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Abstract Annatto (Bixa orellana L.) is a tropical
crop indigenous to the Americas, probably Amazonia.
Annatto is commercially valuable in the food and
cosmetics industries as a natural dye used instead of
synthetic dyes. In addition, annatto contains other
important substances for human health, such as
geranylgeraniol, tocotrienols and other carotenoids.
The aim of the present study was to evaluate the
genetic diversity of 63 accessions from the annatto
germplasm bank at the Agronomic Institute (IAC),
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Sdo Paulo, Brazil, using four phytochemical com-
pounds and 16 microsatellite markers. Significant
variation was observed for the phytochemical com-
pounds, ranging from 2 to 7.31 g (100 g dry matter—
DM)~' for bixin, 2.14-7.11 g (100 g DM)~" for
lipids, 0.25-1.05 g (100 g DM) ! for tocotrienols, and
0.49-2.61 g (100 g DM)~" for geranylgeraniol con-
tent. A total of 73 alleles was observed in the
molecular characterization with 16 microsatellite loci.
We found higher expected heterozygosity than
observed heterozygosity for all loci, indicating strong
deficits of heterozygotes. For both molecular and
phytochemical compounds, cluster and PCoA
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analyses tended to separate the accessions from
Rondoénia, northern Brazil, with only a few exceptions,
from the Southwestern accessions. The same two
groups were found in the Bayesian analysis with
molecular data. Rondonia accessions showed higher
values for all the phytochemical compounds and
higher levels of genetic diversity. Some accessions
presented bixin levels well above the average and are
promising materials to be used in genetic improve-
ment programs.

Keywords Genetic diversity - SSR markers - Bixin -
Bixa orellana - Geranylgeraniol - Tocotrienol

Introduction

Annatto (Bixa orellana L.) is a crop native to
continental tropical America (Arce 1999), probably
Amazonia (Sandy-Cuen and Becerra 2003; Clement
et al. 2010), with the wild variety (B. orellana var.
urucurana) naturally occurring in open forests always
associated with riparian environments, presenting a
wide geographical distribution in Amazonia, northern
South America and Central America. The domesti-
cated types have been cultivated since ancient times
and grow from Mexico to Argentina and throughout
the Caribbean Islands in the Americas. The plant is
also naturalized and cultivated in tropical and sub-
tropical areas of other continents (de Franco et al.
2008; Leal and de Clavijo 2012; Moreira et al. 2015).

The only recent systematic treatment of Bixa (Baer
1976) accepted B. orellana L. Sp. P1. (1753) 512 as the
correct specific name, reducing a number of previous
names to synonymy: B. americana Poir. Encycl. 6
(1804) 229; B. orleana Noronha. Verh. Batav.
Genootsch. Kunsten 5(4) (1790) 8; B. katangensis
Delpierre. Taxon 19 (1970) 304; B. odorata Ruiz et
Pav. ex G. Don. Gen. Hist. 1 (1831) 295; B. orellana
var. leiocarpa (Kuntze) Standl. et L.O.Williams.
Fieldiana Bot. 29 (1961) 358; B. orellana f. leiocarpa
(Kuntze) J.F.Macbr. Publ. Field Mus. Nat. Hist., Bot.
Ser. 14(4) (1941) 11; B. purpurea Sweet. Hort. Brit. 33
(1826); B. tinctaria Salisb. Prodr. Stirp. Chap. Aller-
ton (1796) 369; B. upatensis Ram. Goyena. Fl.
Nicarag. 1 (1909) 217; Orellana americana (Poir.)
Kuntze. Revis. Gen. Pl. 1 (1891) 44; O. americana var.
leiocarpa Kuntze. Revis. Gen. PL. 1 (1891) 45; O.
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orellana (L.) Kuntze. Revis. Gen. Pl. 3(2) (1898) 9.
This treatment is accepted by the Flora of Brazil
(Forzza et al. 2010).

Bixa orellana is a small tree or shrub measuring
from 3 to 8 m in height. It presents simple and
glabrous (when adult) leaves, measuring on average
8 cm in length and 4 cm in width, with long petioles,
arranged alternately along the branches (de Franco
et al. 2008; Leal and Clavijo 2010, 2012). The flowers
are large, with colors varying from white to several
shades of pink and lilac. Flowers are hermaphrodite,
with five sepals, appearing at the end of the branches,
forming fascicles. The fruit is a dehiscent ovoid
capsule, with two or three carpels, covered with
flexible spines when juvenile. It may be reddish,
greenish or brown, measuring three to five centimeters
long, containing many black seeds covered by a
reddish waxy aril with characteristic odor. The fruits
are arranged in bunches with up to 17 units. A well-
developed fruit can contain 40-60 seeds.

Brazil is the major producer of annatto, followed by
Peru and Kenya, but the crop is also found in the
Dominican Republic, Colombia, Jamaica, Costa Rica,
Suriname and other countries in Asia (Akshatha et al.
2011). In Brazil, annatto is grown in several regions,
with the states of Sao Paulo, RondoOnia and Para the
largest producers. The largest companies that process
annatto are located mainly around the city of Sdo
Paulo and in the metropolitan region of Campinas in
the state of Sdo Paulo (Fabri 2015). Annatto is
commercially valuable due to the application of its
pigments in the food and cosmetics industries. The
principal pigment in annatto extract is bixin, which is
found in the resinous coating of the seed itself (Nisar
et al. 2015). This extract is noteworthy because of its
lack of toxicity, its intense coloring capacity and its
range of colors, comprising red, orange and yellow
hues (Alves et al. 2006). Recently, this crop has
acquired further importance for containing other
important substances for human health, such as
geranylgeraniol, tocotrienols and other carotenoids
(Albuquerque and Meireles 2012), including the
potential treatment of the important tropical and
subtropical disease leishmaniasis, caused by Leish-
mania braziliensis and L. amazonensis, using annat-
to’s essential oil (Monzote et al. 2006; Lopes et al.
2012). Annatto seed extracts also showed insect
repellent properties, including protection against
Aedes aegypti, the insect vector of yellow fever,
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dengue, chikungunya, zika and other diseases (Giorgi
et al. 2013).

The use of annatto as a colorant is not new. The
Aztecs used annatto extract as a dye for textiles, body
paint (such as in lipsticks), and as a food colorant in the
drink cacahuatl (Giuliano et al. 2003). The annatto
seed is characterized by the presence of an aril on its
surface that contains multiple substances besides the
characteristic red pigment. This aril represents about
5-10% of the seed weight, of which 30% is the
carotenoid bixin. The remaining 70% is composed of
carbohydrates (32%), lipids (30%), humidity (3.5%),
protein (2.5%) and ash (2.0%) (Carvalho et al. 1991).
Geranylgeraniol is a naturally occurring linear diter-
pene soluble in organic solvents, such as chloroform,
acetone and alcohol. Geranylgeraniol is an important
intermediate of vitamin K, tocopherols and many
hormones, and in carotenoid biosynthesis. The pres-
ence of geranylgeraniol in annatto seeds was initially
described by Craveiro et al. (1989), followed by
Jondiko and Pattenden (1989), which established the
concentration of approximately 1 g (100 g)~' of this
metabolite in annatto seeds. Tocotrienols are sub-
stances that exhibit strong antioxidant activity and are
commonly known as vitamin E. According to Tan and
Foley (2000), annatto is one of the few plants
containing tocotrienols in a much higher proportion
than tocopherols, generating great interest from the
pharmaceutical industry. Although found in low
amounts in the human diet, tocotrienols are abundant
in rice (Oryza sativa L.), palm oil (Elaeis guineensis
Jacq.), and annatto. Tocotrienols are neuro-protective,
anti-cancer and cholesterol lowering (Sen et al. 2007).
Frega et al. (1998) described the presence of
tocotrienols in annatto seeds at concentrations of
0.14 g (100 g)~'. The concentration of carotenoids in
annatto seeds usually ranges from 3.12 (100 g DM) ™"
to 6.26 g (100 g DM)~". The most important carote-
noid in annatto seed is cis-bixin, a monomethyl ester
of dicarboxylic acid corresponding to more than 80%
of the total carotenoid content of annatto seeds
(Carvalho et al. 1993; Auttachoat et al. 2011). Despite
its growing economic importance, the conservation
and manipulation of annatto genetic resources repre-
sents the main and most difficult goal for this crop.
Considered as the center of origin of annatto, Brazil
hosts the greatest diversity of this species. Therefore,
characterizing this diversity is a priority in order to
promote the conservation of genotypes, as well as to

provide information for breeding programs (Ro-
drigues 1995).

Microsatellite markers or simple sequence repeats
(SSR) show high polymorphism, co-dominance and
multiallelism. Besides presenting highly reproducible
results, this marker is widely distributed in the nuclear
genome, making it a useful tool for assessing the
genetic diversity and structure of plant populations
(Kalia et al. 2011; Vieira et al. 2016). Microsatellite
primers were recently developed by Dequigiovanni
etal. (2014) and this is the first report using this marker
to analyze the genetic diversity of annatto accessions in
Brazil. Although annatto is an important source of
natural dye, there is almost no research addressing the
genetic variability within this species and investiga-
tions on how this variability is distributed in Brazil. In
this context, the aim of this study was to characterize
the genetic diversity and structure of accessions from
the annatto germplasm bank at the Agronomic Institute
(IAC), Campinas, Sao Paulo, Brazil, using microsatel-
lite markers and four phytochemical compounds.

Materials and methods
Plant material

Sixty-three accessions from the annatto Germplasm
Bank of TAC, maintained at the Polo Regional Centro
Norte in Pindorama, Sao Paulo, were evaluated in this
study. The accessions originated from the Brazilian
Central-West, Southeast, and North regions, as well as
one accession from Peru and 20 accessions of
unknown origin (Table 1; Fig. 1). The collection is
maintained in the field, with plots of six half-sib plants,
and young leaves from one plant from each accession
were collected for the molecular analysis, conducted
at the Genetics Department of Luiz de Queiroz
College of Agriculture, University of Sdo Paulo.

Phytochemical analysis

For the phytochemical analysis, annatto seeds from the
harvest of 2011 were used. Fruits from the selected
plants were harvested and dried in the sun. After
drying, the seeds were separated from the fruits
(capsules) manually. From 100 to 200 g seeds were
placed in plastic pots, which were identified and sent
to the laboratory at the Institute of Food Technology
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Table 1 Mean values of moisture, lipids, bixin, tocotrienols and geranylgeraniol [g (100 g DM) '] in annatto (Bixa orellana) seeds
of 63 accessions from the Instituto Agronomico germplasm bank in Campinas, Sdo Paulo, Brazil

ID Origin Moisture Lipids Bixin Tocotrienols Geranylgeraniol
1 Cuiaba-MT 12.94 2.24 3.05 0.41 0.69
2 Cuiaba-MT 8.80 2.87 3.52 0.76 1.13
3 Vale do Ribeira-SP 8.75 2.85 3.57 0.77 1.08
4 Vigosa-MG 10.44 2.63 3.88 0.49 0.99
5 Rezende-RJ 11.36 3.02 2.82 0.80 0.82
6 Sorocaba-SP 9.69 343 2.89 0.65 0.96
7 Igarata-SP 9.96 3.08 2.71 0.39 1.13
8 Tupi Paulista-SP 10.00 3.24 2.60 0.64 1.78
9 Unknown 10.37 3.40 2.75 0.38 1.50
10 Guaraci-SP 8.91 2.97 3.76 0.61 0.98
11 Sdo José do Rio Preto-SP 9.71 343 2.82 0.50 1.19
12 Unknown 10.34 341 3.18 0.54 1.18
13 Unknown 11.00 3.45 2.46 0.78 1.70
14 Icem-SP 10.14 2.94 3.22 0.74 1.12
15 Unknown 11.27 343 2.67 0.59 1.26
16 Minas Gerais-MG 10.88 3.00 4.05 0.48 1.49
17 Barretos-SP 9.23 341 2.80 0.51 1.70
18 Unknown 10.61 345 2.01 0.46 1.57
19 Unknown 5.78 2.81 2.77 0.43 1.48
20 Icem-SP 9.82 3.38 2.90 0.73 0.93
21 Olimpia-SP 8.73 2.99 2.28 0.65 0.85
22 Peru 11.40 2.48 2.15 0.25 0.56
23 Unknown 12.37 4.66 4.78 1.05 1.10
24 Unknown 9.78 5.00 7.31 1.02 1.57
25 Unknown 10.74 2.55 3.10 0.61 0.63
26 Unknown 10.71 3.36 3.79 0.92 0.82
27 Unknown 8.39 2.14 2.73 0.82 0.49
28 Unknown 10.51 342 4.25 0.72 0.77
29 Unknown 8.57 3.28 2.89 0.59 0.88
30 Unknown 11.43 3.16 4.68 0.70 0.76
31 Unknown 10.80 4.40 4.49 1.00 0.62
32 Unknown 11.88 4.01 4.71 0.55 1.21
33 S. Jodo do Pau D’alho-SP 9.60 3.37 331 0.93 0.78
34 Unknown 10.11 3.53 3.13 0.43 1.28
35 Unknown 9.46 2.64 3.25 0.62 1.05
36 Unknown 10.61 3.33 2.00 0.47 1.03
37 Unknown 10.31 3.40 3.88 0.82 0.99
38 Corumbiara-RO 12.54 6.91 6.63 1.04 1.82
39 Corumbiara-RO 10.25 4.38 6.56 1.03 1.63
40 Colorado do Oeste-RO 12.67 6.50 4.57 0.94 1.53
41 Colorado do Oeste-RO 12.54 6.43 4.43 0.97 1.78
42 Colorado do Oeste-RO 12.66 3.29 4.02 0.71 1.15
43 Corumbiara-RO 11.32 4.47 4.32 0.63 0.82
44 Corumbiara-RO 12.37 5.53 2.56 0.74 2.45
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Table 1 continued

ID Origin Moisture Lipids Bixin Tocotrienols Geranylgeraniol
45 Corumbiara-RO 14.32 4.68 3.35 0.50 1.51
46 Corumbiara-RO 11.33 4.41 3.85 0.65 1.91
47 Corumbiara-RO 10.12 4.29 4.54 1.05 1.46
48 Colorado do Oeste-RO 12.59 4.15 3.39 0.64 0.88
49 Colorado do Oeste-RO 12.27 3.88 4.66 0.66 1.40
50 Colorado do Oeste-RO 9.79 3.11 4.39 0.70 1.11
51 Colorado do Oeste-RO 10.32 3.81 3.67 0.65 1.98
52 Corumbiara-RO 9.92 2.97 4.61 0.66 0.97
53 Colorado do Oeste-RO 8.52 3.39 491 0.42 1.30
54 Colorado do Oeste-RO 10.95 3.62 2.77 0.54 1.06
55 Colorado do Oeste-RO 10.87 3.51 4.66 0.61 1.45
56 Colorado do Oeste-RO 12.71 4.90 341 0.66 2.61
57 Corumbiara-RO 12.75 4.92 2.68 0.52 2.15
58 Colorado do Oeste-RO 13.14 4.06 4.00 0.97 1.24
59 Colorado do Oeste-RO 11.42 3.17 4.05 0.64 1.49
60 Corumbiara-RO 12.10 5.67 3.99 0.70 1.52
61 Colorado do Oeste-RO 13.98 6.97 5.08 0.64 1.94
62 Colorado do Oeste-RO 12.79 7.11 5.13 0.65 2.04
63 Colorado do Oeste-RO 12.34 2.61 3.08 0.38 0.84
Overall mean 10.83 3.79 3.69 0.67 1.27

Fig. 1 Map of Brazil
indicating the origins of the
annatto (Bixa orellana)
accessions maintained in the
IAC Germplasm Bank.
Black circles represent the
origin of accessions, while
the star indicates the
location of the Germplasm
Bank in Pindorama, SP. MG
Minas Gerais, MT Mato
Grosso, RJ Rio de Janeiro,
RO Rondénia and SP Sao
Paulo

(ITAL), Campinas, SP, where the analyses were
carried out. In the laboratory, the seeds were then
transferred to glass containers, where they were kept
away from light and refrigerated until the analyses

began.

20—
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Moisture determination was based on the method
described by AOAC (Horwitz 2005). The determina-
tion of lipids was conducted based on the method
2006.06 described by AOAC (Horwitz 2005) using
hexane. The analytical method for the determination
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of total carotenoids expressed as bixin was based on
the saponification of bixin, dilution with potassium
hydroxide solution and spectrophotometric quantifi-
cation, as described by Carvalho et al. (2010).

The analytical method used for the determination of
tocotrienols and geranylgeraniol was based on saponi-
fication with potassium hydroxide solution, extraction
of the unsaponifiable fraction with ethyl ether, and
transfer of analytes to n-hexane. The analytical
method for the determination of tocotrienols was
based on the methodology described by Panfili et al.
(2003). The tocotrienols analysis was performed in a
Prominence LC-20A liquid chromatograph coupled to
a fluorescence detector RF-10AXL (Shimadzu,
Tokyo), using the excitation wavelength of 292 nm
and emission of 326 nm. The analytes were resolved
on a normal phase column of LiChrospher Si60
(12.5 cm long x 4 mm d.i. and 5 pm particle diam-
eter; Merck, Darmstadt, Germany), having as the
mobile phase n-hexane: ethyl acetate: acetic acid
(97.6:1.8:0.6, v/v/v), in an isocratic system. The
determination of geranylgeraniol was based on the
methodology described by Zahn et al. (2000). An
Infinity 1260 liquid chromatograph and diode array
detector (Agilent, USA), with monitoring at 210 nm,
were used for the geranylgeraniol determination.
A LiChrospher 100RP-18 column (12.5 cm long,
4mm d. i. and 5 um particle diameter; Merck,
Darmstadt) was used, and the mobile phase was
composed of methanol: 20 mM ammonium acetate
(90: 10, v/v), in an isocratic system.

Molecular analysis

DNA was extracted from recently expanded young
leaves according to Doyle and Doyle (1990). DNA
was quantified by comparison with known concentra-
tions of standard DNA (lambda DNA; Invitrogen,
Carlsbad, CA, USA) in electrophoresis agarose gels
(1%) stained with GelRed (Biotium, Fremont, CA,
USA).

Sixteen SSR markers developed for B. orellana
(BorA2, BorA3, BorAS5, BorB1l, BorB4, BorBS5,
BorB12, BorC5, BorD1, BorD2, BorF9, BorG4,
BorG11, BorH3, BorH7, BorH10) (Dequigiovanni
et al. 2014, submitted) were used in the present study.
These markers were selected based on their polymor-
phism and compatibility for multiplexing. An M13
sequence tail was added to the 5’ end of each forward

@ Springer

primer following a labeling protocol (Schuelke 2000).
Microsatellite fragments were amplified using a
MyCycler Thermal Cycler (Bio-Rad, Hercules, CA,
USA) in a total reaction volume of 10 pL, containing
20 ng of genomic DNA template, 1 U Tag DNA
polymerase (Fermentas, Vilnius, Lithuania), 1X poly-
merase chain reaction buffer (10 mM Tris—HCI (pH
8.3), 50 mM KCI, 1.5 mM MgCl,, 0.08% Nonidet
P40), 0.25 mM each dNTP, 1.5 mM MgCl,, 2.5 pmol
of forward and M13 label primers (FAM, HEX or
NED dyes) and 5 pmol of reverse primers.

Polymerase chain reactions were carried out
according to Schuelke (2000), consisting of 94 °C
(5 min), then 30 cycles at 94 °C (30 s)/T, °C (45 s)
(T, = annealing temperature)/72 °C (45 s), followed
by 8 cycles at 94 °C (30 s)/53 °C (45 s)/72 °C (45 s),
and a final extension at 72 °C for 10 min. Quality of
amplification was checked by electrophoresis in
agarose gels (1.5%) stained with GelRed (Biotium).
Fragment separation and detection were performed on
an ABI Prism 3130x] capillary sequencer using
GeneScan 500 Rox-labelled size standard (Applied
Biosystems, Foster City, CA, USA). SSR patterns
were scored using the Genemapper v4.0 software
(Applied Biosystems).

Statistical analyses
Phytochemical diversity analyses

The dispersion of phenotypic diversity among acces-
sions was evaluated by Principal Components Anal-
ysis (PCA), carried out with the R Statistical
Software—ade4 package (Dray and Dufour 2007).
Cluster analysis was performed using Euclidean
distances, and the UPGMA (Unweighted pair group
method with arithmetic mean) clustering method,
implemented in R Statistical Software—stats package
(R Core Team 2015) and formatted with FigTree
(Rambaut and Drummond 2010).

Genetic diversity and structure analyses

Genetic diversity parameters, including total number
of alleles (A), allelic richness (Ar), observed (Hyp) and
expected (Hg) heterozygosities, number of private
alleles (Ap) and inbreeding coefficient (F;5), were
estimated for each locus using diveRsity package from
the R project (Keenan et al. 2013). Genetic distances
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between individuals were estimated by Rogers’
genetic distance (Rogers 1972). The resulting distance
matrix was used to construct a dendrogram with the
Neighbour-joining algorithm (Saitou and Nei 1987),
with 1000 bootstrap replicates, implemented in Pop-
ulation 1.2.32 (Langella 2002). The final dendrogram
was formatted with FigTree (Rambaut and Drummond
2010). The dispersion of genetic diversity among
accessions was evaluated by Principal Coordinate
Analysis (PCoA), carried out with the R Statistical
Software—ade4 package (Dray and Dufour 2007). The
apparent outcrossing rate (7,) was estimated by using
the estimated inbreeding coefficient according to the
equation £, = (1—)/(1 + ) (Weir 1996).

We also analyzed the population structure and
detection of admixture using a Bayesian model based
on the clustering method implemented in Struc-
ture 2.3.4 (Pritchard et al. 2000). An admixture model
with correlated allele frequencies without prior pop-
ulation information was used. A burn-in period of
250,000 was used, followed by 500,000 Markov Chain
Monte Carlo (MCMC) permutations. Ten replicates
(runs) were carried out for each possible value of K
(from 1 to 10). Two different approaches were used to
detect the most likely K value: the first was that
proposed by Pritchard et al. (2000) and the second
proposed by Evanno et al. (2005), using the web based
Structure Harvester v.0.6.92 (Earl and VonHoldt
2012). Hierarchical distribution of genetic variation
within and among groups of annatto accessions was
evaluated using “locus-by-locus” AMOVA with
GenAIEx version 6.5 (Peakall and Smouse 2012),
with individuals clustered into groups according to the
Structure analysis. Significance was assessed by
conducting 10,000 permutations.

Results
Phytochemical compound characterization

Seed moisture content of samples was used to achieve
uniformity of other parameters for correlation between
different samples. Moisture content ranged from 5.78
to 14.32 g (100 g DM) ! (Table 1). Lipid concentra-
tions ranged from 2.14 g to 7.11 g (100 g DM)~".
Total carotenoids, expressed as bixin, showed con-
centrations (dry basis) ranging from a minimum of
2.00 g to a maximum of 7.31 g (100 g DM)~".

Analyses of tocotrienols identified the predomi-
nance of y-tocotrienol and &-tocotrienol, with -
tocotrienol representing approximately 90% of the
observed isoforms. The o and B-tocotrienols were not
present or were below the analytical sensitivity limit of
the method used [0.01 g (100 g DM)~']. Total
tocotrienols concentrations (dry basis) ranged from a
minimum of 0.25 g to a maximum of 1.05 g (100 g
DM)~! (Table 1). Analyses of geranylgeraniol
showed results ranging from 0.49 g to 2.61 g (100 g
DM) L.

The cluster analysis conducted with phytochemical
compounds classified the accessions into seven groups
(Fig. 2). The accessions from Sdo Paulo, Rio de
Janeiro and Mato Grosso all clustered in the first three
groups, which together showed low values for all
traits. The accessions from Rondonia clustered in the
other four groups, with the exception of accessions 63
(group 1) and 54 (group 2). These groups also
contained one accession from Minas Gerais and eight
of unknown origin. These four groups showed higher
values than the other three groups for all traits.
Moreover, within these four groups there are acces-
sions individually responsible for the highest values in
all characteristics, such as accessions 62 (Bixin: 7.11),
56 (Geranylgeraniol: 2.61), 47 and 23 (Tocotrienol:
1.05).

The PCA explained nearly 83% of the variation in
the data set (Fig. 3). PCA1 can be considered an axis
of phytochemical constituent concentration, with
higher values to the left, attributed mostly to Rondonia
accessions, while PCA2 distinguishes between annat-
tos with more geranylgeraniol and lipids above the
axis, and those with more tocotrienols and bixin below
the axis.

Significant linear correlations were observed
(P < 0.05) between the geranylgeraniol concentration
and lipids (r = 0.63), bixin and lipids (r = 0.51),
tocotrienols and lipids (r = 0.41) and between bixin
and tocotrienols (r = 0.56). There were no correla-
tions between geranylgeraniol and bixin, nor between
geranylgeraniol and tocotrienols.

Molecular characterization
The characterization of 63 accessions with 16
microsatellite loci identified a total of 73 alleles,

varying from two to ten alleles per locus, with an
average of 4.56 alleles per locus (Table 2). We found
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Fig. 2 Cluster analysis using Euclidean distances and the
UPGMA algorithm based on four phytochemical compounds
analyzed in 63 Bixa orellana accessions from the Brazilian

higher Hg then H, values for all loci, indicating
heterozygote deficits. As a result, F;g was high for
most loci and 14 loci were not in Hardy—Weinberg
Equilibrium. This result is expected for genebanks
where populations are not sampled, but individuals
from diverse populations are grouped in a common
area, disagreeing with the Hardy—Weinberg premises
that population should be panmictic and with infinite
size. Polymorphism Information Content (PIC) varied
widely, with an average of 0.43.

In the PCoA analysis, the first two principal
coordinates explained 48.3% of total variation and
showed that accessions from Southeast and Central—
West Brazil tend to form a separate group from the
North (Ronddnia) accessions, which were more
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States of Rondonia, Mato Grosso, Sao Paulo, Minas Gerais, Rio
de Janeiro, from Peru and 20 with unknown origins (ND)

dispersed and clustered mainly towards the right side
of the first principal coordinate (Fig. 4). Cluster
analysis based on Rogers’ distance and the Neigh-
bour-Joining algorithm (Fig. 5) presented two major
clusters, revealing the same pattern observed in the
PCoA. All accessions from Rondonia State, except
two, were grouped close to each other, while acces-
sions from Southeast Brazil formed a distinct group.
The two Central-West (Mato Grosso) accessions were
distributed in both major clusters. Bayesian analysis
performed in Structure (Fig. 6) also confirmed the
results obtained with PCoA and the NJ dendrogram.
Two genetic clusters were obtained (AK = 776.35),
according to the Evanno method (S1 Fig.), showing
that most of the accessions in the red group belong to
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Fig. 3 Principal component analysis biplot of the 63 Bixa orellana accessions based on bixin, tocotrienol, geranylgeraniol and lipids

analysis

the Southeast region, while those of the yellow group,
with three exceptions, and excluding Peru and the non-
determined origin accessions, were from northern
Rondonia.

Results of AMOVA, using individuals clustered
into groups according to the Structure analysis,
showed that most of the genetic variation resided
within groups (89%), while 11% of the variation
resided between groups. Divergence was moderate
between clusters (Fg7y = 0.112, P = 0.000). The
results of the PCoA, NJ tree and Structure showed
signs of admixture (Figs. 4, 5, 6).

Discussion
Phytochemical characterization
The annatto accessions analyzed in this study showed

moisture content values ranging from 5.78 to 14.32 g
(100 g DM) L. Stringheta and Silva (2008)

established 14 g (100 g)~' as the maximum moisture
content of annatto seeds, above which there was a risk
of mold growth. Only one accession (sample 45)
showed a value above 14 g (100 g DM)_I, which
shows that the analyzed accessions present adequate
moisture contents. As for the lipid contents, the
analyzed accessions showed lipid values in agreement
with Frega et al. (1998) and Rao et al. (2015),
reporting an average of 5.3 (100 g DM) ' and 6.3 g
(100 g DM) ™", respectively.

Currently, the main criterion of seed quality used
for the improvement of this crop is the concentration
of bixin, which can be as high as 5.0 g (100 g DM)~!
(Vilar et al. 2014). According to de Franco et al.
(2008), levels higher than 2.5 g (100 g DM)fl are
usually required for export. Annatto accessions main-
tained by this germplasm bank showed bixin concen-
trations ranging from 2.0 to 7.1 g (100 g DM) ™!,
where most of the accessions (93.6%) produced values
higher than 2.5 g (100 g DM)™', and therefore have
export potential. This wide variation in bixin content
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Table 2 Genetic parameters for the microsatellite analysis of
Bixa orellana accessions from the Instituto Agronomico
germplasm bank with 16 SSR loci: A, number of alleles; Hy,
observed heterozygosity; Hp, expected heterozygosity; Fis,
inbreeding coefficient; PIC, polymorphism information content

in different varieties of annatto was also observed by
Matos et al. (1992), Carvalho et al. (2010) and
Mantovani et al. (2013).

Total tocotrienols concentration of these annatto
accessions, ranging from 0.25 to 1.05g (100 g

SSR Lo 4 Ho He Fis pIc DM) !, were much higher than the mean concentra-
BorA2 3 0.16 061 0.73 0.53 tion of 0.14 g (100 g DM)™" reported by Frega et al.
BorA3 3 0.12 0.35 0.65 0.30 (1998). This variability shows the importance and
BorA5 3 0.08 0.18 0.53 0.16 viability of conducting studies to select varieties with
BorB12 4 0.22 0.52 0.56 0.46 high concentrations of tocotrienols. Geranylgeraniol is
BorF9 8 0.28 0.76 0.62 0.72 the major oily constituent of annatto seeds, represent-
BorG11 7 0.29 0.76 0.62 0.72 ing 1% of dry seeds (Vilar et al. 2014). Analyses of
BorB1 6 0.24 0.63 0.62 0.58 geranylgeraniol in annatto seeds in this study showed
BorB4 3 0.17 051 0.66 039 values ranging from 0.49 to 2.61 g (100 g DM)™".
BorB10 10 0.31 0.83 0.63 0.80 Most of the accessions showed values well above
BorC12 3 010 037 074 03l those obtained by Smith and Wallin (2006) [average of
BorD1 3 027 037 028 031 0.75 g (100 g DM)_I]. As in the case of tocotrienols,
BorD2 2 000 032 100 026 the wide variation of the concentration of geranyl-
BorG4 5 0.16 032 0.50 0.29 geraniol present in the annatto accessions in this
BorH3 ) 0.03 0.03 0.01 0.03 germplasm collection indicates the need to conduct
BorH7 5 0.13 0.45 071 043 studies selecting varieties with a high concentration of
BorH10 6 024 057 058 053  Uhiscomponent. ‘
Overall mean 456 017 047 0.63 043 This study showed that the Northern accessions
generally have high concentrations of the phytochem-
ical compounds, which leads us to speculate that this
Fig. 4 Principal coordinate
analysis of the dispersion of
the 63 Bixa orellana ¢
accessions evaluated with .
16 SSR markers . . ®e
- ® . . .
® f.o . . . ¢
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Fig. 6 The estimated proportion of membership in the corresponding clusters (K = 2), calculated using Structure, for 63 accessions of

Bixa orellana evaluated with 16 SSR loci

finding could be related to the Amazonian origin and
domestication of annatto (Sandy-Cuen and Becerra
2003; Clement et al. 2010; Moreira et al. 2015), yet to
be confirmed. Accession 63, which morphologically
appears to be a wild accession, presenting small fruits,
fewer seeds per fruit and seeds only partially covered
with aril, presented low values for all phytochemical
characteristics, consistent with what would be
expected for wild accessions. Due to the fact that wild

accessions have not suffered human selection for traits
of human interest, it is expected that it should present
lower values compared to the domesticated materials
(Moreira et al. 2015).

Molecular characterization
Heterozygosity is a measure of the genetic variability

that estimates how much variation exists in a
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population and how this variation is distributed
depending on the alleles present at a given locus
(Frankham et al. 2004). The expected heterozygosity
values, with a mean of 0.47, exceeded those obtained
for the observed heterozygosity, averaging 0.17, for all
loci in this study. When plants from different popu-
lations are grouped and analyzed in a single group, as
with accessions from germplasm banks, the expected
heterozygosity is usually greater than the observed
heterozygosity, which is known as the Wahlund effect
(Hartl and Clark 1998). High values of F;g observed in
all loci analyzed allowed the interpretation that the
genotypes studied are also subjected to inbreeding.
From these values, we calculated the apparent
outcrossing rate (f,), yielding a value of 0.22. From
this value, it is possible to interpret that the apparent
selfing rate of the plants collected for representation in
the germplasm bank is 0.78. The existence of crosses
between closely related individuals generates inbreed-
ing and, therefore, increases homozygosity (Ritland
2002). These results are in agreement with those
obtained by Rivera-Madrid et al. (2006), conducting
controlled pollinations in annatto accessions in an
experimental field in Mexico, suggesting that annatto
can tolerate both types of pollination, with recorded
cross-pollination rates of 57% and self-fertilization of
31.4%. Vilares et al. (1992) also concluded that there
was natural selfing in annatto. It is worth mentioning
that apparent outcrossing rate and apparent selfing rate
are estimates, and do not replace progeny tests to
determine the mating system, and therefore need
further studies to confirm these data.

In all the molecular analyses, such as the cluster and
PCoA analyses, the Rondonia accessions, with only a
few exceptions, were classified into groups separated
from the Southeastern accessions of Brazil, similar to
the phytochemical characterization. They were also
clearly classified in one group separated from the other
accessions from Brazil in the Bayesian analysis, which
classified the accessions into two groups, showing
genetic differentiation among the accessions in Brazil,
with a genetic structuring separating the Northern
from the Southeastern accessions. These results are in
agreement with those obtained by Carvalho et al.
(2005), which presented a clear differentiation
between Northern accessions from those obtained in
other regions of the country. Annatto is native to the
Americas, and most probably the Amazon region

@ Springer

(Sandy-Cuen and Becerra 2003; Clement et al. 2010),
which might explain the higher levels observed for the
phytochemical traits and genetic diversity values from
the Northern (Rondonia) accessions.

In conclusion, our data revealed high variation of
phytochemical compounds in the 63 accessions from
the annatto Germplasm Bank of IAC, corroborated by
high levels of genetic diversity revealed by 16 SSR
markers. Interestingly, Northern accessions concen-
trate higher concentrations of the phytochemical
compounds and higher levels of genetic diversity.
Some accessions presented bixin levels well above
average. Considering that this trait is a key feature in
this crop, these materials are very promising to be used
in genetic improvement programs. Additional studies
with local varieties, as well as wild populations of
annatto collected in several regions in Brazil, are
underway by our team and they should contribute to a
better understanding of the distribution of genetic
diversity in this country, and also further information
concerning the center of domestication of B. orellana.
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