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ABSTRACT. The genus Theobroma, recently reclassified in the family
Malvaceae, comprises some species with high economic potential,
including the cupui, Theobroma subincanum Mart., which has not yet
been domesticated, and whose genetics and population structure are
mostly unknown. This study aimed to assess the population structure and
genetic diversity in natural populations of 7. subincanum Mart., using
inter-simple sequence repeat (ISSR) markers. A total of 59 individuals
were sampled in three geographically separate populations, CFA,
CMN, and CPT. Nei’s genetic distance was estimated to characterize
populations with the use of 13 polymorphic primers. The analysis of
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molecular variance revealed that the variability between populations
(51.71%) was higher than that within populations (48.29%). Among
the three populations, CPT showed the highest diversity index and
percentage of polymorphism. The ISSR molecular markers were
efficient and presented sufficient polymorphism to estimate genetic
diversity in populations of 7. subincanum Mart.
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INTRODUCTION

Cupui (Theobroma subincanum Mart.) is one of the most important species of the
family Malvaceae (Alverson et al., 1999; Whitlock et al., 2000), formerly Sterculiaceae. It is
distributed in the tropical rainforests of the southern hemisphere, from Mexico to the Southern
Amazon rainforest. The genus Theobroma is comprised of 22 species (Cuatrecasas, 1964),
but only four have been described as economically relevant, including cacao, T. cacao L.
and cupuacu, 7. grandiflorum Willd. ex Spreng. K. Schum, in addition to 7. bicolor Humb. &
Bonpl. and T. speciosum Willd. ex Spreng, which are not as well known, but are believed to
have economic potential.

Several other species of the genus Theobroma may have some practical use, which
is the case of cupui, 7. subincanum Mart. This species can be found in the Amazon basin and
spreads into the State of Mato Grosso. It is widely used in traditional communities because
of its edible fruit, whose flesh can be consumed fresh or as juice. Additionally, its seeds are
commonly used in the preparation of homemade chocolate (Souza et al., 1996). Wild species,
such as cupui, which provide income to traditional communities, are very useful for regional
development, favor the rational use of genetic resources, and stimulate traditional populations
to preserve plant genetic resources.

Furthermore, knowledge of the wild relatives of cultivated species can also potentially
contribute to the breeding of cultivated species. In this respect, knowledge about the genetic
and population relationships in wild species is particularly important because they are a great
reservoir of genes for cultivated species (Silva et al., 2005, 2007). Despite the significant
potential of cupui, there is almost no information about its population dynamics or genetic
behavior. Such information is important for the conservation of this species and others that are
currently endangered by deforestation.

Effective strategies for the preservation of wild species and their genetic heritage
should seek to quantify genetic diversity between native populations to support the rescue
of threatened populations and to identify populations with greater genetic variability for use
and conservation. Knowledge about genetic resources both within and between populations
provides support for the conservation of genetic resources and increases understanding of the
evolutionary dynamics of species (Hamrick, 1983). The understanding of variability within a
population is essential for the study of evolutionary diversification and knowledge of different
conservation and management actions.

The use of DNA markers in the quantification of genetic diversity is a very important
tool for the analysis of the genetic structure of natural populations, since they can detect ge-
netic differences and polymorphisms at the DNA level. Among these, inter-simple sequence
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repeat (ISSR) markers have been widely used in studies of the genetic diversity and variability
of' wild populations. These markers stand out because they do not need prior information of the
DNA sequence, have low development costs, present laboratory procedures with good rates
of transferability for other plant species (Bhart et al., 2002), and generate a large number of
polymorphic fragments in spite of the low-cost of the technique (Brandao et al., 2011). ISSR
markers have proven to be efficient in the many studies on genetic variability of populations
that have used them (Cidade et al., 2009; Rossi et al., 2009; Brandao et al., 2011).

This study aimed to characterize genetic diversity in three natural populations of 7. subin-
canum through the use of ISSR markers, so as to contribute knowledge about the population dy-
namics of the species and to aid the establishment of programs for its conservation and breeding.

MATERIAL AND METHODS

Collection of genetic material and DNA extraction

Three natural populations of cupui (7. subincanum) were assessed; two in the city of
Alta Floresta, namely, Amazon Forest (CFA) and Mundo Novo (CMN), and one in the munici-
pality of Paranaita, Paranaita population (CPT). Both cities are located in the far northern Mato
Grosso (Table 1 and Figure 1). Leaves at the intermediate stage of maturation were collected
for DNA extraction in all 59 individuals selected from the three study populations (Table 1).

Table 1. Populations analyzed and their respective code; number of individuals (N) and geographic location.

Populations Code N Latitude (S) Longitude (W)
Amazon florest CFA 19 9°52'45.70" 56°6'5.92"
Mundo Novo CMN 22 9°51'3.36" 55°53'5.75"
Paranaita CPT 18 9°43'30.81" 56°26'41.12"
Total 59

I

Figure 1. Geographic location of the three populations of Theobroma subincanum analyzed (population 1 - CFA;
population 2 - CMN; population 3 - CPT). Image provided by Google Earth on May 18, 2012. Georeferenced by
the MicroStation and ArcGIS software systems. For abbreviations, see Table 1.
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Total DNA extraction was performed following the CTAB protocol developed by
Doyle and Doyle (1987), with adaptations suggested by Faleiro et al. (2002) for DNA extrac-
tion in 7. cacao. After extraction, DNA amount and quality were assessed by comparative
analysis of the samples on 0.8% agarose gel stained with ethidium bromide. The samples were
diluted in ultrapure water and standardized in 10 ng/uL volumes.

Polymerase chain reactions (PCRs)

Thirty-five ISSR primers were tested for initial amplification via PCR. Thirteen of
these primers (Table 2) provided reproducible and polymorphic bands and were selected for
the final analysis in all individuals.

PCRs were performed in a total volume of 20 pL in an MJ 96 thermocycler (Biocycler)
in the Laboratory of Genetics - UNEMAT, Alta Floresta. The amplification program for the spe-
cies under study complied with descriptions of Charters and Wilkinson (2000): one initial cycle
of denaturation at 94°C for 5 min, followed by 30 cycles of 94°C for 1 min, 47°C (depending on
the primer used) for 2 min, and 72°C for 30 s, with one final extension cycle at 72°C for 5 min.

The amplification products were separated by electrophoresis on 1.5% agarose gel in
1X TBE running buffer (89.15 mM Tris base, 88.95 mM boric acid, and 2.23 mM EDTA) at a
constant voltage (100 V) for 4 h. The gel was stained with 0.6 ng/mL ethidium bromide. The
sizes of the amplified fragments were estimated by comparison to the 100-bp DNA Ladder
(Invitrogen™) molecular marker.

Data analysis

The ISSR fragments (amplification products) were evaluated and coded as binary charac-
ters, presence (1) or absence (0) of the bands amplified, for the construction of a matrix. The data
of the binary presence-absence matrix were analyzed by means of the POPGENE 1.31 software
system (Yeh et al., 1999). Nei’s genetic diversity (H, 1978), the Shannon index (), and the percent-
age of polymorphism (P) were all estimated. The coefficient of genetic differentiation (Gg,) was
estimated to assess the population genetic structure among populations. The genetic identity and
genetic distance between populations were also assessed using the model presented in Nei (1978).

Analysis of molecular variance (AMOVA) was used to make inferences about the genetic
structure of populations by means of the total decomposition of components between and within
populations. AMOVA was performed according to Excoffier et al. (1992) in the ARLEQUIN
3.01 software system (Excoffier et al., 2006). The dendrogram representing the genetic distances
between populations was generated from the Nei’s distance matrix (1978) by the unweighted
pair-group method using arithmetic averages (UPGMA), with the use of the MEGA 3.1 software
system (Kumar et al., 2004).

RESULTS AND DISCUSSION
ISSR analyses and genetic diversity within populations

The 13 selected ISSR primers produced a total of 61 bands in 7. subincanum, with an
average of 4.69 bands per primer. The minimum number of bands per primer was 3 and the
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maximum was 7 (Table 2). Forty-one of the 61 loci (67.2%) were polymorphic at the species
level. Primer 827 provided most information for the three populations because it showed the
highest number of polymorphic bands, while primer 807 revealed no polymorphism among
the amplified fragments in all individuals analyzed. The CPT population presented 60 bands,
29 of which were polymorphic. The CFA and CMN populations presented a total of 59 bands;
21 and 17 of which were polymorphic, respectively.

Table 2. Primers used, their respective sequences and the number of bands produced at the level of species and
populations.

Primers Sequences (5'—3") Number of bands

Species CFA CMN CPT
807 AGAGAGAGAGAGAGT 3(0) 3(0) 3(0) 3(0)
808 AGAGAGAGAGAGAGAGC 6(4) 5(0) 5(0) 6(4)
809 AGACAGAGAGAGAGG 4(4) 4(2) 4(1) 4(4)
811 AGAGAGAGAGAGAGAC 5(4) 5(2) 5(1) 5(4)
826 ACACACACACACACACC 44 42 4(2) 403)
827 CACACACACACACACG 5(5) 5(4) 5@3) 5(4)
834 AGAGAGAGAGAGAGYT 4(3) 4(1) 4(2) 4(0)
835 AGAGAGAGAGAGAGYC 6(2) 6 (1) 6 (1) 6(2)
840 GAGAGAGAGAGAGAGAYT 7(6) 6(2) 6(2) 6(3)
844 CTCTCTCTCTCTCTCTRC 4(1) 4(1) 4(0) 4(0)
855 ACACACACACACACYT 42 42 4(2) 4(0)
873 GACAGACAGACAGACA 5(4) 5(2) 5(2) 5(4)
889 BDACACACACACACAC 4(2) 4(2) 4(1) 4(1)
Total 61 (41) 59 (21) 59 (17) 60 (29)

The number of polymorphic bands is shown in parentheses. For abbreviations, see Table 1.

ISSR molecular markers were able to detect polymorphism in the populations ana-
lyzed and proved to be reproducible for the species. Therefore, this method is efficient to
detect genetic variability within and between populations of 7. subincanum. The usefulness of
this type of marker has been previously described for both cultivated and wild species (Rossi
et al., 2009; Almeida et al., 2009; Brandao et al., 2011). This marker also presents high re-
producibility and potential to be used in species without detailed DNA sequence information
(Rossi et al., 2009; Almeida et al., 2009; Brandao et al., 2011).

H obtained from ISSR marker information ranged from 0.1126 for the CMN popula-
tion to 0.1759 for the CPT population, while / ranged from 0.1653 for CMN to 0.2550 for
CPT, presenting an average of H = 0.2612 and 7 = 0.3889 at the species level. The CMN
population showed the lowest genetic diversity and the lowest percentage of polymorphism,
while the CPT population presented the highest genetic diversity and the highest percentage
of polymorphism (Table 3). Nonetheless, all three populations studied showed polymorphism
and genetic diversity between individuals within each population.

Table 3. Comparison of populations of Theobroma subincanum for measurements of Nei’s genetic diversity
(H); Shannon genetic diversity index (/) and percentage of polymorphism (% P).

Populations N % P H 1

CFA 20 37.70 0.1648 0.2366
CMN 22 29.51 0.1126 0.1653
CPT 18 47.54 0.1759 0.2550
Average 38.25 0.1511 0.2190
Level of species 59 72.13 0.2612 0.3889

N = sample size. For abbreviations, see Table 1.
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Results similar to those of the present study for 7. subincanum were found by Rossi
(2007) for Mauritia flexuosa (H = 0.206 and 7 = 0.308), and by Miiller (2010) in studying
Bertholletia excelsa, who reported genetic diversity ranging from 0.1984 to 0.2475. Although
the species used in the studies cited above are very far from the one reported in the present
research, these studies were carried out in natural populations with some level of fragmenta-
tion, which is a condition similar to that of this study. Thus, they can help in the interpretation
of the data obtained for 7. subincanum.

Similar studies on the genus Theobroma are scarce. However, while studying Theo-
broma speciosum, Giustina (2011) found values close to those reported here (H = 0.1672 and
1 =0.2549). Aratijo (2011) analyzed the diversity of Theobroma grandiflorum and reported
values of H = 0.2437 and / = 0.3715. These values are compatible with those found in the
present study. These data suggest that genetic diversity ranges from moderate to low within
populations in Theobroma. This is an expected result, since gene flow tends to be contained
within populations; however, there is currently no information about the movement of genes
between populations in these species. Genetic information is critical for the management of
these natural populations.

Genetic differentiation between populations

AMOVA showed that 51.71% of the total variance is between populations and 48.29%
is within populations. This indicated that genetic differentiation was greater in the inter-popu-
lation component compared to the intrapopulation component (Table 4). There was significant
genetic differentiation (P < 0.000) between populations. This variability distribution pattern was
different from that found in studies on other species of tropical plants (Rossi, 2007; Rossi et al.,
2009; Bertoni et al., 2010; Brandao et al., 2011). However, the same distribution pattern between
populations was found in a study carried out by Silva et al. (2007), who found high inter-pop-
ulation genetic differentiation between populations of Oryza glumaepatula Steud. (Poaceae).

Table 4. Analysis of molecular variance of the three populations of Theobroma subincanum studied based on
3 ISSR markers.

Source of variation d.f. SS cvV VT (%)
Between populations 2 153.068 4.16799 51.71
Within populations 57 198.288 3.89246 48.29
Total 59 351.356 8.06045

d.f. = degrees of freedom; SS = sum of squares; CV = coefficient of variation; VT = total variance.

Hamrick (1983) suggested that the reproductive system is important for the forma-
tion of the genetic structure of a population. In general, autogamous species have low genetic
diversity within populations and high genetic differentiation between populations when com-
pared with allogamous species (Hamrick and Godt, 1996). However, the results of the present
study showed high genetic differentiation between populations, which can be explained by the
low gene flow (N_ = 0.6668) found between populations (Table 5), since, according to Figuei-
ra and Cascardo (2001), the genus Theobroma is composed of allogamous species. The gene
flow estimate found in this study for the cupui populations was close to that found by Zimback
et al. (2004) in their study on Trichilia pallida, in which gene flow was estimated at N_ = 0.78.
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Table 5. Genetic parameters of the Theobroma subincanum population.

Hl HS GSI Nm FS T
Average 0.2615 0.1494 0.4285 0.6668 0.51709
Standard deviation 0.0374 0.0197

H,_ = total heterozygosity; H, = average genetic diversity within populations; G, = genetic divergence between

populations; N = gene flow; F = genetic differentiation between populations.

Forest fragmentation in the study region may be related to the data obtained by
AMOVA, since the isolation of tree species populations reduces the amount of reproductive
individuals and the population density. It may also affect genetic processes, including genetic
drift, gene flow, selection, and the mating system (Yang and Meerow, 1996).

These data corroborate with those obtained by Rossi (2007), who found a relationship
between genetic and geographic structures for the species M. flexuosa and Acrocomia aculeata
(Jacq.), respectively.

The dendrogram showed that CFA and CMN were the most genetically similar popu-
lations, and that CPT was the most genetically distant population (Figure 2). Populations with
higher genetic similarity were the closest geographically (Table 6). This suggests that genetic
structure in 7. subincanum is determined by geographic distance.

CFA,
CIMMN
CPT

1 ]
.10 n.08 0.08 0.04 0.02 0.00
Figure 2. UPGMA dendrogram of three populations of Theobroma subincanum based on Nei’s divergence. For

abbreviations, see Table 1.

Table 6. Geographic distance, genetic distance and Nei’s genetic identity (1978) between three populations of
Theobroma subincanum.

Populations Genetic distance Genetic identity Geographic distance*
CFA with CMN 0.1885 0.8282 24 km
CFA with CPT 0.2080 0.8122 41 km
CMN with CPT 0.2484 0.7801 65 km

*Distance provided by Google Earth, in straight line. For abbreviations, see Table 1.

The results of this study revealed genetic variability in natural populations of 7. subinca-
num and that the levels of genetic polymorphism maintained in this species may favor conservation
practices. However, constant forest fragmentation may increasingly reduce the levels of diversity
and variability in the population. /n sifu conservation strategies are among the most acceptable
practices to maintain the structure and genetic integrity of forest species populations. 7. subincanum
is an important reservoir of genes for breeding and for species of the genus Theobroma, especially
cocoa, which is a major representative of the genus, with high potential for commercialization.
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ISSR molecular markers were efficient in detecting polymorphism within populations
of T subincanum and at the species level. The CPT population presented the highest rate of ge-
netic diversity and the highest percentage of polymorphism compared with the CFA and CMN
populations; however, all populations showed some level of diversity and polymorphism.

The gene flow estimate showed that these populations may be genetically isolated, a
factor that can be related to forest fragmentation. There is greater genetic diversity between
populations than within populations. The levels of diversity found in 7. subincanum are com-
patible with conservation and breeding programs within the genus Theobroma.
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