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RESUMO

MENGISTU, Fekadu Gebretensay, D.Sc., Universidade Federal de Vicosa, julho de
2015.Amplificagéo cruzada de marcadores microssatélites e estudo da diversidade
genética em palmeira macaubaAcrocomia aculeata). Orientador:Sérgio Yoshimitsu
Motoike. Coorientadores: Eveline Teixeira Caixeta e Cosme Damiédo Cruz.

A palmeira macaub@Acrocomia aculeataé espécies oleaginosas na América do Sul

com abundante distribuicdo natural no Brasil. A macauba é considerado como um
grande potencial para a producdo de biodiesel e estar sob domesticagdo no Brasil.
Recentemente pesquisas mostram que macauba estd sob a ameaca de extrativismo
predatério, as alteracdes climaticas e as politicas de uso da terra na populacdo natural e
precisa ser conservada situpara o futuro melhoramento genético e uso sustentavel de
seus recursos genéticos. Os microssatélites (Simple Sequence Repeats-SSR) sdo um dos
marcadores moleculares mais aplicaveis na caracterizacdo de cole¢des de germoplasma
e ajudar na conservacdo da variabilidade genética em bancos de germoplasma. No
passado, apenas alguns marcadores SSR foram desenvolvidos para a macauba, devido
ao alto custo do desenvolvimento e da limitagdo do conhecimento sobre o potencial da
macauba. Dois experimentos foram conduzidos neste estudo: (1) para demonstrar o uso
de amplificacdo cruzada de marcadores SSR como uma alternativa de baixo custo para
estabelecer os marcadores SSR paraaculeata e (2) para estudar a diversidade
genética nas colecOex situ de germoplasma da. aculeataque foram originalmente
coletadas de diferentes procedéncias no Brasil. Na primeira parte do trabalho, um estudo
de amplificacdo cruzada realizado para avaliar a possibilidade de transferéncia de 34
marcadores SSR, originalmente desenvolvidos para duas espécies de Arecaceae
(Astrocaryum aculeature Elaies oleiferd em A. aculeatausando 192 acessos de 41
familias originalmente oriundos de seis procediéncias no Brasil. Do total de marcadores
avaliados, 15 SSR (44%) amplificaram com sucesso o DNA gendmiéo atmileata

dos quais quatro SSR (26%) foram polimérficos. O baixo sucesso do amplificcao
cruzada foi devido & relativa distancia taxonomica entre as fohtexcleatune E.

oleifera) e as espécies-alvdA.( aculeatd. No entanto, os marcadores polimorficos
identificados pela transferéncia detectaram uma média elevada de locos polimoérficos (P

= 79%) por procediéncia. Os marcadores também revelaram a deficiéncia de
heterozigotos r® acessos analisadosg, que for confirmado pelo coeficientes de

endogamia positivos obtidos em todos os locos. No segundo trabalho, estudo da

Xi



diversidade genética foi realizada nos 192 acessds. @geuleatacom base em dez
marcadores SSR (incluindo dois SSR polimérficos identificados no estudo da
transferibilidade e o resto de oito SSR foram seleccionados a partir de grupos de SSR
anteriormente desenvolvidos pakaaculeatyd. O estudo resultou em diferentes niveis

de diversidade alélica, heterozigosidade e polimorfismo entre os acessos analisados.
Com base em distancias genéticas, trés grupos distintos de procedféram
estabelecidos utilizando diferentes métodos de agrupamento. No entanto, o teste de
Mantel revelou uma correlacéo nao significativa entre a distancia genética e gaografic
entre & procediéncias. A proporcao da variacdo genética foi estimada pela analise de
variancia molecular (AMOVA), que revelou maior variagdo genética dentro da familia
do que entre as familias de aculeata,seguido de variagdo entre as procedién€as.
estudo comprovou a eficiéncia de transferéncia inter-espécies de marcadores SSR entre
diferentes espécies de Arecaceae. Ele também reafirmou que SSR sdo marcadores
moleculares Uteis na caracterizacdo de germoplasma deuleatae as informacde

que foram gerados podem ser utilizados em conservacdo de germoplasma e no
programa de melhoramentla A. aculeata Os marcadores podem ser utilizados para
ajudar o programa de melhoramento genético através de genotipagem de cada individuo
no banco de germoplasma que ajudaria a identificar grupos geneticamente distintos e
também minimizar a redundancia de entradas no banco de germoplasma que

potencialmente maximizar a eficiéncia de conservacao e reduzir seus custos.
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ABSTRACT

MENGISTU, Fekadu Gebretensay, D.Sc., Universidade Federal de Vigcosa, July, 2015.
Cross-species amplification of microsatellite markers and genetic diversity in the
macaw palm (Acrocomia aculeata). Adviser Sérgio Yoshimitsu Motoike. Co-
advisers: Eveline Teixeira Caixeta and Cosme Damiéo Cruz.

Macaw palm Acrocomia aculeatais newly emerging oleaginous species in South
America with abundant natural distribution in Brazil. It is considered as a great potential
palm for production of biodiesel and being under domestication in Brazil. Recently
researches show that macaw palm is under the threat of predatory extractivism, climate
change and land use policies in the natural population and need to be corgesitad

for future genetic improvement and sustainable use of its genetic resources.
Microsatellites (Simple Sequence Repeats-SSR) are one of the most applicable
molecular markers in characterization of germplasm collections in plants and help to
conserve genetic variability in germplasm banks. In the past only few SSR markers
were developed for the macaw palm owing to the high development cost and limitation
in knowledge about the importance of the palm. Two experiments were set up in this
study: (1) to demonstrate the use of cross-species amplification as a cost-effective
altarnativeto establish SSR markers f@. aculeata;and (2) to study the genetic
diversity in A. aculeataex situ germplasm collections which were originally collected
from different provenances in Brasil. In the the first part of the work, a cross-species
amplification study was conducted to evaluate the transferability of 34 SSR markers
originally developed for two Arecaceae speci@stocaryum aculeatunand Elaies
oleiferg in A. aculeatausing 192 accessions from 41 families collected from six
provenances in BraziFrom the total markers evaluated, $SR (44%) successfully
amplified the genomic DNA inA. aculeata of which four SSR (26%) were
polymorphic. The low success of the cross-amplification was accounted for the
relatively wider taxonomic distance between the sourseaduleatumandE. oleiferg

and the targetA. aculeata species. However, the polymorphic markers identified by
this study detecteda high average percentage of polymorphic loB={9%) per
provenance. The markers also revealed heterozygote deficiency in the accessions and
this was confirmed by positive inbreeding coefficients obtained in all the loci analyzed
In the second work, genetic diversity study was carriedrotite 192 accessions Af
aculeata,based on ten SSR markers (including two polymorphic SSR indentified in the

transferability study and the rest eight from sets of SSR previously developAd for
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aculeatg. The study resulted in different levels of allelic diversity, heterozygosity and
polymorphism among the accessions analyzed. Based on genetic distances, three
distinct groups of provenances were established using different methods of grouping.
However, Mantel test detectednon-significant correlation between the genetic and
geographic distances among the provenances, revealing genetic similarities among
geographically distant provenances in the country. Analysis of Molecular Variance
(AMOVA) revealed the proportions of genetic variation, in which more genetic
variation was obtained within family than among familiesAofaculeatafollowed by
variation among provenances. The study proved the efficiency of inter-species
transferability of SSR markers between different species in Arecaceae. It also
reaffirmed thatSSR are useful molecular markers in characterizidg aculeata
germplasm and the information that were generated could be utilizAd anuleata
germplasm conservation and breeding program. The markers could be used to help the
breeding program through genotyping each individuals in the germplasm bank that
would help to identify genetically distinct groups and also minimize the unnecessary
redundancies of entries in the germplasm bank that would potentially maximize

conservation efficiencies and reduce its costs.
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GENERAL INTRODUCTION

Macauba or also known as Macaw palAcrocomia aculeatg(Jack.) Lodd.
Ex.Mart.) is a perennial arborescent palm tree, native to tropical forests, mainly in South
America with wide geographical distribution in Brazil (Scariot et al., 1995). It stands
out among the promising oil palms for biodiesel production. It has possibility of
becoming commercially the most important oil palm in the Brazilian context,
highlighting not only by its considerable oleaginous potential, but also for being species
native to Brazil, which occur in large natural mass in much of the national territory
(Silva, 1994). This specie has broad utility and more recently its fruit has aroused great
social and economic interest in its vegetable oil production capacity, considering that
macauba is cited as one of the main sources of oil in Brazil (Nucci et al., 2008). The oll
extracted from macauba fruits has been used in cosmetic industries, medicinal uses, oil
and flour used in food and, most recently as feedstock for biodiesel production (Bora
and Rocha, 2004; Hiane et al., 2005).

However, the introduction of macauba oils in biodiesel production still depends
on the solution of some challenges. Among them, the development of commercial
plantations, which highly relies on the availability of suitable varieties which could
meet the required demands of producers and manufacturers; such as high fruit
productivity, good oil quality, and other desirable agronomic characteristics. Moreover,
the pressure from the local extractivists together with climate changes and land use
policies would contribute for the degradation of the natural populations of this
important palm species (Faleiro et al., 2008). Therefore, genetic resource conservation
is one of the primary steps currently undertaken in the process of domesticating this
noble palm species. The study of the genetic characterization fremsatucollections
in macauba is unprecedented and is very important because it brings relevant subsidies

for the identification and conservation of genetic variability, helping still in different
1



stages of pre-breeding of this palm and the bases for future development of suitable
varieties. To quantify the genetic variability between and within populations, the use of
molecular markers has proved to be important and efficient tools. For this study,
microsatellite markers were chosen for their intrinsic characteristics of stable marker,
co-dominant, multiallelic, robust, high reliability, the operational simplicity and speed
of analysis when compared to other methods (Mohan et al., 1997; Agarwal et al., 2008).

Since macauba is a newly emerging species, only few molecular markers such
as microsatellites are currently available. Therefore, in our study, we did a cross-species
transferability of some polymorphic microsatellite markers from related palm species in
Arecaceae family Astrocaryum aculeatunand Elaies oleifera)as an alternative to
select some working markers fok. aculeata Cross-species amplification and
transferability studies reveal the capabiliies of SSR markers to cross amplify
homologous sites among related species and genera in Arecaceae. Ramos et al. (2012)
and Zaki et al. (2012) reported cross-amplification and transferability of SSR markers
from A. aculeatumand E. oleifera, respectively in several species of Arecace®e.
aculeatumknows as Tucum@f Amazonas is a tropical palm found in western and
central Brazilian Amazonia. The raw fruit is traditionally eaten by the local population
and edible oil can be pressed from the fruits for human consumption as well as the dried
cake residue is used as animal feed (Ramos et al., 2012). Wikeretsferais a
species in the oil palm genus along with the commeElméis guineensiand occurs
naturally in south-central America and in the Amazon (Teh, 2@E.Q)leiferahas been
a promising genetic resource for oil palm improvement and currently used in oil palm
hybrid breeding programs (Zaki et al., 2012).

This study had two main objectives: establishment and characterization of
microsatellite markers fok. aculeatausing cross-amplification and transferability from

two related palm species in Arecaceae and study genetic diversitysitugermplasm



collections ofA. aculeatausing microsatellite markers including from the previsouly
developed sets of SSR for macauba.

Hence, the specific objectives were:

a) to evaluate the cross-amplification and transferability of some microsatellite
markers sourced from TucumA. (aculeatupand south America oil palni( oleiferg,
In accessions oh. aculeata

b) to characterize the identified polymorphic microsatellite markers using
different parameters in accession®\oficuleata;and

c) to quantify the amount of genetic variability among and witiraculeata

germplasm collections in a germplasm bank.
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LITERATURE REVIEW

1. BOTANY AND TAXONOMICAL DESCRIPTION

Acrocomia aculeatdnas a wide popular synonym in Brazil: macauba, mucaja,
mocuja, mocaja, macaw, macaiuva, bacailva, bocailva, imbocaia, coco-de-phlegm or
coco-de-spinho (Lorenzi, 1992). It was formely under family Palmae, is currently
classified within the Arecaceae family and genus Acrocomia (Hendetsaly 1995).
Taxonomically, A. aculeata is classified under: Kingdom: Plantae; Division:
Magnoliophyta; Class: Liliopsida; Subclass: Arecidae; Order: Arecales; Family:
Arecaceae; Subfamily: Arecoideae; Tribe: Cocoeae; Subtribe: Bactridinae; Genre:
Acrocomiaand speciesAcrocomia aculeatéGrin, 2013.

According to cytogenetic studies in fifty species of twenty eight genera of palms,
including some species in the subfamily Arecoideae, different numbers of chromosomes
was found (Sharma and Sarkar, 1956). However, there is a general homogeneity and
uniformity of clearly marked chromosomes within each subfamily, and all species are
diploid. They consider the subfamily Arecoideae as a good example of evolutionary
stability, in which in six different species of different genres, the same number of
chromosomes (2n= 2x = 32) and an overall similarity in karyotypes were found.
However, Read (1966) did new chromosome count in Palmae (Arecaceae), which
divides the subfamily Arecoideae into two species: species with n = 15, which include
A. aculeataand species with n = 16.

The family Arecaceae which belongs to macauba, is composed of a group of
generically known species such as palm trees, with towering size that easily
distinguishes it from other plants (Lorenzi al, 1996). Although there are reports
indicating the existence of several species under the genus Acrocomia, it consists of two

main speciesA. aculeata(Jacg.) Lodd ex Mart and. hassleri(B. Rodr.) WJH ahn.



These species are mainly in tropical distribution, but have worldwide occurrence. The
number of genera could reach to 236 and 3400 species (Aguiar, 1988; Letrahzi
2004).

The term Acrocomia is Greece origin to describe the arrangement of the leaves
in the plant. "Akron" (top) and "Kome" (hair) suggesting that the leaves are arranged in
the shape of a crown (Novaes, 1952; Hendees@h, 1995). Due to the co-existence of
one or more Acrocomia species, there is high variabili%.cfculeatain natural stands
as well as in germplasm banks. However, there still exists limitation of well established
descriptors or phylogenetic reports available to distinguish between the species.
However, efforts have been made to study the morphological structéreactileata
which believe to be of a species widely and abundantly distributed in Brazil and
becoming center of several researches due to its high fruit productivity and oil quality
for biodiesel production. The morphological reports described here are based on some
researches done in the past and could be used as reference to at least have some detalil
until the species is domesticated and detail reports are available.

A. aculeatais represented by arborescent palms and it is evergreen whose stem
can reach up to 15 m in height with 20 to 30 cm in diameter. Most plants have long dark
spines along the trunk and the base of the leaf sheaths. The leaves are pinnate presenting
4 to 5 m long, usually 20 to 30 in numbers, dark green color and contemporary
distributed in different planes giving a feathery appearance to the crown. The leaflets
are approximately 130 in number on each side of the central region of the leaf sheath
and are covered with spines (Lorenzi, 1992).

The blossoms are yellow, arranged in small bunches at 80 cm long, protected by
a spathe of varying size, which can reach up to 2 m in length. The flowers are small,
unisexual, and both sexes are together in the same inflorescence, but the male flowers

are at the top of the inflorescence (Siétaal, 2001). According to Scariet al (1991),



flowering in A. aculeataoccurs between August and December and inflorescences are
androgynous with marked protogyny. The principal pollinators are mainly beetles:
Andranthobiussp. (ColeopteraCurculionidae)Mystrops cf Mexican@\itidulidae) and
Cyclocephala forsteri(Scarabaeidae), with wind playing a secondary role. Cross-
pollination between different individuals (xenogamy) accounts for most of the
reproductive system. However, the species is self-compatible with geitonogamy
accounting for a significant percentage of fruit set (Scatiat 1991).

Each inflorescence produces an average of 60 fruits, but this number can vary
from 0 to 271, according to the region (Scambtal, 1995). Fruiting could occur
throughout the year, especially from September to January (Sedriat, 1991
Lorenzi, 1992 Lorenzi, 1996 Silva et al, 2001; Nucci, 2007). A macaw palm can
produce 3 to 6 bunches per year with an average of 800 fruits per cluster, ensuring the
dispersion of the plant. The fruit is composed of 42% pulp (mesocarp); 20% epicarp
(shell) and the remainder is formed by diaspore of the fruits consisting of endocarp
(31%) and seeds (7%). The fruits are spherical or slightly flattened, shaped in globose
drupe with a diameter ranging from 2 to 5 cm, and form one to three seeds or embyos.
The epicarp is thin and easily broken up when mature. The mesocarp is fibrous,
mucilaginous, sweet tasting, rich in glycerides, yellow or yellow-brownish coloring

(Chubaet al, 2008; Ramost al, 2008).

2. GEOGRAPHICAL DISTRIBUTION AND ECOLOGY

According to Hendersoret al (1995), A. aculeata has large and wide
distribution in the dry regions of tropical America (Figure 1). It is native palm tree of
tropical forests, occurring from southern Mexico to southern Brazil, Paraguay and
Argentina (Morcote-Rios and Bernal, 2001). In Brazil, it is abundantly found in the

States of Ceard, Minas Gerais, Mato Grosso, Mato Grosso do Sul, Sdo Paulo, Parana,



Santa Catarina and Rio Grande do Sul. Its distribution area has been heavily influenced
by human activities. In Brazil, the palm greater dispersion was with the occurrence of
natural stands of this species in almost every territory and widely spread and used by

Cerrado people (Silva, 1994; Hendersbml, 1995).
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Figure 1. Geographical distribution Atrocomia aculeatan South America (Adopted
from Nucci (2007); original sourc&lew World Fruits (2014)).

According to Scarioet al (1991, 1995)A. aculeatais cited as the single tree-
sized species in pasture areas and occurs mainly in semi-deciduous broadleaved forests
(Lorenzi, 1992). This palm has adaptations in different environmental conditions. It was
described as mesotrophic soils indicator of central Brazil (Rettid, 1996). However,
there are reports showing in the state of S&o Paulo, it mainly occurs in poor soils

covered by savannah (Novaes, 1952).

3. AGRICULTURAL PRACTICES AND USES

A. aculeatahas been identified suitable for Agricultural practices in tropics

mainly in degraded lands, where resources are scarce to grow agricultural crops.



However, if managed properly, in arable lands, it can boost integral agricultural
productivity as it can grow mutually with other crop plants and provides spaces for
livestock grazing (Averdunkt al, 2013).A. aculeatas cited as one of main sources of
vegetable oil in Brazil, which has the potential to produce biodiesel. Macauba can yield
up to 4000 liters of vegetable oil/ha/year, which is high as compared to that of
commonly cultivated annual crops such as soybeans which produces only 420 liters,
sunflower 890 liters and even castor only 1320 liter/ha/year (Cesar, 2003). Besides,
from the solid waste, products such as charcoal and animal feeds could be obtained as
by-products (Oliveira, 2006).

In addition the pulp of the fruit is consumed fresh or used for edible olil
extraction, and products such as candy, and beverages are prepared out of it. Other parts
of the palm such as straws to make crafts and construction of houses by the traditional
people, the pulp and seeds are used as food and ingredients for paints and the trunks for
their traditional logs. Besides, several species of wild animals feed on its leaves, fruits
of pulp and seeds. The core of the stem gets a nutritious starch and the leaves and fodder
provide textile fibers for making nets and fishing lines (Lorenzi, 1992).

Besides,A. aculeatahas been identified as important palm tree from natural,
economical and ecological point of view with the advantage to grow with little water
and strive in drought prone and degraded areas (kina, 2003).A. aculeataoffers
further advantages over agricultural crops that occupy today prominent position in
Brazil in biodiesel production, such as soybean and palm oil. Hence, with regard to
manpower, it creates more job opportunities which require manual work during harvest
and it can provide family and small producers an alternative source of income (Holanda,
2004).

Owing to the widespread diversity and distributionAofaculeatain Brazil and

its immense potential for biodiesel production, studies related to conservation of the
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genetic resources are vital. It has fundamental importance for sustainable exploitation
and conservation of its genetic variability present in its germplasm collections, given the

lack of studies on the species.

4. GENETIC DIVERSITY IN PLANTS

Genetic diversity is the measure of genetic variability within and among a given
population through different ways such as identifying alleles, the number of individuals
and type of genotypes being heterozygous as well as homozygous in different
proportions or different amount (Weir, 1996). Agricultural scientists realized that plant
genetic diversity can be captured and stored in the form of plant genetic resources such
as gene bank, DNA library, and so forth, in the bio-repository which preserve genetic
material for long period. However, conserved plant genetic resources must be utilized
for crop improvement in order to meet future global challenges in relation to food and
nutritional security (Govindaragt al, 2015).

To quantify the genetic variability in plant populations, the most commonly used
genetic parameters are the number of alleles per locus, the expected and observed
heterozygosity (Pinto, 2001). The genetic alteration of a population can be assessed by
the change in their gene frequencies, which makes an estimated frequency of
heterozygotes in fundamental evolutionary studis, (1978). A specific allele in a set
of diploid individuals is often twice the number of individuals homozygous for the
allele, plus the number of individuals in the group. According to Weir (1996), the
frequency of heterozygotes is important in that each heterozygous carries different
alleles, demonstrating the existence of genetic variation in the population. Evolutionary
forces such as mutation, migration, selection and genetic drift act within the context of
each species influencing the genetic structure of the population, i.e. interfering with
heterogeneous distribution (not random) of alleles and genotypes in space and time

(Hamrick, 1982). If allelic and genotypic frequencies do not change across successive
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generations, there is total absence of migration, mutation, selection and genetic drift.
Through this principle it is possible to calculate the frequency of genotypes from the
frequencies of the alleles.

There are ranges of tools utilized to study diversity in plants; which mainly
include morphological, biochemical and molecular tools. Each tool has its own
advantages and disadvantages. However, molecular markers are highly preferable and
reliable tools to study polymorphism (or genetic diversity) among and within

populations.

5. MOLECULAR MARKERS

According Matioli and Passos-Bueno (2001), genetic variability is very
important tool for researchers in their studies when they wish to verify affinities and
boundaries between species, detect modes of reproduction and population structure,
estimate migration and dispersion levels in populations and even to help identify the
remains of endangered species.

Through the use of molecular markers, advanced techniques have been
employed in research allowing researchers to achieve greater efficiency inc geneti
diversity studies. In the molecular analysis technologies, DNA variability determines
reference points on chromosomes, technically termed as "molecular markers". The
revolution in this plan began with the discovery and use of isozymes from the year
1959, vastly expanding the number of genetic markers and enabling application of the
technique virtually in all plant species (Ferreira and Grattapaglia,) 1998

Molecular markers can usually be used in genetic improvement programs, both
quantitative and qualitative characters, either basic or applied research. Molecular
markers offer numerous advantages over conventional phenotype (morphological) based
alternatives as they are stable and detectable in all tissues regardless of growth,

differentiation, development, or defense status of the cell, which are not confounded by
12



the environment, pleiotropic and epistatic effects (Senetgal, 2006). However,
molecular marker techniques differ from each other with respect to important features
such as genomic abundance, level of polymorphism, locus specificity, reproducibility,

technical requirements and cost (Agaregal., 2008).

5.1 Microsatellite (SSR) markers

Microsatellites are the choice for most studies in evolution, ecology and
conservation, due to their high levels of polymorphism, high reproducibility, co-
dominant nature and genome and locus-specificity (Patvell, 1996; Pinheireet al.,
2009). Microsatellites (Litt and Luty, 1989), also known as simple sequence repeats
(SSRs; Tautzet al, 1986), short tandem repeats (STRs) or simple sequence length
polymorphisms (SSLPs; Mcdonald and Potts, 1997), are the smallest class of simple
repetitive DNA sequences. They are82p (Armouret al, 1999); 16 bp (Goldstein
and Pollock, 1997) or-5b bp (Schlotterer, 1998) repeats. SSRs are born from regions in
which variants of simple repetitive DNA sequence motifs are already over represented
(Tautzet al, 1986). The repeated sequence is often simple, consisting of two, three or
four nucleotides (di-, tri-, and tetranucleotide repeats, respectively). The total number of
repeats usually ranges between 10 and 100; and these markers often present high levels
of polymorphism, particularly when tandem repeats number is ten or greater (@ueller
al.,, 1993). SSR allelic differences are, therefore, the results of variable numbers of
repeat units within the microsatellite structure and provide highly polymorphic banding
patterns, which are often generated by PCR amplification of unique loci using
discriminatory primers sets (Farooq and Azam, 2002).

Microsatellite markers have become quite useful in various aspects of molecular

genetic studies in the past decade (Amse#enl., 2001; Ashleyet al, 2003). SSRs are
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desirable because they are often co-dominant, highly reproducible, frequent in most
eukaryotes, and reveal high allelic diversity (Moleaal, 1997; Agarwaét al, 2008).

In macauba, limited number of works has been conducted in the past since it was
recognized as potential species only in recent years. Although, a dominant marker
(RAPD) was used to study genetic diversity in macauba populations (Oletealh
2012), after the development of microsatellite markers by Neitcal (2008), more
number of studies have been initiated and being realized in macauba such as population
structure and genetic diversity. However, the number of polymorphic SSR markers
developed and characterized for macauba is limited. Only eight SSRs have been
characterized (Nucat al, 2008) from an enriched genomic library containing a total of
77 sets of microsatellites (Nucci, 2007). In the characterization, the results
demonstrated that the markers are promising in future population genetic studies to
obtain information that will help to understand the evolutionary dynamics of the species
and design conservation and breeding strategies. Ntadi (2008) reported genetic
drift in most of the populations studied as a result of factors such as clearing of natural
forests due to extractivism, climate change and land use policy, which lead to a
recommendation oéx situconservation ensuring use of its genetic resources for future

breeding programs.

5.2 Development of microsatellite markers and transferability among species

A detail review by Semagrt al (2006) discusses how SSR markers are
developed and used in several studies. SSR primers are developed by cloning random
segments of DNA from the target species. These are inserted into a cloning vector,
which is in turn, implanted int&scherichia colibacteria for replication. Colonies are
then developed, and screened with single or mixed simple sequence oligonucleotide

probes that will hybridize to a microsatellite repeat, if present on the DNA segment. If
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positive clones for microsatellite are obtained from this procedure, the DNA is
sequenced and PCR primers are chosen from sequences flanking such regions to
determine a specific locus. This process involves significant trial and error on the part of
researchers, as microsatellite repeat sequences must be predicted and primers that are
randomly isolated may not display polymorphism (Que#eral, 1993; Jarne and
Lagoda, 1996).

The next step is to select the best candidate markers and then to optimize
conditions for their amplification. Optimization of microsatellite systems involves a
more or less comprehensive survey of PCR conditions for amplification of candidate
loci. This is done to adequately balance the often conflicting requirements for high
specificity and high intensity of amplification products of microsatellite loci which are
more common in some organisms than in others and screening may produce few useful
loci in some species (Cooper, 1995). The efficiency of microsatellite marker
development depends on the abundance of repeats in the target species and the ease with
which these repeats can be developed into informative markers. When researchers are
isolating plant microsatellites, about 30% of the sequenced clones, on average, can be
lost due to the absence of unique microsatellites. Of those sequences that contain unique
microsatellites, a number of the clones in a library can contain identical sequences (and
hence there is a level of redundancy) and/or chimeric sequences (i.e., one of the
flanking regions matches that of another clone). Hence, at each stage of SSR
development, there is the potential to ‘lose’ loci, and hence the number of loci that will
finally constitute the working primer set will be a fraction of the original number of
clones sequenced (Squirreft al, 2003). The conversion of microsatellite-containing
sequences into useful markers can be quite difficult, especially in species with large
genomes (Pfeiffeet al, 1997; Songet al, 2002). The low conversion rates of primer

pairs to useful markers in these species are due to the high level of repetitive DNA
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sequences in their genomes. The recovery rate for useful SSR primers is generally low
due to different reasons: such as the primer may not amplify any PCR product; the
primer may produce very complex, weak or nonspecific amplification patterns; and the

amplification product may not be polymorphic.

SSRs are now the marker of choice in most areas of molecular genetics as they
are highly polymorphic even between closely related lines, require low amount of DNA,
can be easily automated for high throughput screening, can be exchanged between
laboratories, and are highly transferable between populations (€uata1999). The
major constraint of using SSR markers from genomic libraries is the high development
cost and effort required to obtain working primers for a given study species. This has
restricted their use to only a few of the agriculturally important crops. A new alternative
source of SSRs development from expressed sequence tag (EST) databases has been
utilized (Kota et al, 2001; Kantetyet al, 2002; Michaleket al, 2002). With the
availability of large numbers of ESTs and other DNA sequence data, development of
EST-based SSR markers through data mining has become a fast, efficient, and relatively
inexpensive compared with the development of genomic SSRs (®ujatg 2003).

This is due to the fact that the time-consuming and expensive processes of generating
genomic libraries and sequencing of large numbers of clones for finding the SSR
containing DNA regions are not needed in this approach (Eejafl, 2004). However,

the development of EST-SSRs is limited to species for which this type of database
exists. Furthermore, the EST-SSR markers have been reported to have lower rate of
polymorphism compared to the SSR markers derived from genomic librariese{Cho

al., 2000; Scotet al, 2000; Eujaykt al, 2002; Chabanet al.,, 2005).

Hence, the wide application of SSRs has been limited in some species by the fact
that the development of these markers is laborious and costly (Steinlezlier1997;

Barbaraet al, 2007). According to Rossetto (2001), for new species in which
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establishment cost of genomic library is high and EST is limited, cross-species
amplification or transferability of SSR markers can be used as an alternative means for
short term solutions. Closely related species are more likely to share SSR priming sites
than more distantly related ones. Close to 90% of species/ primer combinations tested
within subgenera were successful; a much higher rate than between genera attempts
(Just over 35%). It was reported also that when priming sites did transfer across species,
the rate of polymorphism was still relatively high, even between evolutionary distant
species (Rossetto, 2001).

Research on species relationships has increasingly focused on assessing the
ability of SSR primers to amplify the same loci across different species and genera
(Smulderset al, 1997; Steinkellneet al, 1997; Witsenboeet al, 1997). Besides,
molecular ecologists increasingly require universal markers that can be readily
transferred between species which facilitate comparisons among closely related taxa for
addressing the mechanisms involved in population divergence and speciation (Barbara
et al, 2007). However, there is a challenge that the distribution of cross-species
transferability is highly uneven across taxa, being greater in animals and highly variable
in flowering plants (Barbarét al,, 2007).

Cross-species amplification of any DNA sequence is inversely related to the
evolutionary distance between two species (Steinkether., 1997). The successful
rate of cross transferability for SSR primers within plants have been reported to average
89.8% at sub-genus; 76.4% at genus, and 35.2% at family level (Rossetto, 2001).
However, the capacity of SSR primers to amplify microsatellite loci in different species
is an advantage to facilitate comparative studies across related species, thus making the
results directly comparable and the research more cost effectiveetRala 2000;

Pinheiroet al, 2009).

17



7. REFERENCES

Agarwal M, Shivastava N and Padh H (2008) Advances in molecular marker techniques

and their applications in plant scienceant Cell Report27: 617-631.

Aguiar FFA (1988) Caracterizacdo morfologica das principais espécies de palmeiras
exoticas na cidade de Séo paulo. Dissertacdo Mesterado, Escola Superior de Agricultura

Luiz de Queiroz, Piracicaba.

Amsellem LC, Dutech and Billotte N (20P1solation and characterization of
polymorphic microsatellite loci iRRubus alceifoliug?oir (Rosaceae), an invasive weed

in La Reunion islandviolecular Ecology Notes: 33-35.

Armour JAL, Alegre SA, Miles S, Williams LJ and Badge RM (1999) Minisatellites
and mutation processes in tandemly repetitive DNA. In: Goldstein DB, Schlotterer C

(ed.)Microsatellites: evolution and application®xford, pp. 2433.

Ashley MV, Wilk JA, Styan SMN, Craft JK, et al. (2003) High variability and disomic
segregation of microsatellites in the octopléithgaria virginiana Mill (Rosaceae).
Theoretical and Appllied Geneti@®7: 1201-1207.

Averdunk K, Zelt T, Golka P, Hopfner M, Miller C and Bettermann | (2013) Macauba
—Sustainable Palm Oil, Results of the Feasibility Study of the Leuphana University of

Luneburg Executive Summaryvailable at http://www.leuphana.de.

Barbara T, Palma-Silva C, Paggi GM, Bered F, Fay MF and Lexer C (ZD0Q8}-
species transfer of nuclear microsatellite markers: Potential and limitatiotecular
Ecologyl16: 37593767.

Cesar E (2003) Biodiesel no tanque. Pesquisa Fapesp, 94 ed., Sdo Paulo.
Chabane K, Ablett GA, Cordeiro GM, Valkoun J and Henry RJ (2005) EST versus

genomic derived microsatellite markers for genotyping wild and cultivated barley.
Genetic Resource and Crop Evoluti®?:903-909.

18



Cho YG, Ishii T, Temnykh S, Chen X, Lipovich L, McCouch SR, Parl WD, Ayers N
and Cartinhour S (2000) Diversity of microsatellites derived from genomic libraries and
GenBank sequences in ric®ryza satival.). Theoretical and Applied Genetics
100:713-722.

Chuba CAM, Tommaselli MAG, Santos WL and SaepArgandofia EJ (2008)
Parametros biométricos dos cachos e frutos da bocaiuv@ohgresso Brasileiro de

Fruticultura, Vitoria.

Cooper G (1995) Analysis of genetic variation and sperm competition in Dragon flies.
D.Phil. Thesis, Oxford University.

Eujayl |, Sledge MK, Wang L, May GD, Chekhovskiy K, Zwonitzer JC an Mian MAR
(2004) Medicago truncatula EST-SSRs reveal crossspecies genetic markers for
Medicago sppTheoretical and Applied Genetit§8:414-422.

Eujayl 1, Sorrells ME, Wolters P, Baum M and Powell W (2002) Isolation of EST-
derived microsatellite markers for genotyping the A and B genomes of wheat.

Theoretical and Applied Genetit94:399407.

Faroog S and Zam F (2002) Molecular Markers in Plant Breeding-l: Concepts and
CharacterizationPakistan Journal of Biological Sciencs1135-1140.

Ferreira ME and Grattapaglia D (1998) Introduccién al Uso de Marcadores moleculares
en el Analisis Genético. Brasilia: EMBRAPA-CENARGEN, p. 220..

Goldstein DB and Pollock DD (1997) Launching microsatellites: a review of mutation
processes and methods of phylogenetic inferefmeal of Heredd8: 335-342.

Grin—Germplasm Resources Information Network. Available at

http://www.arsgrin.gov/cgi on 12/08/2013.

19


http://www.arsgrin.gov/cgi%20on%2012/08/2013

Govindaraj M, Vetriventhan, M and Srinivasan (2015) Importance of Genetic Diversity
Assessment in Crop Plants and Its Recent Advances: An Overview of Its Analytical
Perspectives. Genetics Research International Doi:
http://dx.doi.org/10.1155/2015/431487.

Gupta PK, Rustgi S, Sharma S, Sing R, Kumar N and Balyan HS (2003) Transferable
EST-SSR markers for the study of polymorphism and genetic diversity in bread wheat.
MolecularGenetics and Genomi2g0: 315323.

Gupta PK, Varshney RK, Sharma PC and Ramesh B (1999) Molecular markers and
their applications in wheat breedirgjant Breedingl18:369-390.

Henderson A, Galeano G and Bernal R (1995) Field guide to palms of the Americas,

New Jersey: Princepton University, pp. 166-167.

Hamrick JL (1982) Plant population genetics and evolutidimerican Journal of
Botany69 1685-1693.

Holanda A (2004) Biodiesel e a Inclusdo Social. Brasilia: Camara dos Deputados,

Coordenacéo de Publica¢des, Brasilia, p. 200.

Jarne P and Lagoda P (1996) Microsatellites, from molecules to populations and back.
Trends in Ecology and Evolutidil: 424-429.

Kantety RV, Rota ML, Matthews DE and Sorrells ME (2002) Data mining for simple-
sequence repeats in expressed sequence tags from barley, maize, rice, sorghum, and
wheat.Plant Molecular Biologyt8:501510.

Kota R, Varshney RK, Thiel T, Dehmer KJ and Graner A (2001) Generation and
comparison of EST-derived SSRs and SNPs in baHeydeum vulgard..). Hereditas
135:145151.

Lima ES, Felfili JM, Marimon BS and Scariot A (2003) Diversidade, estrutura e
distribuicdo espacial de palmeiras em um cerra€losu strictono Brasil Central.

Revista Brasileira de Botanicz6: 361-370.
20



Litt M and Luty JM (1989) A hypervariable microsatellite revealed by in vitro
amplification of a dinucleotide repeat within the cardiac muscle actin generican
Journal of Human Genetie®d: 397401.

Lorenzi H (1992) Arvores brasileiras: manual de identificacio e cultivo de plantas

arboreas nativas do BrasNova Odessa, Sao Paulo, Plantarum.

Lorenzi H (1996) Palmeiras do Brasil: exdticas e nativas. Nova Odessa: Editora

Plantarum, pp. 1-20.

Lorenzi H (2004) Palmeiras Brasileiras e exoéticas cultivadas, Instituto Plantarum, p. 1-
20.

Matiolo SR and Passos-Bueno MRS (2001) Métodos baseados em PCR para andlise de
polimorfismos de &cidos nucléicos. In: Matioli SR.(&&lplogia Molecular e Evolucdo
Ribeirdo Preto: Holos, pp. 153-161.

Mcdonald DB, Potts WK (1997) DNA microsatellites as genetic markers for several
scales. In: Mindell DP (edAvian molecular evolution and systemati§sn Diego, pp.
29-49.

Michalek V, Weschke W, Pleisner KP and Graner A (2002) EST analysis in barley
defines a unigene set comprising 4000 geiégoretical and Applied Genetid9D4:
97-103.

Morcote-Rios G and Bernal R (2001) Remains of palms (Palmae) at archaeological sites
in the New Word: a reviewl.he Botanical Revieys7: 309-350.

Nei M (1978) Estimation of average heterozygosity and genetic distances from a small
number of individualsGenetics89: 583-590.

New World Fruits-Database. Available at http://www.ipgri.cgiar.org on 06/07/2014.

Novaes RF (1952) Contribuicdo para o estudo do coco macauba. Tese de Doutorado,

Escola Superior de Agricultura “Luiz de Queiroz” da Universidade de Sao Paulo.
21


http://www.ipgri.cgiar.org/

Nucci SM, Azevedo-Filho A, Colomo AC, Priolli GHR, Coelho MR, Mata TL and
Zucchi IM (2008) Development and characterization of microsatellites markers from the

macaw.Molecular Ecology Resourcés 224-226.

Nucci SM (2007) Development, characterization and analyses of the use of
microsatellite markers in macaw palm population genetics. MSc. Thesis, University of
Sao Paulo.

Oliveira DA, Juanior-Melo AF, Branddo MM, Rodrigues LA, Menezes EV and Ferreira
PRB (2012) Genetic diversity in populationsAxfrocomia aculeatg§Arecaceae) in the

northern region of Minas GeraiGenetics and Molecular Researthh: 531538.

Oliveira FAM (2006) A producédo de 0leos vegetais de macauba e seus co-produtos na
regido metropolitana de Belo Horizonte. 18° Congresso Brasileiro de Plantas
Oleaginosas, 0leos, Gorduras e Biodies&rginha.

Pfeiffer A, Olivieri AM, Morgante M (1997) Identification and characterization of

microsatellites in Norway sprucPitea abieK.). Genomet0:411419.

Pinheiro F, Palma-Silva C, Barros F and Cozzolino S (2009) Cross-amplification and
characterization of microsatellite loci for the Neotropical orchid gdfpislendrum
Genetics and Molecular Biolog32: 337339.

Pinto LR (2001) Analise da estrutura genética das populacfes de Ashan@yd..)
BR-105 e BR-106 e respectivos sintéticos IG-3 e 1G-4 por meio de microssatelites. Tese
Doutorado, Escola Superior de Agricultura “Luiz de Queiroz”, Universidade de Sao

Paulo.

Powell W, Morgante M, Andre C, Hanafey M, Vogel J, Tingey S and Rafalski A (1996)
The comparison of RFLP, RAPD, AFLP and SSR (microsatellite) markers for
germplasm analysisdoleculur Breedin@: 225-238.

Queller DC, Strassman JE and Hughes CR (1993) Microsatellites and Kihsmgds
in Ecology & EvolutiorB: 285-288.

22



Ramos MIL, Ramos Filho MM, Hiane PA, Braga Neto, JA, Siqueira EMA (2008)
Qualidade nutricional da polpa de bocai®v@aocomia aculeat@acqg.) LoddCiéncia e
Tecnologia de alimentd3: 90-94.

Ratter JA, Bridgewater S, Atkinson R and Ribeiro JF (1996) Analysis of the floristic
composition of the Brazilian cerrado vegetatiBdinburgh Journal of Botany3: 153-
180.

Read RW (1966) New chromosome counts in the PalRragciples10: 55-61.

Roa AC, Chavarriaga-Aquire P, Dugue MC, Maya MM, Bonierbale MW, Iglesias C
and Tohme JM (2000) Cross species-amplification of casddaailfot esculenta
(Euphorbiaceae) microsatellites: allelic polymorphism and degree of relationships.
American Journal of Botany7: 16471655.

Rosetto M (2001) Sourcing of SSR markers from related plant species. In: Henry RG
(ed.) Plant Genotyping: The DNA finger printing of plantsNew York. CAB
International, pp. 211224,

Scariot AO, Lleras E and Hay JD (1991) Reproductive biology of the pahomcomia

aculeatain Central Brazil Biotropica23: 12-22.

Scariot AO, Lleras E and Hay JD (1995) Flowering and fruiting phenologies of the
palmAcrocomia aculeatapatterns and consequend@mtropica27: 168-173.

Schlotterer C (1998) Microsatellites. In: Hoelzel AR (Btblecular genetic analysis of
populations: A practical approaclOxford, pp. 237261.

Semagn K, Bjgrnstad A and Ndjiondjop MN (2006) A review on an overview of

molecular marker methods for plangdrican Journal of Biotechnolody. 2540-2568.

Sharma AK, Sarkar SK (1956) Cytology of different species of palms and its bearing on
the solution of the problems of phylogeny and speciaG@metica28: 361-488.

Silva JA, Silva DB, Junqueira NTV and Andrade LRN (2001) Frutas nativas dos

cerradosNrasilia: EMBRAPA-CPAC. p. 166.
23



Silva JC (1994) Macauba: fonte de matéria-prima para os setores alimenticio, energético
e industrial. Trabalho de conclusdo da disciplina Cultivo de esséncias exoticas e nativas.
Departamento de Engenharia Florestal, Universidade Federal de Vigosa.

Smulders MJM, Bredemeijer G, Rus-Kortekass W, Arens P and Vosman B (1997) Use
of short microsatellites from database sequences to generate polymorphisms among
Lycopersicon esculenturaultivars and accessions of otheycopersiconspecies.
Theoretical and Applied Genetié3: 264-272.

Song QJ, Fickus EW and Cregan P (2002) Characterization of trinucleotide SSR motifs
in wheat.Theoretical and Applied Genetit94:286-293.

Squirrell J, Hollingsworth PM, Woodhead M, Russell J, Lowe AJ, Gibby M and Powell
W (2003) How much effort is required to isolate nuclear microsatellites from plants?

Molecular Ecologyl2:1339-1348.

Steinkellner H, Lexer C,Turetschdk and Glossl J (1997) Conservation of (GA)n
microsatellite betwee@uercusspeciesMolecular Ecology6:1189-1194.

Tautz D, Trick M and Dover GA (1986) Cryptic simplicity in DNA is a major source of
genetic variationNature322: 652-656.

Weir BS (1996) Genetics data analysis Il: methods for discrete population genetic data.

Suderland, MA: Sinauer Associates, p. 455.

24



CHAPTER 1

!CROSS-SPECIES AMPLIFICATION AND CHARACTERIZATION OF NEW
MICROSATELLITE MARKERS FOR THE MACAW PALM, Acrocomia
aculeata (Arecaceae).

ABSTRACT

Microsatellites (Simple Sequence RepeatSSRs) are useful molecular markers

allowing for efficient conservation and sustainable use of genetic resources of plant
species. Development of SSR marker system for new species is a very expensive task
and time consuming. Cross-species amplification of microsatellite loci is considered as
a cost-effective approach for developing microsatellite markers for new species. The
aim of this work was to examine the transferability of some SSR markers of two
Arecaceae speciesAgtrocaryum aculeatumand Elaeis oleiferd, in Acrocomia
aculeata A total of 34 SSR markers (14 froA aculeatumand 20 fromE. oleiferg

were evaluated for the trsnaferability using ®2aculeataindividuals. Fifteen (44%)

of the markers successfully amplified the genomic DNAAinaculeata of which 4

(26%) were polymorphic detecting a range of 3 to 8 alleles with an average of 4.5 per
locus. High average percentage of polymorphic loci (P = 71.2%) per provenance was
obtained within a range of 5I00% detecting genetic variation iA. aculeata
germplasm collections. The polymorphic markers detected a positive inbreeding
coefficient (F> 0) per locus revealing heterozygote deficiency in the accessions that
were analysed. As the cross-amplification was at family level, in which the taxonomic
distance is relatively wider between the sourdesaculeatunandE. oleiferg and the

target A. aculeatd species, the amplification success was relatively low. However, the
results are promising and implicated that high cross-amplification success could be
achieved at species or genus leveRinaculeata The markers will contribute towards

the domestication of the potential macaw palm through realizing various studies such as
population genetics, germplasm characterization, genetic improvement and

conservation.

Key words: biodiesel; domestication; macauba; null alleles; SSRs; transferability

! Published online in Journal of Plant Genetic Resource (PGR)- Characterizatigtilization (doi:
http://dx.doi.org/10.1017/S1479262115000179)
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AMPLIFICAQAO CRUZADA} E CARACTERIZA(;AO DE NOVOS
MARCADORES MICROSSATELITES PARA A MACAUBA, Acrocomia aculeata
(Arecaceae).

RESUMO

Os microssatélites (Simple Sequence Repea&R) sdo marcadores moleculares Uteis

que auxiliam na conservagdo eficiente e uso sustentavel dos recursos genéticos das
espécies de plantas. No entanto o desenvolvimento de mas8&# para uma nova
espécie é uma tarefa demorada e muito dispendiosa. A amplificacdo cruzada de locos
SSRé considerada uma alternativa para o desenvolvimento de desses marcadores para
novas espécies. O objetivo deste trabalho foi avaliar a possibilidade de transferéncia de
alguns marcadores SSR de duas espécies de Arecat®amcdryum aculeatune

Elaies oleiferd, em Acrocomia aculeataUm total de 34 marcadores SSR (14Ale
aculeatume 20 deE. oleiferg foram avaliados na transferéncia usando 192 acessos de

A. aculeata Do total de marcadores analisados, 15 (44%) amplificaram com sucesso o
DNA gendmico déA. aculeatados quais 4 (26%pram polimérficos e produziram de

3 a 8 alelos, com uma meédia de 4,5 por loco. Alta média de percentagem de locos
polimorficos (P = 71,2%) por procediéncia foi obtido dentro de um intervalo de 57 a
100%, detectando uma varia¢do genética na @ole germoplasma d& aculeataOs
marcadores polimorficos detectaram um coeficiente de endogamia positivo (F > 0) por
loco, mostrando deficiéncia de heterozigose nos acessos que foram analisados. Como a
amplificagdo cruzada foi em nivel da familia, em que a distancia taxondmica €
relativamente elevada entre as espécies-fantaduleatune E. oleiferd e a espécie-

alvo (A. aculeaty, o sucesso de amplificacdo foi relativamente baixa. No entanto, os
resultados sé@o promissores e implica que uma alta taxa de sucesso em amplificacédo
cruzada poderia ser alcancada em nivel de género ou espécicrdeomia Os
marcadores apresentados contribuirdo para a domesticacdo da macauba através da
viabilizacdo de vérios estudos, tais como genética de populagdes, caracterizacdo de

germoplasma, melhoramento genético e conservagao.

Palavras-chave: alelos nulos; biodiesel; domesticagdo; macauba; ; SSRS
transferibilidade
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1. INTRODUCTION

Microsatellites (Simple Sequence Repeats, SSRs) are the choice of many studies
because of their high levels of polymorphism, reproducibility, co-dominant nature and
genome and locus-specificity (Powetlal, 1996; Pinheir@t al, 2009).

The high transfer rate of SSRs between related species is an advantage to save a
large portion of development time and costs (Barleard., 2007).Hence, sourcing of
SSR primers from related species could be a cost-effective alternative to develop
primers especially for new species where abundant sequence data is not available
(Kantetyet al, 2002)and resources for developing new SSR primers are limitedgRoa
al., 2000; Pinheiret al, 2009).

The Macaw palmA. aculeata(Jacq.) (Lodd. ex Mart.)—Arecaceae (2n=2x=30)

(Abreu et al, 2011), is an emerging perennial palm native to South America. It is
monoecious and self-compatible with androgynous inflorescence, which bears a mixed
reproductive system, with a predominance of out-crossing (Seaabt 1991; Abretet

al., 2012). The combination of two pollination strategies (entomophily and anemophily)
with flexible reproductive systems (cross- and self-pollination) suggesta.thatileata

can be highly successful in the colonization of new areas, as evidenced by its ample
distribution in Brazilian biomes and in the rest of the Neotropics (Seradt 1991).

The species is known for its high oil-producing potential, thereby becoming
sources of biofuel for both aviation and automotive sectors (Lanes$, 2014). It
produces up to 25 tonnes/ha of fruits, which can be processed to 4000 kg of vegetable
oil and the resulting solid waste can be transformed into charcoal and nutritious cakes to
generate energy and feed livestock (Tickel, 2000; Metied, 2009). The biochemical
properties of the oil are suitable for cosmetic industries and for biodiesel production
(Fortes and Baugh, 1999; Bora and Rocha, 2004; Harad, 2005). Moreover, this

palm has environmental benefits as it can foster in impoverished soils and drought-
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prevailing areas (Motoike and Kuki, 2009). Hen&e aculeatais a suitable option for
production of biodiesel among the common food-based oleaginous plants such as
soybean, sunflower and oil palms (Teixeira, 2005).

However,A. aculeatahas risks of predatory extractivism in natural populations,
unsustainable land use and climate change which potentially threaten its natural genetic
diversity (Faleiroet al, 2008; Ribeiroet al, 2011). Our study focused on the
development of new microsatellite markers Aoraculeatasourcing SSRs from related
palm species to contribute for the conservation of genetic resources of this noble palm.

Therefore, this study was carried out to evaluate the transferability of some SSR
markers fromAstrocaryum aculeaturand Elaeis oleiferato A. aculeata It was also
performed to identify and characterize some polymorphic SSR markers from sets of

markers previously developed far aculeata

2. MATERIALS AND METHODS

2.1 Plant material and DNA isolation

Leaf samples of 192A. aculeatagermplasm accessions were obtained from the
ex situ plant collection, Macauba Active Germplasm Bank (BAG Macauba
respository #. 084/2013/CGEN/MMA) located in the experimental farm of the
Universidade Federal de Vigosa in the municipality of Araponga’4(20s,
42°31'15"W), State of Minas Gerais, Brazil (Figure 1). The accessions, obtained from
six States in Brazil were developed from seeds germinated using a pre-germination
protocol as described in patent INPlI 014070005335 (Motakeal, 2007). The
accessions represent six provenances containing 41 different families in which each

family has a maximum of five individuals (Table 1).
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Figure 1. Map of Brazil showing the six geographical States, where the original plant
materials were collected. The States include Parg; Pernambuco; Paraiba; S&o Paulo;
Minas Gerais and Mato Grosso do Sul. Araponga is a city in Minas Gerais State, where
the germphsn bank is located in which the experimental plant materials were obtained.

Genomic DNA (gDNA) was isolated from each individual sample according to
CTAB (Cetyl Tri-methyl Ammonium Bromide) method (Doyle and Doyle, 1990) with
some modifications as described by Laeésl (2013). Isolated DNA samples were
quantified with Multisca! GO Microplate Spectrophotometer (Thermo Fisher
Scientific OY, Ratasite, Finland) at absorbance of 260 and 280 nm. The integrity of the
DNA samples was confirmed by 2% agaros gel and the working concentration was

adjusted to 30 ng/ul.
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Table 1 List of 41Acrocomia aculeatéamilies assessed in the macauba active germplasm bank (BAG-Macauba)

No. Family code State/ Coordinate’ No. Family code State/ Coordinate’
Provenance Provenance
Latitude Longitude Latitude Longitude

1 BGP99 PA S 06 0358.C W493339.0 22 BGP11 MG S191401.2 W430328.4
2 BGP82 PE S 0714 23.C W364655.0 23 BGP9 MG S193312.C W465110.1
3 BGP124 PB S084849.C W365714.0 24 BGP78 MG S 1851 25.€ W 46 52 55.2
4 BGP51 SP S213204.€6 W484424.7 25 BGP37 MG S184051.2 W46 3341.4
5 BGP34 SP S222510.6 W503443.1 26 BGP33 MG S191940.2 W46 3811.5
6 BGP47 SP S222914.2 W5046 16.2 27 BGP21 MG S193115.€ W463142.2
7 BGP20 MG S 163952.7 W435358.9 28 BGP2 MG S203920.4 W431845.2
8 BGP27 MG S 1621 20.7 W44 2530529 BGP76 MG S194151.4 W431127.7
9 BGP22 MG S172554.C W450859.5 30 BGP25 MG S 1706 54.€ W43 49 16.4
10 BGP16 MG S 16 26 07.€ W44 0050.5 31 BGP64 MG S 1644 12.7 W 43 51 54.9
11 BGP49 MG S203858.C W44 01155 32 BGP105 MS S 202952 W551839.3
12 BGP10 MG S210312.€W441628.2 33 BGP102 MS S 20 30 38.€ W 55 37 59.7
13 BGP68 MG S211127.€ W441929.7 34 BGP104 MS S 2027 55.€ W55 4641.7
14 BGP3 MG S210952.2 W440849.5 35 BGP117 MS S 20 27 56.E W 55 46 38.2
15 BGP51 MG S211720.E W444912.6 36 BGP118 MS S 2050 22.2 W 5554 53.3
16 BGP5 MG S190502.C W44 39139 37 BGP112 MS S 2050 16.E W555451.8
17 BGP14 MG S195629.C W44 3612.0 38 BGP106 MS S212842.2 W56 1003.6
18 BGP18 MG S195234.C W435220.5 39 BGP92 MS S 212845.7 W56 10 06.6
19 BGP24 MG S195320.2 W434111.5 40 BGP103 MS S 2142 04.8 W57 5039.0
20 BGP1 MG S201742.€ W434230.9 41 BGP119 MS S 2142 06.C W575032.4
21 BGP52 MG S 2050 13.1 W 42 54 27.3

®States include: PA=Para, PE=Pernambuco, PB=Paraiba, SP=S&0 Paulo, MG=Minas Gerais and MS=Mato Grosso do Sul.
®Coordinates are in degrees, minutes and seconds for both the latitude (S=South) and longitude (W=West).
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2.2 Condition of Polymerase Chain Reaction (PCR) and electrophoresis

The PCR was performed in a 20 pL total reaction volume containing 30Ag of
aculeatagenomic DNA; 1xPCR buffer; 250 uM of each dNTPs; 0.15 uM of forward
and reverse primer; 3 mM of Mgg€land 1 U ofTag DNA polymerase (Nucci et al.,
2008).Some modifications were made by increasing the concentration of,My&l
mM for markers Aac04 and Aacl2 for better amplification (Table 2). Totally, 20 SSR
markers, which were originally developed fér oleifera(Zaki et al., 2012), 14 SSR
markers developed fok. aculeatumRamos et al., 2012) and three identified frAm
auleata(Nucci, 2007) were used in the reactions (Table 2).

The amplification cycles were carried out on a PCR thermal cycler (Applied
Biosystem®Verti®cycler, Thermo Fisher Scientific Brand, USA) programmed as
follows: initial denaturation step at % for 5 min followed by 30 cycles of
denaturation at 9€ for 1 min; annealing at primer-specific annealing temperature for 1
min (Table 2); extension at %2 for 1 min and the final extension at°Z2for 8 min
(Nucci et al., 2008). PCR products were denatureddroenophenol blue dysolution
at 95C for 5 min in the thermal cycler immediately before electrophoresis%n 6
polyacrylamide gel in 1XTBE (Tris-Borate-EDTA) buffer solution at 60W for 1 hr and

40 min.
2.3 Polyacrylamide gdl staining

After electrophoresis, the PCR products were visualized in polyacrylamide gels
stained with silver nitrate (AgN$D according to Britoet al. (2010). The gels were
immersed and agitated in several coloring steps in different solutions at different
concentrations and durations until all allelic bands were totally visible for evaluation.
Finally, the stained gels were allowed to dry in the air and scanned for documentation

and DNA fragments were scored as co-dominant alleles for data analysis.
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Table 2 List of SSR primer sequences used to amplify the target microsatellite loci in the cross amplification.

Locus Forward primer (57-3") Reverse primer (5°-3") Repeat motif Accession name T,(°C)  Sourcé
Aac04 F: GCATTGTCATCTGCAACCAC R: GCAGGGGCCATAAGTCATAA (GT)7(GA)16 GF111930 60 1
Aac08 F: CGCACGTACACACACACACAT R: GCAGGGGCCATAAGTCATAA (CA)11 GF111934 57 1
Aacl0 F: AGCCGTGAGTGAACTGCTTT R: AAGCCCAAACTTCTTCCTCG (Cny7 GF111936 60 1
Aacll F: AAAGGAACAACCCAAGAGGG R: TGGGGAGTGGACGTAAGTGT (AC)5 GF111937 60 1
Aacl?2 F: GCTCTGTAATCTCGGCTTCCT R: TCCAGTTCAAGCTCTCTCAGC (GC)5(AC)3 GF111938 60 1
Aacl3 F: CTAGACAACCCAAGAGAGGGG R: TTGGAGAGTGGATGTAGGTGC (CA7 GF111939 60 1
sMo00020 F:CCTTTCTCTCCCTCTCCTTTTG R: CCTCCCTCCCTCTCACCATA (AG)15 Pr009947964 58 2
sMo00027 F: TTACAGTTGAGGCAGTATGTCAAT R: CTGTATGTCAAACCTTCTGCAC (TC)14 Pr009947965 50 2
sMo00055 F: GGCATTTCAGATAACGACAAA R: GCACCCAAGTCTCTCTACCTC (GA)11 Pr010315684 54 2
sMo00130 F: TAAGCAAAAGATCAGGGCACTC R: GCTGGTGAAAATAGGTTTACAAAG (AAG)11 Pr009947968 56 2
sMo00137 F: AGGAAGGAGAAGGAGATGAACAG R: CTTTGGATTTGAGCAGAGGAAG (AAAT)6 Pr010315687 54 2
sMo00018 F: TTAAATGAGAGAGAGACGAGGAC R: TGGAGCCATGAGAAAGAGTA (CT)14 Pr009947963 54 2
sMo00141 F: ACTTGACATACAGGTTCCACTGA R: CCTGCTACCTCCTAATTCTATCAAA (TTCTT)5 Pr010317029 56 2
sMo00147 F: TACCCAATCCCACCGAGTTA R: CGTCTCCACTGAACCACAAAA (AAAAG)5 Pr010317030 54 2
sMo00161 F: ACTGTTTCGTCAAGCATTTG R: ATCAAGAGAAGGTCGTGTCAG (TG)8(AG)8 Pr010317032 54 2
Aacu38 F: TTCTCAGTTTCGTGCGTGAG R: GGGAGGCATGAGGAATACAA (TC)15 - 56 3
Aacu45 F: CAGACTACCAGGCTTCCAGC R: TCATCATCGCAGCTTGACTC (CGAC)5 - 56 3
Aacu74 F: TACTGTTGTGCCAAGTCCCA R: GAGCACAAGGGGGATATCAA (CA)15 - 56 3

21, Ramost al (2012); 2, Zaket al (2012); 3, Nucci (2007); £ annealing temperature
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2.4 Data analyses

Co-dominant data were analyzed using the GENES statistical software program
(Cruz, 2013) to estimate allelic diversity, heterozygosity and polymorphism level of the
SSR markers. The number of alleles per lo@&)swas determined by quantifying the
number of different alleles amplified by each marker analyzed with 192 individuals.
The total number of alleles per provenance) (MNas determined by summing the
number of alleles amplified by each locdg.(Hence, the average number of alleles per
provenance () was calculated from the total number of alleles detected in the
provenances by the loci that were analyzed (Gual, 2011). Effective numbers of
alleles (N), which are used to make sampling in successive generations of a given
population, were determined by quantifying the number of alleles amplified by the
polymorphic loci out of the total number of loci analyzed with a criterion that alleles
have a frequency of < 0.95 (Cole, 2003).

The heterozygosity level of each locus was determined. Expected heterozygosity
(He) per locus was estimated from the frequency of alleles detected per locus; while
observed heterozygosity {H was determined by calculating the number of
heterozygotes observed out of the total number of individuals analyzed (Nei, 1978). H
and H, were used to estimate the inbreeding coefficient (F) per locus to determine
whether there are excess (or any deficiency) of heterozygotes per locus (Hartl and
Clark, 1997).

The informativeness of the SSR markers was estimated in the analyses by
calculating the polymorphic information content (PIC) of each locus, which was
computed from the frequency of alleles detected per locus according to Baisé&din
(1980). To estimate the proportions of polymorphic loci detected in each provenance,
the percentage of polymorphic lo&)(per provenancevas determined by quantifying

the number of polymorphic loci obtained out of the total number of loci analyzed based
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on a criterion when a locus with most common alleles has a frequency of less than 0.95
(Cole, 2003).

The null allele test was performed to check for evidence of null alleles detected
by the loci using the FreeNA (Chapuis and Estoup, 2007) computer program based on
the Expectation Maximization (EM) algorithm as described in Dempgs$tal (1977),
which estimated the null allele frequenqgy) for each locus across the provenances
analyzed. A test for deviations from Hardy-Weinberg Equilibrium (HWE) was
performed for each locus across the provenances at a significance lew€l.@5 in

GENEPOP (Raymond and Rousset, 1995).

3. RESULTS

3.1 Cross-Amplification and Polymor phism

In the cross-amplification, 15 of the total SSR markers (44%) fkoaculeatum
andE. oleiferasuccessfully produced amplicons, and were able to amplify the gDNA in
A. aculeata(Table 3). However, only four (26%) of the markers were polymorphic and
they detected a range of three to eight alleles with average of 4.5 per locus3)Table
Besides, three new polymorphic SSR markers were identified from sets of SSR markers
previously designed foA. aculeata Hence, a total of 38 alleles were amplified by the
seven polymorphic SSR markers with average of 5.4 per locus (Table 3).

Alleles amplified by the polymorphic loci were detected in the six provenances
at different proportions from 14 (36.8 %) to 32 (84.2 %) (Table 3). Out of the total
number of alleles, a range of 2.4 to 6.8 effective numbers of allelesviN average of
four per provenance was obtained (Table 3). Number of polymorphic loci across the
provenances varied from 3.98557 %) to 7 P=100 %) with average of 4.98€ 71.2

%) per provenance (Table 3). Observed heterozygosity ¢Anged from 0.01
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(sMo00137) to 0.61 (Aac04) with average of 0.20 per locus, while expected
heterozygosity (i) ranged from 0.09 (sMo00020) to 0.72 (Aac04) with average of 0.39

per locus (Table 3). A range of positive inbreeding coefficients (F) were obtained from
0.15 (Aac04) to 0.91 (sMo00137) averaging 0.57 per locus, while PIC of the markers

varied from 0.08 (sM000020) to 0.68 (Aac04) with average of 0.35 per locus (Table 3).
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Table 3 Characteristics of 15 SSR markers identified flstrocarym aculeaturfRamoset al, 2012) andElaeis oleifera(Zaki et al, 2012), which
showed amplification ircrocomia aculeataccessions and three SSR markers screened from sets of markers develpacuteata Nucd, 2007).

Number of alleles amplified per provenance

Locus Amplicon (bp) A PA PE PB SP MG MS Ho He F PIC
Aac04 258306 8 4 5 4 7 7 6 0.61 0.72 0.15 0.68
Aac08 428 1 1 1 1 1 1 1 - - - -
Aacl0 134 1 1 1 1 1 1 1 - - - -
Aacll 302 1 1 1 1 1 1 1 - - - -
AaclZ 229247 4 2 1 2 3 2 3 0.06 0.31 0.81 0.27
Aacl3 355 1 1 1 1 1 1 1 - -
sMo0002G 242-250 3 1 1 1 3 2 3 0.03 0.09 0.67 0.08
sMo00027 293 1 1 1 1 1 1 1 - - - -
sMo00055 273 1 1 1 1 1 1 1 - - - -
sMo00130 276 1 1 1 1 1 1 1 - - - -
sMo00137 179187 3 1 1 1 2 2 2 0.01 0.11 0.91 0.09
sMo00138 305 1 1 1 1 1 1 1 - - - -
sMo000141 441 1 1 1 1 1 1 1 - - - -
sMo00147 310 1 1 1 1 1 1 1 - - - -
sMo000161 221 1 1 1 1 1 1 1 - - - -
Aacu3g 316346 6 4 2 2 4 6 6 0.13 0.64 0.80 0.58
Aacu45 260-284 5 4 2 2 2 5 4 0.30 0.38 0.21 0.34
Aacu74 278313 9 1 2 2 6 8 6 0.26 0.45 0.42 0.42
N 38 17(44.7) 14(36.8) 14(36.8) 27(71.1) 32(84.2) 30(78.9) - - - -
Na 54 24 2.0 2.0 3.9 4.7 4.3 - - - -
Ne - 35 2.8 24 4.2 6.8 4.3 - - - -
P -

3.99(57) 3.99(57) 4.97(71) 5.95(85) 3.99(57) 7(100) -

Mean H, Hg, F and PIC - 0.20 0.39 057 0.35

A, number of alleles per locusyldbserved heterozygosity;eHexpected heterozygosity; F, inbreeding coefficient; PIC, polymorphic imttwmcontent; Ntotal number

of alleles over polymorphic loci and provenance (numbers in brackets asniagyes); N average number of alleles per polymorphic loci and per provenapedgfedtive
number of alleles per provenand®; percentage of polymorphic loci in brackets (numbers outside brackets abensuofi polymorphic loci); Provenances: PA=Para,
PE=Pernambuco, PB=Paraiba, SP=S&0 Paulo, MG=Minas Gerais, MS=Mato Grosso®dRo8ud.refer to the polymorphic loci.
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A. aculeatum

E. oleifera

A. aculeata

The polymorphism and heterozygosity levels of the seven polymorphic SSR
markers that amplified the target microsatellite lociAinaculeatawere depicted in a
figure (Figure 2). This figure demonstrated the allelic profiles of the loci amplified on
12 selected families oA. aculeatacontaining 48 accessions from the six provenances
and elucidated the capability of the markers to distinguish between heterozygote and

homozygote individuals iA. aculeata
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Figure 2. Allelic profiles showing cross-species amplifications of seven SSR loci on
Acrocomia aculeataaccessions. Loci include Aac04 and Aacl&stfocarym
aculeatun); sMo00020 and sMo00137Elgies oleiferg; and Aacu38, Aacu45 and
Aacu74 QAcrocomia aculeata The amplification is on 48 selectefl. aculeata
accessions of twelve families. BGP99 (Para); BGP82 (Pernambuco); BGP124 (Paraiba);
BGP51, BGP34 and BGP47 (S&o Paulo); BGP20, BGP68, BGP18, BGP11 and BGP21
(Minas Gerais) and BGP102 (Mato Grosso do Sul). Allele amplicon size (bp) indicated
for each locus.

The test for evidence of null alleles identified the presence of null alleles across
the loci presented in the form of allelic frequenpyif which the intensity of the null
alleles varied among the loci and the provenances analyzed (Table 4). A complementary
test for HWE showed significant deviations of the loci in certain provenances suspected
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of having null alleles (Table 4). The combination of the latter two test results showed

that loci with strong null allele frequency are significantly deviated from HW (Table 4).
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Table 4. Locus by provenance table of estimated null allele frequencitar(@)Hardy-Weinberg deviation test.

PA PE PB SP MG MS

Locus p HW p HW P HW p HW p HW p HW

Aacu45 0.000 0.619ns 0.000 1.000ns 0.290 0.030* 0.000 0.142ns 0.129 0.000* 0.148 0.000*
Aacu38 0.419 0.000* 0.326 0.000* 0.290 0.000* 0.290 0.000* 0.307 0.000* 0.258 0.000*
Aacu74 - - 0.000 0.123ns 0.290 0.142ns 0.210 0.440ns 0.611 0.000* 0.409 0.000*
Aac04 0.000 0.840ns 0.000 0.213ns 0.000 0.370ns 0.194 0.860ns 0.172 0.000* 0.101 0.000*
Aacl? 0.326 0.010* - - 0.290 0.040* 0.638 0.000* 0.056 0.025* 0.206 0.000*
sMo00137 - - - - - - 0.816 0.000* 0.991 0.000* 0.935 0.000*
sM000028 - - - - - - 0.896 0.000* 0.995 0.000* 0.887 0.000*

PA=Para; PE=Pernambuco; PB=Paraiba; SP=Sao Paulo; MG=Minas Gerais; MS=Mato Grosso do Sul; ns=not significant.
*significant deviation from HWE ai=0.05. ® Frequency estimatep)(were based on the EM algorithm as described in the study
by Dempsteet al (1977).
®No information () generated for loci with less than two alleles at the corresponding provenances.
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4. DISCUSSION

The cross-amplification showed the ability of the polymorphic SSR markers to
amplify the target microsatellite sequencesAinaculeata The low percentage of the
cross-amplification (26%) however could be attributed to the relatively wider taxonomic
distance between the sourcés &culeatumandE. oleiferg and the targetA. aculeatd
species analyzed in the study, since all the species are from different generae(Baker
al., 2010). Nevertheless, when we look at the taxonomic relatedness between the
species, boti\. aculeatumand A. aculeatabelong to the same sub-tribe (Bactridinae)
and hence, in our investigation, provided a relatively higher percentage of cross-
amplification (33%) as compared wikh oleifera(22%) (Table 3), which belongs to a
different sub-tribe (ElaeidinaeBékeret al, 2010).

As cited by Rosseto (2001), the success in the cross-species amplification of any
DNA sequence is inversely related to the evolutionary distance between two species.
According to Rossetto (2001), in plants there is high average rate of success in cross-
species amplification of gSSR (genomic SSR) markers at sub-genus (89.8%) and genus
(76.4%) levels than at family (35.2%) level. Using 20 of the SSR markers tested in this
study (sourced fronE. oleifera sets of SSRs), high cross-amplification percentage
(83.3%) was reported when analyzed wilaeis guineensisccessions (Zaket al,

2012). Similarly, using the other 14 markers (sourced #oraculeatunsets of SSRs),
between 50 and 93% cross-amplification was reported in accessions of four
Astrocaryumspecies (Ramost al, 2012). These high cross-amplification percentages

in the latter two studies were due to the fact that the cross-amplifications were at genus

and species levels, respectively.
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Despite of the low rate of cross-amplification obtained in the present study, the
number of alleles amplified by the polymorphic markers was comparable with that in
the study by Nuccet al (2008), who first characterized polymorphic SSR markers for
A. aculeataNucciet al (2008) reported a range of two to eight alleles with an average
of five per locus; while as already reported in this study, a range of three to nine alleles
were detected by the markers with average of 5.4 per locus (Table 3). Out of the total

number of alleles, a range of 2.8.8 effective numbers of alleles {Nvere obtained in

the provenances with an average of four per provenance (Table 3). According to Staub
(1994), N represents measures of the number of equally frequent alleles, which are
maintained in a population and used to make proper sampling in several generations.
Similar results were obtained for heterozygosity and PIC when compared with the study
by Nucciet al. (2008) (H=0.27; H:= 0.51 and PIC = 0.48) (Table 3).

However, the number of alleles reported for the four SSRs (Aac04, Aacl2,
sMo000020 and sMo00137) was higher in other studies when the markers were analyzed
with accessions oA. aculeatunm(average of six alleles per locus; Ranebvsl (2012)),
andE. oleiferaandE. guineensigaverage of 7.5 alleles per locus; Zakial (2012)).
Similarly, average kl He and PIC per locus reported in Zakial (2012) (B = 0.63;

He = 0.82; PIC = 0.48) and Ramaxt al (2012) (K = 0.87; H = 0.76) were
comparatively higher. As these markers were originally designed for the latter three
species, a higher number of alleles, higher heterozygosity and PIC were expected than
when analyzing withA. aculeata These explain the species, genome and locus-
specificity of the SSRs as already discussed by Pawell (1996) and Pinheiret al

(2009); which increased the success of cross-amplification.
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The average percentage of polymorphic IoB={1.2 %) per provenance
obtained in our study imply that SSRs are powerful molecular markers for assessing
genetic diversity inrA. aculeatapopulations. Besides, the markers used in this study are
informative based on Bostegt al’s (1980) classification of SSRs using PIC values
(Table 3). Nevertheless, the polymorphism level reported here is still relatively lower
than a RAPD (random amplified polymorphic DNA) polymorphism (79%) obtained in
the same species (Oliveirat al, 2012). This could be explained by the lack of
amplification products in some samples at certain SSR loci in the cross-amplification.
Lack of amplification of an allele in certain accessions can be the result of null alleles
potentially caused by PCR failure, the quality and quantity of DNA used, heterozygote
deficits, scoring errors due to stuttering bands or other possible causes éR02000;

Dakin and Avise, 2004). Hencéuwll alleles can no longer be detected by the primer,

leading to an influence on the polymorphism level of SSR markers.

Our tests for the null allele showed evidence for the presence of null alleles
across the loci (Table 4). The null allele frequency varied highly among the loci across
the provenances demosntrating that the effects of the null alleles are locus specific
(Dakin and Avise, 2004). As we observed from our results, loci with high heterozygote
deficits showed strong null allele frequency than loci with less heterozygote deficits
(Table 3 and Table 4). According to Chakraboetyal (1992), inbreeding causes
significant heterozygote deficits relative to HWE that might be misconstrued as
evidence for null alleles. Our test for HWE showed significant deviation by most of the
loci across the provenances analysed (Table 4). As discussed in the following
paragraph, heterozygote deficits were detected in most of the loci analysed, which were
potentially caused by inbreeding. Hence, when we compare the two results of null allele

and HW tests, loci with a strong null allele frequency deviated significantly from HWE
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owing to their heterozygote deficits, which are one of the potential causes of null alleles
leading to low polymorphism (Dempstetral, 1977; Chakrabortgt al, 1992).

Although A. aculeatahas apparently mixed mating system (Scagtatl, 1991,
Colomboet al, 2013), the monoecious nature of its inflorescence could favor more
inbreeding, which resulted in reduced average heterozygosity per(lcabis 3).This
was explained by positive inbreeding coefficients>(6) obtained across all loci (Table
3). Substantial positive inbreeding coefficient indicates the presence of inbreeding in a
given population (Harrl and Clark, 1997A case study on Jewelweetinpatiens
capensisa common monoecious woodland flower in the Eastern US, demonstrated that
the frequency of the homozygous genotypes increased with each generation of selfing,
and the frequency of heterozygotes decreased (Stratton, 2008).

As described in the study by Za#ét al (2012), amplification may not always
represent functional SSRs for target species from cross-amplification. The PCR product
of the markers need to be cloned and sequenced with selected individuals and the
amplicon sequence need to be aligned with the original sequence from which the
primers were designed@his may reveal the level of similarity and differences between
the original gene sequence and the amplicon amplified by this specific Withghis,
markers can be identified based on sequence similarity in order to represent functional
SSRs in the cross transferability. Therefore, it would be more appreciated if a further
study will be conducted to confirm the inter-species transferability of the markers
identified in this study by sequencing the amplicons and comparing with the original

sequences from which the primers were designed.

5. CONCLUSIONS

We conclude that our investigation demonstrated the potential use of cross-

species amplification to transfer SSR markers from two species of Arecakeae (
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aculeatumand E. oleiferg to the newly emerging potential oil palm speciés,
aculeata.

Along with the previously developed SSR markers (Nuwetcal, 2008), the
SSRs identified in the present study (Aac04, Aacl2, sMo00020, sMo00137, Aacu38,
Aacu45 and Aacu74) could provide invaluable support to realize various studies
towards the domestication &. aculeata.They could be used to study population
genetics, germplasm characterization, genetic improvement and conservation.

The results also indicated that sourcing sets of SSRs from closely related taxa
such as species or genus in Arecaceae could increase the success of transferring more
number of functional markers. This would further facilitate comparative genetic studies
between related species in Arecaceae, thus making the results directly comparative and
the research more cost effective. Neverthless, for long term use and thorough study we
recommend to invest more time and resource to construct genomic libra#. for

aculeataand develop new SSR markers.
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CHAPTER 2

GENETIC DIVERSITY IN THE MACAW PALM ( Acrocomia aculeata)
GERMPLASM ACCESSIONS BASED ON MICROSATELLITE MARKERS.

ABSTRACT

Macaw palm Acrocomia aculeatais native to tropical forests in South America,
widely distributed and abundant in Brazil. It is highly productive oleaginous palm tree
presenting high potential for biodiesel production. In spite of its immense potential as a
biodiesel plantA. aculeatais still in the wild and underutilized. Besides, its genetic
resources are threatened by loss of natural habitat, predatory extractivism, unsustainable
land use and climate change. Efforts are underway in conserving its genetic respurces
situ to ensure for the launching of macaw palm breeding program. Hence, generating
knowledge on genetic diversity of the resources is unprecedented to support for
planning efficient collection and sustainable conservation strategies. The aim of this
work was to study the genetic diversity &f aculeata ex sitgermplasm collections

using microsatellite (Simple Sequence Rep&88 markers. A total of 192 accessions

of 41 different families ofA. aculeata,originally collected from six provenances in
Brazil were analyzed with 10 polymorphic SSR markers. A total of 72 alleles with an
average of 7.2 per locus were obtained. Consequently high percentage of polymorphic
loci (92—100%) was detected in the provenances revealing variation in allelic diversity,
heterozygosity and polymorphism in the collections analyzed. Reduced average
observed heterozygosif{1,<50%) per locus evidenced heterozygote deficiency in the
germplasm collections and this was confirmedalppsitive inbreeding coefficient (F >

0) detected per locus (or provenance). Based on genetic distances, three distinct groups
of accessions were formed using: i) unweighted pair-group method with arithmetic
means (UPGMA); ii) optimization method of Tocher and iii) graphical dispersion using
principal coordinate analysis (PCoA) and projection with 3D principal components.
Neverthelessa non-significant correlatior{r=0.4128) was obtained between genetic
and geographic distances of the provenances evidencing genetic similarities among
accessions of distant provenances that proved the dispersalasluleataover long
distances in Brazil. Analysis of Molecular Variance (AMOVA) revealed higher
(48.22%) genetic variation within family than among families (36.47%) followed by

variation among provenances (15.31%). The study demonstrated that there exists
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genetic variability in theex situcollections ofA. aculeatain the germplasm bank, in
which the information could be utilized in the pre-breeding program. The study also
showed the efficiency ddSRmarkers in germplasm characterizatiorAiraculeataand

the information generated could be used in formulating appropriate collection and

conservation strategies.

Keywords: biodiesel; conservation; domestication; germplasm bank; macauba; SSR
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DIVERSIDADE GENETICA EM ACESSOS DE GERMOPLASMA DE
MACAUBA (Acrocomia aculeata) COM BASE EM MARCADORES
MICROSSATELITES.

RESUMO

A palmeira macaubaA¢rocomia aculeafpé nativa das florestas tropicais da América

do Sul, amplamente distribuida e abundante no Brasil. E uma palmeira oleaginosa,
altamente produtiva, que apresenta grande potencial para producéo de biodiesel. Apesar
de seu imenso potencial como uma planta de biodigsakuleataainda esta em meio
natural e subutilizados. Além disso, seus recursos genéticos sdo ameacadas pela perda
de habitat natural, o extrativismo predatorio, uso insustentavel da terra e mudancas
climaticas. Esforcos estdo sendo na conservacao de seus recursos genétinpara
assegurar para o lancamento do programa de melhoramento de macauba. Assim,
informacBes sobre variabilidade genética em cole¢bes de germoplasma precisam ser
gerados de forma a apoiar a planejamento de programa de melhoramento. O objetivo
deste trabalho foi estudar a diversidade genética das cotecésde germoplasma da

A. aculeatautilizando microssatélites (Simple Sequence Repete-SSR). Um total de 192
acessos de 41 familias de seis procedéncias foram analisados com 10 marcadores SSR.
Na analise, foi obtido um total de 72 alelos, com média de 7,2 por loco.
Consequentemente, observou-se alta porcentagem de polio®rficos (92—100%)

entre as procedéncias, revelando variacdo na diversidade alélica, heterozigosidade e
polimorfismo n@ acessos analisados. A heterozigosidade por loco observada foi
reduzida (Ho<50%), evidenciado deficiencia de heterozigotos nas colecbes de
germoplasmae que foi confirmado pelo coeficiente de endogamia positivo (F > 0) por
loco (ou de procedéncia). Baseado nas distancias genéticas, trés grupos distintos de
acessos foram formados utilizando: i) método das médias aritméticas ndo ponderadas
(UPGMA); ii) método de otimizacdo de Tocher e d@idispersdo geografica usando
analise de coordinadas principais (PCoA) e projegdoomponentes principais 3D. No
entanto, uma correlagdo néo-significativa (r=0,4128) foi obtido entre distancias
genéticas e geograficas detectando semelhancas genéticas entre proceidéanties

que provaram a disperséo Aleaculeatano Brasil em distancias mais longas. A analise

de variancia molecular (AMOVA) revelou maior variacdo genética (48,22%) dentro da
familia do que entre as familias (36,47%), seguido de variacdo entre as procedéncias
(15,31%). O estudo demonstrou, que existe variabilidade genética nas cebegites

do banco de germoplasma, em que a informacdo poderia ser utilizada no programa de
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pré-melhoramento. O estudo também mostrou a eficiéncia dos marcadores SSR na
caracterizagcdo de germoplasma Aleaculeatae as informacbes geradas podem ser
utilizados na formulacdo de estratégias adequadas de colec&o e de conservacao.

Palavras-chave: banco de germoplasma; biodiesel; conservacdo; domesticacéo;
macauba; SSR.

53



1. INTRODUCTION

Macaw palm Acrocomia aculeatg§Jack.) Lodd. ex Mart. 2n=2x=30) belongs to
the family of Arecaceae; arborescent, spiny and single-stemmed palm (Read, 1966;
Abreuet al, 2011). It is monoecious experiencing entomophily and anemophily forms
of pollinations which bear mixed reproductive systems (Scatical, 1991, 1995;
Abreu et al, 2012). A. aculeatahas large and wide distribution in the dry regions of
tropical America and it is native palm tree of tropical forests, occurring from southern
Mexico to southern Brazil, Paraguay and Argentina (Hendezsah, 1995; Morcote-

Rios and Bernal, 2001). In Brazil, it has abundant distribution in the regional States of
Ceara, Minas Gerais, Mato Grosso, Mato Grosso do Sul and S&o Paulo (&calrjot
1991; Hendersoat al, 1995).

A. aculeatais little known globally, however in recent years, high interest has
aroused due to its potential for social and economic use as an oil producer, considering
that it is cited as one of the most important new sources of oil to make biofuel for both
aviation and automotive sectors (Nuetial, 2008; Lanet al, 2014). It produces
fruits up to 25 tonnes/ha which could be processed to 4000 kg of oil. The solid waste is
converted to charcoal and nutritious cakes that can be used to generate enezgy and f
livestock (Tickel, 2000; Mourat al, 2009). The biochemical properties of the oil are
proved to be suitable for the cosmetic industry and for biodiesel production (Fortes and
Baugh, 1999; Bora and Rocha, 2004; Hiasteal, 2005). Moreover, this palm has
environmental benefits as it can foster in impoverished soils and drought prevailing
areas, which is a desirable trait for plants to rehabilitate degraded pastures or for
agroforestry practices (Motoike and Kuki, 2009).

Although it has not been cultivated commercially like the domesticated
Arecaceae palms such Bfaeis guineensjsCocus nuciferaand Enterpe oleraceageas

an important element in the Brazilian savannAh,aculeatapossess great genetic
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diversity in natural populations (Nucet al, 2008; Oliveiraet al, 2012; Colombeet

al., 2013). Nevertheless, the natural genetic resource of this important palm has been
threatened by many factors such as loss of natural habitat, predatory extractivism,
unsustainable land use and climate change (Fad¢ied, 2008; Ribeiroet al, 2011).
Hence, conserving the genetic resources of this important palm will have paramount
importance to help for future genetic improvement and sustainable use of its genetic
resources.

Central to sustainable conservation is the knowledge of the genetic diversity
present in a gene bank collections and potential exploitation of the genetic materials by
breeding programs. Germplasm characterizations using SSR markers are well known
for their potentially high information content and versatility as molecular tools
(Ferreira, 2005) detecting genetic variations and polymorphic traits without influence of
the environment (Tanksley, 1989). Hence, germplasm characterizatdnaculeata
using SSR markers can have invaluable contribution for the establishment of breeding
programs and conservation of genetic resources.

Therefore, this study was conducted to study the extent of genetic diversity in

macaw palnex situgermplasm accessions using SSR markers.

2. MATERIALS AND METHODS

2.1 Plant material and DNA isolation

Leaf samples from 192 accessionsfofaculeatawere obtained fromex situ
plant collection, macauba Active Germplasm Bank (BA®acauba respository n°:
084/2013/CGEN/MMA) located in the experimental farm of the Universidade Federal
de Vigosa in the municipality of Araponga (20'1"S, 42°31'15"W), State of Minas

Gerais, Brazil (Figure 1).

55



Figure 1. (A) Map shows the six provenances, in which the families were originally
collected; (B) part of the experimental field in Araponga-Minas Gerais, where the
germplasm bank (BAG-Macauba) is located.

The accessions were originally developed from seeds collected from six
provenances in Brazil (Figure 1A) and germinated using a pre-germination protocol as
described in patent INPI 014070005335 (Motoige al, 2007). The accessions
represent individuals of a total of 41 different families coded as BGP. Each accession
has three to five individuals included in the study (Table 1).

Genomic DNA (gDNA) was isolated from young leaf of each individual sample
using Cetyl trimethylamonium bromide (CTAB) method (Doyle and Doyle, 1990) with
modifications as described by Laretsal (2013).

DNA samples were quantified with Multiscdh GO/UV  Microplate
Spectrophotometer (Thermo Fisher Scientific OY, Ratasite, Finland). A 2ul of DNA for
each sample was added into a 96 well-plate, which was mounted on the
spectrophotometer and absorbance reading was taken at 260 and 280nm. A ratio of
260/280 nm absorbance was calculated and only values within the range of 1.8 to 2.0
were considered as it denotes the absorpsi@ue to nucleic acids (Hoisingtat al,

1994). DNA samples with absorbance ratio < 1.8 or > 2.0 were not considered as it
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denotes contamination with proteins or phenol compounds; hence DNA extraction was

repeated for these samples.

DNA concentrationgg/ml) = AbsorptioRgonmX 50ug/ml

1 absorbance at 260nm corresponds to a concentration of 50ug/ml for double-
stranded DNA (standard)

The integrity of the DNA samples was confirmed on 2% agaros gel

electrophoresis and the working concentration was adjusted tq38mgPCR.
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Table 1. List of 41 Acrocomia aculeatdamilies, number of individuals per family, provenance and GPS coordinates of eachorpfeatt

No. Family  Number of Coordinates** No. Family = Number of Coordinates**
code individuals Provenance* code individuals Provenance*
Latitude Longitude Latitude Longitude

1 BGP99 5 PA S060358.0 W493339.0022 BGP11 5 EMG S191401.2 W4303284
2 BGP82 5 PE S071423.0 W364655.023 BGP9 5 EMG S193312.0 W465110.1
3 BGP124 4 PB S084849.0 W 365714.00 24 BGP78 5 EMG S185125.6 W 465255.2
4 BGP51 5 SP S$213204.6 W484424.7/ 25 BGP37 5 EMG S184051.3 W463341.4
5 BGP34 5 SP S$222510.8 WH503443.1 26 BGP33 5 EMG S191940.3 W463811.5
6 BGP47 5 SP S$2229142 WH504616.2 27 BGP21 4 WMG S1931159 W463142.2
7 BGP20 5 NMG S163952.7 W435358.9 28 BGP2 5 WMG S203920.4 W431845.2
8 BGP27 5 NMG S162120.7 W442530.5 29 BGP76 5 WMG S194151.4 W431127.7
9 BGP22 4 NMG S172554.0 W450859.5 30 BGP25 5 WMG S170654.6 W 4349 16.4
10 BGP16 5 NMG S162607.6 W440050.5 31 BGP64 5 WMG S 1644 12.7 W 435154.9
11 BGP49 5 NMG S203858.0 W4401155 32 BGP105 3 MS S2029525 W551839.3
12 BGP10 5 NMG $2103129 W441628.2 33 BGP102 4 MS S203038.6 W553759.7
13 BGP68 5 SMG S$2111276 W441929.7 34 BGP104 4 MS S202755.9 W554641.7
14 BGP3 5 SMG S$210952.2 W440849.5 35 BGP117 3 MS S202756.5 W 5546 38.2
15 BGP51 5 SMG S2117205 W444912.6/ 36 BGP118 4 MS S205022.3 W555453.3
16 BGP5 5 SMG S$190502.0 W443913.9 37 BGP112 5 MS S205016.5 W555451.8
17 BGP14 5 SMG S195629.0 W443612.0 38 BGP106 3 MS S212842.3 W56 1003.6
18 BGP18 5 CMG S$1952340 W4352205 39 BGP92 5 MS S$212845.7 W56 1006.6
19 BGP24 5 CMG S$195320.2 W4341115 40 BGP103 5 MS S$214204.8 W575039.0
20 BGP1 5 CMG S201742.6 W434230.9 41 BGP119 4 MS S214206.0 W575032.4
21 BGP52 5 CMG S205013.1 W425427.3

*Provenances: PA=Para, PE=Pernambuco, PB=Paraiba, SP=Sao Paulo, MG=Minas Gerais contaslihgpfiweenances

(NMG=North Minas Gerais, SMG=South Minas Gerais, CMG=Central Minas Gerais, EMG=East Minas Gedais, a

WMG=West Minas Gerais) and MS=Mato Grosso do Sul.
Coordinates are in degrees, minutes and seconds for both the latitude (S=South) and longitude (W=West).
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2.2 Condition of Polymerase Chain Reaction (PCR) and Electrophoresis

The PCR was performed according to Nueti al (2008) with some
modifications. It was carried out in a 20uL total reaction volume containing 30Ag of
aculeatagenomic DNA; 1xPCR buffer; 250uM of each dNTP; 0.15uM of forward and
reverse primer; 3mM of Mggl(4mM of MgChL was used for primer Aac04 and Aacl2
(Table 2) for better amplification) and 1U ©agq DNA polymerase (invitrogen). The
amplification cycles were carried out in a thermal cycler (Applied
Biosystem®Verti®cycler, Thermo Fisher Scientific Brand, USA) programmed at initial
denaturing step at 98 for 5min followed by 30 cycles of 1min denaturation &tC94
annealing at primer-specific annealing temperature for 1min (Table 2); extension at
72°C for 1min and the final extension at®@for 8min.

A total of 10 SSR primers were used, of which five from Nwetcal (2008);
three from Nucci (2007) and the other two were obtained from sets of SSR makers
originally developed foAstrocaryum aculeaturfRamoset al, 2012) and selected for
A. aculeatathrough transferability (Mengistet al, 2015) (Table 2). PCR products
were denatured in Bromophenol blue dysolution at 98C for 5min in the thermal
cycler just before running on 6% denaturing polyacrylamide gel electrophoresis in

1XTBE (Tris-Borate-EDTA) buffer solution at 60W for 1hr and 40min.

2.3 Polyacrylamide gdl staining

After electrophoresis, the PCR products were visualized in polyacrylamide gels
stained with silver nitrate (AgN$psolution according to Britet al (2010). The stained
gels were allowed to dry in the air and DNA fragments were scored as coagmi

alleles.
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2.4 Data analyses

Allelic diversity, heterozygosity and polymorphism levels of the SSR markers
and provenances were estimated. Different methods of grouping were applied to study
the extent of genetic diversity k. aculeataaccessions. The parameters analyzed and
the analytical methods used were:

i) Number of alleles per locuA), determined by quantifying the number of
different alleles detected per locus. Hence, total number of alleles per provengnce (N
determined by summing up the number of alleles amplified by each logu¥:iN a;,

wherea is the number of alleles #f locus. Consequently, average number of alleles
per provenance was determined as %dZ;l a;; whereL is the number of loci analyzed
(Cruzet al, 2011).

i) Observed heterozygosity per locus was calculatedHgs (number of
heterozygotes observed/ total number of individuals analyzed); hence average observed
heterozygosity per provenance was estimateﬁoas% Z§=1 H,j); whereH, is observed
heterozygosity a" locus andL is number of loci analyzed. Expected heterozygosity
per locus was calculated as=Hl — }.7_; p? wherepi is the frequency of thi' allele at
i™locus (Nei, 1978).

iii) Inbreeding coefficient per locus (or provenance) was estimated to determine
deficiency (or excess of heterozygosity) = 1 — %; whereH, and Hg are average
observed and expected heterozygosity per locus respectively (Hartl and Clajk, 1997

iv) Polymorphic information content per locus was calculate®/és= 1 —

¢1pf — X1 Xy p? p7, wherepi andpj are frequencies of th& allele atj" locus
(Bosteinet al., 1980).

v) Percentage of polymorphic loci per provenance was calculated as

(number of polymorphic loci/ total number of loci analyzed) based on three criteria set
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by Cole (2003): (awhen a locus detected polymorphism in at least one individual of
the sample; (b) when loci had common alleles with a frequency of less than 0.99, or (c
when loci had common alleles with a frequency of less than 0.95. These criteria were
designated herein #100,P99, andP95, respectively.

vi) Genetic distance between pairs of provenances was computed using the

formula  Nei_D = —In (I). Wherel= 2 in which; | is Nei’s Genetic Identity.

N
Jx =X Nl Phs Ty = 7 Xb By Py and Juy = T T i by Where

pijx and p;;, are frequencies of thé" allele atj™ locus of provenance andy
respectively andl stands for the number of loci (Nei, 1972).

vii) Cluster analysis was applied to construct dendogram from Nei’s Genetic
distance matrix between pairs of provenances using unweighted pair-group method with
arithmetic means (UPGMA). Tocher was also applied to form homogenous groups of
provenances from Nei’s genetic distance matrix.

viii) Principal coordinate analysis (PCoA) was applied for graphical dispersion
of the accessions on bi-dimensional axes. PCoA was done from the genetic distance
between pairs of accessions according to Peakall and Smouse (2006).

ix) Mantel test using Pearson correlation was performed to test for the
relationships between genetic and geographic distances amaicgleataprovenances
analyzed from different regional States in Brazil. Geographic distance (km) among the
provenances was calculated using Geographic distance matrix generator (Ersts, 2014).

x) Analysis of Molecular Variance (AMOVA) was done to estimate the amount
of genetic variance in the accessions analayzed. Components of variances were
estimated to determine the percentage of molecular variance for each source of variation

and ®-statistics were computed from the variances to test for the null hypothesis:

Ho: 02 =0 =02 =0; wheres? =variance among provenances; =variance among
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families; andog/ =variance within family. The ®-statistics were calculated dg;; =

82 o = 6?2
271 ¥SG — =2, -2
o opto;

6% +6¢

and &gy =2 (Excoffier et al, 1992; Excoffier, 2001). The
ot

calculated ®-values were compared for significance tests with values obtained under
1000 permutations. Data analyses were performed using GENES (Cruz, 2013) and

GenAlEx (Peakall and Smouse, 2006) statistical softwares.

3. RESULTS AND DISCUSSION

3.1 Allélic polymorphism and heterozygosity

A total of 72 alleles were detected in the analysis of A9&culeataindividuals
(or accessions) using ten SSR markers. A range of 4 (Aacl2) to 11 (Aacul?) alleles
were obtained with average of 7.2 per locus (Table 2).

In similar study by Nuccet al (2008), a total of 30 alleles with average of 6 per
locus were reported in the analysisfofaculeataacessions from Sao Paulo and Minas
Gerais populations using five of the SSR markers (Aacu07, AaculO, Aacul2, Aacu26
and Aacu30). In this study however, these five SSR produced 40 alleles with average of
8 per locus; which is relatively higher as compared to Neical (2008) (Table 2).

The wider coverage of the genetic materials analyzed from the six provenances
in the present study led to yield more number of alleles per locus and consequently

resulted in more allelic diversity.
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Table 2. Primer pairs of 10 SSR markers used in the study and average values obtained
for different parameters per locus.

Locus Forward and Reverse primer sequen Allele size A Ho He F PIC T.
(5°-3) (bp) (°C)

Aacu0? F: ATCGAAGGCCCTCCAATACT 153177 6 043 0.48 0.10 0.43 56
R: AAATAAGGGGACCCTCCAA

AaculG F: TGCCACATAGAGTGCTTGCT 168186 8 058 0.69 0.16 0.65 56
R: CTACCACATCCCCGTGAGTT

Aacul? F: GAATGTGCGTGCTCAAAATG 190202 11 0.57 0.71 0.20 0.67 56
R: AATGCCAAGTGACCAAGTCC

Aacu26 F: ACTTGCAGCCCCATATTCAG 273316 9 041 063 035 056 56
R: CAGGAACAGAGGCAAGTTC

Aacu3@ F: TGTGGAAGAAACAGGTCCC 148158 6 0.39 0.43 0.09 0.38 56
R: TCGCCTTGAGAAATTATGGC

Aacu3® F: TTCTCAGTTTCGTGCGTGAG 316346 6 0.13 0.64 0.80 0.58 56
R: GGGAGGCATGAGGAATACAA

Aacu48 F: CAGACTACCAGGCTTCCAGC 260284 5 0.30 0.38 0.21 0.34 56
R: TCATCATCGCAGCTTGACTC

Aacu74 F: TACTGTTGTGCCAAGTCCCA 278313 9 0.26 0.45 0.42 042 56
R: GAGCACAAGGGGGATATCAA

Aac04 F: GCATTGTCATCTGCAACCAC 258306 8 061 0.72 0.15 0.68 60
R: GCAGGGGCCATAAGTCATAA

AaclZ? F:GCTCTGTAATCTCGGCTTCCT 229247 4 0.06 0.31 0.81 0.27 60
R: TCCAGTTCAAGCTCTCTCAGC

Mean - 7.2 037 054 033 050 -

a, Nucciet al (2008); b, Nucci (2007); c, Mengisai al. (2015);A=number of alleles

per locus; H = observed heterozygosity per locus;=Eixpected heterozygosity per
locus; F= inbreeding coefficient per locus; PIC=polymorphic information content per
locus; T= primer annealing temperature.

The variation in frequency of genotypes resulted in variation in average
observed heterozygosity ¢Hamong the loci. K ranged from 0.06 (Aacl2) to
0.61(Aac04) with average of 0.37 per locus (Table 2). The low proportion, peH
locus (< 506) could be caused by inbreeding or crossing between genetically related
parents yielding the progenies (or families) which were analyzed in this study. This was
confirmed by a positive inbreeding coefficient ¥F0) with average of 0.33 per locus
(Table 2). According to Harrl and Clark (1997), a substantial positive inbreeding
coefficient per locus or population indicates the predominance involvement of
inbreeding. AlthouglA. aculeatahas mixed mating system (Scargtal, 1991; Abreu
et al, 2012; Colomboet al, 2013), the monoecious (androgenous) nature of its

inflorescence marked with protogyny favors pollination between different flowers on
63



the same plant (geitonogamy) or between plants (xenogamy). However, according to
Scariotet al. (1991), geitonogamy is highly responsible for the majority of the fruit set

in A. aculeatathan xenogamy, which could potentially reduce the proportion of
heterozygotes in the progenies. Other factors, for instance: gregarious nature of the
species and fragmentation of habitats leading to formation of isolated populations,
which could suffer from genetic drift and restricted gene flow contributing to
endogamy.

Polymorphic information content (PJCranged from 0.27 (Aacl2) to 0.68
(Aac04) with average of 0.50 per locus (Table 2). According to Bosteal’s (1980),
classification of SSR markers, all markers analyzed are quite informative and
polymorphic to characterize the germplasm accessions (or populatiohspauleata.

SSR markers are classified as very informative when PIC > 0.50, reasonably

informative (0.25< PIC < 0.50) or less informative (PIC < 0.25).

3.2 Genetic diversity

High average percentage of polymorphic Id®) per provenance was obtained
with a range of 92 to 100% based on the three criteria proposed by Cole (2003) (Table
3). The total number of alleles {Nletected per provenance varied from 28 (Paraiba) to
57 (Mato Grosso do Sul). The average number of alleles per provenapaan($ed
from 2.8 to 5.7 respectively (Table 3). Hence, the highest proportion of alleles (78%)
was obtained in Mato Grosso do Sul and the least (38%) in Paraiba. The variation in
proportion of alleles (or allelic diversity) and the high percentages of polymorphic loci
among the provenances attested the presence of genetically diverse germplasm
collections in the germplasm bank.

With the first criteria proposed by Cole (2003), when a locus detected

polymorphism in at least one individual of the sample %4®0was obtained in all the
64



provenances. However, with the second and the third criteria,a@8%92%averageP

was obtained per provenance with alleles of a frequency of less than 0.99 and 0.95

respectively (Table 3).

Table 3. Average estimates of some genetic diversity parametersAéoovcomia

aculeataprovenances based on ten polymorphic SSR markers.

P (%)

Provenances N Pa Na i, F Pioo R Rs

PA 32 0.44 3.20 0.46 0.15 100 90 90
PE 29 0.40 2.90 0.34 0.24 100 90 90
PB 28 0.38 2.80 0.35 0.29 100 100 100
SP 39 0.53 3.90 0.32 0.42 100 100 90
NMG 52 0.71 5.20 0.32 0.48 100 90 90
SMG 39 0.53 3.90 0.36 0.32 100 80 80
CMG 42 0.58 4.20 0.29 0.48 100 90 90
EMG 43 0.59 4.30 0.30 0.40 100 90 90
WMG 55 0.75 5.10 0.28 0.55 100 100 100
MS 57 0.78 5.70 0.46 0.22 100 100 100
Mean 42 - 4.12 0.35 0.36 100 93 92

N¢=total number of alleles per provenancegzgtoportion of alleles per provenance;
Ns=average number of alleles per provenaite; average observed heterozygosity per
provenané&¥%o)=percentage of
polymorphic loci with three criteriaPgos P9 and Pgs). PA=Para, PE=Pernambuco,
PB=Paraiba, SP=S&o Paulo, NMG=North Minas Gerais, SMG=South Minas Gerais,
CMG=Central Minas Gerais, EMG=East Minas Gerais, WMG=West Minas Gerais and

provenance; F=

MS=Mato Grosso do Sul.

inbreeding coefficient

per

TheP values obtaine®2—-100%) using the three criteria are much higher when

compared with the result obtained by Olivestaal (2012) P=79%), who studied.

aculeatafrom natural populations using RAPD markers. This could be explainecby th

high polymorphic level of SSR as compared to RAPD markers. Hence, the results

attested that, the SSR markers used in this study are polymorphic molecular markers to

study diversity inA. aculeata.Moreover, the reduced average observed heterozygosity

(H,< 50%) and positive inbreeding coefficient (F > 0) obtained at provenance level

(Table 3) demonstrated a similar situation as already discussed above in the allelic

polymorphism and heterozygosity part at locus level (Table 2). It reaffirmed that the
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accession studied were resulted from either endogamy or crossing among genetically
related individuals which potentially reduced the proportion of heterozygotes.

Based on genetic distance analyses, similar grouping of accessions were
obtained using three different methods of grouping. Using UPGMA, three hierarchical
groups ofA. aculeataprovenances were established when a line cuts at distance of 0.66,
corresponding to 70% of dissimilarity at last level of fusion (0.94) (Figure 2). The first
group is composed of the five sub-provenances (NMG, SMG, CMG, EMG and WMG)

from MG; the second: PA, PE and PB while the third: SP and MS (Figure2

=
=

MG

cxzn3EEEE

-]

Figure 2. UPGMA dendogram of siAcrocomia aculeatgprovenances constructed
from genetic distance (Nei, 1972) matrix. PA=Para; PE=Pernambuco; PB=Paraiba;
SP=S&o0 Paulo; MG (NMG=North Minas Gerais; SMG=south Minas Gerais;
CMG=Central Minas Gerais; EMG=East Minas Gerais; WMG=West Minas Gerais);
and MS=Mato Grosso do Sul. The first row (0-100) represents percentages of
dissimilarity; and the second row (0-0.94) contains levels of fusion (average genetic
distance) generated at each level of group formation.

However, with the optimization method of Tocher, one additional group was
established forming the fourth group (or sybup) due to the relative genetic
dissimilarity of PA from its neighboring provenances (PE and PB) (Table 4). This is
more likely because, unlike UPGMA, Tocher uses least genetic distances at each stage

of group formation to establish new homogenous groups based on their genetic
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similarities (Cruzet al, 2011). Hence, there is a possibility to encounter additional
groups with method of Tocher.

Table 4. Grouping ofAcrocomia aculeatprovenances using method of Tocher

Mean Mean
intra-group inter-group
Group Provenances distance distance
1 NMG WMG CMG EMG SMG 0.37 D;,=1.05; O =0.64; O ~0.77
2 SP MS 0.38 D, :=0.80; D2 ~=0.67
3 PB PE 0.41 D; +~0.50

4 PA - -

PA=Para; PE=Pernambuco; PB=Paraiba; SP=Sao Paulo; MG (NMG=North Minas
Gerais; SMG=south Minas Gerais; CMG=Central Minas Gerais; EMG=East Minas
Gerais; WMG=West Minas Gerajgnd MS=Mato Grosso do Sul. D is the mean inter-
group distance.

According to Cruzet al (2011), Tocher assumes establishment of optimum groups can
be realized at 50% of dissimilarity. This could be confirmed from the dendogram
(Figure 2) that, at less percentage of dissimilarity (50 to 55%), asiocgl criterion,

PA formed as an independent and separate group reaffirming its relative genetic
distance from the two neighboring provenances (PB and PE). Moreover, the relatively
smaller genetic distance {[=0.50, Table 4) between group 3 ( PB and PE) and group 4
(PA) demonstrated the genetic relatedness among the three provenances of the
neighboring geographical States of North Brazil as also evidenced by the UPGMA
grouping (Figure 2).

Results from the pair-wise genetic distance (or identity) matrix among the ten
provenances (including five sub-provenances of MG) showed the maximum genetic
distance (1.252) or minimum genetic identity (0.286) between South Minas Gerais
(SMG) and Sé&o Paulo (SP); whereas, the minimum genetic distance (0.243) or

maximum genetic identity (0.781) between North Minas Gerais (NMG) and West

Minas Gerais (WMG) provenances (Table 5).
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Table 5. Pair wise genetic distance (below diagonal) and genetic identity matrix (above
diagonal) betweeAcrocomia aculeat@rovenances.

Provenances: PA PE PB SP NMG SMG CMG EMG WMG MS

PA - 0.676 0.603 0.445 0.469 0.481 0.528 0.515 0.553 0.415
PE 0412 - 0.627 0.516 0.588 0.415 0.605 0.512 0.533 0.405
PB 0.547 0.467 - 0.46 0.415 0.543 0.401 0.445 0.492 0.563
SP 0.807 0.662 0.777 - 0.316 0.286 0.340 0.364 0.324 0.678
NMG 0.768 0.531 0.874 1.152 - 0.674 0.750 0.617 0.781 0.321
SMG 0.707 0.879 0.610 1.252 0.394 - 0.703 0.555 0.595 0.350
CMG 0.580 0.481 0.910 1.061 0.284 0.364 - 0.764 0.772 0.340
EMG 0.661 0.669 0.809 1.010 0.477 0.588 0.289 - 0.698 0.418
WMG 0.552 0.610 0.683 1.095 0.243 0.515 0.258 0.3436 - 0.386
MS 0.874 0.893 0.572 0.383 1.125 1.049 1.066 0.8695 0.886 -

PA=Para; PE=Pernambuco; PB=Paraiba; SP=Sdo Paulo; MG (NMG=North Minas
Gerais; SMG=south Minas Gerais; CMG=Central Minas Gerais; EMG=East Minas
Gerais; WMG=West Minas Gerajghd MS=Mato Grosso do Sul.

Comparison of genetic distance among families within each provenance
demonstrated that the wider average genetic distance was among the families within
Minas Gerais (0.668& average of the five MG’s sub-provenances) followed by within

Séo Paulo (0.450) and Mato Grosso do Sul (0.280) (Table 6

Table 6. Mean genetic distance among families within each provenance

Genetic distance* SP NMG SMG CMG EMG WMG MS

Minimum 0.408 0.200 0.252 0.189 0.131 0.436 0.082
Maximum 0.522 1410 0961 1.718 0.901 1.276 0.568
Mean 0.450 0.750 0.565 0.822 0.443 0.761 0.280
SD 0.060 0.250 0.250 0.568 0.290 0.298 0.126

*These distances were not computed for PA, PE and PB as they have only single
family.

The relatively narrow average genetic distance (0.280) observed in MS
explained more genetic similarity among the families in this provenance compared to

that in Sdo Paulo (0.450) and Minas Gerais (0.668), respectively (Table 6). This
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comparison was not done for Para, Pernambuco and Paraiba since they have only one
family.
Seven homogenous family groups were formed from the overall inter-family

genetic distance analysis based on optimization method of Tocher (Jable 7

Table 7. Grouping of 41Acrocomia aculeatafamilies using Tocher from genetic
distance (Nei, 1972).

Group Families* Provenance**

1 BGP118, BGP119, BGP103, BGP92, BGP105, BGP1 MS/ SP
BGP117, BGP112, BGP104
BGP106 BGP51, BGP34, BGP47

2 BGP11, BGP9, BGP52, BGP2, BGP21, BGP37, BGP MG
BGP18, BGP33, BGP76
BGP24, BGP10
3 BGP1, BGP3, BGP51, BGP49 MG
4 BGP20, BGP27, BGP6&BGP82, BGP99, BGP124 MG/PE/PA/PB
5 BGP14, BGP5, BGP638 MG
6 BGP22, BGP16 MG
7 BGP25 MG

*List of families and description of their origin can be inferred from Table 1.
*MS= Mato Grosso do Sul; SP=S&o Paulo; MG=Minas Gerais; PE=Pernambuco;
PA=Para; PB=Paraiba. Families loold are those which formed groups with other
families in group 1 and 4.

The first group is composed of all families (100%) from Mato Grosso do Sul and
Sédo Paulo. This reaffirmed the close relatedness among families from the latter two
provenances as already explained in figure 2 (UPGMA), figure 3 (PCoA), figure 4 and
table 4 (Tocher) using different grouping methods. This homogenous grouping of
families from Mato Grosso so Sul and Sdo Paulo provenances was also explained by the
smallest average genetic distance obtained among the families within these two
provenances, respectively (Table 6).

Group 2, 3, 5, 6 and 7 are different homogenous groups formed by families from
Minas Gerais demonstrating the diverse family groups in Minas Gerais collections

(Table 7). Group 4 is composed of a mixture of families from Minas Gerais, Par4,

Pernambuco and Paraiba, confirming the genetic relatedness beween the latter four
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provenances as already explained by grouping among provenances using UPGMA
(Figure 2, at > 75% of dissimilarity; and 3D graphical dispersion using principal
components, Figure 4).

Unlike UPGMA and Tocher, the graphical method of grouping- principal
coordinate analysis (PCoA) did not clearly distinguish the three groups, which were

clearly separated by the other two methods (Figure 3).

Principal Coordinates
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Figure 3. Graphical dispersion of 19&crocomia aculeataccessions using Principal
Coordinate Analysis (PCoA) showing grouping of the accessions into different distinct
groups. Provenances include PA=Para, PE=Pernambuco; PB=Paraiba; SP=Sao Paulo;
MG=Minas Gerais (containing five sub-provenances: NMG, SMG, CMG, EMG and
WMG shown as on group); and MS= Mato Grosso do Sul.

However, PCoA completely separated Minas Gerais collections from that of Sao
Paulo and Mato Grosso do Sul, in which the latter two provenances formed one separate
group, which is consistent in the other two methods (Figure 2 and Table 4)
Nevertheless, since PCoA explained only 51.5% of the total variability on the bi-
dimensional axes (PCoAl1=3%H PCoA2=20%) (Figure 3), this method was less

efficient be usedh groupingA. aculeataaccessions in this study.
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However, graphical dispersion of the provenances on principal components on
3D projection showed high correlation (r= 0.75), and reduced distortion (4.98%) and
stress (29.36%), which make this method more efficient to explain the groupings of the
provenances (Figure 4). This method established the three groups and was consistent

with the other two methods (UPGMA-Figure 2; Tocher-Table 4).

a s

Figure 4. Graphical dispersion of provenancesAafrocomia aculeatan relation to

three principal components, established by analysis of 10 SSR loci. Provenances include
1=Para, 2=Pernambuco; 3=Paraiba; 4=Sao Paulo; 5-9 are sub-provenances of Minas
Gerais (5=NMG; 6=SMG; 7=CMG; 8=EMG; 9=WMG) and 10=Mato Grosso do Sul.

Establishment of the different groups reiterates the presence of diverse genetic
variability among the accessions in the germplasm bank. Besides, the consistency of the
groupings using three different methods demonstrated, the groups established are
genetically distinct and could be considered in the pre-breeding programaotileata

in the germplasm bank
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Our results of the grouping detected genetic similarities anfangculeata
accessions among some geographically distant regional States in Brazil; for instance
between MG and that ¢fB, PEandPA (Figure 2, at > 75% of dissimilarity, Figurg. 4
On the other hand, complete genetic dissimilarity was detected between accessions from
MG and that of the neighborirsP andMS (Figure 2, Figure } This scenario was also
explained by the mean inter-group genetic distances with Tocher (Table 4). The highest
average genetic distance;(£1.05) was obtained between group 1 (MG) and group 2
(MS, SP) than between group 1 and group 3 (PE, D;3=0.64) and group 1 and 4
(PA; D14=0.77). This result was reaffirmed by a Mantel correlation test detecting a
non-significant correlation (r=0.41p8etween genetic and geographic distances among

the provenances studied (Figuie 5
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Figure 5. Mantel test revealed correlation between genetic and geographic distance
among provenances.

Increasing geographic distances does not necessarily increase genetic distances

and vice versa (Figure 5). The non-significant correlation explained the results of
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genetic similarities among some geographically distant provenances analyzed in the
study and genetic dissimilarities among thgaprovenances. For example: genetic
similarities among Minas Gerais, Para, Pernambuco and Paraiba and genetic
dissimilarities among Minas Gearis, S&o Paulo and Mato Grosso do Sul.

The genetic similarities and differences among the provenances signified the
dispersal ofA. aculeatain Brazil was prominent. Although we were not intended to
study the dispersal o&. aculeatain Brazil, we tried to relate our results with some
archeological findings in the past. According to Silva and Russo (2000), there are
evolutionary forces that might cause the differentiation of populations within time and
geographical distribution of species, such as natural selection, genetic drift, migration
and phylogenetic and biogeographic patterns of the specie.

However, archeological remains suggested #thaaculeatais one of the five
best-represented palms at several archaeological sites in South-America including
Brazil. Remains of endocarps and seeds revealed fruits were the main agents for its
dispersal by humans (Morcote-Rios and Bernal, 2001). There are even good reasons to
think that the palm was dispersed during that time by humans: First, the frts of
aculeata,unlike those of other oil-producing palms, have an abundant mesocarp that
can be consumed directly, without a long and time consuming oil-extraction process.
Second, the thick, brittle exocarp offers good protection for the mesocarp and can be
easily peeled off when necessary. Third, the fruits do not ferment quickly, thus allowing
their consumption for a period of several weeks. Thus, it would seem a good choice for
migrating people to take fresh fruits Atrocomiafor eating first the fleshy and oily
mesocarp during travel and then the seed (Levi-Strauss, 1950; Janzen, 1983).

Besides, it was discovered that there has been a North-ward dispersalfof the
aculeatafrom South-America to Central America using the age of the remains studied

at different archeological sites (Morcote-Rios and Bernal, 2001). In our results of the
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grouping using dendogram (Figure 2), at higher percentage of dissimilari#b%o),

the genetic relatedness between M@ccessions and that of the Northern regional
States including PA, PB and PE could implicate the North-ward dispersal &f. the
aculeatain time and space. Similarly, the genetic similarities between the neighboring
States of SP and MS (Figure 2; Figure 4; Table 4) could be accounted for the dispersal
of genetic materials (mainly fruits) by humans or by the help of rivers that flow between
the two States. However, the complete dissimilarities between genetic materials of MG
and that of the neighboring SP and MS could raise a question why they are totally
dissimilar. We suggest that, there might be possibilities to encounter other natural
factors such as long chains of mountains or absence of rivers flowing betwsen the
regions that might hinder the migration of the genetic madelba@tween them
Therefore, this would lead to a recommendation that further evolutionary studies such
as plylogeographyis required to reach at a definite conclusion on the dispersal of
aculeatawithin Brazil.

Three hierarchal levels of analysis of molecular variance (AMOVA) detected a
higher genetic variation within family (48.22%) than among families (36)4in
accessions ofA. aculeata followed by variation among provenances (15.31%)
respectively (Table 8).

These variations were statistically significant (p < 0.01) in thabalatistics’
values obtained from the estimated variances were higher than those values obtained
under 1000 permutations (not in the tablE)e results confirmed that within family,
genetic variation is accounted for the highest share as compared to among families (with
in a provenance) variation followed by among provenance variation. The smallest share
of genetic variation among the provenances revealed the genetic similarities obtained
among the provenances such as between (MS and SP) and (MG and PB, PE and PA)

(Figure 2; Table 4).
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Some previous studies W. aculeatareported higher genetic variability within

population than among populations (Olivestaal., 2012; Colombet al, 2013).

Table 8 Analysis of molecular variance (AMOVA) performed for 1A8rocomia
aculeataaccessions based on ten polymorphic SSR loci.

Source of variance df Components o Percentage P- Sig.

Variance of variance Statistics
Among provenances 6 0.1217 15.31 D= 0.1531 *
Among families 31 0.2901 36.47 DsG=0.4307 *
Within famlly 140 0.3835 48.22 Ds1=05178 *
Total 177 0.7953 100

*significant (P < 0.01) with null hypothesis: oH 62=0/=02=0; ®-statistics are
compared with values obtained from 1000 permutations. AMOVA performed using 178
accessions of 38 families from seven provenances (regions) including SP=Sé&o Paulo;
MG (NMG=North Minas Gerais; SMG=south Minas Gerais; CMG=Central Minas
Gerais; EMG=East Minas Gerais; WMG=West Minas Gerais) and MS=Mato Grosso do
Sul. Pard, Pernambuco and Paraiba were not included in the analysis since they have
only one family.

According to Colomboet al (2013), the higher genetic diversity within
population ofA. aculeatais a result of the mixed mating systemAnaculeataand the
involvement of metapopulation structure in natural population. Metapopulation
structure of specie could be caused by fragmentation of lands and creates spatially
separated populations which interact at some level. However, this could favor genetic
drift and restricted gene flow, which cause decrease in genetic diversity within a
population especially in cross pollinated species (Levins, 1969). However, in our case,
the mixed mating nature @&&. aculeata(Abreu et al, 2012) would keep the genetic
variability higher within a family regardless of the influence of metapopulation structure
in natural populations. Similar works also reported higher genetic variation within
populations in some palm and different tree spedd®enix canariensigGonzalez-

Pérezet al, 2004), Populus tremuloides MichxYeh et al, 1995), Digitalis minor
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(Saleset al, 2001),Piper hispidinervum(Wadt, 2001) andTichilia pallida (Zimback
et al, 2004).

Since this study was based on active collections of accessions from various
provenances representing vast geographical areas in the country, there is high chance of
encountering more than one species of geAascomia which still have not got
specific descriptors to distinguish them. However, the result confirmed the presence of
high genet variability in the collections which could be at least taken as preliminary
information to plan appropriate conservation and management strategies of genetic
resources in the collections, which will in turn contribute to the breeding program.
Conducting more additional studies with strategically designed collections; more
population size and with more number of SSR markers would provide information that

would help the breeding programAfaculeata

4. CONCLUSIONS

The following conclusions could be drawn from the results obtained:

The higher genetic diversity observed among the families within a provenance
attested that collections from a provenance are more advantageous than collections from
all provenances.

Reduced average observed heterozygosity per locus (or provenance) has
implications that populations of mother plants, which gave rise to the accessions studied
here, were suffered from genetic drift due to antropization or restricted gene flow.

Establishment of three groups Af aculeataaccessions which were confirmed
by UPGMA, Tocher and 3D graphical disperssion confirmed the presence of genetic
variability in the germplasm bank collections and this could be useful in early stages of

pre-breeding to form basic populations.
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Genetic relatedness (or similarity) among some geographically distant
provenances; for example between Minas Gerais, Pernambuco, Paraiba and Para;
demonstrating thak. aculeatahas been dispersed for long distances within Brazil.

These data are preliminary and further studies should be performed, covering

larger number of individuals, populations and more number of markers.
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GENERAL CONCLUSIONS

Transferability of SSR primers between species in Arecaceae could be used as
an alternative means to select working primersAfaaculeata

The primers selected from the transferability could be applied to realize various
studiesin A. aculeata such as population genetics, germplasm characterization, genetic
improvement and conservation.

The results indicated that there are possibilities to increase the success of
transferability if sourcing SSR primers at genus or species level.

The study also confirmed that SSR are very useful and efficient molecular
markers to characterizZe aculeataaccessions in the germplasm bank.

The information generated in the results would facilitate the process of
identifying, grouping and selecting genetically divergent groups during the course of
pre-breeding in the germplasm bank.

The differences in amount of genetic variability obtained among provenances
and among families within a provenance would help to plan appropriate collection and
conservation strategies and optimize the use of the genetic resources in the germplasm

bank for future breeding programs.
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