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ABSTRACT — (Polyphenolic cells and their interrelation with cotyledon cells in seven species of Theobroma (Sterculiaceag)).
The amount of cotyledon polyphenalic cells varies extensively within the Theobroma species. The polyphenolic compounds of
these cells play a protective role and furthermore have an important function in the development of chocolate flavour. The
morphology of the polyphenolic cells of the mesophyll is described and the development of these idioblasts in Theobroma
cacao L., T. subincanumMart., T. obovatum Klotzsch ex Bernoulli, T. grandiflorum (Willd. ex Spreng.) K. Schum., T. microcarpum
Mart., T. bicolor Bonpl. and T. speciosum Willd. ex Spreng analysed. The total polyphenolic content in the seeds as determined by
spectrophotometry showed a variation of about forty times. The alive, transparent polyphenolic cells are scattered throughout the
cotiledonary mesophyll. However the polyphenalic cells of T. cacao and T. grandiflorum are also aligned perpendicularly with
respect to the mesophyll borders and, in addition, both species display polyphenolic cells with a natura tranducent purple colour.
All the speciesanalysed contained polyphenolic cells scattered throughout the parenchymal cellsand al so in alengthwise association
with vascular bundles. In T. bicolor and T. speciosum, the species with the lowest polyphenolic contents, these cells were mostly
located around the vascular bundles. Using Scanning Electron Microscopy, the polyphenolic cells demonstrated a complex
cytoarchitecture, and after fixing with glutaraldhyde, the polyphenolic secretion was shown to remain as a single unit or was
organizedinto round droplets. Transmission Electron Microscopy displayed immature plastidsfrom young mesophyll cellscontaining
eletron-dense deposits similar to phenolic substances, suggesting that Theobroma plastids areinvolved in the synthesis of phenalics.
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RESUMO — (As células polifendlicas e as suas inter-relagées com as células cotiledonares em sete espécies de Theobroma
(Sterculiaceae)). A quantidade de céulas polifendlicas dos cotilédones das espécies de Theobroma variam extensivamente.
Os compostos polifendlicos destas células além dafungdo de protegao participam no desenvolvimento do aromado chocol ate.
A morfologia das células polifendlicas do mesofilo é descrita e também é analisado o desenvolvimento dos idioblastosem T.
cacao L., T. subincanum Mart., T. obovatum Klotzsch ex Bernoulli, T. grandiflorum (Willd. ex Spreng.) K. Schum., T.
microcarpum Mart., T. bicolor Bonpl. e T. speciosum Willd. ex Spreng. A quantidade de polifendis totais determinada por
espectrofotometria apresentou uma grande variacdo, cerca de 40 vezes entre T. cacao (variedade forastero). As células
polifendlicas apresentam-se transparentes e dispersas pelo mesofilo cotiledonar. Em T. cacao e T. grandiflorum grande
ndmero de células estdo alinhadas perpendicularmente a borda do mesofilo e apresentam coloragéo purpura translUcida.
Entretanto, em todas as espécies as células polifendlicas também associam-se ao feixe vascular. Nas espécies T. bicolor e T.
speciosum, com baixo contetido polifendlico, estéo localizadas apenas na regifo do feixe vascular. A microscopia eletronica
de varredura, as células polifendlicas apresentam uma complexa citoarquitetura e apos a fixagéo em glutaraldeido, a secrecdo
polifendlica exibe um s6 contetido ou fragmenta-se em vérias gotas esféricas. A microscopia eletrénica de transmissio
aparecem nas célulasjovens do mesofilo, plastideosimaturos el etrondensos, semel hantes a substéncias polifendlicas sugerindo
gue em Theobroma os plastideos estéo envolvidos na sintese de polifendis.
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Introduction Over 8,000 phenolic compounds are known (Bravo

_ 1998). This plurality is associated with the functional

Polyphenols are compounds derived from glucose  gjversity observed from cell wall formation up to
metabolism through the acetate and shikimate pathways.  protection from biotic and abiotic plant stresses

(Zaprometov 1992, Hutzler et al. 1998, Kuraset al. 1999).
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Polyphenolic cells are found in the epidermis and
subepidermis of theleavesand rootsand in the cotyledon
mesophyll of the seeds of T. cacao (Biehl et al. 1977,
Jalad & Collin 1977). The seed polyphenolics provide,
together with other reserve elements, the flavour and
colour to chocolate (Porter et al. 1991) and represent
from 12% to 20% dw of the defatted seeds (Kim &
Keeney 1984, Wollgast & Anklam 2000). Epicatechin,
pro-anthocyanidins and catechin are the major phenolic
compounds (Wollgast & Anklam 2000).

Thehedlth effects of cacao flavonoidswerereviewed
by Lamuela-Raventos et al. (2001), Keen et al. (2005)
and Sies et al. (2005). The bioavailability of these
compounds depends on other food constituents and on
their interaction with the food matrix (Scalbert et al.
2005, Manach et al. 2005).

The present study of polyphenolic cells was
performed after using a series of techniques to prepare
the fresh cotyledon mesophyllsand also using ordinary
microscopic techniques. The objective was to display
the morphology and cell characteristics of seven species
of Theobroma.

Material and methods

Seeds of Theobroma cacao L., T. subincanum Mart.,
T. obovatum Klotzsch ex Bernoulli, T. grandiflorum (Willd.
ex Spreng.) K. Schum., T. microcarpum Mart., T. bicolor
Bonpl. and T. speciosum Willd. ex Spreng. were obtained
from mature fruits from the germplasm collection of the
“Comissdo Executiva do Plano da Lavoura Cacaueira —
Ceplac” located in Marituba, PA, Brazil (1°12' S; 49°30° W).

For each species, 8 to 10 seeds were removed from two
mature fruits and a third one starting to mature. The fruits
were gathered and sent to the authors by plane in a single
week. T. cacao was also received from Itabuna, Bahia (5 fruits).
The cotyledons were split and one half microscopically
studied whilst the other one was chemically analysed.

Onefresh cotyledon mesophyll, normally tightly folded,
was immediately immersed in cold phosphate buffer 0.1 M,
pH 7.1, and carefully unfolded. Using optical microscopy
(OM), each cell typetill aive could berecognized. Structural
cellular enhancement was carried out using Toluidine Blue
(TB) at pH 4 or pH 8 (O’'Brien & McCully 1981), aswell as
with Rhodamine B (RB) and Brilliant Cresyl Blue (BCB)
vital dyes(Gahan 1984). In order to obtain permanent samples
of the specific seed, the mesophyll of the second cotyledon
was fixed in 4% glutaraldehyde phosphate in 0.1 M buffer,
included in methacrylate resin, and prepared for OM, both
according to O’'Brien & McCully (1981). Histological
routine methods for Scanning Electronic Microscopy (SEM)
and Transmission Electronic Microscopy (TEM) were also
performed (Harris 1991).

The amount of seed polyphenols was determined by
spectrophotometry according to the AOAC International
official methods of analyses of (AOAC 1997).

Results and discussion

Thepolyphenalic cell contentswered most trangparent.
Therespective polyphenolic synthesisinside these cells
varied according to fruit maturity and gradua ly increased,
replenishing the cell volume. These cells could also
synthesize proteins, lipids and starch granules and the
synthesis decreased asthe respective polyphenaolic cells
matured (Martini et al. 2003). Both Theobroma cacao
and T. grandiflorum polyphenolic cells (figures 1-2)
displayed the same maturation features described above,
but only the polyphenolic cells of these two species
developed an intrinsic red translucent colour (Martini
2004). Another feature of T. cacao and T. grandiflorum
was the perpendicular orientation of the polyphenolic
cellstowardsthe edges of the mesophyll. Finally, athird
characteristic commonto T. cacao, T. grandiflorumand T.
obovatumwasthe feeble adhesi on amongst the mesophyl|
cdls. Freshly made sectionsof themesophyll of T. obovatum
(figure 3) even showed that the round polyphenalic cells
were easily separated from vicinal mesophyll cells, a
property that might beinteresting in cell culture assays.

With respect to thelocalization, these polyphenolic
cellswere scattered throughout the parenchymal cellsin
the seven speciesand a so showed alengthwise association
with the mesophyll vascular system (figure 4). The till
alived hyaline polyphenolic cell sectionsshowed agreen
response under Toluidine Blue at pH 4 (figure 5).
Furthemore this figure displays the mucilage from
damaged cotyledon cells, which became violet as soon
as the fresh cotyledon was sliced (figure 5).

After fixing in glutaraldehyde and carrying out an
ordinary histological routine, followed by observation
under an OM, figures 6 to 12 show the mesophylls and
respective polyphenolic cells of the seven Theobroma
species. As demonstrated by Martini (2004) the seed
mesophyll was always folded and the pattern of folding
varied amongst the seven species. Thethree most folded
mesophylls were that of T. grandiflorum (figure 6), T.
obovatum (figure 7) and T. subincanum(figure 8);
consequently these mesophyllswerethethinnest, witha
thickness varying from 100 to 150 um (figure 7). The
mesophyll polyphenoalic cell wasfrequently inthevicinity
of vascular bundlesfor the seven species. The polyphenalic
celsof T. bicolor (figure 9), T. speciosum (figure 10) and
T. microcarpum (figure 11) were markedly aligned with
thevascular bundles, and it was ubiquitousthe mucilage
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Figures 1-5. Fresh mesophyll sections: 1. Theobroma cacao: the isolated or associated polyphenolic cells display an intrinsic
red coloration (arrow). 2. T. grandiflorum: its phenolic cells (arrow) display an intrinsic red colour similar to T. cacao. 3. The
T. obovatummesophyl| and itsrespective polyphenolic cells (PC) are stained with Rhodamine Blue. 4. T. subincanum: Rhodamine
Blue, polyphenolic cell rows (arrow). 5. T. subincanum: stained with Toluidine Blue, the intact polyphenalic cells (black
arrow) and mucilage (white arrow) became light violet. Bar = 100 pm (1-4); 50 um (2-3.5).

insideall the mesophyll cells. In T. speciosum (figure 10)
the mucilage leaked out of the mesophyll cells and was
restrained into structured pocketsasbig as400 x 300 pm.
Thiswaslikeintracellular mucilage, metachromatically
staining purple with TB at pH 8. These characteristic T.
speciosum pocketswere always adjacent to polyphenolic
cells(Martini 2004). Finaly, T. cacao (figure 12) showed
another kind of fusion, i.e. fusion amongst the aligned
polyphenolic cells. Theamount of polyphenols, measured
by spectrophotometry, showed avariation of about forty
times amongst the seven species (table 1). Even the
different T. cacao cultivars show aconsiderablevariation
in the amount of polyphenals, the T. cacao “ Forastero”
cultivar showing twice as much polyphenols asthe other
T. cacao varigties(table 1). Such higher polyphenol contents
provide greater astringency to the chocolate.

Table 1. Polyphenols (mg g?) on a dry, defatted basis from
the cotyledons of seven Theobroma species.

Samples Polyphenolst (mg g?)
T. cacao ®* 1327+ 75
T. cacao** 799+ 6.1
T. subincanum 552+28
T. obovatum 51.0+ 5.0
T. grandiflorum 427+23
T. microcarpum 268+11
T. bicolor 50+12
T. speciosum 32+£05

a=Values: average * standard deviation; b = seeds of the T. cacao forastero
variety; (* =forastero variety: dark violet seeds; ** = unknown variety: whitish
seeds).
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Figures 6-12. Cotyledon mesophylls of the seven species and their respective polyphenolic cells (arrow). 6. Theobroma
grandiflorum. 7. T. obovatum (-->= thin mesophyll). 8. T. subincanum. 9. T. bicolor. 10. T. speciosum. 11. T. microcarpum.
12. T. cacao. Sections 6, 7, 8, 9, 11,12 were stained with Toluidine blue at pH 4 and section 10 at pH 8: the metachromasy
at pH 4 is greenish; the metachromasy at pH 8 for the mucilage pockets (M) of the T. speciosum is clear violet. 12. The
arrows indicate the variation amongst the fused polyphenolic T. cacao cells. Bar = 100 pm (6, 10, 12); 50 um (7, 8, 9, 11).

Using SEM, the polyphenalic cells were shown to
haveacomplex cytoarchitecture. After fixing themesophyll
with glutara dhyde, thewhol e polyphenolic secretion could
remain asone (figure 13), but frequently it ruptured and
reorganized itself as round droplets, as exemplified by
T. microcarpumand T. cacao polyphenalic cells (figures
14, 15). In both cases, the polyphenolic contents were

covered by avisiblemembranesimilar to the one covering
the mucilage pocketsin T. speciosum (Martini et al. 2003).

As mentioned earlier, the polyphenolic cells of T.
cacao had a tendency to form cell rows (figure 16).
Depending on the degree of maturation of the cell rows,
they remained individualized or became associated
(figure 15). SEM showed extracelular interconnections
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Figures 13-18. SEM: Polyphenolic cell and mucilage: 13. Theobroma cacao; arrow indicating a polyphenolic cell measuring
about 50 um. 14. T. microcarpum, cell presenting polyphenolic content (Ph): very frequent fragmentation of the polyphenolic
cell contents. 15. T. cacao: two vicinal polyphenolic cells exhibiting polyphenolic contents (arrow). A very thin area of
cytoplasm surrounds the polyphenolic contents. Proteins (P) have a spongy appearance when observed by SEM because the
fat globules were removed. 16. T. cacao, three rows of polyphenolic cells (arrow), where the contents have been partly
removed. 17. T. bicolor, displaying mucilage crossing the cell wall (arrow). 18. T. obovatum: as a rule the mesophylls cells
are barely connected, and this feature was especially evident in this species. Bar = 10 ym (13-18).

to T. bicolor and T. obovatum (figures 17, 18), already
demonstrated by TEM in T. cacao by Martini (2004).
Using TEM (figures 19-22), incipient polyphenolics
synthesiswas shown in the mesophyll of immature cells
(figures 19-21), and this synthesis was concomitant
with that of proteins and lipids in the cytosol (figures

19-21). At this early stage plastid bodies containing
polyphenoalic substances could already be seen (figures
19, 20). Bruceet al. (1994) emphasi zed the extraordinary
intraplastid capacity demonstrated during the early cell
stages. According to Alemanno et al. (2003), T. cacao
phenolics synthesis may occur inimmature seed tissues
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as a response to stressful conditions, owing to anti-
oxidant capacity of these substances. However part of
the polyphenol synthesis is correlated with the
endoplasmic reticulum. According to Ruhl & Biehl
(1989) and Riihl & Dambroth (1989), thereisatrend to
consider polyphenol synthesis as originated from the
endoplasmic reticulum. This paper (figure 20) shows
several plastid bodies containing homogeneous
substances with aspect and density similar to those of
polyphenolic substances.

-
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Figures 19-22. TEM: Polyphenolic bodies and lipid and protein synthesis in the cotyledon mesophyll. 19. Theobroma
cacao: the beginning of polyphenol synthesis in the mesophyll idioblasts and cytoplasm vacuoles (V). 20. T. subincanum:

three intraplastid bodies (arrow). 21. T. cacao presents polyphenol vesicles adhered to the plasmatic membrane (arrow). 22.
T. speciosum: (P) reserve protein prevailing over other synthesis and also lipid bodies (L). Bar = 1 pm (19-21); 2 pm (22).
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Figure 21 (T. cacao) shows a polyphenolic cell at
a more advanced stage. The vesicles of polyphenolic
substances have now occupied the periphery of the cell,
as aso demonstrated by SEM. During the preparation of
fresh mesophyll tissue for SEM and TEM studies, the
polyphenolic vesicle could eventually break, giving rise
to many round vesicles (figures 14, 21). As mentioned
above, during cell maturation, in the seven species, the
polyphenoalic cellsalso synthesized arather small quantity
of lipid, protein and starch (figure 22).
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