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ABSTRACT

A sample of 64 progenies (320 cacao trees as a whole) from four Brazilian Amazon basins was collected and
evaluated on the basis of 15 fruit and seed traits. Nested univariate analyses of variance showed significant
variation across progenies and basins. However, most of the variability appeared to be due to among trees and
basins differences. The multivariate analysis showed that the differentiation in cacao populations occurred among
basins. Since cacao diversity was predominantly found in trees within basins and among basins, one should

optimize the collecting process by taking as many trees as possible starting from few progenies and many river
basins. These findings seemed to validate gene conservation efforts made to date to preserve the cacao genetic

resources and provide insight into the cacao genetic structure aiming cacao collection, management and
improvement.
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INTRODUCTION

The cacao tree, Theobroma cacao L., is an insect-
pollinated mixed perennial species, domesticated
by the Mayas, thousands of years ago (Dias,
20014). Originally cultivated trees belonged to the
Criollo racid group (Theobroma cacao var.
cacao). ‘Non-Criollo’ groups of cacao trees exist
in their wild state in South Americain the Amazon
basin, and they congtitute the Amazon Forastero
recid  group  (Theobroma  cacao  var.
sphaerocarpum). Amazon Forasteros have been
cultivated only during the last two or three
centuries (Cheesman, 1944; Cuatrecasas, 1964).

* Author for correspondence

Presently, this racial group accounts for over 80%
of the world's production of cacao. Both Criollos
and Forasteros are distinguished basicaly by fruit
and seed characteristics. Trinitario is a hybrid
group between the two, developed from the natura
hybridization that took place in Trinidad, when the
Criollo plantations were ravaged by disease in the
mid-18th century and the lost trees were replaced
by Forastero, interplanted with the remaining
Criollo (Cheesman, 1944).

The putative cacao centre of origin is believed to
be in the upper waters of the Amazon tributaries
Napo, Putumayo (I¢a River in Brazil) and Cagueta
(Japura River in Brazil) at the foot of the Andes

Brazilian Archives of Biology and Technology



508 Dias, L. A.S. et d.

(Cheesman, 1944), currently border of Colombia
and Ecuador. From this region, cacao dispersed
throughout the Northern and Southern regions
having the Andean Cordillera working as the
barrier that alowed the differentiation between
Criollos and Forasteros. One can find Criollo
populations from Central America to Northern
South America. Amazon Forastero populations are
from the Lower and Upper Amazon. In other
words, Criollos are confined to the pacific western
dope while Forasteros are found in the Amazon
basin in the Guyanas, Surinam and Venezuea.
After revisting in depth al the hypotheses
existents, Dias (2001b) proposed a new scenery
for the origin and dispersal of cacao based on
paleogeological, anthropological and historica
evidences and, studies of population genetics made
with molecular markers.

The Brazilian Amazon region constitutes one of
the most extensive reserves of cacao genetic
variability. In this region, expressive variability
regarding plant vigor, yield and its components,
resistance to witches' broom disease, size and leaf
coloration, and fruit and seed characteristics has
been found (Barriga et d., 1985; Almeida et a.,
1987; Almeida and Almeida, 1987; Bartley et 4.,
1988; Almeida and Dias, 2001). In an effort to
preserve cacao genetic resources and to broaden
the crop genetic basis, the Executive Commission
for Planning Cacao Culture (CEPLAC) — the
ingtitution that is responsible for the cacao
Brazilian research — has collected and incorporated
into their germplasm banks more than 2,000
accessons since 1965 (Bariga et al., 1985
Almeidaet a., 1987; Almeida and Almeida, 1987,
Almeida et a., 1995). Despite the great
importance of this work, a the moment, the
ransomed variability represents only a smal
sample of the overall variability of the species. On
the other hand, wild populations are under eminent
risk of extincion due to deforestation,
developmentd activities such as wood and minera

Table 1 - Details of basins studied

exploitations, large hydrodectric projects and by
the expanson of the agricultura frontier. For
instance, in the last 20 years, approximately 550
thousand km? (14%) of the Amazon forest were
cleared. Therefore, it is imperative that the cacao
genepool be collected, conserved and studied for
the present and future. In fact, cacao has been
considered by the International Board for Plant
Genetic Resources (IBPGR, 1981) as a priority
crop for conservation. However, there are few
studies about the levels of genetic variation
maintained within wild populations and about the
way this variation is geographically distributed.

To manage the cacao genetic resources efficiently,
we must know how genetic variation is distributed
and what factors influence its distribution. There is
some evidence that the cacao distribution is
discontinuous, with presence of small populations
confined in the vicinity of the riverbanks aong the
dluvia plains (Bartley, unpublished work).
Knowledge about the level and the gpatia
distribution of the variability will provide a
scientific basis for the collection and conservation
of cacao germplasm. In the case of the diversity to
be concentrated in river basins this information
will be used to optimize the collection of
germplasm for gene conservation programs. The
role of rivers in the diversification of Amazonian
biota was dready recognized by Alfred Russe
Walace in the 1840s (Walace, 1889). Pound
(1938) and Almeida et a. (1987) described
differentiation of cacao populations by river
basins, however, this hypothesis has never been
investigated. The goas of this sudy, using
morphological data available from four river
basins (see Table 1 and Fig. 1), were: i) to assess
the diversity and its distribution pattern within and
among cacao populations from the Brazilian
Amazonia;, ii) to evauate the hypothesis of
differentiation among them by basins and; iii) to
examine the cacao collection strategy carried out
by CEPLAC.

Basins Range of latitude Range of longitude Mean Range of annual Year of
altitude (m) rainfall (mm) collecting
Japura 01°25 -02° 42 S 64° 28' - 69° 56" W 80 2650 - 3650 1983
Amazon 038 -03°08 S 56° 44' - 58° 18 W 50 > 2000 1987
Purus 07° 48 -09° 03 S 67° 06' - 68° 41' W 125 1750 - 2250 1981
J-Parana  11°02 -11°11'S 61° 52 - 62° 39 W 300 1500 - 2300 1984
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MATERIALSAND METHODS

Plant material: The present study was carried out
in the Cacapo Genetic Resources Station “José
Haroldo” germplasm bank (ERJOH). The ERJOH
is located in Marituba, Para State, Brasil (lat 10°
12 S, long 48° 13 W, dltitude 12 m), 18 km away
from Bdém, the capita of the State. For the
present work, a total of 320 cacao trees from four
river basins (Table 1 and Fig. 1), representing a
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considerable part of the river basin diversity of the
Brazilian Amazon region, were sampled and
measured for fruit and seed traits. It was assumed
that four basins, which were randomly chosen,
were a representative sample out of the river
basins existing in the Amazon region. Within each
basin, 16 open-pollinated progenies were sampled,
with five trees/progeny being evaluated.
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Figure 1 - Map of Brazilian Amazonian region, showing the four basins cacao tree collection (1. Japura,

2. Amazon, 3. Purus and 4. Ji-Parand).

For fruit descriptors, random samples of five
fruits/tree were collected and the following traits
were measured: shape (SP), basa congtriction
(BC), apex form (AF), length (LG), width (WD),
length/width ratio (LG/WD), weight (WG), fruit
surface rugosity (FS), ridge pair appearance (RP),
primary furrow depth (PF), wall thickness (WT),
and seed number/fruit (NS). To anadyze seed
descriptors, the seeds from the same five fruits
were extracted, peeled, and counted and their wet
weight (WW), dry weight (DW), and form (SF)
measured. The characterization occurred during

January 1993. The procedures followed for the
characterization were as detailed by Engels et al.
(1980).

Description of basins: Aiming at the collection of
cacao germplasm, Almeida et a. (1987) divided
the Brazilian Amazon region into basins (186),
classfied as follows: 4 of first order, 60 of
second order and 122 of third order. Four basins
(see Fig. 1 and Table 1) randomly sampled were
partialy studied: one of first order (middle
Amazon River basin), two of second order (Purus
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and Japura River basins), and one of third order
(J-Parand River basin). Details such as where,
when and by whom a particular progeny from each
river basin was collected could be found elsewhere
(Almeidaet a., 1995).

The samples taken represented traditional cacao
crop regions (Amazon) and regions where cacao
grew spontaneoudly (Purus and Japurd); regions
subject to flooding (Purls, Japura and Amazon)
and non-flooded regions (Ji-Parand); regions from
different geographical positions as centra
(Amazon), north (Japurd) and south (Purts and J-
Parand); the region comprising the putative cacao
centre of origin (Japurd); the region which appears
to indicate some human intervention in the cacao
spread (Ji-Parand); and the region in which cacao
trees have low or no symptoms of witches' broom
disease.

Statistical methods: Two methods were used to
determine the differentiation in morphological
traits. nested univariate analyses of variance and
multivariate analysis. The univariate approach
caculates variance components at each of three
levels of population subdivison: among basins
[Bi], among progenies within basins [P;;], and
among trees within progenies within basins [Tyj)] -
The random effects B;, B, Tk were assumed
independent, with means equal to 0 and variances

equal to s2, s%, s2, respectively. Then, the total

p 1
variance estimate s? was partitioned as follows:

s =sp+sy+s?

The nested analyses of variance were performed
using the following model:
Yij = m+ Bi+ Py + Ty

where

Yijx = average value of the trait Y measured on five
fruitsin the k" tree of the j progeny in the i*"
basin;

M = overal mean;

Bi =effectof thei™basin;i=1,2,..,4

P = effect of the j" progeny in the i™ basin;
i=12,..,16

Tk = random error defined by the effect of the k™ tree
of the " progeny in the i basin; k = 1, 2, ...,
5.

The format of the nested univariate analyses of
variance and the expectation mean squares are
shown in Table 2. The multivariate approach to
describe differentiation between basins was based
on the D*-gatistic of distance of Mahaanobis
(1936). It is the most robust measurement of
distance, with the property of being scale invariant
and, therefore, it is dimensonless (Dias and
Kageyama, 1998). The D distance between two
basinsi and i’ on p charactersis defined as.

D?=d Wd
where d is a vector of differences between the basins

averages i and i’ for al p characters and d isits

transpose. W is the p x p within-basin covariance
matrix.

In order to achieve D? values significance levels, F
datistics was applied. All the statistical analyses
were performed using the SAS package (SAS
Ingtitute Inc., 1989). The univariate analyses of
variance and the D* Mahaanobis distance were
performed by using the NESTED and CANDISC
procedures, respectively, from SAS.

Table 2 - Format of nested analysis of variance and the expectation mean squares

Sour ces of variation d. f. Expected mean squares Entry Test against entry
Basins (B) (a-1) StZ + nsi + npS§ 1 2
Progenies (P) within (B) ab-1) St2 +ns 2 3

Trees (T) within (P) ab(c- 1) 512 3

Tota abc—1

RESULTS AND DISCUSSION

For al morphologica traits studied, highly
significant differences across progenies and basins
were reveded (Table 3). In most cases, the

progeny component of variance was rather low for
al traits. For seven of the fruit traits, the tree
variance component was higher. Conversely, for
seven other traits concerning the seeds and the
fruit shape such as LG/WD, FS, WT and NS, the
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basin variance component was higher. In genera,
the partitioning of variation within and among
populations (river basins) revedled that most
variation was detected within populations, as in
other studies with cacao tree, involving isozymatic
(Ronning and Schnell, 1994; Sounigo et al., 1997)
and RAPD (Russdl et a., 1993) markers. Many
other tree species have revealed the same pattern
of variation distribution. Tropical trees showed
high levels of genetic variation, contained
mostly within the populations (Dias and
Kageyama, 1991).

D? values computed for differentiation between
basins (Table 4) ranged from 4.9 to 26.6. Japura
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and J-Parand basins showed to be the most
divergence, while Purus and Amazon were the
most smilar basins. Considering Cheesman’s
(1944) hypothesis, the Japura River (Caqueta
River in Colombia) basin comprised the putative
cacao centre of origin which could explain its
relative greatest divergence. When submitted to F
datistic, al D* values were highly significant
agreeing with results found by the previous
univariate test. Consequently, each basin was
genetically distinct from each other.

Table 3 - Summary of the nested analysis of variance and the variance components (in %) for each source of

variation
Sour ces of variation
Basins(B) Progenies (P) within (B) Trees(T) within (P)
Traits M ean Variance Mean Variance Mean Variance
Squares Component Squares Component Squares Component
(%) (%) (%)

Fruit spt 0.334** 9.38 0.063** 21.37 0.025 69.25
BC 1.348** 25.41 0.078** 12.75 0.039 61.84
AF 1.644** 24.44 0.170** 37.81 0.028 37.75
LG 1.441** 25.07 0.125*%* 29.02 0.030 45.90
WD 0.059** 2.97 0.030** 36.76 0.007 60.26
LG/WD? 1.144** 64.78 0.012** 5.86 0.006 29.36
WG 165.154** 38.76 6.133** 14.59 2.391 46.64
FS 35.442** 62.58 0.504** 8.71 0.200 28.70
RP 0.007 0.00 0.110** 38.67 0.026 61.33
PF 553.213** 17.70 45.708** 11.32 25.431 70.98
WT 2.341** 62.15 0.036** 10.36 0.012 27.48
NS 0.757** 43.95 0.027** 18.90 0.007 37.15
Seed WWwW 0.650** 47.10 0.016** 10.55 0.007 42.35
DW 89.232** 64.53 1.425** 12.09 0.397 23.37
SF 44,092* * 67.35 0.623** 11.15 0.173 21.50

d.f. 3 60 256

** P<0.01

2 (x 10°%); lacronyms are defined in the text; 2 % of total for each source of variation in each trait.

Table 4. Mahalanobis distance (above diagonal) to river basins and P values by F statistic (bellow diagonal)

River basins Japura Amazon Purus Ji-Parana
Japura 0 8.2658 12.6837 26.6623
Amazon 0.0001 0 4.9548 14.0855
Purus 0.0001 0.0001 0 8.6841
Ji-Parana 0.0001 0.0001 0.0001 0

This result appeared to confirm that the  Although we would not be able to distinguish the

differentiation of cacao wild populations from the
Brazilian Amazon region evolved according to the
each river basin system.

several hypotheses for this cacao populations
gpatial  differentiation pattern based on river
basins, it is possble to discuss them. In fact, it
may be correlated with the large distance among
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the studied populations or may reflect the action of
past evolutionary processes. In the first case, the
isolation among the four populations, al more
than 800 km apart, prevented the gene flow among
them. In the second case, such pattern of
differentiation could be achieved by the
combination of the Riverine barriers (Patton et a.,
1994), Refuge (Haffer, 1969) and the Amazon
Lagoon (Klammer, 1984) hypotheses. According
to the Riverine bariers hypothess, the
development of the Amazon River system, caused
by Cenozoic uplift of the Andes, promoted a series
of vicariance events. As a consequence, the
fragmentation of ranges of widespread ancestral
species occupying that region took place. Demes
a opposite margins or at basins have the gene flow
reduced, with natural selection and genetic drift as
main driving forces of divergence between
populations. Hence, the intrabasin differentiation
among populations is less pronounced than the
interbasin differentiation. In addition, the gene
flow is expected to be more restricted across large
Rivers and across their mouths than across small
ones and their headwaters. Unfortunately, the
proof for this hypothesis would be the study of
differentiation among cacao populations on
adjacent rivers, which was not done here.
However, the fact of each basin to be geneticaly
distinct from each other, as revealed by applying
the D* dtatistic, proved that exchanges of fruits
between far upstream and far downstream from the
Japurd, Purus and Ji-Parana basins for middle
Amazon basin did not exist or it was inexpressive.
The Refuge hypothesis is based on cycles of
Pleistocene climatic changes, which resulted in
corresponding cycles of fragmentation and
coalescence of tropical forest species. Populations
or entire communities, isolated in refuges, evolved
independently under natural selection and genetic
drift. Both hypotheses described above account for
the classical alopatric speciation model. In some
extension, the river basins studied (see Fig. 1)
correspond with the refuge areas proposed by
Prance (1973) for four families of trees, as
follows. Japurg, Amazon, Purls, and Ji-Parana
basins with Imeri, Manaus, Tefé and Aripuand
refuges, respectively. Refuges areas have played
an important role in the evolution of wild cacao
populations from French Guyana, as argued by
Lachenaud (1997).

Although the Amazon Lagoon hypothesis has been
restricted to geology, it aso could play an
important role in the Neotropical diversification

(Marroig and Cerqueira, 1997). During the last
four million years (4 Myr Before Present), in the
Mlio-Pleistocene, the rising level of sea became a
barrier for the discharge of the Amazon water
system, leading to formation of the Amazon
Lagoon. The recurrent oscillation in the sea level
for as long as 2 Myr B.P. resulted in a
displacement of forest areas to the bordering of the
present Amazon  highlands.  Thus, the
differentiation occurred a highlands of basin
borders increased for the isolation effect of
enlarged Rivers.

In turn, the extent of genetic differentiation
between and within river basins at a given spatial
scale depends on the distance and magnitude of
gene flow, the scale of natura selection and, the
genetic  drift. Cacao trees present some
specidization in their pollination mode. In terms
of management, the knowledge of pollinator
population becomes as important as the knowledge
about the tree species serviced by pollinators.
Unfortunately, we know virtualy nothing about
this subject. Pollination is mainly achieved by a
number of species of midges of the genus
Forcipomya and, accidentally, for other insects
(Chapman and Soria, 1983). Interestingly, these
midges are so small that they are difficult to see
and to study. Moreover, they fly from one tree to
another foraging a short distance, frequently no
more than 60 m (Posnette, 1950). Hence, pollen
flow occurs among neighboring trees causing the
formation of family clusters. In studying the
relationship between the distribution of genetic
variation within and between tropical tree species
and the gene flow via pollen, Loveless and
Hamrick (1987) argued that the smaller flight
distance of pollinators the larger genetic variation
between population. This statement can be directly
applicable to cacap germplasm differentiation by
basin. Redtricted gene flow and within-basin
differentiation due to microsite selection pressure
increases the formation of neighbourhoods.
Restricted gene flow aso reduces effective
population size, causing increase of genetic drift
and of inbreeding due to mating among relatives.
Furthermore, even having complete and
hermaphrodite flower, an incompatibility system
operates in the cacao gpecies (Cope, 1962),
favouring outcrossing, without excluding self-
pollination. Within the same population some
cacao trees may be entirely sdf-incompatible,
while others may display self-compatibility to
varying degrees. Thus, cacao trees with different
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outcrossing behaviours compete within each
population.

CONCLUSIONS

The present study provides insight into cacao
genetic structure aiming at cacao collection,
management and improvement, i.e., the river basin
appears to be an important factor in variation
structuring of cacao populations from the
Amazonia. Nevertheless, it is necessary to be
cautious since characterization has been done
within one year only. Thus, this insight could be
influenced by the effect of genotype-year
interaction.

An adequate collecting strategy must take into
account the gpatial distribution of the genetic
variation. Because cacao  diverdsty s
predominantly concentrated in trees within basins
and among basins, taking as many as possible trees
for few progenies from many basins one should
optimize the collecting process. Moreover, the
little understanding of the organizing genetic
structure of the cacao wild populations requires the
collecting of larger samples.

RESUMO

O nivel e adistribuicdo da variacéo em popul aces
silvestres de cacau € pouco conhecido. Para a sua
avaliacdo coletaram-se, em quatro bacias
hidrogréficas, 64 progénies (320 cacaueiros), as
guais foram avaliadas para 15 caracteristicas de
fruto e semente. Andlises univariadas de variancia
evidenciaram significante variagdo entre progénies
e bacias. A andise multivariada revelou que a
diferenciacéo entre as popul agles esta estruturada
por bacias. Umavez que a maior parte da variagcéo
concentrou-se entre cacaueiros dentro de bacias e
entre bacias, para se otimizar o processo de coleta
de germoplasma deve-se coletar muitos cacaueiros
procedentes de poucas progénies e muitas bacias.
Esses resultados validam os esforgos de coleta de
germoplasma feitos até o presente para preservar
0S recursos genéticos de cacau e fornecem
subsidios para 0 entendimento da estrutura
genética visando a coleta, 0 mango e O
mel horamento do cacaueiro.
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