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Abstract Morphological variability of four wild

species, one semi-cultivated and one cultivated

species of Theobroma L., indigenous to Brazil and

introduced in the Bahian cocoa-growing region, was

characterized based on 35 quantitative and 13 qual-

itative traits. T. cacao, which shows a great diversity

of conserved germplasm and many published refer-

ences for morphological characterization, besides of

being one of the most cultivated species in Theo-

broma, was used for comparison as reference species.

Sample size was defined for each organ evaluated and

individual data set related to leaf, flower, fruit and

seed analyzed by a multivariate approach. The

studied species showed a large variation for all

morphological traits evaluated. T. grandiflorum

(Willd. ex Spreng.) Schum. and T. bicolor Humb. et

Bonpl. showed the highest means for quantitative

variables but were very divergent from each other

considering flower and qualitative traits. These were

the only species that presented similar number of

seeds in comparison with T. cacao. A species with

smaller means for most traits was T. obovatum

Klotzsch ex Bernoulli. The four wild species show

white seeds while T. cacao shows purple ones.

Multivariate analysis of variance indicates significant

differences between Theobroma species for individ-

ual or grouped morphological fruit traits. The results

from a cluster analysis were, in a general way,

congruent with botanical classification. The statistical

analysis performed here was useful to identify a great

variability among evaluated traits and to distinguish

the most divergent variables from Theobroma spe-

cies. This work provided an important contribution to

morphological characterization of polymorphic traits

from different organs of Theobroma species, which

can help breeders in the future on the direction of

interspecific crosses attempts.

Keywords Breeding � Cluster and canonical

analysis � Genetic resources � Germplasm �
Malvaceae � Theobroma

Introduction

Theobroma is a small genus belonging to the

Malvaceae family (Alverson et al. 1999), divided

into six sections (Andropetalum, Glossopetalum,

Oreanthes, Rhytidocarpus, Telmatocarpus and Theo-

broma) based on morphological features (Cuatrecasas

1964) and strongly supported by molecular data
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(Borrone et al. 2007; Silva and Figueira 2005;

Whitlock and Baum 1999). These six sections harbor

22 species occurring from the north of South America

to Mexico, distributed throughout the rain forests

between latitudes 18� North and 15� South (Cuatre-

casas 1964). They are all perennial plants and present

upright growth habit. Brazil and Colombia can be

considered as the main centers of diversity of the

genus because both countries harbor the greatest

number of indigenous species.

According to Motamayor and Lanaud (2002),

despite lacking archaeological evidences about cacao

domestication in South America, historical and

genetic evidences and natural occurrence of wild

species contradict Cuatrecasas’ hypothesis in which

T. cacao is the most ancient species of the genus. In

Brazil species from all sections may be found, with

the exception of the Andropetalum, which exhibits

only one species, T. mammosum Cuatr. et León, and

which is endemic to Central America. T. canuman-

ense Pires et Fróes, from Glossopetalum section, and

T. sylvestre from Oreanthes section, are the only

known endemic species occurring in Brazilian Ama-

zon region. This species was described based only on

herbarium specimens and no specimen is currently

found in any germplasm collection of Theobroma and

is probably extinct or at high risk of extinction in the

wild, but no information has been collected on this.

T. glaucum Karst. and T. cirmolinae Cuatrec are also

cited as in extinction risk (Hammer and Khoshbakht

2005). T. cacao and T. grandiflorum are the only

widely cultivated species in the genus; the first is the

main supplier of products for the chocolate industry

(in several regions of the world) and the second is

used for producing candies and beverages (mainly in

Brazil and Colombia). Additionally, T. bicolor is

locally cultivated in Central America to produce

cocoa.

According to Obute et al. (2006), the lack of an

immediate use for some wild members of the genus

Solanum L. has led to their neglect and subsequent

genetic erosion. Rapid depletion of such potentially

useful plant resources because of skewed selection

pressure calls for an urgent reappraisal of germplasm

exploitation and conservation. That example is not

useful only for the genus Solanum, but for many other

important genera like Theobroma. Wild relatives of

crops play a significant role in the development of

cultivars of the crop species belonging to the same

gene pool, as they possess the desired characteristics.

Srivastava and Damania (1989) reported that wild

relatives provide valuable genes for disease resis-

tance, high protein content, drought resistance and

other economically desirable attributes. Lange and

Balkema-Boomstra (1988) stated that progenitors of

cultivated species should be considered an important

source of variability for broadening genetic bases of

cultivated crops. Efficient utilization of these species

requires detailed knowledge of their genetic, cytoge-

netic and agro-morphological characteristics.

Different environmental conditions from the

original one can induce many variations on same

traits in specimens of a taxa, which will need great

genetic variability to be able to adjust and survive in

new environments (Vanhala et al. 2004). This

phenomenon is known as phenotypic plasticity

(Thompson 1991), and occurs even with small

differences in environmental conditions. Theobroma

species are originally from the Amazonian region.

Thus, it is thought that when introduced to another

place, like the Bahian cocoa growing region, the

behavior of traits that are not directly involved in

reproductive isolation (Lexer et al. 2005) or without

any obvious role in blocking gene flow, and named

‘‘ordinary traits’’ by Orr (2001), can express them-

selves in different ways.

According to Orr (2001), despite of the great

progress in plant genetics, especially with the

advances of molecular biology, including quantitative

trait loci (QTL) studies and related association-

mapping strategies, questions about species differ-

ences on the genetic architecture of traits remain the

same as those formulated by Haldane (1938).

Phenotypic traits are the most important targets for

conventional breeding and although wild species do

not always supply enough phenotypic variation to

improve the agronomic attributes of crop species,

sometimes further research has proven that initial

phenotypic evaluations are not always effective

enough as proved by the introgression of wild tomato

alleles to improve tomato cultivars (Tanksley and

McCouch 1997). Phenotypic variation of crops has

been studied vigorously and these studies have been

concentrating on the traits that would benefit the

modern cultivars of annual species, like in barley

(Vanhala et al. 2004), tomato (Lippman and Tanksley

2001), onion (Peterka et al. 1997) and rice (Brar and

Khush 2002), and perennial crops like Eucalyptus
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spp. L’Her. (Gan et al. 2003) and Hevea brasiliensis

Muell. Arg. (Lespinasse et al. 2000). Cacao is the

only species of Theobroma that has been continu-

ously evaluated for different botanical (Bartley 2005;

Bekele et al. 2006) and agronomic traits (Pires et al.

1998; Khan et al. 2008).

The study of plant material with desired traits by

means of the morphological characterization is an

essential step for effective utilization of crop germ-

plasm. It is important to know the factors that limit

crop success, and it is essential to search for solutions

accessing all existing genetic variation both inside

and outside the species (Koorneef and Stam 2001).

Wild Theobroma species, once characterized and

evaluated, can be considered as a very important gene

reservoir for cacao improvement (Silva and Figueira

2005). Multivariate statistical methods, like cluster

and canonical discriminant analysis, have been

adopted to select similarity indicators among geno-

type groups, which are used for accurate species

identification (Yeater et al. 2004). On this work we

use those approaches to characterize phenotypic

differences among some Brazilian indigenous Theo-

broma species.

Materials and methods

Plant material

Although ten species are described as indigenous to

Brazil (Cuatrecasas 1964), only six were used in this

study (Table 1). We analyzed adult plants present in

the germplasm collection of the Centro de Pesquisas

do Cacau (CEPEC) at Ilheus, Bahia, Brazil. Three

plants of each species, and three cacao clones

(TSH1188, GS36 and RB47, randomly chosen from

the Criollo, Forastero and Trinitario morphogeo-

graphic groups (Motamayor et al. 2002), respectively,

were labeled and used for data collection. Each

species was evaluated as an accession, as there are no

records of the genealogy neither of the introductions

of the wild species at CEPEC. Most descriptors used

here for measurements of each organ were chosen

from previous relevant literature regarding cultivated

cacao (Engels et al. 1980) and cupuaçu (Alves et al.

2003). According to Bekele et al. (2006), these

descriptors were found to be the most discriminative,

taxonomically useful and they would preclude

redundancy.

Leaf data

Shoots of three plants per species and of each cacao

clone were collected and used for leaf data collection.

From those shoots, 36 healthy mature and fresh leaves

were taken and initially scored as presence (P) or

absence (A) of pubescence. On each leaf 13 traits

were measured, calculated and assessed statistically.

For each leaf the petiole length (PeL), blade length

(BL) and blade width (BW) were measured with a

common ruler; petiole diameter (PD) was measured

with a caliper. Leaves were classified as short (SL),

when the mean length was smaller than 20 cm;

intermediate (IL = 20 cm \ mean length \ 30 cm)

and long (LL mean length [ 30 cm), according to

Dalla Via et al. (1998), with modifications. Leaf area

was measured using a planimeter (Li-COR model LI

3000A) and leaf weight with a semi-analytic elec-

tronic scale (AS1000C). Furthermore, the number of

veins starting from petiole (NVP) and the number of

veins on the right side of the leaf blade (NVR) were

recorded. Several qualitative traits were also scored

and are defined in Table 2.

Flower data

As regards the duration of the flowering period, the

species were classified as long (L), when trees remain

flowering for more than 3 months; intermediate (I), for

a flowering period of more than one and less than

3 months; and short (S), when the flowering period

lasted less than 1 month. For morphometrical flower

data collection, ten recently opened flowers from tree

plants of each species/clones were randomly collected,

pooled and conserved in ethanol (70%) until measure-

ments, which was done by using a stereo microscope

(Taimim TE 1L). The flower descriptors used to

describe T. grandiflorum were selected from those

presented by Alves et al. (2003) and others described

by Engels (1986) to characterize T. cacao. Sepal length

(FSL) and sepal width (FSW), corolla diameter (CD),

ligule length (LL), ligule width (LW), style length

(StyL), staminode length (StaL), ovary length (OL)

and diameter (OD) and ovule number (MON) were

used as quantitative flower variables (Table 2).
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Fruit data

Fifteen mature fruits collected from three different

trees from each species/variety were used to describe

fruits. Fruit weight (FW) and pod husk weight (PHW)

were measured using the same semi-analytic electronic

scale as for the others organs (leaves and seeds).The

total fruit length (FL) was measured from base to fruit

apex, excluding the stalk, and diameter (FD) measures

were taken at the equatorial fruit line using a caliper

with accuracy of 0.1 mm. Other quantitative fruit traits

were scored and characterization of qualitative traits

was based on standard descriptors established by

Engels et al. (1980) (Table 2).

Seed data

The evaluated sample was composed of 225 seeds

collected from fifteen fruits per species with a large

number of seeds per fruit (T. cacao, T. grandiflorum

and T. bicolor). Fruits of other species that contained

a seed number lower than fifteen, whole seeds of each

fruit were collected and more fruits collected until the

defined seed sample size was complete. Metrical

measurements were obtained for seed length (SL),

seed diameter (SD) and seed thickness (ST) by using

a manual caliper. Seeds were first cleaned by

removing its pulp for data collection, without drying.

Other quantitative and qualitative traits are defined in

Table 2.

Data analysis

In order to verify the minimum sample size necessary

for each character analyzed, according to their

variability, the formula presented by Engels et al.

(1980) was used as shown below:

r� 0:16� r� 100=lð Þ2 ð1Þ

‘‘r’’ represents the minimum sample size, 0.16 a

constant, ‘‘r’’ the standard deviation and ‘‘l’’ the

mean of the population.

Statistical analyses were conducted using the

Statistical Analysis System package (SAS 2002).

Phenotypic data was analyzed by means of the

multivariate analysis using PROC GLM procedure

and a Tukey’s test applied for pair wise comparisons

of the means of quantitative traits. The canonical

model (Gutiérrez et al. 2003), estimated for whole

variable sets, was performed to establish relationships

among morphological features using PROC CAN-

DISC and figures generated by PROC G3D proce-

dures. Cluster analysis was performed using

Mahalanobis’ distance and centroid clustering

method, by PROC CLUSTER procedure. Qualitative

characters were not used for statistical analysis

because they proved to be constant within most

Theobroma species, difficult to assess accurately or

unsuitable for rapid and accurate scoring.

Results and discussion

Leaf traits

The results obtained for all measurements in the

complete set of variables (leaf, flower, fruit and seed)

are showed in Table 3. Scored morphological traits

included 32 quantitative and thirteen qualitative ones.

Multivariate analysis carried out with quantitative

Table 1 Description of the studied Theobroma species

Section Species Center of diversity NATa

Glossopetalum T. grandiflorum South/Southeastern of Paráb [1,000

T. obovatum Probably in Brazil 4

T. subincanum Probably in Brazil 8

Oreanthes T. speciosum Nortwestern of Brazilian Amazonc 3

Rhytidocarpus T. bicolor Eastern of Peru and Ecuadorc 11

Theobroma T. cacao Upper Amazon regionc [1,000

a Number of adult trees at CEPEC
b Alves et al. (2003)
c Cuatrecasas (1964)
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Table 2 List of

morphological traits

evaluated and abbreviations

used

Organ Morphological Trait Abbreviation

Leaf Petiole lenght PeL

Petiole diameter PD

Blade lenght BL

Blade width BW

Leaf area LA

Leaf weight LW

Number of veins on the leaf right side NVR

Number of veins starting from petiole NVP

Pubescence Pub

Surface profile: flat (1), convex (2) SP

Apex shape: short attenuate (1), mediun attenuate (2) and long attenuate (3) AS

Anthocyanin on young leaves Ant

Size classification: short (S), long (L) and intermediate (I) SiC

Flower Sepal lenght FSL

Sepal width FSW

Corola diameter CD

Ligule lenght LL

Ligule width LW

Style lenght StyL

Staminode lenght StaL

Ovary lenght OL

Ovary diameter OD

Mean of ovule number MON

Sepal colour SeC

Peduncle colour PC

Flower bud colour FBC

Fruit Fruit weight FW

Fruit lenght FL

Fruit diameter FD

Pod husk weight PHW

Pod husk weight/fruit weight ratio PHW/FW

Pod husk thickness PHT

Seed number SN

Normal seeds number NSN

Flat seed number FSN

Weight of one hundred seeds 100S

Fruit Apex Form: round (0), slightly obtuse (1), obtuse (3), slightly

acute (5), acute (7) and attenuate (9)

FAF

Basal constriction: absent (0), slight (3), intermediate (5) and strong (7) BC

Basic Fruit Surface Color BFSC

Fruit surface rugosity: absence (0), slight (3), intermediate (5) and intense (7) FSR

Mesocarp hardness: soft (3), intermediate (5) and hard (7) MH

Seed Seed thickness ST

Seed lenght SSL

Seed width SW

Seed thickness/Seed lenght ratio ST/SL

Seed thickness/Seed width ratio ST/SW

Seed lenght/Seed width ratio SL/SW

Projected seed area PSA
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leaf traits indicated significant differences

(P \ 0.0001) between each of the six taxa analyzed.

Petiole length, leaf area and leaf weight were those

traits with higher variation among leaf data. PeL

ranged between 1.04 cm (T. obovatum) and 2.31 cm

(T. cacao) and T. bicolor presented the higher means

for leaf area (358.95 cm2), and T. grandiflorum for

leaf weight (7.10 g). T. cacao leaf traits were

significantly different from wild species, however

there were no differences to T. grandiflorum. The

smaller means for most leaf traits is exhibited by

T. obovatum, with the exception of the petiole

diameter, which did not differ from species with large

leaves. Similar results were reported by Engels et al.

(1980) for some Theobroma species with raw data.

Pubescence was observed on leaves of species

from Glossopetalum section (T. grandiflorum,

T. obovatum and T. subincanum Mart.) and seems

to be an important diagnostic trait to distinguish

species from this section from others. Pubescence is

not associated to anthocianin presence, because only

T. cacao and T. grandiflorum show young leaves

colored by anthocianin. As regards leaf dimensions,

species were classified as large (T. grandiflorum,

T. subincanum and T. cacao), intermediate

(T. speciosum Willd. and T. bicolor), and small

(T. obovatum). Shape leaf surface profiles observed

were flat to T. cacao, T. grandiflorum and

T. obovatum, and convex to T. bicolor, T. speciosum

and T. subincanum (Table 3). T. bicolor exhibits the

most distinct leaf shape among species studied

(Cuatrecasas 1964).

Canonical analysis of the quantitative leaf traits

(Table 5) showed that the cumulative variance

explained by the first three variates was 90.23% of

the total variance. The original variables which most

contributed to those variates were metrical traits like

blade width, blade length and leaf area. The three

dimensional plot (Fig. 1a), obtained from these

variates indicated the formation of three distinct

groups. Two groups were composed by species from

different sections and only T. bicolor was isolated

from other groups as for botanical classification.

These groups were confirmed through the cluster

analyses which resulted in the same groups (Fig. 1b).

Cluster 1, composed by T. grandiflorum, T. subinca-

num and T. cacao is congruent with size classifica-

tion. The grouping of species with very distinct leaf

shapes like T. speciosum and T. obovatum in cluster 2

was based mainly on non-metrical traits like NVR

and NVP.

There are no earlier morphometric studies of wild

Theobroma species for comparison with the data

analyzed by this study. According to some authors

(Givnish 1987; Castro-Dı́ez et al. 1997) a smaller leaf

area has demonstrated to reduce the transpiration rate

in leaves exposed to high radiation, thus enhancing

water use efficiency, which can be observed in

Theobroma species with small leaves, like T. obov-

atum, which produces an elevated number of fruits.

Venturieri (1996), while estimating regression equa-

tions for cupuaçu (T. grandiflorum) leaf traits,

verified that leaf area, blade length and blade width

were the most important traits which accounted for

92.5% of the calculated data and high and positive

correlations coefficients between leaf traits, similar to

the results showed here. Artificial selection does not

seem to have exerted important action in the evolu-

tion of shape and dimensions on leaves of the studied

species once some cultivated and wild ones shares

similar forms and dimensions, although leaf phyllo-

taxis, shape, size and elevation angle are associated to

light capturing (Valladares and brites 2004). Accord-

ing to Langlade et al. (2005), morphological differ-

ences between species in general involve

modifications in shape and size, yet the basis of

these changes is poorly understood.

Flower traits

Floral traits exhibited striking differences among

studied species. Observed floral variability between

species was confirmed by multivariate analysis for all

traits evaluated for which significant differences were

found (P \ 0.0001). Among the floral traits, ovule

number presented the smallest coefficient of variation

(CV = 11.35%, r2 = 0.92) and ovary diameter (OD)

the highest (CV = 52.43%, r2 = 0.23). All traits

showed variation higher than 10% (Table 4), the

lower limit considered by Enriquez and Soria (1967)

for the trait to be reliable for morphological

description.

The means estimated for each trait, grouped by

Tukey test (P B 0.05), showed that T. grandiflorum

presented the greatest values for most traits, with the

exception of pistil length and ovule number. T.

obovatum presented the smallest means for most

traits with the exception of ovule width, the greatest
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Table 3 Evaluation of morphological traits among Theobroma species: values represent averages over all the observations for

quantitative traits or corresponds to the direct scale of qualitative ones

Variable set Trait* T. grandiflorum T. obovatum T. subincanum T. speciosum T. bicolor T. cacao

Leaf PeL 1.56c 1.04d 1.84b 1.49c 2.22a 2.31a

PD 0.59a 0.25c 0.43b 0.45b 0.45b 0.45b

BL 36.08a 19.67e 31.54bc 25.70d 29.20c 33.11b

BW 11.35c 7.49e 10.11d 12.55b 16.17a 12.15bc

LA 308.63b 111.94d 244.31c 215.94c 358.95a 286.68b

LW 7.10a 1.82c 5.49b 6.67a 6.80a 4.79b

NVR 10.00b 6.03d 9.94b 5.36e 6.72c 11.78a

NVP 3.00c 3.00c 3.28b 3.00c 5.05a 3.00

Pub P P P A A A

SP 1 1 2 2 2 1

AS 2 2 3 1 1 2

Ant P A A A A P

SiC L S L I I L

Flower FSL 16.90a 7.61d 8.81c 11.17b 6.43e 7.37de

FSW 8.65a 4.24c 5.00b 4.43c 2.46d 2.66d

CD 21.95a 9.99c 18.75ab 13.50c 11.99c 13.82bc

LL 12.59a 4.62d 5.07 cd 5.78bc 1.24e 6.27b

LW 8.05a 3.18c 3.52c 7.12b 1.02e 2.56d

StyL 2.12c 1.41d 1.59d 2.37b 1.47d 2.57a

StaL 12.55a 4.54c 6.32b 6.25b 3.72c 6.40b

OL 2.22a 1.28c 1.28c 2.10a 1.68b 1.44c

OD 2.39a 2.74a 1.32bc 2.03ab 2.51a 1.21c

MON 44.03c 18.47e 30.07d 21.40e 55.17a 48.50b

FP L L I S L L

SeC Grayish ruby Reddish brown Reddish brown Brownish violet Reddish violet Pastel red

PC Light brown Light brown Grayish green Violet brown Reddish brown Reddish brown

FBC Green–brown Green–brown Green–brown Purple Red Slightly purple

Fruit FW 1195.80a 37.94d 164.87d 84.08d 1043.67b 512.79c

FL 20.24a 6.00d 9.95c 6.31d 18.47a 15.89b

FD 11.65a 3.96e 6.18c 5.42d 11.30a 8.86b

PHW 476.40a 20.76e 96.58c 57.98c 473.00a 378.78b

PHW/FW 39.72d 55.65b 58.71b 69.25a 46.04c 73.75a

PHT 0.77c 0.37d 0.65c 0.81c 1.05b 1.52a

SN 38.73ab 10.87d 22.87c 8.13d 45.07a 31.53b

NSN 37.67b 10.47d 22.80c 7.87d 44.80a 31.27b

FSN 1.07a 0.33ab 0.07b 0.27ab 0.27ab 0.80ab

100S 620.37 163.65 128.32 154.95 625.00 208.20

FAF 1,3,9 1 0 0 3 0,1,3,5,7,9

BC 0.3 3 0.3 0.3 3 0,3,5,7

FSR 0 0 0 0 7 3,5,7

MH 7 3 5 5 7 5

Seed ST 1.07a 0.71c 1.00ab 1.02ab 1.00ab 0.89b

SSL 2.68a 1.43c 1.83b 1.86b 2.83a 2.72a
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among the species studied (Table 3). When compar-

ing sections means, Glossopetalum showed the

greatest values for whole traits and Rhytidocarpus

the smallest ones. It is important to emphasize the

small pistil size observed in T. grandiflorum, one

unexpected result for a species with great dimensions

for whole kind of organ traits, mainly flower, which

originated its specific name. The mean of ovule

number by species varied from 18.47 in T. obovatum

to 55.17 in T. grandiflorum, higher than the mean of

Fig. 1 Three-dimensional

scatter diagram (a) of the

first three canonical variates

from canonical analysis and

tree cluster analysis (b) from

taxonomic distances based

on leaf data for the

Theobroma species

(Brown = T. cacao,

Blue = T. grandiflorum,

Red = T. bicolor,

Gray = T. speciosum,

Pink = T. obovatum,

Black = T. subincanum)

Table 3 continued

Variable set Trait* T. grandiflorum T. obovatum T. subincanum T. speciosum T. bicolor T. cacao

SW 2.01a 0.84c 1.26b 1.25b 2.02a 1.40b

ST/SL 0.40c 0.50b 0.55a 0.55a 0.36d 0.34d

ST/SW 0.53d 0.86a 0.79b 0.82ab 0.50d 0.64c

SL/SW 1.34c 1.72b 1.46c 1.50c 1.41c 1.95a

PSA 5.42a 1.20d 2.32c 2.33c 5.75a 3.86b

Different letters indicate statistically significant differences means at 0.95 confidence by Tukey test

* See Table 2 for trait name and abbreviation
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T. cacao (48.50), which has been indirectly selected

for this trait (Table 3).

Flowers of different species studied here showed a

large variation in color of different parts. Sepal color

is the most attractive aspect of differentiation of

Theobroma species, varying from reddish brown in

T. speciosum to pastel red in T. cacao, which presents

some clones with albino flowers, as mutation result.

However, differences in flower colors apparently do

not affect pollination between species, as stated to

cacao (Soria et al. 1983). The phenotypic correlations

between floral structures presented few significant

coefficients. Sepal width (SW) showed high, positive

and significant (P \ 0.0001) correlation rate with

sepal length (FSL, 0.93**), with ligule width (LW,

0.91**) and staminode length (SL, 0.94**). Ligule

Table 4 Descriptive statistics of morphological data of whole species

No. Organ Trait Unit Mean SD Min Max CV (%)

1 Leaf PeL cm 2.26 1.91 0.80 6.80 84.51

2 PD cm 0.37 0.15 0.18 0.59 39.55

3 BL cm 26.31 7.58 13.90 36.08 28.80

4 BW cm 10.98 4.32 3.98 17.20 39.30

5 LA cm2 211.61 109.90 39.69 358.95 51.94

6 LW g 4.38 2.61 0.55 7.10 59.55

7 NVR Unit 7.63 2.71 3.78 11.78 35.55

8 NVP Unit 3.30 0.72 3.00 5.06 21.75

9 Flower FSL mm 9.72 3.88 6.43 16.90 39.94

10 FSW mm 4.58 2.24 2.46 8.65 48.90

11 CD mm 15.00 4.48 9.99 21.95 29.84

12 LL mm 5.93 3.71 1.24 12.59 62.64

13 LW mm 4.24 2.74 1.02 8.05 64.69

14 PiL mm 1.92 0.50 1.41 2.58 25.99

15 StyL mm 6.63 3.10 3.72 12.55 46.82

16 StaL mm 6.63 3.10 3.72 12.55 46.82

17 OL mm 1.67 0.41 1.28 2.22 24.66

18 OD mm 2.03 0.64 1.21 2.74 31.42

19 MON unit 36.27 15.12 18.47 55.17 41.69

20 Fruit FW g 426.80 452.36 37.94 1195.80 105.99

21 FL cm 11.41 5.86 6.00 20.24 51.38

22 FD cm 7.64 2.76 3.96 11.65 36.13

23 WW g 219.60 191.01 20.76 476.40 86.98

24 WW/FW g�g 59.42 12.41 39.72 73.75 20.89

25 WT cm 0.91 0.39 0.37 0.79 42.25

26 TSN unit 23.98 13.51 8.13 45.07 56.31

27 NSN unit 23.39 13.60 7.87 44.80 58.14

28 FSN unit 1.63 0.65 1.00 3.00 39.86

29 Seed ST cm 0.98 0.15 0.71 1.25 15.62

30 SSL cm 2.20 0.51 1.43 2.84 23.00

31 SW cm 1.44 0.40 0.84 2.02 28.03

32 ST/SL cm�cm 0.47 0.10 0.33 0.62 22.61

33 ST/SW cm�cm 0.71 0.14 0.50 0.85 19.62

34 SL/SW cm�cm 1.56 0.22 1.33 1.95 14.44

35 PSA cm2
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Table 5 Eigenvalues, percentage and cumulative variance from canonical analysis of quantitative morphological data

Variable set Component Eigenvalue % Variance Cumulative variance F Pr [ F

Leaf First 9.60 45.95 45.95 65.97 \.0001

Second 6.81 32.56 78.51 50.59 \.0001

Third 2.45 11.72 90.23 34.55 \.0001

Fourth 1.63 7.78 98.01 26.93 \.0001

Fifth 0.41 1.99 100.00 14.13 \.0001

Flower First 27.82 48.36 48.36 141.81 \.0001

Second 16.41 28.52 76.88 104.56 \.0001

Third 7.46 12.97 89.85 73.62 \.0001

Fourth 5.20 9.04 98.89 52.47 \.0001

Fifth 0.64 1.11 100.00 17.93 \.0001

Fruit First 28.11 64.75 64.75 34.06 \.0001

Second 13.09 30.16 94.91 19.16 \.0001

Third 1.28 2.94 97.85 7.86 \.0001

Fourth 0.60 1.38 99.23 6.09 \.0001

Fifth 0.34 0.77 100.00 5.42 \.0002

Seed First 42.87 72.71 72.71 60.28 \.0001

Second 10.30 17.46 90.17 31.93 \.0001

Third 5.38 9.13 99.30 18.02 \.0001

Fourth 0.37 0.63 99.93 3.87 0.0003

Fifth 0.03 0.07 100.00 0.91 0.4406

Table 6 Canonical loadings of the evaluated traits on the first three canonical variates of the Theobroma species

Variable set Trait CAN1 CAN2 CAN3 Variable set Trait CAN1 CAN2 CAN3

Leaf PeL 0.0119 0.8593 0.0117 Flower FSL 0.0001 0.0001 0.0001

PD -0.1788 0.2942 0.7558 FSW 0.9120 -0.2868 -0.0152

BL -0.4277 0.5545 0.5929 CD 0.9083 -0.1289 -0.2862

BW 0.5007 0.5907 0.3729 LL 0.4398 0.0554 -0.0277

LA 0.0989 0.6975 0.5026 LW 0.9556 -0.0129 0.1852

LW 0.1598 0.2950 0.7791 StyL 0.7880 -0.5912 0.0750

NVR -0.7970 0.5773 0.0740 StaL 0.2870 -0.1983 0.8416

NVP 0.7169 0.6022 0.0623 OL 0.9082 0.0055 0.1172

BL/PeL -0.3995 -0.4838 0.4954 OD 0.5129 -0.5028 0.1923

BL/BW -0.7863 -0.0523 0.1558 MON 0.0403 -0.1091 -0.2815

Fruit FW 0.0036 -0.4420 -0.0086 Seed ST 0.7353 0.0711 -0.6063

FL 0.3891 0.1714 -0.2090 SSL 0.8690 0.4130 -0.2634

FD 1.6235 0.4915 -0.0943 SW 0.9668 0.1029 -0.2230

PHW -0.0140 -0.4614 0.0283 ST/SL -0.6920 -0.1067 0.6658

PHT 0.0355 0.1272 -0.1512 ST/SW -0.9090 -0.1943 0.1820

PHW/FW -0.7552 4.2136 0.1564 SL/SW -0.3076 -0.3158 -0.7349

SN -0.5506 -0.7966 -0.6166 SPA 0.9776 0.1846 -0.0355

NSN 0.5249 0.8481 0.7288

FSN 0.2953 0.7742 0.5227
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length (LL) was also correlated to staminode length

[(StaL, 0.97**) data not shown].

Canonical analysis extracted five variates and the

first three were responsible for 89.85% percent of

total variation of flower data (Table 5). Canonical

loadings showed that CAN1 was determined by FSL,

FSW, LL, LW and SL; CAN2 was dominated by

MON; and CAN3 was dominated by StyL and OL

(Table 6). The first variate represented 48.36% of the

total variation explained by analysis and was highly

correlated to most of the original variables

(P \ 0.0001), but it was negatively correlated to

ovule number (-0.339**) and not correlated only to

ovule diameter (0.061ns). The second variate

explained 28.56% of the flower variation between

species and was negatively correlated to most vari-

ables and positively to corolla diameter (CD,

0.243**), ligule length (0.320), staminode length

(0.399) and MON (0.876**); all correlations were

significant (P \ 0.0001). The third variate accounted

for 12.97% of the total floral data variation and was

correlated positively to FSL (0.285**), LW (0.418),

StyL (0.726) and MON (0.264**); and negatively do

CD (-0.290) and MON (-0.280), all of which were

significant (P \ 0.0001).

Species were clearly separated into two distinct

groups by Can1, considering the most of the original

variables. However, T. speciosum was separated from

others species by Can2 and this can be explained by

the negative correlations between this canonical

variate and the original variables related to it (CD

and ON) (Fig. 2a). Cluster analysis resulted into two

groups, one major formed by five species and another

composed only by T. grandiflorum (Fig. 2b), which is

Fig. 2 Three-dimensional

scatter diagram (a) of the

first three canonical variates

from canonical analysis and

tree cluster analysis

(b) from taxonomic

distances based on flower

data for the Theobroma
species (Brown = T. cacao,

Blue = T. grandiflorum,

Red = T. bicolor,

Gray = T. speciosum,

Pink = T. obovatum,

Black = T. subincanum)
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congruent with means Tukey grouping, once it

showed means exceptionally superior to most floral

traits. It means that floral traits are important

descriptors to distinguish clones within T. cacao,

but not to sections formation.

Ostendorf (1954) was the first author to suggest

using flower descriptors to identify cacao clones.

Since then descriptors of cacao flower traits have

been adopted and routinely used for germplasm

characterization (Engels 1986; Castro et al. 1989,

Bekele et al. 2006). In general, the flower data

described in this study were quite different from non

analyzed data obtained by Engels et al. (1980)

for some wild species in common (T. bicolor,

T. grandiflorum, T. speciosum and T. subincanum)

and for most variables (StyL, OL, OD, FSL, FSW and

LW). In T. cacao, the mean number of ovules varies

between morphogeographic groups [(Trinitario, Cri-

ollo and Forastero) Lachenaud et al. 1999] and QTLs

have been mapped for this trait (Clement et al. 2003).

Sexual plant reproduction is driven by success of

flowers in attract pollinators. Theobroma species are

entomophilous and some factors like flower size,

flowering intensity and flower colors can reflect

differences in pollinator attraction or in physiological

reproductive potential, as observed in others species

(Guitián et al. 1999). Also pollination frequency and

fruit production has been shown to vary along the

years, among seasons or within the reproductive

period as stated to others genera (Ramsey 1995) and

is strongly influenced by climatic conditions. Polli-

nation success looks to be more affected by climatic

conditions than morphological differences.

One of the factors associated to interspecific

incompatibility in other genera is structural barriers.

In general, pollen tubes of species with small flowers

are not able to grow to the full length of the style of

large flowers and to fertilize ovules. It has been

observed that this barrier is an important factor for

interspecific hybrids obtained in some genera like

Eucalyptus (Potts and Dungey 2004), Lilium (Asano

1981) and is also frequent in Rubiaceae (Anderson

1973). Among the species studied, T. grandiflorum

showed the largest flowers and it was expected that

style length represented an important barrier to

crosses with other species. However, the results

showed that T. grandiflorum has a shorter style than

species with small flowers, like T. cacao and the

existence of hybrids between T. grandiflorum 9 T.

subincanum, and T. grandiflorum 9 T. obovatum,

species with intermediate flower size, in Brazilian

germplasm collections (Silva et al. 2004), contradict

that hypothesis.

Fruit traits

Multivariate analysis performed to detect differences

between taxa indicated that those differences are

highly significant when all species were considered

(P \ 0.0001). As showed for flower data, T. grandi-

florum presented the highest means for most traits with

the exception of PHT and PHW/FW ratio. T. bicolor

showed the highest means for productive traits like SN

(45.07) and NSN (44.80). T. obovatum presented the

smallest means for most traits, with the exception of

PHW/FW ratio for which it presented an intermediate

value (55.65). T. grandiflorum can be considered as the

most efficient species for fruit production once it

produces big fruits with high seed number and small

PHW/FW ratio; the wall represented only 39.72% of its

total fruit weight (Table 3). Among the nine traits

evaluated only PHW/FW ratio presented CV under the

10% confidence limit and PHW presented the highest

CV (31.17%) (Table 4). FSN was not considered an

important trait for species discrimination and can be

excluded in further analyses.

Canonical analysis to find divergent trends for fruit

traits resulted in three variates that accounted

together for 97.85% of the variability among spe-

cies (Wilk’s lambda: 0.00047684; F = 30.05,

P \ 0.0001). The first canonical variate described

64.75% of the total variation (Table 5). Distribution

of species through canonical axes showed a conspic-

uous divergence between the groups formed by

species with big fruits (T. grandiflorum, T. bicolor

and T. cacao) and other species (Fig. 3a). On the

right side of Can1 species with small fruits

(T. subincanum, T. speciosum and T. obovatum) are

grouped. The second variate explained almost all

additional variability among species for fruit traits

(30.16%) and discriminate T. cacao from others

based on PHT, PHW/FW ratio and FW. Third

canonical variate was responsible for only 2.94% of

the total variability and was associated to SN and

NSN (Table 6). Although SN and NSN did not

contribute to discrimination in Can2, these are

important characters of the T. cacao species once

SN and NSN are the principal products.
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According to cluster analysis, based on morpholog-

ical criteria from fruit data, species were divided into

two groups (Fig. 3b). Fruit metrical data was predom-

inant to group formation. One group was formed by

species with greatest means for morphological traits (T.

bicolor, T. cacao and T. grandiflorum) and another was

assigned for species with smaller fruits, wall thickness

and lower seed number (T. obovatum, T. subincanum

and T. speciosum). According to Cuatrecasas (1964),

fruits of Theobroma species present great variability on

fruit shape, size and color, especially in T. cacao,

which was confirmed by our analysis.

Seed traits

Such as with other traits, the seeds’ morphological

values of the analyzed species differ significantly in

whole seed metrical variables (Table 3). Seeds of

T. obovatum showed the smallest means for absolute

data such as thickness (0.71 cm), length (1.43 cm)

and width (0.84 cm). T. grandiflorum seeds are the

longest and widest and T. bicolor ones are the thickest

and present the greatest mean weight by seed (6.25 g),

based on 100S results. Only SL, ST/SL and ST/SW

variables presented variation under 10%, confidence

Fig. 3 Three-dimensional scatter diagram (a) of the first three

canonical variates from canonical analysis and tree cluster

analysis (b) from taxonomic distances based on fruit data for

the Theobroma species (Brown = T. cacao, Blue = T. gran-
diflorum, Red = T. bicolor, Gray = T. speciosum, Pink = T.
obovatum, Black = T. subincanum)
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limiting its use as descriptors. Multivariate analysis

exhibited significant differences for original variables

between and within taxa (P \ 0.0001).

The product-moment correlation analysis between

original variables indicated few significant coeffi-

cients (P \ 0.0001). Seed length was negatively

correlated to ST/SW ratio (-0.9519) and positively

to PSA (94.65). Seed width was high and negatively

correlated to ST/SW ratio (-0.9519) positively to

PSA (0.9790) and ST/SW ratio to PSA (-0.9922, data

not showed). The correlation analysis within species

showed more significant positive coefficients than

between them for most variables. Few negative

coefficients were observed, especially between abso-

lute and derived (ratios) variables (data not shown).

Canonical analysis revealed that only the first three

canonical variates were significant (P \ 0.0001) and

accounted for almost all genetic variability (99.30%)

among taxa. The first, second and third canonical

variates explained, respectively, 72.71%, 17.46% and

9.13% (Table 5) of the variance exhibited by Theo-

broma species for seed traits. Canonical loadings,

which reflect the variance shared by original variables

and canonical variates (Yeater et al. 2004), was high for

SW, SSL, SW and PSA, a measure derived from the

last two variables, in Can1. In Can2 the loadings were

mostly negative and in CAN3 only ST and ST/SL

presented high and positive loadings (Table 6).

Positive and negative significant Pearson’s correla-

tions between canonical variates and original variables

were strong indicators of the variability among species.

First canonical variate was positively correlated

(P \ 0.0001) to metrical variables (ST, SSL, SW and

PSA) and negatively to derived ones (ST/SL, ST/SW

Fig. 4 Three-dimensional

scatter diagram (a) of the

first three canonical variates

from canonical analysis and

tree cluster analysis (b) from

taxonomic distances based

on seed data for the

Theobroma species

(Brown = T. cacao,

Blue = T. grandiflorum,

Red = T. bicolor,

Gray = T. speciosum,

Pink = T. obovatum,

Black = T. subincanum)
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and SL/SW); the second variate presented only a

negative correlation to SL/SW and third variate was

positively correlated to ST and ST/SL and negatively

to SL and ST/SW (Table 7). These results indicate the

importance of those traits to morphological divergence

and genetic variation within Theobroma genus.

The dispersion of the species through seed canonical

variates showed formation of three groups (Fig. 4a).

Can1 clearly separated a group formed by T. bicolor

and T. grandiflorum, species with the highest means for

most seed traits, in the left upper side of the plot. An

intermediate group was formed by T. cacao,

T. speciosum and T. subincanum; T. obovatum, with

smaller seed traits, was isolated in the left upper side.

CAN1 was most effective in species separation than

the other axis. This group separation is congruent with

cluster analysis, performed based on Mahalanobis’

distances, which showed the formation of the same

three groups (Fig. 4b). Most distances were signifi-

cant (Wilk’s lambda \ 0.0001), except between

T. subincanum and T. speciosum (P = 0.8462).

Variation in seed shape, length, width, thickness

and weight, in T. cacao, have been related to genetic

origin (Clement et al. 2003) and relatively high

heritabilities and large additive components of vari-

ance for bean weight were also found (Fallo and Cilas

1998). Many causes are pointed out as responsible for

the high level of seed abortion such as expression of

lethal or deleterious alleles (Mena-Alı́ and Rocha

2005), supply of resources for seed development (Lee

and Bazzaz 1982) or differences in the ability of the

developing seeds to gather maternal resources (Melser

and Klinkhamer 2001). Among studied Theobroma

species the conversion ratio of ovules into mature

seeds varied from 0.38 in T. speciosum to 0.89 in

T. grandiflorum. However, these ratios can vary in

space, time and genotypes as found by Mena-Alı́ and

Rocha (2005), in Bauhinia ungulata L.

General assessment

Cluster analysis of data showed the formation of three

groups divergent from those represented by botanical

sections. One group was composed of T. cacao,

T. speciosum and T. subincanum. A second group

clustered T. bicolor and T. grandiflorum, while

T. obovatum was isolated from other species. This

clustering indicated that leaf and fruit traits were the

most important for that distribution.

Biodiversity in agriculture can be equated with

genetic resources of the wild and cultivated plant

species that together constitute a pool of agronom-

ically valuable genes needed to improve resistance to

diseases, tolerance of drought and of poor-quality

soils, to accelerate growth, increase yields, improve

nutritional quality, and so forth (Hammon 2001,

Gepts 2004; Hammer 2004). The variation in pheno-

typic traits is based on the variation and interactions

on the genotypic level of the plant as well as on the

pressure of the environment on the plant. Before the

genotypic information can be reliably and efficiently

used in breeding, a lot of basic research is needed

(Vanhala et al. 2004). Wild accessions carry an

important amount of genetic variation, which is vital

for the improvement of modern cultivars with

domestication and breeding narrowed genetic back-

grounds (Vanhala et al. 2004).

Although cultivated species of T. cacao and

T. grandiflorum harbor great diversity, wild species

carry different alleles for many traits and identification

of positive variation for introgression can effectively

contribute to cocoa breeding as it has been common in

many other crops, in which important agronomic traits

have been successfully introduced from wild relatives

and interspecific hybrids exhibited new interesting

features. We demonstrated here that evaluated wild

species carry important agronomic traits like number

and size of seeds, fruit wall thickness and fruit weight/

wall weight ratio, among others, which can be used to

improve T. cacao by introgressive hybridization.

Many other crop species have been benefited by the

introgression of genes for important agronomic traits

from wild relatives like dry matter content in cassava

(Ojulong et al. 2008), tree habit and vigor in Eucalyp-

tus (Delaporte et al. 2001), scab resistance in apple

(Durham and Korban 1994), and many other examples.

Moreover, interspecific hybridization has provided a

wealth of information on genomic relationships among

species, nucleo-cytoplasmic interactions, synteny

among distant genomes, nature of reproductive barri-

ers, mechanisms controlling chromosome pairing,

chromosome elimination, nuclear restitution, and

alien-gene introgression into the genomes of cultivated

species (Brar 2004).

The results obtained here for the studied traits

among Theobroma species make it possible to infer

that the genus presents a complex morphological

variability. It is important to continue collecting,
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conserving, characterizing and evaluating other spe-

cies and new accessions from wild species, especially

to prevent losses in genetic diversity within the

Theobroma genus and, perhaps, important alleles for

future cocoa improvement. It is also necessary to use

DNA fingerprint techniques for description purposes

once accurate genotype identification of cacao geno-

types based solely on morphological traits have

proven to be difficult, even for trained individuals

(Irish et al. 2010).

This study confirmed the outstanding differences

observed among the species from different and same

botanical sections, confirming the wide variability

detected in the most studied species such as T. cacao

and T. grandiflorum. Further studies need to be

carried out for the dissection of interesting agronomic

characters for future introgression in the cultivated

species through conventional breeding or advanced

techniques. It seems necessary the accomplishment of

new collections of botanical material of the wild

species seeking the enlargement of the conserved

variability as well as definition of preservation

strategies to avoid losses of genetic variability.

Phenotypic information have been used not only for

description and characterization purposes but also to

derive valuable information about genomic structure

and genetic control of useful traits without specifi-

cally developing mapping populations for QTL

analyses and, thus, saving resources and increasing

the scientific value of germplasm-related activities

(Clement et al. 2003; Marcano et al. 2007). Addi-

tional studies must be conducted aiming to identify

and characterize interesting agronomic traits among

Theobroma species for further introgression in

T. cacao.
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