annotation of phenolic compounds in the cacao cell 
suspensions metabolome

Cacao cell suspensions extracts showed a significant dif-
ference (p-value < 0.05) for the total soluble PAs content 
between treatments with 49.10 mg/ml for L and 29.65 mg/
ml for D. Using RP-HPLC–MS/MS, several groups of phe-
nolics previously reported for cacao were identified in the 
extracts prepared from cacao cell suspension cultures. These 
included four N-phenylpropenoyl-l-amino acids (PPAA) 
(two aspartic acid-derivatives and two tyrosine-derivatives), 
a compound belonging to benzoic acids (protocatechuic 
acid), and a prominent peak of citric acid. Additionally, four 
sub-groups of flavonoids were also annotated as belonging to 
flavanone derivatives (naringenin-hexoside, naringin, eriod-
ictyol), flavone and derivatives (luteolin, apigenin-hexosides, 
luteolin-hexosides), flavanonol (dihydroquercetin, dihydro-
kaempferol), and flavonol and derivatives (kaempferol, 
quercetin, quercetin-hexoside). The flavan-3-ol monomers 
catechin and epicatechin and the well-known oligomeric 
PAs up to tetramers A-type and B-type were also annotated 
in the cacao cell suspensions. Finally, two isomers (i) of 
an unknown peak previously reported for cacao were also 
detected at m/z 329.2336 in 12.01 and 17.48 min RT, respec-
tively. The detailed information of the 63 peaks detected in 
our cultures in negative mode are shown in Table 1.

The PPAA were annotated with two aspartic acid-deriv-
atives at 278 m/z ((+)-N-[4′-hydroxy-(E)-cinnamoyl]-l-
aspartic acid) and 308 m/z ((+)-N-[4′-hydroxy-3′-methoxy-
(E)-cinnamoyl]-l-aspartic acid), and two tyrosine-derivatives 
at 358  m/z as clovamide (((−)-N-[3′,4′-dihydroxy-(E)-
cinnamoyl]-3-hydroxy-l-tyrosine) and 326 m/z as deoxy-
clovamide (((−)-N-[4′-hydroxy-(E)-cinnamoyl]-l-tyrosine)). 
All four molecules fragmented in MS2 yielded the char-
acteristics peaks. Citric acid and protocatechuic acid were 
associated with the peaks at m/z 191 and 153, respectively.

In relation to the sub-groups of flavonoids, three peaks 
related to flavanone derivatives were detected at m/z 287, 
579, and 433 as eriodictyol, naringenin-7-O-neohesperido-
side (naringin), and naringenin-hexoside respectively, giv-
ing MS/MS peaks characteristic of those compounds. The 
second sub-group with six flavones were detected at m/z 477 
(3 luteolin-hexosides), m/z 431 (2 apigenin-hexosides), and 
luteolin (m/z 285), which also showed characteristic MS/MS 
fragments of each molecule. The third sub-group, flavanonols, 
showed peaks at 303 and 287 associated with dihydroquerce-
tin and dihydrokaempferol (2 isomers). In the last sub-group 

https://metlin.scripps.edu/
https://massbank.eu/MassBank/index.html
https://massbank.eu/MassBank/index.html
https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
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belonging to flavonols, three peaks were detected at m/z 463, 
301, and 285, which were associated with quercetin-hexoside, 
quercetin, and kaempferol, respectively. Of these, quercetin 
was also compared with an authentic standard.

The monomers catechin and epicatechin yielded the 
deprotonated molecule [M−H]− (m/z 289) at 3.77 and 
4.47 min, respectively. The MS/MS spectrum showed two 
peaks of 203 and 245 in both molecules. The masses and 
RT were compared with catechin and epicatechin external 
standards. One peak at 605 m/z was associated with the 
epicatechin methyl dimer, which showed 289 and 243 ion 
products in MS/MS. In relation to the PAs, A-type (4 dimers, 
4 trimers, 3 tetramers) and B-type (13 dimers, 8 trimers, 
and 5 tetramers) were annotated in our cell cultures. A-type 
dimers showed [M−H]− ions at m/z 575, consistent with 
catechin and/or epicatechin-based dimers, giving ions under 
the MS2 spectra at 287, 423, 285, and 449. B-type dimers 
were the most abundant showing 13 isomers. These yielded 
ions at m/z 577 in MS/MS giving same ion products of 289 
and 407. A-type trimers, with the precursor ion m/z 863, 
fragmented into peaks at 287, 575, and 711 peaks. B-type 
trimers (m/z 865) showed ions at 287, 289, 407, 577, 695, 
and 713. A-type tetramers at m/z 1151 [M−H]− fragmented 
at 575 and 863 in MS/MS. Lastly, B-type tetramers (m/z 
1153) fragmented showing similar peaks at 287, 407, 575, 
865, and 983. All the known phenolic compounds were dis-
tributed within the first 9 min of the runs.

Furthermore, two isomers of an unknown molecule were 
prominent at 329 m/z showing 171 m/z fragment in MS/MS 
in both cases. Based on previous reports for cacao, these 
were tentatively assigned as the organic acid 9,10,13-trihy-
droxyoctadec-11-enoic acid (9,10,13-TriHOME). Moreover, 
MUFAs, PUFAs and, acylglycerols were found increased in 
the top 50 features from the PLS-DA in the light treatment 
and classified in lipid chemical class (Supplemental Fig. S1). 
Thus, the high relative abundance of 9,10,13-TriHOME is 
in accordance with the relative abundance of lipids. Inter-
estingly, in this profile, we did not detect the hydroxycin-
namic acids prevalent in cacao (caffeic, ferulic, p-coumaric 
acids, and chlorogenic acid). Similarly, we did not find peaks 
associated with methylxanthines (theobromine, 179 m/z and 
caffeine, 193 m/z) and anthocyanins (cyaniding-3-O-arabi-
noside, 419.1 m/z and cyaniding3-O-galactoside, 449.2 m/z) 
when checking in positive mode. The detailed MS/MS 
fragmentation pattern for the 63 phenolic compounds is 
presented in the Supplemental material (File Metabolites 
spectra).

Metabolomic analysis of phenolic compounds 
under blue light and dark conditions

We compared the phenolic compounds in extracts from 
cacao cell suspensions grown under white-blue LED light Ta
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(L) and darkness (D). Samples were taken at the end of the 
experiment, under blue light and dark, in order to detect dif-
ferences due to light treatment. A FC comparison between 
L/D showed 43 peaks with a threshold higher than 2 in L 
and 4 peaks higher in D (Supplemental Fig. S2). A volcano 

plot (FC higher than 2 and p-value < 0.1) showed four 
peaks overexpressed in the blue light and these were anno-
tated as two B-type PAs (isomers of dimer and tetramer, 
respectively), luteolin, and one of the unknown compounds 
(9,10,13-TriHOME, isomer 2) (Fig. 1).

To gain a better understanding of the 63 phenolic com-
pounds annotated and their relative abundances, we con-
structed a biochemical map to visualize these compounds 
(Fig. 2). Citric acid (citrate) and protocatechuic acid were 
associated with the glycolysis and phenylpropanoid path-
ways, respectively. The rest of the compounds, except 
the unknown metabolites, were distributed throughout 
the flavonoid pathway. The average relative abundance 
of each metabolite in L and D, evaluated as the metabo-
lite peak area, was calculated using all four biological 
replicates for each treatment and visualized as a heat-
map. The metabolites were mainly concentrated under the 
blue light, with 51 metabolites out of 63 showing higher 
peak areas. Interestingly, blue light-induced metabolites 
included the monomeric forms of most of the oligo-
meric PAs, all flavanone-hexosides, all flavonols except 
quercetin, most flavones, and all PPAA. Additionally, 

Fig. 1  Volcano plot for blue light and darkness comparison showing 
significant phenolic and miscellaneous compounds expressed. Fold 
change > 2 and p-value < 0.1. (Color figure online)

Fig. 2  Visualization of 63 phenolic and related metabolites found in 
cacao cell suspensions in a biochemical pathway. Glycolysis (blue 
dotted square). Phenylpropanoid (red dotted square). Flavonoid (no 
square). Metabolites in black letters, enzymes in blue letters. Metabo-
lite levels were averaged over four biological replicates after normali-
zation. This is shown in a heatmap for each treatment dark (D) and 
blue light (L). Metabolite concentrations from low to high are colored 

from green to red. PAL phenylalanine ammonia lyase, C4H cinnamate 
4-hydroxylase, 4CL 4-coumarate coenzyme A ligase, CHS chalcone 
synthase, CHI chalcone isomerase, F3H flavanone 3-hydroxylase, 
F3′H flavanone 3′-hydroxylase, FLS flavonol synthase, DFR dihy-
droflavonol-4-reductase, ANS anthocyanidin synthase, ANR antho-
cyanidin reductase, LAR leucoanthocyanidin reductase. (Color figure 
online)
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light-inhibited metabolites included citric acid, quercetin, 
two flavones (luteolin-hexoside isomer 3 and apigenin-
hesoxide isomer 2), four type A PAs (1 dimer, 2 trimers, 
1 tetramer), and four type B PAs (3 dimers, 1 trimer).

We decided to use 43 cacao flavonoid genes from a 
previous transcriptomic study obtained under the same 
experiment conducted in this study (Gallego et al. 2018) to 
perform a Pearson’s correlation with the 63 phenolic com-
pounds (metabolomic data) found here, in order to detect 
putative relationships between metabolites and genes 
(Supplemental Fig. S3). It is well-known that metabolite 
accumulation continues after changes in gene expression 
occur, due to several processes that take place between 
the expression of a structural gene and the metabolite 
produced by its encoded enzyme. Examples of such pro-
cesses include the efficiency of the translation, which may 
dramatically differ between different genes, the catalytic 
efficiency of different enzymes varying in orders of magni-
tude, and finally, the metabolic flux rate, which is not only 
determined by the concentration of the enzymes but also 
by a multitude of regulators (positive and negative tran-
scription factors) (Hoppe 2012). Both metabolomic and 
transcriptomic data were compared under blue light condi-
tions. However, the conclusions derived from this correla-
tion between the flavonoid metabolites and genes studied 
could require further support, given that this correlation 
was made for a single time-point. The X axis represents 
the structural flavonoid genes and the Y axis represents 
the metabolites (Supplemental Fig. S3). Strong positive 
correlations (higher than 0.8) with most of the phenolic 
metabolites were detected for the upregulation of the genes 
that code for flavonol synthase (FLS transcript 2, 3 and 
4), two dihydroflavonol-4-reductases (DFR transcripts 
3 and 4), and one UDP-glucose flavonoid 3-O-glucosyl-
transferase 6 (UFGT transcript 7). Interestingly, the genes 
for the 4-coumarate coenzyme A ligase (4CL transcript 
4) and leucoanthocyanidin reductase (LAR transcript 1), 
showed negative correlations with most of the metabolites 
(pcorr > 0.3), yet these correlations were weak. Further-
more, dimers A2 and A3 and quercetin showed positive 
correlations with several genes. Conversely, only tetramer 
A3 showed negative correlations with several structural 
genes (pcorr > 0.5). The annotation and locus name for the 
transcripts of the flavonoid biosynthetic genes are detailed 
in the Supplemental Table S2.

Additionally, we plotted Pearson’s correlations between 
pairs of phenolic metabolites (Supplemental Fig. S4). As 
we expected, the levels of most of the metabolites were 
highly positively correlated (pcorr > 0.5). Interestingly, we 
detected that PAs B trimer (i8) had negative correlations 
with 24 other metabolites, particularly citric acid. Simi-
larly, a weak negative correlation was identified for PAs 
trimer A (i4).

Untargeted metabolomic analysis of cacao cell 
suspensions under blue and dark conditions

An untargeted metabolomics approach was used to deter-
mine the impact of light on the metabolome of cacao cell 
suspensions via HPLC–MS/MS. A partial least squares 
projection to latent structures discriminant analysis (PLS-
DA) was performed to identify class differences between 
light treatments for all peaks detected. This method aims 
to maximize the covariance between the independent vari-
ables (metabolomics data) and the corresponding dependent 
Y variable (blue light and darkness) of highly multidimen-
sional data by finding a linear subspace of the explanatory 
variables. The PLS-DA score plot revealed obvious differ-
ences between samples exposed to blue light and darkness 
(Fig. 3). All samples at L clustered together and were com-
pletely separated from samples in D. This indicated clear 
differences between the sample groups and suggested dif-
ferences in the metabolic responses under the treatments. 
The abscissa represents component 1, while the ordinate 
represents component 2. The PLS-DA revealed that the two 
highest-ranking principal components accounted for 60.5% 
of the total variance within the dataset. In particular, more 
variation within the samples was present in L compared to 
D, in which samples were tightly clustered (Fig. 4a). In order 
to investigate the contributors of the separation in the com-
ponents of the PLS-DA, the metabolic loadings in the VIP 
were compared for the treatments. Here, 149 and 843 peaks 
were detected with values > 2.0 and > 1.0, respectively, in the 
first component (Supplemental Table S3). The top 20 peaks 
contributing to the separation of the treatments are shown 
in Fig. 4b. Three peaks previously detected in the volcano 
plot as PAs B tetramer, luteolin, and 9,10,13-TriHOME were 
also annotated within the 843 biomarkers also contributing 
to the separation of the treatments. The t-test in the volcano 
plot for the complete metabolome (FDR adjusted < 0.05 and 
FC threshold > 2) showed five differentially expressed peaks 
under the blue light (Supplemental Fig. S5). The peaks 
showed m/z at 503.3363, 297.2449, 283.2657, 465.2069, and 
688.3663. A particular characteristic of these differentially 
expressed metabolites was their elution late in the run, sug-
gesting that they could be non-polar compounds. Further-
more, the PLS-DA VIP features were annotated using public 
libraries and described above. The top 50 of metabolites 
were further annotated and classified by chemical class, and 
a descriptive analysis was also performed using the rela-
tive abundance of each class to highlight the differences in 
terms of chemical groups between light and dark exposure 
(Supplemental Fig. S1). Differences on relative abundances 
between treatments for esters, flavonoids, lipids, nucleosides 
sugars, and tannins were evident between treatments. Par-
ticularly, flavonoids and lipids were higher in L compared 
to D.



285Plant Cell, Tissue and Organ Culture (PCTOC) (2019) 139:275–294 

1 3

In addition, we aimed to identify blue-light induced 
metabolites clustering with phenolic compounds. For 
this, we used the web application MetFamily, which inte-
grates MS1 abundances with MS/MS spectra allowing the 

characterization of metabolite families. The PCA analysis 
generated by MetFamily for 1097 MS1 features also detected 
a clear separation of the treatments. However, the higher 
variation within L samples affected the  R2 and  Q2 (Fig. 4a). 

Fig. 3  PLS-DA score plot and VIP scores of the responses under blue 
light (L) and dark treatment (D). a Samples with different treatments 
were indicated by different colors. X-axis, Y-axis were labeled with 

the first principal component and the second principal component 
explaining 38% and 22.53% of the total variation respectively. b VIP 
loading scores for highest 20 peaks. (Color figure online)

Fig. 4  PCA of blue light and dark cacao cell suspensions. Compari-
son of 1097 MS1 features from RP-HPLC–MS/MS data. a Scores for 
eight suspensions under blue (L1–4) and dark (D1–4) and b loadings 
with annotations. Catechin monomers and metabolites associated are 

represented by red dots, oligomeric forms (dimer up to tetramers) are 
indicated in blue dots and unknown black dots were not character-
ized. (Color figure online)
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The PCA loadings plot showed that MS1 features were more 
abundant for the blue light. Additionally, structural annota-
tions for metabolites clustering with monomers (red spots) 
and oligomeric forms (from dimers up to tetramers, blue 
spots) were also more highly concentrated in L compared 
to D (Fig. 4b). Interestingly, oligomeric forms showed a 
higher discriminant power compared to monomers under 
the L treatment. The structural annotations were identi-
fied in signal-clusters through a HCA. The analysis was 
strengthened using an average of 2000 MS1 abundances 
and a LFC ≥ 2 to detect abundant light-specific metabolites. 
The HCA allowed us to identify 349 MS1 features using the 
corresponding MS/MS spectra obtained from the cacao cell 
suspensions. The resulting dendrogram indicated a segrega-
tion into two main clades with internal spectral similarity 
(Fig. 5). The first signal-cluster had 92 MS1 features sup-
ported by prevalent fragment ions 78.9587 Da (theoretical 
mass for phosphate,  [PO3]−) and 152.9953 (theoretical mass 
for glycerolphosphate with a loss of water  [C3H6O5P]−). For 
the second clade, 257 MS1 features were identified with 
numerous sub-clades usually showing different prevalent 
fragments per cluster. We detected metabolites clustering 
with phenolic compounds (colored cluster Fig. 6) with a 
cluster-discriminant power of 75%. In this sub-clade, seven 

prevalent ions were present (125.0242, 137.0240, 151.0403, 
161.0236, 243.0294, 287.0556, 289.0712). Additionally, this 
phenolic cluster showed two sub-clusters related with oligo-
meric forms (“PAs-associated”, blue cluster) and metabolites 
related with monomers (“Catechins-associated”, red cluster). 
In the PAs cluster, we found five peaks at m/z of 697.123, 
1167.237, 864.193, 864.195 and 864.702. In the catechins 
cluster, we found a higher number of new peaks (9) at m/z of 
1137.273 (2 isomers), 849.209, 849.206, 561.140, 273.076, 
435.127, 435.093 and 605.165. Altogether, these peaks rep-
resented new metabolites clustering with cacao phenolic 
compounds and appeared to be up-expressed under blue 
light.

Finally, a heatmap was generated based on the top 50 
peaks and subjected to cluster analysis to provide an over-
view of all samples, highlighting holistic differences in the 
complex metabolic data (Fig. 6). The analysis provided clear 
evidence of the effect of blue light in the up-expression of 
most metabolites, coinciding with the observed pattern 
shown for the phenolic compounds. The same exercise was 
done for the first 100 peaks detected, showing the same pat-
tern (Supplemental Fig. S6). Furthermore, chromatograms 
showed that under light treatment more peaks showed higher 
abundances compared to dark (Supplemental Fig. S7).

Fig. 5  Hierarchical cluster analysis of 349 light-specific MS1 features 
using the corresponding MS/MS spectra obtained from cacao cell 
suspensions. For comparison of the groups blue light versus darkness, 
the set of 1097 MS1 features was filtered using an MS1 abundance 
threshold of 2000 counts and a LFC change of 2. The heatmap below 
depicts the LFC and the absolute MS1 abundance in blue light (L) 
and darkness (D) respectively. The 349 filtered MS1 features clearly 
segregated into two main signal-clusters which in turn further segre-

gated into signal-clusters with different levels of similarity between 
MS/MS spectra. The analysis was focused in the fifth sub-clade of the 
second clade with 20 features. It was further split into 2 sub-clusters: 
PAs associated including dimer up to tetramers with 9 features (blue 
sub-clade) and catechins associated including monomers (red sub-
clade) with 11 features. The rest of the clusters remained uncharacter-
ized in this study. (Color figure online)
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Discussion

Cacao cell suspensions show a similar phenolic 
profile to cacao beans and chocolate products

In this study, we provide the first report on the metabolic 
profiling of cacao cell suspensions. The phenolic compounds 
found in our cell suspensions were comparable to those pre-
viously reported for cacao beans and chocolate products 
for most of the metabolites (Wollgast and Anklam 2000; 
Natsume et al. 2000; Sánchez-Rabaneda et al. 2003; Stark 
and Hofmann 2006; Tomas-Barberán et al. 2007; Calderón 

et al. 2009; Elwers et al. 2009; Magi et al. 2012; Pereira-
Caro et al. 2013; Wang et al. 2016; Patras et al. 2014; Ali 
et al. 2015; Barnaba et al. 2017; D’Souza et al. 2017). The 
structures of these metabolites were described according to 
the registered mass spectra and literature data for cacao. Pro-
tocatechuic acid and citric acid have been reported for cacao 
beans and are produced in the phenylpropanoid and citrate/
Krebs pathways, respectively, whereby both routes provide 
precursors and carbon sources for the flavonoid pathway 
(Kakkar and Bais 2014; Barnaba et al. 2017; D’Souza et al. 
2017). Interestingly, in our cell cultures under blue light/
dark treatments, we did not detect alkaloids, anthocyanins 

Fig. 6  Heatmap of 50 highest peak areas detected in the cacao cell suspensions showing differences between dark and blue light. (Color figure 
online)
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or hydroxycinnamic acids commonly found in seeds (Oracz 
et al. 2015). We hypothesize that the structural enzymes 
involved in the biosynthesis of alkaloids were not active 
in this system. This was supported by our transcriptome 
data, in which we could not find transcripts for the caffeine 
synthase gene (Tc10v2_g002030) responsible for alkaloid 
production. Likewise, the expression of seven UFGT tran-
scripts for anthocyanins was very low. On the other hand, 
the reason for the absence of hydroxycinnamic acids in cell 
cultures is unknown and needs to be checked with further 
experimentation.

The cacao cell suspensions yielded four N-phenylpro-
penoyl-l-amino acids (PPAA) as derivatives of aspartic acid 
and tyrosine, as previously reported for fresh cacao beans 
and chocolate-derived products (Stark and Hofmann 2005; 
Patras et al. 2014; D’Souza et al. 2017). The two PPAA from 
aspartic acid (+)-N-[4′-hydroxy-(E)-cinnamoyl]-l-aspartic 
acid and (+)-N-[4′-hydroxy-3′-methoxy-(E)-cinnamoyl]-
l-aspartic acid have also been reported in cell suspension 
cultures of Arabidopsis thaliana and Beta vulgaris, respec-
tively (Bokern et al. 1991; Mock et al. 1993). Interestingly, 
tyrosine-derivatived PPAA, clovamide and deoxyclovamide, 
have been reported not only in cacao seeds and cocoa liquor 
but also in cacao somatic embryos (Alemanno et al. 2003; 
Pereira-Caro et al. 2013). Three sub-groups of flavonoids, 
flavanone, flavonols, and flavones detected in the cacao cell 
suspensions have been also reported for cacao beans and 
chocolate products (Sánchez-Rabaneda et al. 2003; Barnaba 
et al. 2017). As for flavononols, dihydroquercetin has been 
reported in an in silico model for flavonoid biosynthesis in 
cacao (Rodriguez and Infante 2011). It is not surprising to 
detect flavononols in this model, because these are precur-
sors of flavonols and PAs. Also, the conversion of dihydro-
quercetin into catechin is known to occur in vitro (Dixon 
et al. 2005).

Monomers of catechin and epicatechin and oligomeric 
forms of flavan-3ols (PAs) are the most reported compounds 
in cacao. These have been identified in cacao fresh beans, 
fermented/dried beans, and chocolate products (Elwers 
et al. 2009; Magi et al. 2012; Pereira-Caro et al. 2013; Ali 
et al. 2015; Wang et al. 2016; D’Souza et al. 2017). In this 
research, we found both monomers and the oligomeric forms 
up to tetramers of the A and B types. Catechin and epicat-
echin yielded the same deprotoned form in negative mode 
(289) and fragmentation pattern 245 (likely from the loss 
of –CH2–CHOH group from a catechin unit), as previously 
reported in cacao beans and chocolate products (Pereira-
Caro et al. 2013; Cádiz-Gurrea et al. 2014). Additionally, 
we detected a peak m/z of 203, corresponding to the ion 
[M−H–CO2–C2H2O]− as cleavage of the A-ring of flavan-
3-ol (Rockenbach et al. 2012; Zhao et al. 2013).

In relation to the oligomeric forms, most of the PAs 
showed similar ion products within each category (dimer, 

trimers and tetramers) corresponding to the A or B types. 
B-type PAs are more often reported for cacao and choco-
late products, specially dimers (Hammerstone et al. 2000). 
The dimers consist of an extension unit and a terminal unit. 
The heterocyclic ring of the flavan-3-ol joins fragments 
through retro-Diels–Alder (RDA) and heterocyclic ring fis-
sion mechanisms (Rockenbach et al. 2012). The 577 m/z 
[M−H]− ion corresponds to the different PAs dimers. Here, 
its MS2 fragmentation pattern showed ion products like 289 
and 407. The m/z 289 corresponds to the monomeric forms, 
catechin and epicatechin, with a heterolytic cleavage of the 
interflavan linkage in the second flavanyl unit, while m/z 
407 [M−H-152-18]− results from RDA fragmentation and 
subsequent elimination of water (Sánchez-Rabaneda et al. 
2003; Pereira-Caro et al. 2013; Gu et al. 2013). For trimers 
(865, [M−H]−), besides the three ions previously mentioned, 
we also found the fragment 287 (heterolytic cleavage of the 
interflavan linkage in the first flavanyl unit) and 695 m/z, 
which correspond to a loss of 170 Da from the precursor ion 
865, due to the RDA fission with an additional loss of water 
(Weinert et al. 2012; Rockenbach et al. 2012). For tetram-
ers (1153, [M−H]−), we found all the previous fragments 
plus a m/z of 983, which corresponds to a loss of 170 Da 
(− 152 Da RDA fragmentation of the B-ring of flavan-3-ols 
and -18 OH) (Zhang et al. 2017). Further, we also detected 
a 125 m/z ion in all the oligomers, representing the intact 
A-ring of the catechin structure (Gu et al. 2013). This ion is 
also commonly found in green tea catechins extracts (Mike-
tova et al. 2000). Altogether, the results indicate that the 
phenolic compounds are distributed throughout the flavonoid 
pathway; thus, the complete flavonoid biosynthetic pathway 
was recovered in vitro as occurs in planta.

The metabolomic analysis reveals blue light‑specific 
compounds in cacao cell suspensions

Plants contain light-signaling systems and undergo metabo-
lomic perturbation and reprogramming under light stress in 
order to adapt to environmental changes (Tohge et al. 2018). 
In this research, cacao cell suspensions were exposed to 
white-blue LED light (L) and darkness (D), whereby light-
specific responses were detected at the level of phytochemi-
cal production the end of the experiment under blue light and 
darkness. A review by Taulavuori et al. (2017) determined 
that blue LED light (450–490 nm) boosts the phytochemical 
production in several plant systems. Interestingly, we found 
that parallel to the higher flavonoids abundance found in L, 
a high lipid abundance was present in the chemical clas-
sification for the top 50 features (Fig. S1). This result could 
be associated to a higher flow of flavonoids transport traffic 
from Golgi to vacuole, thus requesting de novo biosynthe-
sis of membrane lipids. Secondary metabolite biosynthesis 
in land plants is a complex process in which at least two 
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main factors are involved. First, this is a species-specific 
process, meaning that specific compounds are naturally pro-
duced in particular plant species (like catechins and PAs as 
major phenolics in cacao). Second, environmental factors, 
in this case light quality, are factors that strongly modify the 
level of phytochemical production (Taulavuori et al. 2018). 
Short wavelengths, such as blue light, have been reported to 
stimulate flavonoid production in vivo and in vitro, mediat-
ing a high transcriptional regulation of structural genes and 
transcription factors as well as microRNAs (Li et al. 2018; 
Kumar and Dangi 2016). Recently, a new mechanism has 
been proposed by which the activation of cryptochrome 1 
(CRY1) through blue light results in a direct enzymatic con-
version of molecular oxygen  (O2) to reactive oxygen species 
(ROS) and hydrogen peroxide  (H2O2) in vitro, suggesting 
that both mechanisms may indeed be of physiological rel-
evance for the cells (Consentino et al. 2015; El-Esawi et al. 
2017). Blue wavelength is just above the UV light spectra 
and it was selected herein as it could boost secondary metab-
olism without damaging the main cellular structures (DNA, 
proteins, and lipids), as occurs with UV light.

The correlation between metabolomic with transcrip-
tomic data (Gallego et  al. 2018) revealed most of the 
phenolic compounds showed a positive correlation with 
the expression levels of the FLS, DFR and UFGT genes. 
This positive correlation can be explained by the impor-
tant functions played by these enzymes inside the flavonoid 
pathway. Both FLS and DFR represent branching points 
from the main pathway for anthocyanin and PAs formation 
respectively, two main metabolic families enriched in cacao. 
UFGT is the enzyme responsible for the glycosidation of 
flavonoids, thus it makes sense that the high diversity of 
flavonoids forms found in cacao are associated with a high 
activity of UFGT. On the other hand, the highly positive 
correlation between abundant polyphenol metabolites is 
expected as they are co-regulated and belong to the same 
pathway (Schlotterbeck et al. 2006). Despite the fact that we 
did not observe significant differences for total polyphenol 
content (TPC) between blue light and darkness at the last 
time point in Gallego et al. (2018), the soluble PAs fraction 
used for the metabolomic analysis showed significant differ-
ences between treatments. The differences can be attributed 
to the specificity of the methods. Folin–Ciocalteu reagent, 
used in TPC, react with all molecules with OH functional 
groups, thus is less specific to detect PAs, the major com-
ponent in cacao. Instead the DMACA reagent used for the 
soluble PAs extraction is specific to PAs because it binds to 
meta-oriented dihydroxy- or trihydroxy-substituted benzene 
rings in the flavonoids (Abeynayake et al. 2011), thus the 
specificity of the detection is increased, allowing to obtain 
significant differences between treatments.

By clustering of phenolic compounds using a HCA, 
B-type tetramers (1167, 697) and B-type hexamers (864.1 

and 864.7) were grouped with the PAs group. Interestingly, 
the tetramers found here were suggested as consisting of 
one (epi)gallocatechin and three (epi)catechin units (Lin 
et al. 2016). Furthermore, we annotated a previously unre-
ported light-specific metabolite family for cacao. Masses of 
this unreported family were associated with propelargoni-
din derivatives (1137, 849, 561) and phloretin derivatives 
(435, 273), which clustered with the catechins. Propelargo-
nidin derivatives corresponded to pentameric propelargo-
nidin (Han et al. 2013), whereas phloretin derivatives cor-
responded with the aglycone (435) and its hexoside (273) 
(Franceschi et al. 2012). A close relationship between pro-
pelargonidin and PAs has been reported for Uncaria tomen-
tosa (Rubiaceae), together with a high antioxidant activity 
described particularly for propelargonidin (Navarro et al. 
2017). On the other hand, phloretin has been reported to 
show antioxidant activity in apple, which could be attributed 
in part to radical stabilization by 2,6-dihydroxyacetophenone 
via tautomerization (Lou and Ho 2016). Altogether, these 
findings suggest that cacao cell suspensions have the enzy-
matic machinery to produce interesting metabolites besides 
the well-known catechins, with strong reported antioxidant 
activities that can be further explored for food or medical 
purposes.

In the above-annotated light-specific metabolites, we 
detected two trends; one associated with a higher abun-
dance of hexoside forms and the other is associated with 
a higher abundance of oligomeric forms. We found five 
different flavonoid-hexosides overexpressed under blue 
light. In plants, glycosylation plays important functions 
in flavonoid production, since it increases solubility in the 
aqueous cellular milieu, protects the reactive OH-groups 
from auto-oxidation, and allows the transport of flavonoids 
from the endoplasmic reticulum to various cellular com-
partments, as well as their secretion to the apoplast (Zhao 
and Dixon 2009; Agati and Tattini 2010). Under stress 
conditions, the diversity of secondary metabolites has been 
associated with a critical role in the plant defense response 
(Khan and Mohammad 2011). Thus, glycosylation (addi-
tion of sugar moieties to aglycones) is considered the main 
mechanism for generating structural diversity in secondary 
metabolites (Rai et al. 2016). Furthermore, glycosylation 
has been implicated in a radical scavenging activity that 
improves tolerance toward oxidative and drought stress 
in Arabidopsis (Nakabayashi et al. 2014). Additionally, 
we found a higher ratio of flavone-hexosides (two luteolin 
and one apigenin hexoside). This could be explained by 
the fact that dihydroxy B-ring-substituted forms such as 
quercetin 3-O and luteolin 7-O-glycosides are considered 
light-responsive flavonoids, more than the monohydroxy 
B-ring-substituted counterparts, like apigenin 7-O and 
kaempferol 3-O-glycosides (Brunetti et al. 2013), based 
on the number of hydroxy groups. Furthermore, and 
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consistent with our results, the ratios of luteolin to api-
genin derivatives have been reported to steeply increase in 
response to UV-B, UV-B + UV-A, or PAR (photosynthetic 
active radiation, over the 400–700 nm waveband) irradi-
ance (Brunetti et al. 2013). Overall, these results indicate 
that flavone-hexosides increase in response to the oxidative 
stress caused by light; however, additional chemical stud-
ies should be done to confirm these results.

Oligomeric forms like dimers, trimers and tetramers 
were differentially expressed under blue light and caused 
the separation of the treatments in the discriminant analy-
sis, even more than monomers. This is evident in the PCA 
metabolites loading plot (Fig. 4). However, the effect of 
light conditions on the polymerization degree has not been 
explored. Hernández et al. (2009) reported that oxidative 
processes are necessary to form the PA building blocks, 
and PA polymerization has been proposed to be an anti-
oxidative mechanism. In wine, for example, catechins are 
polymerized under oxidative conditions, thereby building 
polymers (Arapitsas et al. 2012). Several authors have 
reported that the antioxidant activity of PAs is positively 
related to their degree of polymerization (i.e., poly-
mer > oligomer > monomer) (Plumb et al. 1998; Spranger 
et al. 2008; De Sá et al. 2014). This has been hypothesized 
to be due to the structure of these compounds, which con-
tain a higher number of ortho-dihydroxy structures in 
the B ring that have the highest scavenging activities, as 
occurs in oligomeric PAs. This hypothesis is supported 
by the fact that the antioxidant activity of PAs is dictated 
partially by the oligomer chain length (Gris et al. 2011). 
The polymerization degree was studied in two Mesembry-
anthemum edule plants coming from contrasting climatic 
regions (Djerba and Monastir). Plants grown in Djerba, 
subjected to more difficult environmental conditions as 
compared to those from Monastir, showed a higher content 
of polymeric forms. The authors concluded that the gradi-
ents in concentrations within-species may reflect different 
requirements for dealing with abiotic stresses (Falleh et al. 
2012). Thus, it is likely that a higher prevalence of oligo-
meric forms under blue light allow cacao cells to overcome 
the effects of oxidative stress. In this sense, the occur-
rence and polymerization degree could act as a marker of 
environmental adaptation (Falleh et al. 2012). Altogether, 
our results indicated that, under light conditions, cacao 
cells respond by increasing the phytochemical machin-
ery to overcome oxidative stress induced by light-specific 
mechanisms. This results in increased abundances of fla-
vonoid-hexosides and oligomeric forms. Although cacao 
cell suspensions were exposed from day 7 to the end of the 
experiment under blue light, it is likely that the early treat-
ment with white light also have contributed to the trends 
observed in glycosylation and degree of polymerization.

Potential of cacao cell cultures in food 
biotechnology

In view of the increasing interest in the use of antioxi-
dants in human health, the choice of an antioxidant for a 
given application will depend on both the availability of 
the resource and the chemical profile. It is well-known 
that pre-industrial and industrial processes in chocolate 
manufacturing negatively affect the content and antioxi-
dant activity of cacao beans (Di Mattia et al. 2017). This 
results in reduced flavonoid content in the final chocolate 
products. Additionally, several studies using cacao phe-
nolic extracts have highlighted the benefits of cocoa intake 
for human health, particularly those related with cardio-
vascular events (Latif 2013; De Araujo et al. 2013; Bitzer 
et al. 2015; Magrone et al. 2017). Moreover, those benefits 
resulted in a health claim established by the EFSA (2012). 
Accordingly, the characterization and quantification of 
the polyphenol composition are among the first steps to 
evaluate the putative contribution of chocolate to human 
health (Wollgast and Anklam 2000). In this research, we 
detected that blue light had a positive effect on phytochem-
ical enrichment; consequently, the cacao cultures proved 
to be a matrix rich in flavonoids. Although commercially 
successful plant cell factories are scarce, primarily due to 
the associated costs, potential legal liabilities, and the lim-
ited understanding in the control of secondary metabolism 
in vitro, some successful cases are available in the market 
(Ramirez-Estrada et al. 2016). In this sense, flavonoid-
rich matrices such as cacao cultures could be used in the 
design of functional foods providing health benefits to the 
consumers.
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