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ABSTRACT: Changes occurring in phenolic compounds and purine alkaloids, during the growth of seeds of cacao (Theobroma
cacao) cv. Trinitario, were investigated using HPLC-MS/MS. Extracts of seeds with a fresh weight of 125, 700, 1550, and 2050
mg (stages 1—4, respectively) were analyzed. The phenolic compounds present in highest concentrations in developing and
mature seeds (stages 3 and 4) were flavonols and flavan-3-ols. Flavan-3-ols existed as monomers of epicatechin and catechin and
as procyanidins. Type B procyanidins were major components and varied from dimers to pentadecamer. Two anthocyanins,
cyanidin-3-O-arabinoside and cyanidin-3-O-galactoside, along with the N-phenylpropernoyl-L-amino acids, N-caffeoyl-L-aspartate,
N-coumaroyl-L-aspartate, N-coumaroyl-3-hydroxytyrosine (clovamide), and N-coumaroyltyrosine (deoxyclovamide), and the
purine alkaloids theobromine and caffeine, were present in stage 3 and 4 seeds. Other purine alkaloids, such as theophylline and
additional methylxanthines, did not occur in detectable quantities. Flavan-3-ols were the only components to accumulate in
detectable quantities in young seeds at developmental stages 1 and 2.
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purine alkaloids

B INTRODUCTION

There have been extensive studies implicating the consumption
of cacao-based products with reduced risks of cardiovascular
disease and cancer that have recently been reviewed in depth."”
Seeds of cacao, Theobroma cacao L. (Malvaceae), used in the
manufacture of cocoa beverage and chocolate products, contain
abundant quantities of secondary metabolites, including
procyanidins and theobromine. Three major cacao varieties,
Forastero, Criollo, and Trinitario, are grown commercially
throughout the world. Trinitario is a hybrid of Criollo and
Forastero, and its seeds are used in about 10% of chocolate
products. Trinitario beans generally provide better flavor
qualities to cocoa-based products than Forastero,>* although
because of substantial genetic variations® there may be
exceptions to this rule. Nonetheless, demand for Trinitario
beans is likely to increase as the market for high quality
chocolate products expands.

Ripe cacao pods containing about 30—40 seeds, embedded in
white pulp comprised mainly of sugars, are the starting material
for the manufacture of cocoa products. The pods are harvested
and broken open and the pulp and seeds formed into large
mounds and covered with leaves before being fermented for 6—
8 days. During this period, sucrose is converted to glucose and
fructose by invertase, and the glucose is subsequently utilized in
fermentation, yielding ethanol which is metabolized to acetic
acid. As the tissues of the beans lose cellular integrity, storage
proteins are hydrolyzed to peptides and amino acids while
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polyphenol oxidase converts phenolic components to quinones
which polymerize, yielding the brown, highly insoluble
compounds that give chocolate its characteristic color.’ After
fermentation, the seeds are dried in the sun, reducing the
moisture content from ~55% to ~7.5%, before being packed
for wholesale trade and subsequent conversion to a variety of
chocolate products.”

Secondary metabolites in the fermented, dried cocoa beans
have frequently been analyzed, and these data have appeared in
food-related journals. However, metabolites in such fermented
seeds vary greatly because of different postharvest circum-
stances, and it is also known that subsequent manufacturing
steps to produce cocoa products lead to considerable losses of
phytochemicals.”®

It was against this background that the current study
investigated changes occurring in the secondary metabolite
profile during the growth and development of Trinitario cacao
seed obtained from a tree in a test field of the Hawaii
Agriculture Research Center that had been subject to genomic
analysis.” Different sized cacao pods selected and seeds at
different stages of growth were collected and frozen prior to
lyophilization, extraction, and analysis of flavan-3-ols and
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proanthocyanidins, flavonols, methylxanthines, anthocyanins,
and N-phenylpropenoyl amino acids by HPLC with MS/MS
and PDA or fluorometric detection.

B MATERIALS AND METHODS

Plant Material. Four different sizes of fruit from an adult tree of
Theobroma cacao L. cv. Trinitario (strain no. K25) planted at a farm of
the Hawaii Agriculture Research Center at Kunia, Oahu Island, were
used in the study. Seeds were isolated from the cacao pods and
immediately frozen with liquid nitrogen prior to lyophilization. The
seed samples in developmental stages 1 and 2 included small amounts
of pulp tissue which was technically difficult to remove. In the case of
stage 3 and 4 seeds, the seed coat was removed (see Figure 1). This

Stage 1

Stage 2 Stage 3 Stage 4

Figure 1. Developing pods of cacao (upper) and seeds (lower), left to
right, at stages 1—4 of development.

was necessary in order to avoid degradation, as a ~50% loss of
epicatechin has been reported to occur over a 2 day period during sun-
drying of fresh, unfermented cacao seeds.”

The length and width of the fruits and fresh weights of four different
growth stages selected for the experiments were as follows: 90 X 38
mm, 60 g (stage 1); 125 X 60 mm, 220 g (stage 2); 180 X 80 mm, 560
g (stage 3); 195 X 90 mm, 673 g (stage 4) (Figure 1). The mean fresh
weights of seeds in stages 1 to 4 were, respectively, 125, 700, 1550, and
2050 mg The weight of selected seeds varied within 5% of the mean.

Extraction of Cacao Seeds. Lyophilized, powdered seed weighing
20 mg was homogenized in 10 mL of methanol/formic acid (99:1, v/
v) with an Ultra-Turrax T-25 (IKAR-Werke, Staufen, Germany) prior
to centrifugation at 4000g for 15 min. The supernatant was decanted
and the pellet re-extracted twice. The pooled supernatants were
reduced to dryness under N, and resuspended in 0.5 mL of methanol/
formic acid (99:1, v/v) prior to analysis by HPLC-MS/MS.

HPLC-PDA-MS? Analysis. Samples were analyzed on a Surveyor
HPLC system comprising an HPLC pump, an autosampler operating
at 4 °C, a PDA detector scanning from 250 to 600 nm (Thermo
Electron Corporation, San Jose, CA), and a fluorescence detector
(Jasco, Great Dunmow, Essex). Reverse phase separations were carried
out using a 250 X 4.6 mm i.d. 4 ym C,, Synergi Max-RP column with
a guard column of the same support (Phenomenex, Macclesfield, UK)
maintained at 40 °C and eluted at a flow rate of 1.0 mL/min with (a) a
60 min linear gradient of 10—40% methanol in 1% aqueous formic
acid for anthocyanins, (b) a 75 min gradient, 60 min of 10—40%
methanol in 1% aqueous formic acid, followed by 60—75 min at 40%,
for flavonols and N-phenylpropenoyl amino acids, and (c) a 75 min
linear gradient of 10—40% methanol in 1% aqueous formic acid for
methylxanthines. After passing through the flow cells of the PDA and
fluorescence detectors, the column eluate was split and 0.3 mL/min
directed to an LCQ Advantage ion trap mass spectrometer fitted with
an electrospray interface operating in positive ionization mode for
anthocyanins and methylxanthines, and in negative ionization for
flavonols and N-phenylpropenoyl amino acids. Identifications were
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based on full scan, data-dependent MS/MS scanning from m/z 100—
2000, and comparisons of the retention time and absorption 4,,,, with
available standards. Identification of flavonols was also based on their
MS/MS/MS fragmentation patterns. With ESI in positive ionization
mode, capillary temperature was 300 °C, sheath gas was 50 units,
auxiliary gas was 40 units, and source voltage was 3 kV for
anthocyanins, while capillary temperature was 275 °C, sheath gas
was 30 units, auxiliary gas was 10 units, and source voltage was 2 kV
for methylxanthines. For negative ionization, capillary temperature was
250 °C, sheath gas was 60 units, auxiliary gas was 40 units, and source
voltage was 4.5 kV.

Anthocyanins were quantitated on the basis of chromatographic
peak areas acquired at 520 nm, while the quantification of other
compounds were based on the absorbance response at 270 nm for
methylxanthines, 320 nm for N-phenylpropenoyl amino acids, and 365
nm for flavonols, and the fluorescence response (excitation 230 nm,
emission 320 nm) for the flavan-3-ols catechin and epicatechin.

Extraction of Procyanidins. Lyophilized, powdered seeds, 20 mg,
were first defatted with hexane prior to extraction with a mixture of
acetone:water:acetic acid (70:29.5:0.5, v/v/v). After centrifugation,
extracts were sonicated at 50 °C and then passed through a SPE
cartridge Strata SCX (Phenomenex) according to the procedures of
Robbins and co-workers.'

Analysis of Procyanidins by HPLC-MS/MS. Extracts were
analyzed with the Surveyor HPLC system described above with
separations carried out using a Develosil Diol column 100 A
(Phenomenex, Macclesfield, UK).'® After passing through the flow
cell of the fluorescence detector (excitation 230 nm, emission 320
nm), the column eluate was split and 0.3 mL/min was directed to an
LCQ Duo mass spectrometer fitted with an ESI The capillary
temperature was 300 °C, sheath gas and auxiliary gas were 30 and 20
units, respectively, and the source voltage was 7 kV. Samples were
analyzed using full scan in negative ionization mode with a scan range
from 200 to 2000 m/z. Procyanidins were identified on the basis of
their MS/MS fragmentation patterns and quantified in (—)-epica-
techin equivalents using fluorescence peak areas after which estimates
were adjusted to account for the reduced fluorescence response for the
procyanidin oligomers and polymers.*®

B RESULTS AND DISCUSSION

Identification of Secondary Metabolites in Develop-
ing Cacao Seeds. HPLC-absorbance profiles of extracts of
developing cacao seeds indicated the presence of five different
groups of compounds in significant amounts: flavan-3-ols and
methylxanthines at 270 nm, anthocyanins at 520 nm, N-
phenylpropenoyl amino acids at 320 nm, and flavonols at 365
nm (Figure 2) while MS/MS analysis facilitated the
identification and quantification of 15 compounds as
summarized in Table 1.

Peak 1 (tg 11.0 min, 4,,,, 270 nm) had a positively charged
molecular ion ([M — HJ") at m/z 181 which on MS/MS
produced a major ion at m/z 138. On the basis of the retention
time, absorbance, and mass spectra data compared with an
authentic standard, this compound is identified as theobromine
(3,7-dimethylxanthine) (1 in Figure 3).

Peak 2 (t; 15.3 min, A, 280 nm) fluoresced and had a
negatively charged molecular ion ([M — H]™) at m/z 289
which yielded MS/MS fragments at m/z 245 and 20S. Mass
spectrum and cochromatography characteristics with an
authentic standard identified this compound as catechin. It is
probably (+)-catechin (2), but reverse phase HPLC, unlike
chiral chromatography, does not separate the (+) and (-)
enantiomers of catechin.

Peak 3 (tz 16.0 min, 4, 320 nm) produced a [M — H]™ at
m/z 294 which on MS/MS yielded major fragments at m/z
179, 131, and 276. Chromatographic properties and fragmen-
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Figure 2. HPLC profiles of a methanolic extract of cocoa seeds. (A) 270 nm: methylxanthines and flavan-3-ols (flavan-3-ols were also monitored
with fluorescence detection), (B) 520 nm: anthocyanins, (C) 320 nm: N-phenylpropenoyl amino acids, and (D) 365 nm, flavonols. For peak

identification, see Table 1.

Table 1. HPLC-MS/MS Identification of Flavonoids and
Related Compounds Detected in Cocoa Beans®”

fo [M—H]- MS/MS
peak  (min) compound (m/z) (m/z)
1 11.0  theobromine 181+% 138
2 153 catechin 289 245, 208
3 160  N-caffeoyl-L-aspartate 294 179, 276,
131
4 19.5  procyanidin B2 dimer 577 425, 407,
289
S 21.5  cyanidin-3-O-galactoside 449+t 287
6 22.3  N-coumaroyl-L-aspartate 278 163, 132,
119
7 24.3  epicatechin 289 243, 208,
179
8 253 caffeine 1957 138
9 25.8  cyanidin-3-O-arabinoside 419+* 287
10 32.8  N-coumaroyl-3-hydroxytyrosine 358 222,178
(clovamide)
11 49.3  N-coumaroyltyrosine 326 282, 206,
(deoxyclovamide) 145
12 504  quercetin-3-O-galactoside 463 301
13 51.6  quercetin-3-O-glucoside 463 301
14 $3.7  kaempferol-3-O-rutinoside 593 447, 285
15 552 quercetin-O-pentoside 433 301

“For HPLC profiles and peaks, see Figure 2. by = positively charged
molecular ion.
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tation pattern of N-phenylpropenoyl amino acids indicate that
this peak is N-caffeoyl-L-aspartate (3).">

Peak 4 (tg 19.5 min, A, 280 nm) fluoresced and had a [M —
H]™ at m/z 577 which yielded MS/MS ions at m/z 425, 407,
and 289. This spectrum and chromatographic elution time
tentatively identifies peak 4 as B-type flavan-3-ol dimer,
probably procyanidin B2 (4), a known component of
cacao."™*

Peak 5 (tg 21.5 min, A,,,, 520 nm) had a [M — H]" at m/z
449 which fragmented with a loss of 162 Da (hexose group) to
produce an m/z 287 (cyanidin) daughter ion. This mass
spectrum and the elution of this peak prior to that of a standard
of cyanidin-3-O-glucoside tentatively identifies peak S as the
known cacao anthocyanin cyanidin-3-O-galactoside (5).'®

Peak 6 (tg 22.3 min, 4, 320 nm) produced a [M — H]™ at
m/z 278 which on MS/MS yielded major fragments at m/z
163, 132, and 119. In keeping with the findings of Stark and
Hofmann,'” this peak was identified as N-coumaroyl-L-aspartate
(6).

Peak 7 (tg 24.3 min, 4., 280 nm) fluoresced and yielded a
[M — H]™ at m/z 289 which gave rise to MS/MS ions at m/z
245, 205, and 179. The cochromatography with an authentic
standard supports the identification of peak 7 as epicatechin,
most probably (—)-epicatechin (7), although the presence of its
epimer (+)-epicatechin, with which it cochromatographs,''
cannot be completely ruled out.

Peak 8 (tz 25.3 min, A,,,, 270 nm) had a [M — H]" at m/z
195 which on MS/MS produced a major ion at m/z 138. On
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Figure 3. Structures of secondary metabolites detected in developing cacao seeds.

the basis of the retention time, A, and mass spectra data
compared with an authentic standard, this compound is caffeine
(1,3,7-trimethylxanthine) (8).

Peak 9 (tz 25.8 min, A, 520 nm) had a [M — H]* at m/z
419 which upon MS/MS fragmented with a loss of 132 amu
(pentose group) to produce a m/z 287 (cyanidin) daughter ion.
Based on the fragmentation pattern this compound was
tentatively identified as cyanidin-3-O-arabinoside (9) in keeping
with the data of Forsyth and Quesnel "

Peak 10 (tg 32.8 min, A,,, 320 nm) produced a [M — H]~
m/z 358 which yielded major MS/MS fragment at m/z 222 and
a minor ion at m/z 178. On the basis of the mass spectrum and
the HPLC elution profile, peak 10 was tentatively identified as
N-coumaroyl-3-hydroxytyrosine (clovamine) (10), a known
constituent of cacao beans."

Peak 11 (tg 49.3 min, 4,,,, 320 nm) had a [M — H]™ at m/z
326, which upon MS/MS yielded a major ion at m/z 282 and
minor fragments at m/z 206 and 14S. On the basis of the mass
spectrum and the HPLC elution profile, peak 11 was tentatively
identified as N-coumaroyltyrosine (deoxyclovamine) (11)
which has previously been detected in cacao.

Peak 12 (t 50.4 min, A,,,, 365 nm) and peak 13 (g 51.6 min,
Amax 365 nm) both yielded a [M — H]™ at m/z 463 and a MS/
MS spectrum with ions at m/z 301 ([M — H-162]7),
indicating the presence of an O-linked hexose moiety. Based on
the mass spectrum and their elution sequence peak, peak 12 is
tentatively identified as quercetin-O-galactoside (12), and peak
13 as quercetin-3-O-glucoside (13), on the basis of
cochromatography with authentic standards, in keeping with
the findings of Sanchez-Rabaneda et al.'®

Peak 14 (tg 53.7 min, A,,,, 365 nm) had a [M — H]™ at m/z
593, and MS/MS produced a minor fragment at m/z 447, a 146
amu cleavage of a rhamnose moitey, and a major ion at m/z
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285, which is indicative of the flavonol aglycone kaempferol.
On the basis of the mass spectral fragmentation pattern and
cochromatography with an authentic standard, peak 14 was
established as kaempferol-3-O-rutinoside (14).

Peak 1S (t $5.2 min, 4,,,, 365 nm) yielded a [M — H] ™ ion
at m/z 433 and an MS/MS spectrum with an ion at m/z 301
(M — H - 132]"), indicating the presence of an O-linked
pentose moiety. On the basis of the mass spectrum and 4,
peak 15 is tentatively identified as a quercetin-O-pentoside.

Analysis of Procyanidins. Flavan-3-ols in cocoa comprise
the monomeric (+)-catechin and (—)-epicatechin and their
oligomeric and polymeric procyanidins. Because of the poor
resolution for the higher oligomeric constituents on reversed
phase HPLC columns, the cacao procyanidins with a degree of
polymerization up to pentadecamers were analyzed by HPLC
using a diol column (Figure 4) and quantified by fluorometry in
(—)-epicatechin equivalents adjusted for the reduced fluo-
rescence response of the procyanidins. Mass spectrometric data
were used to identify some of the procyanidins. The ions
observed for each procyanidin oligomer are shown in Table 2.
Peaks with a [M — H] ™ at m/z 575, 863, 1151, 1439, and 1727
were identified as type-A dimeric, trimeric, tetrameric,
pentameric, and hexameric procyanidins of (epi)catechin,
while peaks with a [M — H]™ at m/z at 577, 865, 1153,
1441, and 1729 corresponded to type-B dimeric, trimeric,
tetrameric, pentameric, and hexameric procyanidins of (epi)-
catechin. The fluorescent peaks 27 to 35 were outside the
upper mass range of the mass spectrometer and did not yield
MS data but were tentatively identified as heptameric to
pentadecameric procyanidins of (epi)catechin, as previously
described by Robbins and co-workers.'

Changes in Secondary Metabolite Content during
Seed Development. Secondary metabolites quantified in

dx.doi.org/10.1021/jf304397m | J. Agric. Food Chem. 2013, 61, 427—434
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Figure 4. A diol HPLC profile with fluorescence detection of procyanidins in a stage 4 cacao seed extract. For MS data and peak identification see

Table 2.

Table 2. Diol HPLC Identification of Flavan-3-ols and
Procyanidins in Cacao Beans”

MS/MS

peak t (min) oligomer [M — H]™ (m/z) (m/z)

16 525 catechin® 289 245, 205, 179

16 525  epicatechin” 289 245, 205, 179

17 7.41 dimer, type A 578 423, 449, 289

18 8.79 dimer, type B 577 407, 451, 289

19 13.35 trimer, type A 863 575, 449, 289

20 14.76 trimer, type B 865 577, 407, 451

21 21.3 tetramer, type A 1151 863, 575, 423

22 21.48 tetramer, type B 1153 865, 577, 423

23 27.23 pentamer, type A 1439 863, 575, 449

24 27.75 pentamer, type B 1441 865, 577, 407

25 33.04 hexamer, type A 1727 1439, 863, 575

26 3323 hexamer, type B 1729 1439, 1153, 863

27 37.87 heptamer - -

28 41.93 octamer - -

29 4547 nonamer - -

30 48.67 decamer - -

31 51.48 undecamer - -

32 54.06 dodecamer - -

33 56.47 tridecamer - -

34 58.65 tetradecamer - -

35 60.61 pentadecamer - -

“For HPLC peaks, see Figure 4. b Analysis of catechin and epicatechin
is based on C, reverse phase HPLC which unlike diol HPLC is able to
separate the two monomers.
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developing cacao seeds were flavonols, flavan-3-ols, N-phenyl-
propenoyl-L-amino acids, anthocyanins, and the purine
alkaloids theobromine and caffeine. The concentration of
these compounds on a mg/g dry weight basis is presented in
Table 3 while an overview of the amounts present on a per seed
basis is illustrated in Figure S.

Flavonols. Several quercetin O-glycosides, including quer-
cetin-3-O-galactoside, quercetin 3-O-arabinoside, and querce-
tin-3-O-glucoside have previously been identified in cocoa
powders."” In the present study with developing cacao beans, a
quercetin-O-pentoside and kaempferol-3-O-rutinoside were
also detected. Extremely high flavonol concentrations, 25 mg
and 47 mg/g dry weight, were found in stage 3 and 4 seeds.
The major components were quercetin-3-O-glucoside and
quercetin-O-pentoside which represented 70% of the total
flavonols in stage 4 seeds (Table 3). Earlier studies with
processed cocoa powders detected much smaller quantities of
flavonols (<0.1 mg/g dry weight) which have invariably been
trace constituents compared to flavan-3-ol monomers and
procyanidins.'” This substantial difference in flavonol contents
between the intact seeds and cacao powder may be due to the
disappearance of flavonols during fermentation and/or
commercial processing of the beans. A decrease in flavonols
of at least 86% has been reported to occur during the
alkalization process used in the manufacture of commercial
cocoa powder."®

Flavan-3-ols. The cacao seeds contained two flavan-3-ol
monomers, epicatechin and catechin. Epicatechin is always the
predominant monomer (Table 3). In contrast to flavan-3-ol

dx.doi.org/10.1021/jf304397m | J. Agric. Food Chem. 2013, 61, 427—434
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Table 3. Concentration of Secondary Metabolites in Developing Cacao Seeds”

compounds stage 1
N-Phenylpropenoyl Amino Acids
N-caffeoyl-L-aspartate n.d.
N-coumaroyl-L-aspartate n.d.
clovamide n.d.
deoxyclovamide n.d.
total n.d.
Flavonols
quercetin-3-O-galactoside n.d.
quercetin-3-O-glucoside n.d.
quercetin-O-pentoside n.d.
kaempferol-3-O-rutinoside n.d.
total n.d.
Flavan-3-ols and Procyanidins
catechin” 0.0 + 0.01
epicatechin® 0.70 + 0.10
dimer, type A n.d.
dimer, type B 25+03
trimer, type A n.d.
trimer, type B 20+ 0.1
tetramer, type A n.d.
tetramer, type B 2.31 + 0.01
pentamer, type A 0.15 + 0.03
pentamer, type B 2.23 + 0.04
hexamer, type A 0.36 + 0.02
hexamer, type B 24+ 0.1
heptamer 1.85 + 0.02
octamer 1.20 + 0.01
nonamer 2.35 + 0.0S
decamer 12 +0.1
undecamer 0.97 + 0.07
dodecamer 0.68 + 0.03
tridecamer 0.55 £ 0.01
tetradecamer 0.36 + 0.07
pentadecamer 0.33 + 0.01

22.19 + 1.08

Anthocyanins
cyanidin-3-O-galactoside n.d.
cyanidin-3-O-arabinoside nd.
total n.d.
Purine Alkaloids
theobromine n.d.
caffeine n.d.
total n.d.

stage 2 stage 3 stage 4
n.d. 0.07 + 0.01 0.30 + 0.02
n.d. 0.05 + 0.01 0.08 + 0.00
n.d. 0.04 £+ 0.01 0.16 + 0.01
n.d. 0.02 + 0.00 0.09 + 0.00
n.d. 0.18 + 0.03 0.63 + 0.02
n.d. 39 +03 82 + 0.6
n.d. 7.7 £ 12 163 £ 1.2
n.d. 10.1 £ 1.3 164 + 1.0
n.d. 3.7 £ 0.6 6.0 + 0.6
n.d. 254 + 3.4 469 + 3.4
0.05 + 0.01 0.11 + 0.01 0.47 + 0.01
0.84 + 0.01 43 £ 0.0 3.9+ 0.0
n.d. 0.11 £ 0.01 0.15 £+ 0.03
3.5+ 04 4.8 £ 0.1 54 +02
n.d. 0.15 £ 0.01 0.22 + 0.0
2.6 + 0.3 3.00 + 0.02 3.0+ 03
n.d. 0.43 + 0.03 0.52 + 0.03
3.0+ 03 25+ 0.1 3.0+ 06
n.d. 03 +0.1 0.37 £ 0.01
31+03 2.10 + 0.04 2.60 + 0.02
0.34 + 0.05 0.18 + 0.02 0.15 £+ 0.01
3.7+ 0.1 2.50 + 0.04 2.69 + 0.03
2.5 £02 1.5+ 0.1 149 + 0.06
25+03 1.3 +£0.1 1.40 + 0.08
3.0+ 03 14 + 0.1 1.60 + 0.03
1.40 + 0.03 0.61 + 0.07 0.8 + 0.1
1.20 + 0.0 0.5 +0.1 0.70 £ 0.01
1.00 + 0.06 0.30 + 0.05 0.42 + 0.04
0.71 + 0.03 0.11 + 0.01 0.30 £ 0.08
0.50 + 0.06 0.14 + 0.04 0.20 £+ 0.01
0.40 + 0.04 0.08 + 0.01 0.16 + 0.06
30.34 + 2.54 2642 + 1.06 29.54 + 1.76
n.d. 0.10 £ 0.01 0.16 + 0.02
n.d. 0.42 + 0.01 0.44 + 0.05
n.d. 0.52 + 0.01 0.60 + 0.07
n.d. 0.89 + 0.02 23+02
n.d. 0.69 + 0.01 14 + 0.1
n.d. 1.58 + 0.02 3.7+ 03

“Data expressed as mean values in mg/g dry weight + standard deviation (n = 3). “Catechin and epicatechin values determined by reverse phase

HPLC, procyanidins by diol HPLC, n.d. = not detected.

monomers, no large differences in the concentration of
procyanidin oligomers and polymers were observed in stages
1 to 4 (Table 3). Concentration of some flavan-3-ol polymers,
such as the undecamer and dodecamer, was higher in young
(stages 1 and 2) seeds than in developed (stages 3 and 4) seeds.
The overall flavan-3-ol content on a per seed basis increased
broadly in line with increased seed weight. In contrast to this
increase, procyanidin levels have been shown to decrease 3- to
5-fold during fermentation.'” Likewise, major losses of both
(—)-epicatechin and (+)-catechin occur during fermentation
alongside the formation of (—)-catechin, events attributable to
heat, and which continue during natural and Dutch-processing
of cacao.”
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N-Phenylpropernoyl-.-amino Acids. These hydroxycinna-
mate derivatives are unique to cacao. The occurrence of N-
coumaroyl-3-hydroxytyrosine (clovamide) and N-coumaroyl-
tyrosine (deoxyclovamide) in cocoa liquor was first described
by Sanbongi et al,*' and they have also been detected in
unfermented cacao seeds and somatic embryos.”” In the present
study, two aspartate derivatives, N-caffeoyl-L-aspartate and N-
coumaroyl-L-aspartate, were found in the stage 3 and 4 seeds.
The total N-phenylpropernoyl-L-amino acid content in the
stage 4 seed was ~3.5 times higher than the concentration at
stage 3. Therefore, accumulation of the hydroxycinnamate
derivatives occurred in the later two stages of seed growth. The
order of concentration was N-caffeoyl-L-aspartate > clovamide
> deoxyclovamide > N-coumaroyl-L-aspartate (Table 3).
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Figure S. Changes in (A) major phenolics (flavonols and flavan-3-ols), (B) minor phenolics (N-phenylpropenoyl amino acids and anthocyanins),
(C) purine alkaloids (theobromine and caffeine), and (D) fresh and dry weight of the developing cacao seeds. For A, B, and C, data are expressed as
mg/seed with error bars indicating standard deviation (n = 3). Seed weight = mean values mg/seed.

Recently, N-phenylpropernoyl-L-amino acids were detected in
all parts of the cacao fruit, with the husk and pulp containing
clovamide as the dominant constituent.”> In flowers and leaves,
N-phenylpropernoyl-L-amino acids are absent although 2-O-
caffeoyltartaric acid is the major caffeic acid metabolite in
leaves. Elwers et al. reported that the N-caffeoyl-L-aspartate
content of Criollo was higher than that of Forastero and
Trinitario beans, and that the content was increased by
fertilization of the soil.”*

Anthocyanins. Two anthocyanins, cyanidin-3-O-arabinoside
and cyanidin-3-O-glactoside, were detected in developed cacao
seeds with the arabinoside being the major component at 78%
and 73% of total anthocyanin content in stage 3 and stage 4
seeds, respectively. This contrasts with the findings of Elwers et
al. who reported that Criollo cacao seeds do not contain
anthocyanins.”* However, many Criollo genotypes exist, and
some would appear to contain anthocyanins, as the seeds have a
pink coloration.

Purine Alkaloids. Two methylxanthines, theobromine and
caffeine, were found in seeds of stages 3 and 4 but not in
younger seeds. These results are consistent with the evidence
that the biosynthetic activity of purine alkaloids is only found in
developing cacao seeds from large cacao pods.” In contrast to
tea leaves and coffee seeds,” the cacao seeds contained more
theobromine than caffeine with the latter comprising 56—62%
of the total purine alkaloids. The predominance of theobromine
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in cacao is probably a consequence of the N-methyltransferase-
catalyzed metabolism of theobromine to caffeine being a rate-
limiting conversion in the four-step caffeine biosynthesis
pathway.”® Examination of several cacao genotypes represent-
ing the three horticultural races, Criollo, Forastero, and
Trinitario, revealed considerable variations in the purine
alkaloid content of the seed with slightly higher levels found
in Criollo seeds.”®?’

In summary, this study investigated changes in secondary
metabolite pools occurring during the maturation of Trinitario
cacao seeds rather than that of some of the derived products
that appear during fermentation and commercial processing in
the manufacture of cocoa and chocolate. The data obtained
indicate that the major phytochemicals in the developing seed
are flavonols and flavan-3-ols accompanied by lower amounts of
N-phenylpropernoyl-L-amino acids, anthocyanins, and the
purine alkaloids, theobromine and caffeine. With the exception
of flavan-3-ols, these compounds were not found in young stage
1 and 2 seed but accumulated in the later stages of
development. In broad terms, the secondary metabolites
increased in proportion to the increase in the dry weight of
the developing seed. The profile of the metabolites in the intact
cacao seeds observed in this study, most notably the high
flavonol content, was markedly different to that of cocoa
powders.'® As noted in the text, there has been extensive work
on the declines in cacao secondary metabolite content, most
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notably flavan-3-ols, occurring during fermentation, drying,
roasting, and Dutching, as attempts are made to balance the
health benefits of flavan-3-0ol monomers with the beneficial
effects of fermentation and roasting on chocolate flavor.® One
key factor which complicates such studies is the large cultivar to
cultivar variations that occur as a consequence of the genetic
diversity of seemingly cacao similar trees. The data presented in
this study were obtained using seeds from a single tree of
known genetic background and reduced the variability that
would have been evident if mixed seeds from different trees of
undetermined genotype had been utilized. Such an approach
would be of value when screening cacao seeds during
development in attempts to identify high flavan-3-ol producers
to propagate the clonal material.
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