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“I can’t go on. I’ll go on. ”

Samuel Beckett
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RESUMO

A presente dissertacdo de mestrado é composta por uma secéao introdutoria, seguida de
uma revisdo da literatura a qual antecede os trés capitulos subsequentes. O primeiro capitulo
aborda um conjunto de revisbes de conhecimentos cientificos contemporaneos sobre o0s
efeitos da exploracdo madeireira em florestas tropicais e as praticas madeireiras utilizadas no
Brasil, quais tém se demonstrado insuficientes para garantir a sustentabilidade tanto na
producdo genética quanto na producdo madeireira. O segundo capitulo ¢ um “primer note”
descrevendo a identificacdo de 402 loci putativos (polimorfismos de nucleotideo Unico —
SNPs, insercdes / delecbes - INDELS) para Ipe (Handroanthus sp.), destinado a estudos de
genética de populaces, filogeografia e DNA fingerprinting. O ultimo capitulo discute a
viabilidade de DNA fingerprinting para espécies do género Handroanthus. Esse traz a analise
da diversidade genética, diferenciacdo genética de populacdes de Handroanthus sp., bem
como entre os paises de origem das amostras, analises de auto atribui¢do de genotipos e testes

de atribuicdo de madeira ao local de origem.

Palavras-chave: Comércio de madeira. Controle de madeira. Desenvolvimento de
marcadores. DNA fingerprinting. Handroanthus sp. Manejo florestal sustentavel.

MassARRAY. Polimorfismos de nucleotideo Unico — SNP. Selecéo disgénica.



ABSTRACT

The present master dissertation is composed by an introductory section, followed by a
review of literature, which prefaces the three subsequent chapters. The first chapter of this
dissertation is a review assembly contemporary scientific knowledge about the effects of the
forest logging in tropical rainforests and the actual logging practices used in Brazil, which
seems insufficient to ensure sustainability in both genetic and timber production aspects. The
second chapter is a primer note describing the identification of 402 putative loci (single
nucleotide polymorphisms —SNPs; and insertion/deletions- INDELSs) for Ipe (Handroanthus
sp.), intended to help population genetics, phylogeography and DNA fingerprinting studies.
The last chapter discuss the feasibility of DNA fingerprinting for Handroanthus species. It
brings genetic diversity analysis, genetic differentiation of Handroanthus sp. sample-
populations, as well as among countries, self-assignment and timber assignment tests

analysis.

Keywords: DNA fingerprinting. Dysgenic selection. Handroanthus sp. Marker development.
MassARRAY. Single nucleotide polymorphism — SNP. Sustainable forest management.

Timber tracking. Timber trade.
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1 INTRODUCTION

The rapid deforestation is a fact in most tropical regions, and many tropical forest
biomes have been reduced to forest fragments, or turned into pastures or areas of agricultural
crops (ASNER et al., 2005;. SEBBENN et al., 2008 ; LACERDA et al., 2013). Selective
logging followed by clear-cutting and fire is the main factor of change in the Amazon
rainforest. The impacts of deforestation on forest species are sharp, tree populations at these
locations are lost and species populations in adjacent areas are isolated in forest fragments of
varying sizes (SEBBENN et al., 2008). Therefore, we can expect a reduction in fitness of
these populations to environments and a decrease in adaptive genetic potential (LOWE et al.,
2005). The long term viability of the forest industry depends on the forest's capacity to
recover in quality and volume of wood (LACERDA et al., 2013), which is partially
determined by both genetic diversity of forests and the use of sustainable management
methods for the production of wood (LOWE et al., 2005; SEBBENN et al., 2008; LACERDA
etal., 2013).

It is estimated that the illegal trade represents a total of 30-100 billion dollars per year
(THE ECONOMIST, 2012), and approximately 50% of the timber sold from the Amazon
Basin, Central Africa, Southeast Asia and the Russian Federation (GOLCALVES et al.,
2012). There is a great difficulty and high cost of monitoring the chain of custody (CoC) and
the declared wood species that are been traded due to documentation counterfeiting and
corruption. DNA fingerprinting allied to phylogeography and population genetics are
revolutionizing the identification of individual organisms and their origins as result of the
impossibility of falsify DNA, which is an intrinsic property of living-beings.

The DNA fingerprinting technique, also known as individualization, permits
individuals differentiation. DNA fingerprinting combined to another technique named DNA
barcode (enables botanical identification of animals and plants; e.g.: genus and species)
allows tracking the source of plants, fungi, and other organisms and also their descendants,
but also distinguishing individuals and species. Due to the high potential of these techniques,
they have been studied as forensic tools to detect the geographic origin and to monitor the
custody chain of timber species (TNAH et al., 2009; LOWE; CROSS, 2011; JOLIVET;
DEGEN, 2012; TNAH et al., 2012; DEGEN et al., 2013; NG et al., 2016). This technic
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combination can be employed for controlling of illegally sourced timber trade, as well as
those species listed as being at risk of extinction and prohibited of exploitation.

Among the many tree species exploited for timber production, species of the genus
Handroanthus, are an example of species logged in Latin America (occurring from Argentine
to Mexico). The timber commonly named as "Ipe", Pau D’arco or Lapacho, includes different
species of the genus Handroanthus. The great interest in Ipe timber is due to its exceptional
physical properties and high commercial value, being called “new mahogany” (SCHULZE et
al., 2008). The preservation of the structure; demography and genetic diversity in logged
populations are crucial to protect forest ecosystems and sustainable timber production. The
use of reliable species and custody chain control techniques, such as DNA barcode and DNA
fingerprinting, is the key to effectively curb issues such as trade in timber and timber products
from illegal sources, and therefore the rapid deforestation and deterioration of the Amazon
and other natural forests.

Since 2014 a 39 months project named “Large Scale Project On Genetic Timber
Verification” (LSP) funded by the German Federal Ministry of Food and Agriculture has been
carried on in South America and Africa. This initiative aims the creation of a genetic
reference data to check the country of origin of 14 valuable timber species from South
America and Africa. The database will be implemented in the Global Timber Tracking
Network (GTTN). Ipé timber is among the studied timber species of the LSP. In the frame of
this project the development of a timber control system based on DNA fingerprint of the
Handroanthus genus should provide regulatory bodies, operators and timber traders an
effective tool to achieve control of the chain of custody and also provide evidence to prove

the origin declared.
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2 REVIEW OF LITERATURE
2.1 HANDROANTHUS GENUS

Species of the Handroanthus Mattos genus belongs to the botanical family
Bignoniacaea. Bignoniaceae family comprises about 82 genera and 827 species, distributed
throughout various biomes, present in the Amazon, Savanna, Atlantic Forest. Handroanthus
is one of the most commonly found genera of Bignoniaceae in Neotropical regions.
Handroanthus, formally part of Tabebuia genus, has a complex and long taxonomic history
due to its anatomical and morphological variety. In 2007, Grose and Olmstead (2007a)
reclassified part of the Tabebuia species under the Handroanthus genus, as a result of
molecular and phylogenetic studies.

Handroanthus species have been widely studied for their medicinal properties, such as
antimicrobial, anti-inflammator, anticancerous and antileukemic actions (MOON et al., 2010;
TEIXEIRA et al., 2014), and most of the available genetic information is linked to this fact.
Even though the number of sequences available in public database was still negligible.

The great interest in Handroanthus (Ipe) timber is due to its wood that is among the
heaviest and hardest known in the world, leading to a high commercial value in the
international market (GROSE; OLMSTEAD, 2007b). The cubic meter of Ipe timber reached
$ 1,305 USD in February 2015 (lumber for export), the most exported Brazilian timber in
volume and second highest commercial value, surpassing Jatobd (Hymenaea spp.),
Muiracatiara (Astronium lecointei) and Magaranduba (Manilkara spp.) (ITTO, 2015). A
substantial amount of Ipe timber from South America is exported to the European Union (EU)
and United States of America (USA). In Germany, tropical decks typically of Bangkirai have
been replaced by Latin American species of higher quality, as Garapa, Cumaru and Ipe
(ITTO, 2012). In 2014, Ipe timber volume imported by the US was of 29.328 m, being the
third most imported tropical timber species and the most valuable compared to other exported
Brazilian timbers (ITTO, 2015). However, generally Handroanthus species are not
distinguished commercially, according to Schulze et al. (2008) most of the Ipe timber
harvested in Brazil is represented by H. impetiginosus ((Martius ex A. P. de Candolle) J.R.
Mattos) and H. serratifolius ((Vahl) S. Grose). The same study, that evaluated the impacts of
logging in the Brazilian Amazon, concluded that H. impetiginosus and H. serratifolius are



16

threatened due to the high intensity of exploitation, even if the reduced-impact logging (RIL)
harvesting practices. For this reason, these species need additional protection under the forest

legislation.

2.2 TREATIES AND REGULATIONS CONCERNING TIMBER TRADE

One of the most notable international agreements is the Convention on International
Trade in Endangered Species of Wild Fauna and Flora, widely known as CITES, with 182
signatory countries (CITES, 2016). Brazil joined CITES in 1975, through Decree No. 76.623,
and its provisions were implemented in 2000, through Decree 3.607. Decree 3.607 of
September 21, 2000 assigned IBAMA as administrative in charge (responsible for
international trade licenses) and as Scientific Authorities the Rio de Janeiro Botanical Garden,
ICMBIO and also IBAMA (BRAZIL, 2000), among other measures.

The European Union aiming to eliminate illegally sourced wood and wood products
from its market, and to encourage producers and importing countries to implement control
policies in the custody chain, developed and put into practice the European Timber
Regulations (EUTR), which came into force in March 2013. Among other requirements, the
EUTR requests the presentation of information and full documentation on the product in
question; the documents must be in accordance with current legislation in the country of
origin of the timber product (EUROPEAN UNION, 2010). Similar requirements to the EUTR
are in place in the USA, through the Lacey Act, in force since May 22, 2008 (UNITED
STATES OF AMERICA, 2008). This regulation comprises actions to ban in the USA or
abroad the trade of plants and their products illegally sourced. The Lacey Act also establishes
penalties for violations of the law, including the confiscation of property, fines and
imprisonment (UNITED STATES OF AMERICA, 2008). As a result of these regulations put
into force, logging companies operating in South America are under pressure to provide
information, ensuring the correct botanical species and the legal origin of the timber.

Other regulations as "Canadian Wild Animal and Plant Protection and Regulation of
International and Interprovincial Trade Act (1992)" and "Australian Illegal Logging
Prohibition Act (2012)" are in place in Canada and Australia, respectively, which show that

timber consumer countries (among other wild/natural products) have been trying to curb the
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import of wood and wood products that have not been obtained in accordance the laws of the
origin country.

Illegal logging has a wide range of activities related to the misuse of timber resources.
In most countries, specific forms of illegal logging include timber theft of public and private
forests or protected areas, harvesting operations outside designated or of protected species, or
even tax evasion on the wood and its products. Other activities that may constitute illegal
logging in some jurisdictions are stolen timber smuggling, counterfeit documents related to
timber harvesting and transport, violation of forest regulations among several other civil and
criminal offences (DEGEN; FLADUNG, 2008). Illegal logging is believed to cost the global
total trade estimated at $ 15-20 billion USD (GONCALVES et al., 2012). According to the
World Bank (2014), it is estimated that 23-30% of the world supply of wood is illegal and this
trade reduces wood products prices from 7 to 16%, thus causing disadvantages to products of
legal origin (WORLD BANK, 2014).

2.3 ILLEGAL TIMBER CONTROL

Several areas have developed scientific studies aimed at developing reliable methods
capable of resolving issues such as the identification of wood species, origin (country or
forest concession, etc.) and individual identification for the chain of custody control, one of
the main requirements of the regulations mentioned previously. These methods can be
classified into three groups: morphological, chemical and genetic methods (DEGEN;
FLADUNG, 2008; LOWE, 2008; ZAHNEN, 2008; DORMONTT et al., 2015).

Among the more established methods are dendrology, dendrochronology and wood
anatomy, both visual methods. The dendrochronology science is based on the study of the
growth rings of trees, which are distinguished mainly in temperate species, commonly used to
estimate the age of the tree and clarify past climate changes; they contain information about
the environmental conditions at the time of its growth. It is a visual method with potential for
use in forensic wood analysis, because it allows estimating the date of falling of the tree
(whether the part contains the most outer rings and bark) and the distinction between
individuals when patterns of rings are compared (DORMONTT et al., 2015). This technique
can be limited to use with tropical species, as distinct growth rings are rare (DORMONTT et
al., 2015).
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The science of analysis of wood structures, known as wood anatomy, has traditionally
been used to elucidate the taxonomy issues and is widely accepted as a forensic tool. This
methodology allows the rapid identification of the genus, being widely used in the field, but
may be limited in certain cases regarding the identification of the samples at the species level
(DORMONTT et al., 2015). The anatomical characteristics can be influenced by several
factors, such as genetic and environmental factors. International Association of Wood
Anatomists (IAWA) presents the standards to be followed and have the division called
“Wood Research Against Illegal Timber Harvest” (WRAITH). WRAITH handles issues
related to illegal logging and forensic wood science (JANSEN; SCHOLS; STEVEN, 2016).
There is also timber automated anatomical analysis that prospects for increased accuracy and
easy identification at the species level, but for this, the development of a representative data
base of the natural variation of species is required (DORMONTT et al., 2015).

Chemical methods include the mass spectroscopy of stables isotopes, of
phytochemical and near infrared spectroscopy (NIR) and stable isotopes technique. Mass
spectrometry is combined with the statistical analysis of the chemical profile of
phytochemicals for obtaining evaluation set forth for heartwood. This phytochemical
evaluation allows the identification of various taxonomic levels, as demonstrated by Cabral et
al. (2012) in Swietenia macrophylla distinction (CITES species) of six other visually similar
wood species, but taxonomically distant. In the compilation developed by Dormontt et al.
(2015), other studies are cited; these studies support the possibility of using this method for
species differentiation and the potential to estimate the provenance in some cases.

The NIR, such as mass spectrometry, analyses the phytochemical properties, being
widely used for physical-mechanical characterization of wood. This technique aims at
characterizing the timber through absorption of electromagnetic rays when exposed to near
infrared. Due to its simplicity of application this technology has been studied for use in the
taxonomic species identification (DORMONTT et al., 2015).

During the synthesis of phytochemicals compounds, stable isotopes are incorporated
into the plant. These stable isotopes have a specific ratio relative to its availability in the
surrounding environment, thus allowing the attainment of information concerning the place of
origin or even determining the geographical origin of the wood sample (DORMONTT et al.,
2015). Stable isotopes associated with other elements create a unique isotopic pattern of a

given area (DORMONTT et al., 2015). The use of stable isotope technique has been gaining
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strength and visibility as a forensic tool in identifying the timber origin as a result of its high
accuracy.

The third category of new techniques aiming forensic diagnosis of species and wood
origin is the genetic methods. DNA Barcoding is used for determining species, genetic
assignment to determine the geographical origin, and finally the DNA fingerprinting to
differentiate individuals.

DNA barcoding and multiloci approaches based on nuclear and chloroplast
microsatellite, as well as SNP (Single Nucleotide Polymorphism) markers are the main
methods used to determine species or distinguish among different species (DEGEN;
FLADUNG, 2008). This method was first applied in animals and can be applied also for the
identification of tree species (DEGEN; FLADUNG, 2008). A large study successfully carried
out developed a reference library of tropical forests in India using the Standard barcode labels
(in plants are the rbcL, matK and trnH-psbA - plastid markers and the nuclear marker ITS)
(DEGEN; SEBBENN, 2014; NITHANIYAL et al.,, 2014; SMITHSONIAN - NATIONAL
MUSEUM OF NATURAL HISTORY, 2014). There are several databases for DNA
barcoding as the Barcode of Life Database - BOLD, which aims to build a public reference
library of species identifiers that could be used to designate the unknown samples from
known species (BARCODE OF LIFE, 2016).

Genetic assignment (based on population genetics and phylogeography) and DNA

Fingerprint will be described on the following topics.

2.3.1 Genetic assignment

Approaches based on population genetics and phylogeography have been used to
determine the geographical origin of individual trees. This is achievable because natural
forests usually present a genetic structure in local and regional scales (DEGEN; SEBBENN,
2014), called spatial genetic structure (SGS). SGS is associated with the non-random
distribution of alleles and genotypes in space; usually individuals of a species that are located
close tend to be more genetically related to each other in comparison with more distant
individuals (DEGEN; SEBBENN, 2014; DORMONTT et al., 2015). This particular structure
is mainly influenced by the mating system, pollen and seed dispersal patterns as well as
vegetative propagation (CAVERS et al., 2005; DEGEN; SEBBENN, 2014). However large
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SGS is directed influenced geographical, landscape and climate changes through the history.
Events such barrier effect of Amazonian rivers; the isolation of humid rainforest blocks
separated by dry forests, savannahs and other intermediate vegetation; changes in canopy-
density due to climatic reversals among many other theories might explain genetic
differentiation, isolation and even speciation (HAFFER, 2008). Degen and Sebbenn (2014)
report that tree species that have the wind as seed dispersal vector and have low population
density tend to have larger SGS distance compared to species with other seed dispersal and
population density. The use of genetic markers to detect the geographical origin of samples
depends on allele’s frequencies and genetic differentiation within and among populations in
the distribution area of the species. Furthermore it’s crucial the quality of genetic reference
database (genetic distribution, quantity, used markers and possibly species included) and on
the geographic distance between the geographical origin of the unknown timber sample and
the next sampled population in the reference database (DEGEN; FLADUNG, 2008).
Screening individuals of many populations of a given species with appropriate genetic
markers, genetic maps can be developed and used to assign the origin of unknown individuals
(DUTECH et al., 2003; DEGUILLOUX et al., 2004; LOWE et al., 2004), as well as to assign
individuals or woods to their correct species group (DUMINIL et al., 2006).

Several studies have confirmed the potential of this approach to determine the origin
of timber, as the study by Degen et al. (2013) for S. macrophylla, Tnah et al. (2012, 2009) for
Neobalanocarpus heimii, and Jolivet and Degen (2012) that were able to determine with

precision of dozens of kilometres the origin for the species Entandrophragma cylindricum.

2.3.2 DNA fingerprinting

The technique known as DNA fingerprinting or DNA profiling allows the recognition
of individuals or "individuation”, and it is the main genetic method applied with forensic
purposes with humans (JOBLING; GILL, 2004). To develop a DNA fingerprint several
genetic markers (minisatellites, microsatellites, SNPs, etc) must be identified to produce a
unique pattern to an individual. To employ this technique to support the illegal timber control,
a representative reference sample database is required, allowing a reliable estimation of the
probability to obtain an identical profile from a non-related individual of the given tree, that is

usually extremely low (DORMONTT et al., 2015). Microsatellite loci are widely used in
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humans, however with relatively limited application for wood due to DNA high degradation
level. A successful option to degraded DNA material is the use of SNPs. DNA fingerprinting
may be cumbersome in plants due to the polyploidy, making interpretation of results more
complex (DORMONTT et al., 2015).

Despite several illegal timber control policy, these are not “law-violation proof”. One
of the requirements of national and international regulations for timber trade is the chain of
custody control (CoC). The CoC is mainly based on paper identification for harvested trees in
order to trace them along the supply chain, from the forest concession to timber trader
(DEGEN; FLADUNG, 2008; LOWE et al., 2010). The weakness of this method is the
possibility of forgery, particularly between forest concessions and sawmills, where most of
the illegally sourced timber is introduced into the supply chain (LOWE et al., 2010;
HOLTKEN et al., 2012). The DNA fingerprinting is an inherent property of all living being,
including trees, and cannot be falsified (DEGEN et al., 2013).

This technology can be used to verify the integrity of the chain of custody declared for
suspected of being illegally sourced, as demonstrated in the study of Lowe et al. (2010). This
is possible by collecting samples along the chain of custody, to detect if there was and at what
point was the insertion of illegal timber into the lots. This technique has already been used as
certification in Southeast Asia, known as CERTISOURCE (http://www.certisource.co.uk/).

Genetic certification of species and custody chain based on DNA fingerprint and
population genetics are among of the most promising techniques to curb illegal timber trade.
The biggest advantage of this technique is due to the fact that the DNA cannot be changed
and that any product of a given tree will always have the same genetic information as the
original individual (THE ECONOMIST, 2012); this property allows the monitoring along the

custody chain, frightening corruption.

2.3.3 DNA extraction from timber

Despite the existence of many DNA extraction protocols for fresh material such as
leaves, cambium, fruits, etc., or the ready-made DNA extraction kits, DNA extraction from
timber has been a challenge. The biggest problems faced are the low purity and quantity of
DNA from wood mainly due to extremely degraded DNA in comparison with fresh material
(DEGEN; FLADUNG, 2008; LOWE, 2008). This occurs because of the presence of
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inhibitors, such as carbohydrates (cellulose), phenols (lignin), increased iron level, among
others wood extractives that can inhibit the PCR (polymerase chain reaction) (LOWE, 2008).
Jiao et al. (2015) have succeeded in extracting DNA from timber up to the age of 80
years, however with length reduction of the DNA barcoding regions according to the increase
of the sample age. Studies of population genetics, DNA fingerprinting and phylogeography
also showed a decrease in the success of amplification when used DNA extracted from wood
(DORMONTT et al., 2015). Some studies report the use of short fragments sequencing as
being an effective method for analysing degraded DNA (DEGUILLOUX et al., 2004;
OGDEN et al., 2008). The use of SNPs it is also proposed as a way to circumvent the problem
of degraded DNA (OGDEN et al., 2008; HOLTKEN et al., 2012). Holtken et al. (2012)
demonstrated the process to develop molecular markers with identification purposes for great
commercial important timber species such as Swietenia sp. (listed on CITES appendix 1),
Khaya, Entandrophragma, and Carapa, presenting a low cost alternative. Lowe et al. (2015)
recently described a very promising DNA extraction method for lignified tissues, based on the
CTAB method and purifying steps with a ready-made kit, that is an outstanding protocol for

forensic focused studies.

2.3.4 SNP markers

Single nucleotide polymorphisms (SNPs) are variants of the DNA sequence occurring
when a single nucleotide at a homologous locus differs between members of a species, genus
or family (DEGEN; FLADUNG, 2008). This technique has several applications, including
gender identity, genetic maps, genetic analysis of the population structure and also DNA
fingerprinting. The use of SNPs for forensic studies of illegal timber control is becoming
more common. There are different techniques for the development and selection of SNPs
genetic markers, as described by Ogden et al. (2008) and more recently by Schroeder et al.
(2016) and Pakull et al. (2016).
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3 CHAPTER 1: UNSUSTAINABLE FOREST LOGGING IN THE BRAZILIAN
AMAZON

ABSTRACT

The aim of this review is elicit the contemporary scientific knowledge about the
effects of the forest logging and illegal logging activities in tropical rainforests. The actual
logging practices used in Brazil are insufficient to ensure sustainability in both genetic and
timber production aspects, and the scenario is worse in case of illegal logging. The harvesting
intensity is very high, removing large individuals from forest populations, along with their
genes. Current practices reduce population density, altering its ecology and genetic structure
of the remaining reproductive population, resulting in the loss of adaptive traits, low growth
vigour and poor stem forms. This affects the ecology, demography, mating system, gene flow
and genetics on tropical tree species populations. This review highlight the importance of
changes of the Brazilian logging regulations, based on solid scientific studies, to avoid long-
term losses in genetic diversity. This paper also points out recent developments in chemical
and genetic based methods to distinguish tree species and their origin, which can provide
national and international authorities with an efficient and trustworthy tool to impede the
illegal timber trade and promote trade with legally sourced timber and timber products, which

would also contribute to forest conservation.

Keywords: Dysgenic selection. Forest logging. Genetic diversity. Sustainable forest

management. Tropical trees.
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3.1 INTRODUCTION

Rapid deforestation is a fact in most tropical regions, including Brazil. Many tropical
forest biomes have been reduced to forest fragments or turned into pastures and agricultural
crops (ASNER et al., 2005; SEBBENN et al., 2008; LACERDA, NIMMO; SEBBENN,
2013). Logging followed by clear cutting and burning (a common practice in illegal logging
activities) is the most common land change in the Brazilian Amazon forest. The impacts of
forest clearing are evident; tree populations at these sites are lost and populations of species in
the adjacent areas are isolated into forest fragments of varying sizes (SEBBENN et al., 2008).
Thus, we can expect a reduction in the fitness of a population for these environments and a
decrease in the range of adaptive genetic potential (LOWE et al., 2005). Furthermore, the
actual logging rules used in Brazil are insufficient to ensure sustainability in both genetic and
timber production aspects. Current practices reduce population density, altering its ecology
and genetic structure of the remaining reproductive population, resulting in the loss of

adaptive traits, low growth vigour and poor stem forms.

3.2 GENETIC IMPACT OF LOGGING OPERATIONS

The long-term viability of the forest industry in the Brazilian Amazon depends on the
capacity of the forest to recover timber volume and quality (LACERDA, NIMMO;
SEBBENN, 2013), which is partly determined by both the genetic diversity of the species
logged and the use of real sustainable harvesting methods for timber production (LOWE et
al., 2005; SEBBENN et al., 2008; LACERDA, NIMMO; SEBBENN, 2013). To face biotic
challenges and environmental changes, in terms population adaptability, evolutionary
potential and productivity, forests depend on the levels of genetic diversity of a species’
population (LOWE et al., 2005). Tree populations with reduced genetic diversity are more
susceptible to environmental changes or disease-related losses in productivity, fitness and
health (LOWE et al., 2005). However, such factors have received little attention in the
Amazon forest management plans that use selective logging as the primary timber production
system. Tropical trees are particularly vulnerable to the effects of habitat degradation due to
their demographic and reproductive characteristics, generally occurring under low population

densities (<1 tree/ha)( SCHULZE et al., 2008a), complex and self-incompatible breeding



31

systems, high outcrossing rates, and critical connections with pollinators and seed dispersal
vectors (LOWE et al., 2005).

The extent of the impacts caused by logging operations is related to the intensity at
which a species is harvested, and the most valuable and intensely exploited tree species are
likely to be the most affected (LACERDA; NIMMO; SEBBENN, 2013). Legal selective
logging and illegal logging remove large individuals from a population (SEBBENN et al.,
2008; VINSON et al., 2015a), that likely contribute more to reproduction than smaller
individuals, hence reducing the population density and increasing the distance between
reproductive co-specific trees (SEBBENN et al., 2008; LACERDA, NIMMO; SEBBENN,
2013; VINSON et al., 2015a) . These changes may alter the genetic structure of the remaining
reproductive population due to genetic bottlenecks (decreases in the population size),
resulting in a loss of alleles and genetic drift, and consequently affecting the descendent
populations. Decreases in genetic diversity and increases in self-fertilization, as a result of
reductions in population density, also affect abundance, diversity and behaviour of pollinators
(MURAWSKI; GUNATILLEKE; BAWAS, 1994; OBAYASHI et al., 2002; LOWE et al.,
2005; LACERDA; KANASHIRO; SEBBENN, 2008a, b; SEBBENN et al., 2008;
CARNEIRO et al., 2011; VINSON et al., 2015a). For example, Lowe et al. (2005) reviewed
the genetic changes of several neotropical tree species after habitat degradation due to logging
and forest fragmentation, reporting increases in progeny inbreeding (75%), differences in
reproductive output (70%), and decreases in fitness (100%). As show at the Table 1,
decreases in population size, losses on the total number of alleles and heterozygosity were
observed in adults and seeds of B. guianensis, Carapa guianensis and Hymenaea courbaril.
C. guianensis, H. courbaril and J. copaia presented an increase in the fixation index among

seeds and offspring that supports the theory of reduction in outcrossing rates.
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Table 1- Genetic diversity and inbreeding of adults and seeds of five tree species pre-and
post-logging (Pre/Post).

n k H, F
Species Pre/Post Diff Pre/Post Diff Pre/Post  Diff Pre/Post Diff
Adults
B. guianensis 71/28 -61% 36/33 -13%  0.66/0.71 8% -0.05/-0.14  -180%
C. guianensis® 199/49 -75% 10.3/8.3 -19%  0.69/0.65 -6%  0.03/0.06 100%
D. odorata® 77/50  -35%  115/104  -10% - - - -
H. courbaril* 130/51 -61% 150/113 -25%  0.61/0.58 -5%  0.14/0.17 19%
J. copaia® 256/214  -16% 98/96 -2% 0.82/0.82 0% 0.03/0.03 0%

Seeds/Offspring
B. guianensis - - - - - - - -

C. guianensis® 390/391 0.26%  10/10.6 6% 0.68/0.67 -1%  0.03/0.05 66.67%

D. odorata® 332/252  -24%  106/106 0% - - - -
H. courbaril® 367/250  -32% 159/84 -47%  0.56/0.54 -4%  0.07/0.25 257%
J. copaia® 288/658  128% 96/105 9% 0.83/0.83 0% 0.01/0.02 100%

Diff is the difference relative; n is the sample size; k is the total number of alleles; H is the observed

heterozygosity; F is the fixation index. Sources: * -Silva et al., 2008; * -Cloutier et al.,2007; *- Vinson et al.,
2009 ; * -Lacerda et al., 2008a. >-Carneiro et al., 2011.

3.3 FOREST REGENERATION

Legal forest logging in Brazil is mainly based on the reduced-impact logging (RIL)
system, a harvesting approach that is expected to result in a substantial decrease of
environmental impacts of tree felling, yarding, and hauling, being a pre-requirement for
sustainable timber production (PUTZ et al., 2008; SEBBENN et al., 2008; LACERDA,;
NIMMO; SEBBENN, 2013). Sustainable forest logging consists of continuous and stable
timber production through successive cutting cycles (LACERDA; NIMMO; SEBBENN,
2013). This can be achieved by combining a logging intensity (LI), above a minimum cutting
diameter (MCD), with appropriate cutting cycle (CC) length and silvicultural treatments to
increase growth rates , thus allowing timber volume to recover to pre-logging levels between
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harvesting events (PENA-CLAROS et al., 2008; SEBBENN et al., 2008; LACERDA;
NIMMO; SEBBENN, 2013). Nevertheless, current Brazilian regulations assume that
sustainable timber production can be achieved for all tree species employing a 40-year CC,
with a LI of 90% of trees above 50 cm MCD (LACERDA; NIMMO; SEBBENN, 2013).
Although the impacts of RIL are less intense compared to traditional non-planned systems,
studies have shown that in the long term RIL might not be sustainable in relation to genetics,
demography, and timber production. For example, the general RIL guidelines have been
shown to be unsustainable for valuable timber trees from the Amazon, such as B. guianensis,
H. courbaril, Manilkara huberi (SEBBENN et al., 2008; SILVA et al., 2008;
LACERDA:NIMMO; SEBBENN, 2013), Dipteryx odorata (VINSON et al., 2015a,b),
Handroanthus serratifolius and Handroanthus impetiginosus (SCHULZE et al., 2008b),
among others species studied by Schulze et al. (2008a). Considering current logging standards
used in Brazil, Symphonia globulifera requires a CC of 40 years; nonetheless B. guianensis,
H. courbaril, and M. huberi require more than 100 years recovering to reach their pre-logging
basal area, as presented in the in Sebbenn et al. (2008) (Figure 1). To achieve sustainable
timber production for D. odorata, an increase of the MCD to 100 cm under a 30-year CC is
necessary (VINSON et al., 2015a). Pefia-Claros et al. (2008) also pointed out the need for the
deployment of silvicultural treatments in order to increase growth rates of tropical trees. The
study carried out in Bolivia showed that the growth rates of commercial species were 50 to
60% higher in plots that received silvicultural treatments than in the normal logging and
control plots. Thereby, studies have shown that different species respond differently to
logging, both demographically and genetically, requiring species-specific harvesting
regulations to be sustainable in the long term (SEBBENN et al., 2008).
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Figure 1- Basal area (m®ha™) recovery for four tree species (a: Bagassa guianensis and
Symphonia globulifera; b: Manilkara huberi and Hymenaea courbaril) after a single episode
of logging, with 90% of individuals above diameter at breast height (dbh) of 45 cm (55 cm for
Hymenaea) extracted.

a
0,07 -
g 005
(]
= 0,03 -
& 0,01 -
001- 4 2 10 200 30 40 50 70 90 110 121
Years
—e— Bagassa —8— Symphonia
b
0,76 -
© 0,56 -
@
= 0,36 -
Sow| o« ™ . .+ e
_0,05_ T T T T T T T T T 1
1 2 20 40 60 80 100 120 143 146
Years

| —e— Manilkara —a— Hymenaea

Source: Adapted from the figure 3 from Sebbenn et al. (2008).

Post-logging regeneration in natural forests depends on mating among the remaining
trees; however, in the RIL system the MCD does not consider the age at which trees become
reproductive, and it is a crucial factor for some species whom become reproductive at sizes
larger than the standard MCD (SEBBENN et al., 2008). For example, flowering of H.
courbaril begins when trees reach a diameter at breast height (dbh) of approximately 49 cm
while the MCD for harvesting is 50 cm dbh, thus leaving a limited number of reproductive
trees after logging (LACERDA; NIMMO; SEBBENN, 2013). This leads to a decrease in

seed production and regeneration, as well as significant decrease on the population’ genetic
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diversity (LACERDA; KANASHIRO; SEBBENN, 2008b; SEBBENN et al.,, 2008;
LACERDA; NIMMO; SEBBENN, 2013). Reductions to the seed set after logging may also
be the result of a combination of factors, including a lack of pollination and increased
inbreeding as a consequence of restricted pollinator movement or a loss of alleles responsible
for self-incompatibility (CLOUTIER et al., 2007; CARNEIRO et al., 2011). Because tropical
tree species are expected to carry a high genetic load, inbreeding may produce inbreeding
depression, resulting in the loss of adaptive traits, reduced vigour and fertility, poor stem
forms, among other outcomes (LOWE et al., 2005). Through successive logging cycles, the
composition of timber species within stands also moves towards softwood species rather than
hardwood, with pioneer species becoming increasingly prevalent in the stands (PHILLIPS et
al., 2004; VAN GARDINGEN, VALLE; THOMPSON, 2006).

3.4 DYSGENIC SELECTION

Sustainable timber production is directly related to regeneration in volume and quality;
if individuals responsible for producing future populations exhibit desirable phenotypic traits
(growth vigor, good stem form, pathogen and disease resistance, etc.), the subsequent
generations are likely to either maintain or improve these traits, possibly increasing
productivity; a technique known as tree improvement. Through the combination of tree
improvement and silvicultural research (spacing, fertilization, irrigation, harvesting, etc.),
Brazil has become a benchmark in the silviculture of exotic tree species such as Pinus sp. and
Eucalyptus sp. Nevertheless, the forest management that is occurring in the Brazilian Amazon
is the complete opposite. By applying a high LI combined with a MCD that is too low and CC
that are too short, there is a significant risk of accumulating trees with low growth rate and
poor stem form (dysgenic selection); thus, possibly leading to deterioration of tree
populations due to the poor quality trees constitute a larger proportion of residual population,
as has been observed in the tropical trees Swietenia macrophylla and Swietenia mahogany
(NAMKOONG et al., 2002; CORNELIUS et al., 2005; VAN GARDINGEN; VALLE;
THOMPSON, 2006).

Studies indicate that the genetic control of stem form is greater than for other growth
traits such as dbh, height, and consequently volume. With a coefficient of heritability ranging

generally from 0.3 to 0.6, stem form is more affected by logging, and two or three generations



36

of phenotypic selection might be sufficient to improve or deteriorate this trait (ZOBEL,;
TALBERT, 1984).

In Brazil, trees are classified into three stem form classes based on the length of
commercial quality timber: 1 represents a tree with full length; 2 is a tree of at least one
commercial log; and 3 is a tree with insufficient length for commercial quality timber
(LACERDA; NIMMO; SEBBENN, 2013). Normally, 90% of all class 1 trees and a portion of
class 2 trees are harvested, while all trees with poor stem form (class 3) remain in the
population after logging (LACERDA; NIMMO; SEBBENN, 2013). Hence, it would be
prudent to maintain most of class 1 trees in the population and remove only class 2 trees to
improve timber quality and productivity for the future. Furthermore, there is a need to not
only help the forest to recover (e.g. replanting the logged species), but also to maintain the
landscape integrity around the exploited area, which would support migration of pollen and

seeds into the area, avoiding long-term losses in genetic diversity.

3.5 ILLEGAL TIMBER TRADE

Illegal logging and trade of timber and wood products place legally logged products at
an economic disadvantage, while also producing ecological problems, such as deforestation in
timber producing countries (DEGEN et al. 2013). While, international laws and regulations,
such as Convention on International Trade in Endangered Species of Wild Flora and Fauna,
EU Timber Regulation, US Lacey Act, among others are in place, forged documents
(phytosanitary certificates, invoices, and certificates of origin) are commonly used in the
tropics to turn illegally logged timber into legal. Some anatomical methods have been used to
identify tree species, but these methods may not be accurate enough to differentiate all tree
species, particularly for difficult to differentiate species such as those in the Handroanthus
genus, or detect timber origin. Recent developments in genetic based methods (population
genetics/phylogeography, DNA barcoding and DNA fingerprinting) and chemical methods
(mass spectrometry, near infrared spectroscopy and stable isotopes) to distinguish tree species
and their origin have been proposed due to their reliability and high accuracy (LOWE;
CROSS, 2011; JOLIVET; DEGEN, 2012; DORMONTT et al., 2015). The integration of
these methods can be used to forensic timber identification to answer specific questions such

as country or even concession of origin, genus and species, identify individuals and determine
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age (DORMONTT et al., 2015). These methods may provide national and international
authorities with an efficient and trustworthy tool to impede the illegal timber trade and
promote trade with legally sourced timber and timber products, which would also contribute

to forest conservation.

3.6 CONCLUSIONS

As discussed herein, actual logging practices used in Brazil are insufficient and
inadequate, leading to the unsustainable use of natural timber resources, the impacts caused
by illegal logging activities are even worse. Preserving the population structure, demography,
and genetic diversity in logged tree populations is crucial to protect both forest ecosystems
and sustainable timber production in tropical forests. Stricter measures to protect our forests
must be applied, including the development of species-specific rules and regulations based on
solid scientific studies for real sustainable forest management, integrated with population
genetics and silvicultural knowledge and practices. Furthermore, we must favour the selection
of the best trees for stem form and grow rate as the parent population of subsequent
generations. Finally, putting in place reliable methods to control illegally harvested timber
trade is the key to effectively confronting issues such as rapid deforestation and deterioration
of the Amazon and other natural forests.
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4 CHAPTER 2: DEVELOPMENT OF A SET OF SNP MARKERS FOR
POPULATION GENETICS STUDIES OF IPE (Handroanthus sp.), A VALUABLE
TREE GENUS FROM LATIN AMERICA

ABSTRACT

A combination of restriction associated DNA sequencing (RADSeq) and low
coverage MiSeq genome sequencing resulted in the identification of 402 putative loci (single
nucleotide polymorphisms —SNPs; and insertion/deletions- INDELSs) for Ipe (Handroanthus
sp.). The full list of 402 markers is intended to help population genetics, phylogeography and
DNA fingerprinting studies of this important and valuable tropical genus. The 402 SNPs and
INDELs were successfully amplified in 94 individuals of Handroanthus sp. from Brazil,

Bolivia and French Guyana, using MassARRAY® iPLEX™ genotyping.

Keywords: Handroanthus sp. Single nucleotide polymorphism. MassARRAY. Marker

development.
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4.1 INTRODUCTION

The genus Handroanthus comprises tree species commonly named as “Ipe” or
“Lapacho” and belongs to the botanical family Bignoniacaea. Ipe timber is currently one of
the most valuable timber species from South America, mainly used for flooring, decks or even
for decorative veneer and naval construction. Due to its high-quality wood and high
commercial value, Ipe has been overexploited. Schulze et al. (2008) evaluated the impact of
logging in the Brazilian Amazon and concluded that H. impetiginosus ([Martius ex A. P. de
Candolle] J.R. Mattos) and H. serratifolius ([Vahl] S. Grose)) are threatened due to the high
intensity of exploitation, and that protection measures must be implemented.

This work intended to create an useful set of SNPs markers for phylogeography

purposes and population genetic studies of this remarkable tropical genus.

4.2 MATERIALS AND METHODS

4.2.1 Sampling and DNA isolation

Handroanthus tissue material (leaf, cambium or bark) were collected in Bolivia,
Brazil and French Guyana. The sampled materials were dried with Silica Gel and either sent
to the Thinen Institute (Germany) or the Laboratory of Population Genetics and Forestry of
Séo Paulo State University (UNESP), School of Engineering, Ilha Solteira-Brazil, for DNA
isolation.

DNA isolation from leaf, cambium or bark was carried out according to Dumolin et al.
(1995).

4.2.2 Marker development and marker screening

SNP/INDELs markers identification used in total five individuals identified as H.
serratifolius (Table 1). Nuclear SNPs detection was based on restriction associated DNA
sequencing (RADseq) (MILLER et al., 2007) and low coverage MiSeq genome sequencing
for the detection of chloroplast and mitochondrial SNPs and INDELs (STRAUB et al., 2012).
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A first set of 402 SNPs/Indels markers (Table 2) (15 chloroplast, 44 mitochondrial and
325 RADseq generated SNP markers [nuclear SNPs], 12 mitochondrial and six chloroplast
INDEL markers) were identified according to sequencing data quality, different allele
distribution patterns, and suitability for a MassARRAY © iPLEX™ design (Assay Design
Suite v2.0 [Agena Bioscience™, San Diego, USA]). A first marker screening was performed
for all 402 loci using leaf and cambium samples from 94 Handroanthus individuals from
Bolivia, Brazil and French Guyana (Table 3). Genotyping was conducted using the
MassARRAY® iPLEX™ platform (Agena Bioscience™, San Diego, USA), using the
iPLEX™ GOLD chemistry. Allele calling was conducted with Typer Viewer v.4.0.24.71
(Agena Bioscience™, San Diego, USA).

Table 1- Location and number of individuals used for SNP discovery from both RADseq and
MiSeq sequencing approaches.

Sequencing ) ) )
Sample code ) Country Location Latitude Longitude
Technic
TASER_1 MiSeq French Guyana Paracou 5.26024 -52.93566
TASER_2 RADseq French Guyana Paracou 5.26001 -52.93647
TASER_40  MiSeq/ RADseq Bolivia Yapacani, Naranjal -17.43223 -63.92747
TASER_63  MiSeq/ RADseq French Guyana Kourou-Cayenne 5.06545 -52.55594
TASER_66 MiSeq French Guyana Kourou-Cayenne 4.98347 -52.44759

Source: author of this study.
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Table 2- Set of 402 markers. Details of each marker type (SNP/INDEL) alleles, forward primer sequences, reverse primer sequences and

extended primer sequences.

(continue)

Marker name Allele Forward Primer Sequence Reverse Primer Sequence Extended Primer Sequence
tas0000004 TIC ACGTTGGATGGCTGTAGGTCAAAGGAA ACGTTGGATGGAATAAGCTACATGAGT ggtgTTCAAATGTGTAAGAATGGT
tas0000005 C/IA QEETTGGATGATTAACCGGCGGAGGAT ﬁgégTGGATGCGCTTCAGATTTAGCTT gotctCTTCATGGTTCCGTAAAAAAG
tas0000013 AIG ;EETTGGATGCATTTTTCTTAGTCCCCT iggTTGGATGAATACGTCAGTCTAAGA‘ ggCCTTGCTTCCTATG

tas0000023 GIT ;ggTTGGATGCGCAGGTGATTGAAAAA ﬁggTTGGATGGCAGAGAATGGCACATT gagtAAGTATTGTCAATGAGGAGAA
tas0000026 AIG LE%TTGGATGATAGAGCCTTTAATACC XE%TTGGATGTGTTHTCCAGCCCCAG ccCtcGCCTTTAATACCTCGAAATTG
tas0000034 G/A ;EETTGGATGCTGGAAGCATTCAACCT XE%TTGGATGGCAAACTGTACTGCTAA 099gTACACAGTTCTCATGCGG
tas0000036 AIG gngTGGATGCACCAGTGACTGGTGTA iggTTGGATGTTGCCTTCTTGGACCAA aggaACTGGTGTAATCCCTGTCA
tas0000038 CIT QEETTGGATGCCATTCCAAAAAGTGAA ﬁggTTGGATGGTAGATAGCAACTGCAC 099aTGCACAGGCTCCTGGGACTGC
tas0000042 GIT ;ggiTGGATGTGAATCCATAAGCTTTC ﬁggTTGGATGAGAGAAACATCACTAAT tcaCCACATTGTTTGACTTTTAG
tas0000049 CIT ZEETTGGATGAGGAAAATAATGGAAA iggTTGGATGACGGAGTACTTAGAAGC tCTGGTTGATGTGAGGT
tas0000053 AIG iggTTGGATGTGAATCGACTATAGTCC ;ggTTGGATGAGTTGGAGGGAAGAAA CCGCCGTTTCCATTAG

tas0000056 AIG iggTTGGATGGGCAGTAAAATAATCTA iggiTGGATGCCCTTTGGTTGAAAAGA ttgtcAAATAATCTAGAGATGCATCA
tas0000058 TIA iégTTGGATGCGACAGGTGATTAGTAG ﬁggTTGGATGGAACCTTTTCCTTTCCCT LﬁTAGTAGTAGTATTATAGGATAG
tas0000064 T/IC ;égTTGGATGGCCAACTCAATCCTTGT igGTTGGATGGTGCATTAAATAGAATC $igAACTTATTTGTCATACGG
tas0000069 T/IA ﬁégTTGGATGAACAAGCAAGAATGAC ﬁéggTGGATGGTACTGTGAAATTATTT CQotGGGTACTGTGAGATTGTT

AGGG

ATTA
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Table 2- Set of 402 markers. Details of each marker type (SNP/INDEL) alleles, forward primer sequences, reverse primer sequences and

extended primer sequences.

(continuation)

Marker name Allele Forward Primer Sequence Reverse Primer Sequence Extended Primer Sequence
tas0000082 AIG ACGTTGGATGCCAATTACTTTAGGTAG ACGTTGGATGCAGAAGCATCATCAGTG cggcCTTTAGGTAGGTGACTGGAA
tas0000085 CIT i-CrgTTGGATGTCGGAACTGGTTCAGAG ﬁggTTGGATGGACAACTCTAACTGCCT TTCAGAGTTGGAAATTGC
tas0000097 CIT XCFZ%TTGGATGTCATGGCAAGGCCATGC Z\CC;IETTGGATGGCCCATATCAAAAAGCA CCATGCATCTCTTTTTTCA
tas0000104 CIG Q-CFZCC:;TTGGATGAAACAAAGGGATAATTG ﬁggTTGGATGCAACTGAACTAATAGTA cATGGGGTCTTAACGGGG
tas0000106 G/AIC iggTTGGATGCCCACAAGTTCTCTTAC ;%g$TGGATGGTTTGGGAGGATAAAG TTTTTTCGTTGTTTTTTCTCT
tas0000116 AICIG /iégTTGGATGTACGTGCTTGCAGTTTC ﬁgggTGGATGCAGTTGATGAAGCCATA gcagAAAACATAGTATCAGAGTGC
tas0000119 AIG /i-l(;gTTGGATGCACTATAGAAGTGCTTG ﬁéé'(IETGGATGGCATCACTACACCTTGC tggcGTGCTTGTGCTTATTTAGC
tas0000128 AIG ;(CBZ((:BTTGGATGCATTCATTCTGCTTTGGG ﬁégTTGGATGGGATGGTCTCTTTACAT tTTTGGGTGTTTATGATTCTTT
tas0000129 G/A/IC ;CC;ZGTTGGATGTGTACCATCCTGACAGT iggTTGGATGAGAGAGAATATTCAGTC CAGGACTCAAGAAATGCTGTA
tas0000131 G/A iégTTGGATGCCTTCCCGCCATAATGA ﬁggTTGGATGGATGTTGAATGAGAAA tgacACTTATCATTGTATCTCTCACG
tas0000134 AIC ﬁé\gTTGGATGAGATGACAGCACAGAGT iéé‘?TGGATGTACATTTTGTGTTTTCAT ccaCTTGGCTCGAAACTGAAACTA
tas0000139 TIC iégTTGGATGGACCGAGCTTGACATTG ﬁgGTTGGATGACGACTTGGAAAAGGTC ataCCTAGTCTCGCAGAAGT
tas0000144 GIA ﬁEgTTGGATGCGCGTCGAAGAGTTTCG iégTTGGATGTGCAAACTCATCGCCAA GCTCGGCTCGCCTTC

tas0000145 G/A ﬁgéTTGGATGCAACATGTCCCTGAAAT i-l(;gTTGGATGGGCTTAATATCTCGATG GAATAAACTCAACCCGATTAA
tas0000151 T/IC E‘:\(C:ZETTGGATGAATGCGGGAATTAACGG ;éggl';TGGATGGGGTAGCCACTTATCCC gagtTGGGGGTGGCCTACTTTCTCA

TGG

ATA

G
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Table 2- Set of 402 markers. Details of each marker type (SNP/INDEL) alleles, forward primer sequences, reverse primer sequences and

extended primer sequences.

(continuation)

Marker name Allele Forward Primer Sequence Reverse Primer Sequence Extended Primer Sequence
tas0000155 TIC ACGTTGGATGCTAGCATTTCTAAGTTC  ACGTTGGATGTTTCGAGCTCCAAATGT  ccctTGCCTCGCTCATCATA
tas0000160 TIA QEZTTGGATGAAGCAGATAGACCTCGA iggTTGGATGTCTCATCCTCGTCACTTT ccagcCTTTTCTAGAGAAGGCATATC
tas0000163 G/A iégTTGGATGAAGATATAAAGGTTAAA igGTTGGATGGTTCTTGTTTTTTGGATG GGATAATTGCACGCCT
tas0000164 AIG ﬁéé?TGGATGAGCACATAGTCAGCAGC iCGTTGGATGCAGCTGCAGATGTAGGT GGCAATAGGTGCAGG

tas0000165 AIG ;E%TTGGATGATGGCCACATGATCCCA ﬁggTTGGATGGGAGTGGAAATGATGG CCCtTAGACATGGCCAAACTATTC
tas0000166 AIG QEZTTGGATGGCACCAGTCCAATATAA ngiTGGATGGTTGTTGTCAAGGTGAA TTACTTTTTGTCGTGTGG
tas0000172 AIG ﬁég$TGGATGGAATCCCCTGTTTCACT ;LGTTGGATGCTCAGCTCCAACATCTT ggcatCTCCAACATCTTTACTCAGTG
tas0000176 G/A gngTGGATGTTCTTCACCAGGCTTGT X@gTTGGATGGAGAACACCCACATGGT ?g;AGTTATGTTGCCTTTAGTTT
tas0000181 G/IC iégTTGGATGAAGATGATACAAATCAG ﬁégTTGGATGAAGGTCTTATAGTTAGG gCTTATAGTTAGGAGGATAGTCAT
tas0000189 AIC 2%8TTGGATGCTTATGAATAAATCCAA ﬁggTTGGATGGGCTCCATTATTGGTTC ?CCAATCCCATTTATCTTGA
tas0000209 CIT LE%%TGGATGTTCTCAATTGCTGGTGG ;EETTGGATGACCCCGCTGGTTTATAT ACCATGTCTAATGGAAATTC
tas0000211 TIG ;ggTTGGATGAACCCCAACAGGTGACA ;ggTTGGATGGCTAACAATATTTCAAA ctaaaAATATTTCAAATGCTTCTCAA
tas0000219 AIG QEETTGGATGTTTGCATCGGTAACAGC ;ggTTGGATGAGTGGGTCCAGAATCAG QTCAGTTGGTGCACA

tas0000226 AIG gégTTGGATGGGTCTTGAGTAGCCGTT XEZTTGGATGACAGGCTTCTTAGTGGA cttcCTAGGTATCACCACTTGA
tas0000228 AIG ;EéTTGGATGTGTGGCTTTAAAGAGAT iégTTGGATGAGAAGAGCTTATGGGA taggtGGCTTTGGAGCTGCC

TCC

CGAG
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Table 2- Set of 402 markers. Details of each marker type (SNP/INDEL) alleles, forward primer sequences, reverse primer sequences and

extended primer sequences.

(continuation)

Marker name Allele Forward Primer Sequence Reverse Primer Sequence Extended Primer Sequence
tas0000229 CIT ACGTTGGATGGTTCCCTTAACCTTCCA ACGTTGGATGTGAGCAACTATGCAGAC gggttCAGACTTCAGTTGAAACTTTC
tas0000244 G/A ﬁggTTGGATGAGCTTTGGTTGGACAGA ,-I‘:ECGTTGGATGACTGAGACTTCACCAGC ;—TGGGAGTGGAAAATCTACC
tas0000247 AIG iggTTGGATGAAAGCCCCCAAGATTCA Z\-IC—ICC;ETTGGATGCAGGAACCTTATCGATG GAAGCAGCAGCTGAC

tas0000253 CIG /i-CrZCC:;TTGGATGATTGTCAGCAAGCATCA ,CO:\IICC:;TTGGATGTGGATGTGCTTTCCTCT CAGTGTCCATTACTTGCT
tas0000258 TIC iggTTGGATGGGGGTAATAAAAGACAT ,CO:\égTTGGATGGAGGCATTCAGTTTATT ggGTGAACAGATTAAATGTGCTG
tas0000259 TIC iggTTGGATGAACGTATGGAATGTCCT iggTTGGATGAATCATTTCCACTGGCT cTGTCCTCCCAAAATGC

tas0000262 TIC /iggTTGGATGTAGAGTGTAGACTCCCC iggTTGGATGATCTACCAAGGTTTGCC gTTAGTCATTGAAATGTAAAAGGA
tas0000266 T/IC XIC—Z%TTGGATGTATCAACACGGGAAACT SI(;(C:ETTGGATGCTTCCTTGATGATTTGA I\QCTGACATTACATTACCTC
tas0000270 G/A ,C:\é(CB:TTGGATGCACCATGAAACACCATC /(D:\-(I—ZCC,;?I'TGGATGGGGTTCTGACCAGTTAA aTGCAGCAAACAAAGC

tas0000279 G/A ZégTTGGATGGCTTTTCAAGTCATGAT ﬁ-(l;gTTGGATGCATCATTTACTATAATC gogotTATCAATGTGAATATAATGG
tas0000290 G/A QSGTTGGATGAACTGGTATCTCCATCT ﬁégTTGGATGGCTTACCTGCTGCATGA géLTTATTCAAATGATAACCAAAC
tas0000294 GIA iggTTGGATGGCCCAATTTTCTGGATT I\TCCGTTGGATGTACGGACATGTGGAGAC cCACTGCCCGTATTGTCG
tas0000296 C/IA /i-lC—CC:STTGGATGTGCCAATTACAACTATG l:\ccngTGGATGGACAGGTTTGATTTGAT 09gaATTTGATTTTGATATATACAC
tas0000300 T/IA iégTTGGATGCGAGTAAGCTGATTTAT X(I—ZEQI'TGGATGCAAGTATCCCCGAACGA SCGCCGAACGAATCATTGGTC
tas0000326 AIG g\-lC-Z-(rSC'I:'TGGATGGTGGTATTCATACAGCT ﬁggTTGGATGAAAAAGCAACCAACAT gttGAAGCAAGTTAAAGACAATG

TGG

GAG
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Table 2- Set of 402 markers. Details of each marker type (SNP/INDEL) alleles, forward primer sequences, reverse primer sequences and

extended primer sequences.

(continuation)

Marker name Allele Forward Primer Sequence Reverse Primer Sequence Extended Primer Sequence
tas0000329 AIG ACGTTGGATGCATGGGAAACTTCTGTT ACGTTGGATGTTACCTGATGCTTGAGT  cccgGTTCGCATCCATGCAATCTTTC
tas0000340 AIG g\ggTTGGATGTATGTTTCTTAGTGGCC ﬁégTTGGATGGTGCATGGCCCAATAAT acTAATTCCTTGGATCTTTATATCT
tas0000345 T/A QSSTTGGATGTATTGAGAAGAGAGGAC Z\CC:ICC:ETTGGATGATAAGGGACTCCTCTGT (1:—(-:I—CCTCTGTTGCAGTCAT
tas0000347 AIG g\ggTTGGATGACTCCATTCTTTGAGCC Z\CC;IETTGGATGCCCCCAATCTTGCATTG CCaACCTGTAATTCATAGAGATATA
tas0000358 A/C g\égTTGGATGGATCTCCAATTTCACAA ﬁééTTGGATGTGGTATCTGCTGCTGTT 'gA\aQ]TCACAATGGCGGTGAG
tas0000360 CIT L((B:g?TGGATGAATGGCCCTTTCTTTGG Z\égTTGGATGTTCGCCGATCCATTCTT ccccaTTTGGCTGAGGCAAAATT
tas0000364 TIG /i-l(;gTTGGATGGCAGAAATCCGAACCAT i-(l;((:STTGGATGAGCAGAGAAGCTTATTG aTCTTGTCTCTGCTTCC

tas0000370 G/A /iE%BTTGGATGCCCTGCTTAATGAAGGT S\-(I—Z(CBETTGGATGAAGCATCAAGTGTTGCA atggGAGACACATGAATTGAACAGT
tas0000380 T/IC ié‘(c‘jTTGGATGCTAGTACCCTCCTTTCCC /(D:\é-CI—STTGGATGGGAAGGCGTTTAATCAT ;—tCTAATAAATTATGCAGCTGAAGA
tas0000381 CIT ﬁgGTTGGATGGTTTGCTCATGCTTGTAT Z\((:ZGTTGGATGGCTGCTGCTTGAGAAAC ?A(\:CTTCTCCCCCTAATGC
tas0000383 G/A igGTTGGATGCCGAAGCACTTATTCGT XE%TTGGATGTGATTCAGATTCTTGCT TTGCTTGTAATAGTTTGATATATA
tas0000394 G/A ﬁglC—STTGGATGTGAAGTGTAACTGGCTT ,-I‘:\CC;GTTGGATGCCCCAACCTACAAAAAA (?QI:AATGAAAGAACTACCGC
tas0000400 AIT iggTTGGATGGAAGATTGGAAGTCATT ,-I‘:\ccsGTTGGATGTGTTCGATTTGGTATAA agggtAAGTCATTTACACCCTATTTT
tas0000416 AIG ;égTTGGATGTGGCCCCTTTCATTTAGC QSGTTGGATGTTAAGTACCTTGTCCCA aacacTTAGCAGACAACTTGTCACTT
tas0000431 G/A QSGTTGGATGGTCTGTATAATGCATTG iggTTGGATGGTCAAGCAGCTCTACAA QZTGCATTGGTGATTTCAGATTAA

GTG

AAT

TA
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Table 2- Set of 402 markers. Details of each marker type (SNP/INDEL) alleles, forward primer sequences, reverse primer sequences and

extended primer sequences.

(continuation)

Marker name Allele Forward Primer Sequence Reverse Primer Sequence Extended Primer Sequence
tas0000443 TIG ACGTTGGATGGAGACCAGGGAAAATT ACGTTGGATGCCCCTTTTTTGGCTTGTA aaggTCAAAGCTTCCATTACCTA
tas0000454 CIAIG ﬁégl'l:?GGATGTCCAAGCAATGCCCTAA Z\%GTTGGATGCGGAGTTGGACCTTTTT cctcaAAGCAATGCCCTAATAGAGG
tas0000457 CIG ;égTTGGATGCCTACAAGGAATGATAT ﬁggTTGGATGGCAGATGATTTAGATAG thégTGAATTTATAAAACATGCAG
tas0000459 CIT iggTTGGATGTCGCATGCCTATAGAAT Zéggl'TGGATGGCCAGGAAACAGAACT CCAGGTGTGATTCTGG

tas0000464 CIT iggTTGGATGGGTTGGGTGATATAATG gég?l'TGGATGTTGACCTGTCTAGAGTC ggggtTCTAGAGTCTGGGATGAC
tas0000482 TIC iégTTGGATGCCCTTCTTCCTGAAACA I\%gTTGGATGGAAGGTAATCATCTCGA ggacATCTAAAGTTTAGTGCTGAAT
tas0000483 AIG QEETTGGATGCCTTTGGTTGAAGCAAG X(E%?’TGGATGAGCTGCTCGTGAGAATT SGTGAGAATTTCCTCATCAG
tas0000485 T/IC ﬁggTTGGATGATCCGTTGCGCCAAAGA ;((:S(C:STTGGATGGACACATACGATAGTCC ACATGCAAATTAGAACTCGAAG
tas0000486 G/IC ﬁé(c‘jTTGGATGTACAAAAGGGACGGAT /(0:\-(I—ZCC:5TTGGATGCCACACATTGCAGTGTT TGAGGCAGAGGAAGT

tas0000491 CIG ié(c‘j'CF;TGGATGTATTGAGGATGACGGGG ﬁ-(l;gTTGGATGCCAGTGAAGTATCTACA ttatc CATCCTCAAATACAACACT
tas0000496 G/A ﬁé\gTTGGATGCAGAACAGAAGTGAAA ,(‘ié-éTTGGATGTGGTGAACACTACATCG CACAAATAACTAATGGGTTCA
tas0000497 AIG ﬁgg'IC'TGGATGGAAGTCAAATAAACCCC S\égTTGGATGCAAGGACATAATTCTCG ggCGAGGTTATATCATCTACATTTG
tas0000500 CIT ﬁgggTGGATGTGTGGTAAGGGCTGCTT ﬁggTTGGATGGTTGCACATTACTTTAA tgaTTATGAGTGATCTTGGCTTTTCA
tas0000503 G/C QEgTTGGATGATCCAACGGTCTTGGTA l—\%gTTGGATGTTCAGTTCGCTTTCTCTT AGGCTGCAGCATTAAG

tas0000504 AIC QSSTTGGATGCCAACTAGACCTGCTGC igGTTGGATGTGGGTATAGATGGTGGT GGGGCTGTGAAAGAA

AAG

TGG
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Table 2- Set of 402 markers. Details of each marker type (SNP/INDEL) alleles, forward primer sequences, reverse primer sequences and

extended primer sequences.

(continuation)

Marker name Allele Forward Primer Sequence Reverse Primer Sequence Extended Primer Sequence
tas0000513 AIG ACGTTGGATGGTTAATATTGGGTATCC  ACGTTGGATGCCTCTCCCATCATCATC  cccgAGTAACGTGCAGCATGGTTCT
tas0000515 TIA SC—%TTGGATGGTTAGCACCTGTATATG ﬁé\gTTGGATGTGTAATTGCTTGGGCTG 'gA:[tGGGCTGGTGATGATGTT
tas0000519 G/C QSGTTGGATGATCTCAATGACGAAATA iEgTTGGATGAAATCTCAACGTGTTCG GTTGACTTTTGAATGTTAACAAAT
tas0000527 G/A ;CC:ZGTTGGATGAGATGAGTCTGGACCAA ﬁggTTGGATGCGATGCTCCAAATGGAT tc{ilggTGAGTCTGGACCAAAAGATAG
tas0000535 AIG ﬁégTTGGATGGTTAAGGCTCCATAACT XE%TTGGATGTCCAAGGTTCTGTGGAT ééiAATGGACTATCACTCTA
tas0000541 AIG iggTTGGATGATCAGATCATCTGTGTT ,-I‘:\-(I—:((:STTGGATGCGTGTGTGCTTCTTTCTC gggTCCTGGGATACTGGAA
tas0000546 TIC iggTTGGATGTGCTGCGGAACTTTGTA ﬁ(CBGTTGGATGCAGCAGGGAGACAAAT ggTAAGTGGGAAATAACTGCTT
tas0000548 CIT ié‘gTTGGATGGGTGAAGCAAATAGGTT QEEQI'TGGATGGTAGCTTATGCAGCAGA ATAGGTTGACAAAGTTGCT
tas0000556 T/IC /C:\é(CB:TTGGATGATAGGGTTCGATTCAGT iégTTGGATGGCATAAAACTGAAGAG cCCACATACCTCTTCGGC
tas0000559 T/IC ;CC;Z?BTTGGATGTTCGATAATCACAAATT X(r:é(':I'TGGATGATTTTGACGTTTGGCGC tcCAATTTTCGATATCTTCAAAATA
tas0000565 AIC igGTTGGATGCAG CAACCAATTCAGCA I\CC;(GBTTGGATGCCCACTAATTTTTCTTTT ((::QAAAACACATTATCAACTTCAAT
tas0000571 TIC ﬁggTTGGATGGTAGCCCCTCGAGAAGA iCGTTGGATGTGAGGCTGCGGATAATT ccCgCGAGAAGAATCGGGCTCCTAT
tas0000576 AIG Q(TZETTGGATGTTTTCTGCAAAGGACCC ;EGGTTGGATGACCGTTCAACAGTTAGC ctgcCCCCACTTGGAATCC
tas0000587 A/C g\égTTGGATGTTGTTAAAGAGCATTGA ;%CC:;TTGGATGTGCAAAGTCCAAGCACA gaagGCATGAGCTATGTTTATTTGG
tas0000588 T/IC igGTTGGATGATACACATTGACACCTT ﬁggTTGGATGTTACAAG GTCCTTCAAG ACACCTTAGTGATCTTGAG

AG

ATG
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Table 2- Set of 402 markers. Details of each marker type (SNP/INDEL) alleles, forward primer sequences, reverse primer sequences and

extended primer sequences.

(continuation)

Marker name Allele Forward Primer Sequence Reverse Primer Sequence Extended Primer Sequence
tas0000598 TIA ACGTTGGATGTTCTCCAGGAACCAGCT ACGTTGGATGGCTTGTTTCTTGAGAAG  gcacAACAGTGAAGTTTAAGTAACC
tas0000606 CIT 2@2TTGGATGAAAGATTAAACCACTGA ;%%TTGGATGACCGGCAGAGATTCTAT 1é¢ATTACATCAATCTAGAAATTT
tas0000616 AIC S\EGTTGGATGTGTGGCATCCAGCATGA ZégTTGGATGGATCAACACTGACCCGA g\gAgéc/-:\CGGATCATCCGGTG
tas0000622 TIG XCFZ(C:;TTGGATGGGAGTTTAAAGCTATGC ﬁégTTGGATGTCCCGATATTTCTTCAG g9gaTATGCAACATCTGATATTATC
tas0000633 G/C ﬁégTTGGATGGACATCCCAAAGTCGAA ﬁégTTGGATGTGTCGAAGGAGTAGAA ;Z;—CGTCGAAAAGATTCTTGTCCA
tas0000637 G/A ﬁégTTGGATGCATAGTTGTTGATGGTG ié;$TGGATGTATTGAAGGCAAAGTCG GCACATTCAGATGCCG

tas0000644 G/A iégTTGGATGCCAACCCCACGTCATTA iégTTGGATGCATATCTAGTTCTATTG acaATCCGTTTTCTAGAACAATC
tas0000656 T/IC IIC—Z%TTGGATGGTTCTCAAAGCAACTAA ﬁgGTTGGATGTAGGAAGGAGCTAGGA CAACTAATCTTTAATCAAGTAGCA
tas0000660 CIT ;CC:ZGTTGGATGGGTCAAGCAAATTCTTC ﬁéé'(l':TGGATGCAATGGCATCATAGTAC gggTCGTGCTTTCAAAGGG
tas0000661 AIG ﬁg(g?TGGATGTACAAGTTGCCACTCCT iggTTGGATGTTCTAGCTGGATGTACA AAACTAGATCTGTTGAATCAGAC
tas0000666 TIA iE(éTTGGATGAGTTACTTCATCTGAGT iégTTGGATGAATCGCCTAAGCTTCGA taagaTTCGAGAGTTTGCCTAT
tas0000676 CIT iégTTGGATGGCAGACCAGTCCTTAAT iégTTGGATGGGATGAAGGACGCTTTT TCAGATGTTCATTAAATACAGTAA
tas0000681 CIT L’égTTGGATGGCAAACAAAATGATTTC iEgTTGGATGATTGGACATCCTTTGGG ggcgTTGGGTGCAACAGGT
tas0000684 G/A g\ég'lc';TGGATGCGTATAGAATGACTCCG ;ggTTGGATGTGTTAGGCGTGTGATGC gtgAGGCGTGTGATGCTACAGACA
tas0000687 T/IC /CA;\-CI-ZETTGGATGTCCTTTGCATTCCTGCTG ;égTTGGATGCAGCAATAGAAGTTCGG ééGCAGTTATCACTGCAC

TC

CAG




53

Table 2- Set of 402 markers. Details of each marker type (SNP/INDEL) alleles, forward primer sequences, reverse primer sequences and

extended primer sequences.

(continuation)

Marker name Allele Forward Primer Sequence Reverse Primer Sequence Extended Primer Sequence
tas0000690 AIG ACGTTGGATGAATCTGCTTACAGGCCA ACGTTGGATGTGGGAAGATCCCTTGTT TGTTACGAAGGGAAAAGC
tas0000725 G/A SC—%TTGGATGTGATGATGGTGGTTGTC ﬁggTTGGATGTTGGTGGTCATGGGATT CCATGGTTACACTGGT

tas0000726 AIG iggTTGGATGAATCAAGCAGAGCTTGT Z\ggTTGGATGGCCACCTTCTTCCCATC cccctCTGCCAGGTTCCACTG
tas0000733 CIG iggTTGGATGCTTCCAAAATGAGGGCA ﬁégTTGGATGGGGTTATGATGGCGGAC cagaATCCAATCCAATATTCCCAA
tas0000735 G/A ;CC:CG:TTGGATGAACAAGTTCCCAAGATA XE%TTGGATGGCAGCCCTTAATGATCC gggcTTCCCAAGATAGGCTTTCTG
tas0000737 G/A iggTTGGATGGCTTTTAGACGAACCTA ,-I‘:\-(I—:((:STTGGATGAGCCACTGAATAAGGA CtcATGCCAATATGGGTCCACT
tas0000749 CIT iégTTGGATGCTTGTTCTTAGCTGGCTC ig(g(?l'TGGATGGGGCACCTTCCTGTTTT ttccgGTTTTTACCTGTATTGTTGAGT
tas0000754 G/A ﬁgGTTGGATGATCTGATTGTTACAAAG ;'(A\S(C:STTGGATGATCTCCGCCTATAGCAT -CI—EGCAATTTCAGGGGG

tas0000759 C/IA iggTTGGATGGCTACTTTTACCTACGG /CD;\-(E(CBETTGGATGTTCAAAACAGGGTCAAC CGCACATTCCCACCC

tas0000766 G/A iggTTGGATGTTGATGTAGGAGCAGGT g\ggTTGGATGAAGGAGCCAGTCCTTCT tgagGAATACAATTCCATGGCGTC
tas0000772 CIT QSSTTGGATGAACAGGACAAGTTCTGC ,(‘?\ECG:TTGGATGAACATCCACTGATGGCT gGGCTCTCAGCCAAAA

tas0000794 G/A ﬁégTTGGATGTTACCATCGCCAATGGC S\ECG:TTGGATGGCTCCTTTGCAAAAAGC ggcagGTCATCAGTTCTTTTTTTCAT
tas0000807 G/C ﬁégTTGGATGCCCTGATCGTATTTTCCT l:\ccngTGGATGCCTTTATGTTTTGGCCCC g'IA'\CGTTCAAGTCCTCC

tas0000812 GIT g\gGTTGGATGCTGATCAATTTTTCAAG ﬁgGTTGGATGCTGAGACTCATAAATTC ggtaAAGAGTATGCTTACTGGG
tas0000813 T/IC QSGTTGGATGTAGCAATGCCATTAGGC ﬁégTTGGATGCCGTAATTCGAGTACTC GGATGGCTAGAATGGAA

CTG

ACC
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Table 2- Set of 402 markers. Details of each marker type (SNP/INDEL) alleles, forward primer sequences, reverse primer sequences and

extended primer sequences.

(continuation)

Marker name Allele Forward Primer Sequence Reverse Primer Sequence Extended Primer Sequence
tas0000819 AIG ACGTTGGATGTACTGCAAGCTTTTGGC  ACGTTGGATGAAGGCAGATCACATGTG TTGTACACATTCTCTGAATTCTC
tas0000823 G/A ﬁégTTGGATGGCTATTGACAACCTCAG iégTTGGATGTCGAAGTTAATTGCTCT 2aacCAACGAGAAATATGAGAAAC
tas0000832 C/IA gCrZéTTGGATGTGCAGCAGTGAAGAACT ,CO:\IICC:ETTGGATGGTGGATTGAAGAGTTGG (S]:gtgGGAGCAGTTGATGCTCTT
tas0000835 G/A ;CC;ZgTTGGATGCCTAATTGCTGTTGGAG ﬁggTTGGATGAGACCCACCATTGATGG GTTGATCAAGAGACCTCA
tas0000836 CIT ,CB:\ECG;TTGGATGCAGTGAATCAACTTCTT XE%TTGGATGCGAAACATACTGAATAA ttacAACCCGACAAATTATTTACCA
tas0000838 TIC iggTTGGATGCCCAATGGAAAAGTTGC g\gg}rTGGATGTCTTTCGTCCTGACTAG gCAATGTTTGTAGCTTTCATATCTT
tas0000846 AIG iégTTGGATGGGTAAATTCCAGTTTGT iégTTGGATGGGTAATCATTGCTATGA z(a:cTTCCAGTTTGTCGTCTATATATA
tas0000859 CIT g\g-l(;gTGGATGTGGAGAGAGGTCTTATG iggTTGGATGCCTGGATCTGGCTTAGA (C:;égAGTAGAGATCAGTT
tas0000860 CIT ZégTTGGATGGATTGCTGAATGCTGTA g\égTTGGATGACCATTTTGGCATGATT TGGTGCTGATGTGGT

tas0000862 CIA ié(c‘jTTGGATGATTGTCATCCCGTGGTA /(0:\-(I—ZCC;ETTGGATGCTTTCAGCAATTCAAAC cccTTCAAACATGGAATCCCC
tas0000864 CIA ,iégTTGGATGTAGAAACAGGACACGC ﬁgg$TGGATGTTTTGTTCCCTCCGGAT cccccCTGAACCATCTGGGCT
tas0000865 AIG ﬁég'IC'TGGATGTCCTCTTTCTTACAGCCA iEgTTGGATGGAGTTCAACCTGATGTT CCACCCCATTCAGACTCTC
tas0000871 AIG ,igGTTGGATGTCCAGCGTTTATGGCAT SggTTGGATGGCAAGAATACTCGGATG ccCCCGCCTCCGAGATCG

tas0000877 CIT ﬁggTTGGATGTTGACCGTCGAAACTGA /S\-CI;%TTGGATGGGCAAGTTGCATTCATG gGGATGCTGTAATCTTCACTTTG
tas0000880 AIC glC-Z((:STTGGATGTGATAAGTAGATAAGTT g\égTTGGATGCACTGGATAGAAAAAT gtTTTATATTAACTAACCACATCCA

GG

GAG

AT
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Table 2- Set of 402 markers. Details of each marker type (SNP/INDEL) alleles, forward primer sequences, reverse primer sequences and

extended primer sequences.

(continuation)

Marker name Allele Forward Primer Sequence Reverse Primer Sequence Extended Primer Sequence
tas0000883 TIC ACGTTGGATGAGATTACAGTACGCCCA ACGTTGGATGCTTCTTACCTTGCTGCCT CTTTCAACACGTGAAGG
tas0000886 C/IA g\égTTGGATGAGTTACTGAGGAGTGCC I\%GTTGGATGCTCCCAACTGTGTATTG GCCAACAAAATAGTAACAGATAA
tas0000888 CIT ﬁé‘gTTGGATGATCCTTTCTCGTTCTTTC ﬁé\gTTGGATGAGTTGATGCATATAGTA zc—:f::é_\/ITAGTACGCTCCTCCT
tas0000897 T/A g\gGTTGGATGACGCAGTGTGAACCCTT S\ggTTGGATGCTCACTGGGATTTCCAT ACAAGGTGCGACTGG

tas0000898 T/G QCT:ZTTGGATGAGCAAGAAACTTTTTGC ﬁggTTGGATGAAACTTACGACGCTCAC GCAATCCCACTGCCC

tas0000912 AIG ;((::GTTGGATGATCCAAAACCCACGTAG I\%gTTGGATGCATGCTCATTATTGGCC ctagtCGTCGGGCTCGGTTT
tas0000919 TIA ;((BZETTGGATGGGGCATCATCCTGTAAA iEgTTGGATGCCCAGGTATTTTTGACT ctcacCACCATCACAAAGTAAATTAA
tas0000921 AIG ﬁggTTGGATGTAATGAGCAAGCGCCTT X(I—:%(':I'TGGATGTATTGTCCATAGTTCCA é-{?ACATTTGCTTTTTCAGGG
tas0000938 GIT gégTTGGATGAAGGCTTGGAAAAAACC /(D:\C(;gTTGGATGGGTAATTTGGAATGTGG gTGGCTTTTGTAAAATGGATG
tas0000946 T/A gégTTGGATGGCTCTGAAGCACTCATT ;%(C:ETTGGATGTCCCAAGTCCATGAGTC aggagTTTGTGTTCAGAATATGAAG
tas0000952 AIG X{?%TTGGATGAATGGGATGCAGATGCC I\%CG:TTGGATGCTGGGAAGTTGTTCCAA QEAGTGATCCTATACCTAAAGT
tas0000956 AITIC ﬁégTTGGATGCTGCTTTTTTCTCATGAT iééTTGGATGTCTTGAAGCACCACGTA cccgCCCCTCTGCAACCTTCA
tas0000957 TIG igGTTGGATGCTCAAATCCTGCTTTGC iEgTTGGATGGATAAACAAACCACCG caggCCTAAGATGATGAAATCAACA
tas0000965 GIT ﬁégTTGGATGTTCTTCCCATCAGGACC g\gé?TGGATGGTTTTCAATGTGGGCCA (?CAGCATTAACAGTGTGCTTTTAT
tas0000984 G/IC ;égTTGGATGGGACAAAAGTATCATGA ﬁggTTGGATGCTGAGGTGATCACCACT gatgTCAAGAAAGATAGCACCAAT

TTGC

TAC
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Table 2- Set of 402 markers. Details of each marker type (SNP/INDEL) alleles, forward primer sequences, reverse primer sequences and

extended primer sequences.

(continuation)

Marker name Allele Forward Primer Sequence Reverse Primer Sequence Extended Primer Sequence
tas0000993 G/A ACGTTGGATGGGGCTTATGGGATGAAT ACGTTGGATGGCCAGTAGTGGTATTCT TGCTTGGAGGAGACA

tas0000995 AIT ;E%TTGGATGCACACTGCAAGAAAATG ;%%TTGGATGCCATTTCCTTGAAATCT TGATGCGTCCACATT

tas0001017 AIG Q-CrigTTGGATGACGATTGTCTCATGTAT S\ég$TGGATGGGTGTCTGTATAAAGCT gtgggGCTTTGGAAGAATCAGAGTA
tas0001032 AIG QSSTTGGATGGCATGGAAAACGAACC Z\-IC—ICC;E?I'TGGATGGCTTGAAGCAAGTTATG ggGCTTGAGCATTTGACTG
tas0001047 AT i-CrC[.;?'TGGATGTTCACTGTCACGATTGG S\ECG;TTGGATGTATGGTGAAAACGACAC tagggTCGTGGTTGTTTAAGGAACA
tas0001048 G/C L((:ZZTTGGATGTGAGGAAGCCAAGAGG iggTTGGATGACCCATAACCATTATCT Q;lraACTCTGAATTCACACTTTTACA
tas0001052 TIG ﬁé(-g('l%TGGATGCCGTCATTGTTCACTATT iggTTGGATGGCAAATGAAGTATAAC gcTAACGAGAAAATGGATAGCCTA
tas0001054 G/A QSGTTGGATGCAAGATGAGCAAAGGA iégTTGGATGAGTCGATAACGAACGTC iCTTCTTCCCTCCCTT

tas0001055 T/IC igé'CF;TGGATGGGCCGTGAAGTTTACAT ﬁggTTGGATGCAGGGGATCAAGCTCA cGGAATTGGAATCGGGAG
tas0001064 TIG XCFZ((BBTTGGATGAGGTCCACTTGCGAACA ﬁéé'(l':TGGATGTGCAGAAAGAGTCTTGG TCCAAGTACCCAGAAAAAC
tas0001065 TIC LCC:GTTGGATGCTCTGCATTAGACAGTA ,EECG;TTGGATGGTGTCATATCTTTAACT gcCTCAGCTTCTTTCTTATCAAC
tas0001067 C/IA /iégTTGGATGGCAGAATACAGTTCCGA g:ég'?TGGATGATGGCACAGCTTGGTTT GCAACTATGCGCTTCAG
tas0001072 G/C /iégTTGGATGGTTTGCCACATCTTCTTC ﬁggTTGGATGGAAGTGGACAGGTTGA CCAATTTCTGCCTGCT

tas0001082 CIT ;gGTTGGATGCAAAACGGGTCGACTCA ﬁgggTGGATGAAATGGAAATACCCAA 099agCATCAATGTTGGTGGGTTAA
tas0001083 G/IC ;égTTGGATGGCTTGCTTAGTTTTAATT /igg(}rTGGATGCGGATATCTACATGGAG "IA'\(CJJTATCAGTGAAAACCAAGG

TG

GAG
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Table 2- Set of 402 markers. Details of each marker type (SNP/INDEL) alleles, forward primer sequences, reverse primer sequences and

extended primer sequences.

(continuation)

Marker name Allele Forward Primer Sequence Reverse Primer Sequence Extended Primer Sequence
tas0001084 AIG ACGTTGGATGTTCTCGGCTCTCTATCCT ACGTTGGATGTAGCATAGCAGCTGCAC GCAGCTGCACAAGTAGGTTG
tas0001088 A/C ;gGTTGGATGATTGAAAAGCCACCAGG ﬁégTTGGATGTTTTTCTAGCTGTGGAG ccCaCGGAGTGTATTTATGCTGATG
tas0001089 CIT iggTTGGATGAGGCATTGTTACGCATC ,CB:\CC:IETTGGATGGGCGATCTTCACTCCAA ;;EGCATCAGCTTTATGTGAACTA
tas0001092 C/IA ﬁggTTGGATGCGAACATTGGAAAGAA ﬁégTTGGATGCATTGGACCAGCTAATT gcAAGAAGTGGTTAGCAAATCATA
tas0001098 CIT iggg';TGGATGGCTTTGAAGCCTTGGAT ,CA:fC:gTTGGATGCTTTCAGGCTCGACATT ;—'IATTGCTAGGTGAGGC

tas0001103 G/A /i-l(;gTTGGATGGCCAAACCTTAGCATTG I\%gTTGGATGCAATTATATGAAACTGG GAAACTGGCTCCATTTG
tas0001110 A/C XI(—:%TTGGATGGAACACAAATGATGATC S\-(I;((:BTTGGATGGTATGAGTTCATGTGTA TGTGTATGAGATTTCTTGTAGGTT
tas0001111 T/A QSGTTGGATGAGTGAGCCAATTTAAGC ;gg$TGGATGGGTGTGAGTTGGCATTC é-Cr;CATTCAATGTACTGAAC
tas0001118 CIT Q-CFZ((:BTTGGATGCACGGATGTAGTAGAGA ﬁégTTGGATGTGGTGGACAGTGCACCA gGAGATGCAGCAGGAATTT
tas0001119 CIT ;CC;ZETTGGATGTACTGATGGTAGAGAGT ﬁégTTGGATGCCCAAGCTTTCATCATC CCTTGCTTGCAGCAG

tas0001123 C/IG ,i(égTTGGATGGCCCCATCAAAAGCAAT iEgTTGGATGGGATTTGGAACTGTGAA tcatGCTAATCAGGCCCTC
tas0001127 AIG iégTTGGATGAGTCCTTGGAGGTGATG iégTTGGATGCCCAATTCTTTTGCGAG 0999aGAGCTGCAATTTCCTTT
tas0001130 G/A XE%TTGGATGCACCATTGTAATTGTGG EchiTTGGATGGAGGATAAATATGTTTG GGATAAATATGTTTGTGCAAGTA
tas0001132 T/IC ;é-l(;(:l;'TGGATGAGGTAGGTAATAATGGT l—\gGTTGGATGCAGGTTATTGATGCTTG AATAATGGTGACAGAGGA
tas0001135 AIG iégTTGGATGTCATTTCCGCGCAGGAT X(I-Z-E;(';I'TGGATGACGACAGCTTTCGATTG TAGCATATGTGCGCATT

TG

GG
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Table 2- Set of 402 markers. Details of each marker type (SNP/INDEL) alleles, forward primer sequences, reverse primer sequences and

extended primer sequences.

(continuation)

Marker name Allele Forward Primer Sequence Reverse Primer Sequence Extended Primer Sequence
tas0001143 TIC ACGTTGGATGCACCCAGTTCTGAATAC ACGTTGGATGGATGGCGTCTGACAATG CcTTTATCTAGGTTCTTTCTCTTATA
tas0001146 TIC ;ggTTGGATGGTTACAAGCCCACAGAA ,-I‘:égTTGGATGGATCCAATAAGAATGA ;TI'-'II—'TTATGTTTGCCATTCTCTC
tas0001149 AT g\égTTGGATGGACAAAATGTGGCAACC ﬁgg$TGGATGCCTCTCCTCGGATTCTTT GCAACCGTGTGATCC

tas0001155 T/IC iggTTGGATGCAAGGAGATCTGATACA Z\CC:IGTTGGATGGACCCTTCTATCATTCC ccacTCCCTGGCAAACCAT
tas0001169 TIG gécG;TTGGATGGACTGTAGCGGAGAGA S\ECG;TTGGATGACGATTTGCCGCAAATC cccccCAGACACTTCGAAAATCGT
tas0001172 T/C ﬁé(E?TGGATGGAGTTAGAAAAGGACC iEgTTGGATGTGCCAGAGCAACTCAAG ctcCACTGCAACAACTTCC
tas0001185 G/IA ﬁéé?TGGATGCCTGTAATTGGGAGGTT II:%TTGGATGCTAAGCGATGTGTTTGC gTCGAGGGTCCAGTTCC

tas0001191 CIT ;égTTGGATGGTGTTCTCTCTATATCGT ﬁggTTGGATGCAGGAGGGAAATTGAA cccccTTCCGTACACAAATTTTGAAA
tas0001208 CIT igGTTGGATGGGCTTCATCAATCATGT ﬁég$TGGATGTTCGCTCAGCATCATAG cTGCTGTAAATTGGGCCAG
tas0001212 G/A ﬁgé'(l%TGGATGACTTCAGTGGGAGCTCA g\égTTGGATGAGGACAGTGCAACGTAT aAGGCTGCTCTAGACTGG
tas0001215 AIG X{?%TTGGATGGGAAAATGTGCAGATAA iégTTGGATGGTCTTATAATTGCAGCC GTGCAGATAAGAGGAAACTTTTTA
tas0001231 CIT iég'lgTGGATGGCAGCAGATATCACAAC ,-I‘:\ccngTGGATGACATGTTGCTGTACATG QSCCACATTCTGTGAGAG
tas0001244 CIG /iégTTGGATGTAGACGAGAATTTAACA l:\ccngTGGATGGATTCAATTGTCAAGTG agaggCGAGAATTTAACAAGAAATC
tas0001248 G/A QSGTTGGATGTCTGGGAAGATTGAGCA ﬁggTTGGATGAACCGACAAAAGTCTGC ':\C-Zr"l'b\GCAGAGAAGTCTCTTTC
tas0001252 CIT ;CC:Z((BSTTGGATGCGCAGAAGAAATGCTAC ﬁggTTGGATGATCTTCCACAGCAAACA cttcTCCACAGCAAACAGGGATTCA

TCC

GGG

G
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Table 2- Set of 402 markers. Details of each marker type (SNP/INDEL) alleles, forward primer sequences, reverse primer sequences and

extended primer sequences.

(continuation)

Marker name Allele Forward Primer Sequence Reverse Primer Sequence Extended Primer Sequence
tas0001253 G/A ACGTTGGATGGCTGCATCTGATACGAT ACGTTGGATGGCAGCGTACAGAATAC GGGCGGTGTAATGGG

tas0001256 AIG i-CrgTTGGATGGGACAGGGCTGTGAAA ﬁgg$TGGATGCACTCCGAAGATGCAAA 09gaCAGGTTTGTTGACTACTG
tas0001272 AIC ié‘g$TGGATGAGTGCTTGCTTTGGCTC Q-CI—IETTGGATGTGAGAGATGTTGCCAGG aGATGAAATAATGGCTAAGTTATG
tas0001274 T/IC g\égTTGGATGAAATGCCAGACCGGTGA Q-Cr:gTTGGATGCTGCGTATTCAGCTAGT CGGTGATTGCAATGGACTTC
tas0001279 A/C XE%TTGGATGGATAAATCATTTACAAG iEgTTGGATGGAAATCAAGAGGCTCC AATCATTTATTTCTAGCTCTCATTG
tas0001289 CIT ﬁéé'l(;TGGATGTTGATGGGATTGGTGAA ﬁzg(':l'TGGATGCCGCATCACATATGAAC 0999TGGTGAACCGTGGACTT
tas0001298 TIA iggTTGGATGTGTTGTTCCGGTGTCAA ﬁégTTGGATGTTAACGCAGGCGCAGG CCGTCGATCAAAGCAA

tas0001306 CIT ﬁggTTGGATGCTTGACATTGGTTGCCA ﬁégTTGGATGATAACAAACGTTGGAG gTCTTGATCCTTTAATGGATAC
tas0001313 CIT QS(CB:TTGGATGATGGAACTAGCAGGTCC /CD;\-(E(CBS%TGGATGTCAATCTGATCAGTTTC gotgAGTAGGATCAGAACCCCT
tas0001320 G/IC Q-CFZ((:BTTGGATGGAGATGCTCTAGAGCAA /ic(égTTGGATGTCATCAAACAGCTTGTC TCCAGTTCATTACCTTCACAA
tas0001322 CIA ;égTTGGATGAACAAACTTTCTCCACC gégTTGGATGGGACACCACAGTTGTCC CCCCGCACTTAGACC

tas0001325 TIA /iggTTGGATGGGACCTTCTGCAATATA ,-I‘:EGGTTGGATGGATGGAAGCCGAAGAA CCTCATCGACCCATATAGA
tas0001327 CIT ﬁggTTGGATGAACCCTGCCTCAGCAAT ﬁég'?TGGATGTGCTTCCAGACCTTTGG gttGCAAGTATAAACAAAGCGGAG
tas0001328 A/C ;égTTGGATGCTGAGTACCCAATAGGA ﬁégTTGGATGGCCAAAGTCTCTGCAAA ééATGTAAAGAAATTCTGGC
tas0001345 AT iégTTGGATGGGCACTGAATGTGGATC Q-CI;ETTGGATGTGTCCAAGGTTCTATAC agaTTTATTACTGAAGCAACGG

AGA

CTG
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Table 2- Set of 402 markers. Details of each marker type (SNP/INDEL) alleles, forward primer sequences, reverse primer sequences and

extended primer sequences.

(continuation)

Marker name Allele Forward Primer Sequence Reverse Primer Sequence Extended Primer Sequence
tas0001359 A/C ACGTTGGATGTCTTCACTTCAAGGAGG ACGTTGGATGGAGTACCTGTATAGAAA ggaacAGAGATCAAGATCTTGACCA
tas0001361 TIC QSSTTGGATGGGAAAGACAGAAGTGG ﬁgé'?TGGATGTGACGATTAGCCTCAAT é;TGGAAATGGAGAGTGA
tas0001364 G/C Q-Crig('la'TGGATGCCTTACTGTTCATTCAA Z\-IC—ICC:ETTGGATGAGACGTTCAAAGGCGTC gotAAGAGCAAAAAACATTAATTA
tas0001371 G/A S\é‘g'cF:TGGATGATTGCCAGAACCTAAGC Z\-IC—ICC:;TTGGATGGGCAGAAGAAAGTGGA $‘¢GGCACCTTCTGTT

tas0001381 TIG ﬁggTTGGATGTGCTTTTGCGAGATCGA ﬁgggl'TGGATGTCATGCAATCAGAACTT gotgTGGTTAATACTCAAACTAGGA
tas0001394 G/A ﬁ-l(;gTTGGATGCCAATGAGTTACCTGTT Z\%gTTGGATGATTGCACCGTGCAGCCA ;IA'\GCGGGAAATCTCC

tas0001399 AIG iggTTGGATGCTAAAAGCAGACCTGCT ﬁégTTGGATGTGCAATCGAGGTGGATA TCGAGGTGGATACTGTAACTT
tas0001401 CIT ;é-l(—}(?FTGGATGCTACTTAAGAGAAACCA S\-(I—Z(CBETTGGATGTTGATTTTTCCCCTGCCT TTAATTGTATAATTATTTCATGTG
tas0001404 C/IA QSGTTGGATGGCCTTTGTATGTGGATG igGTTGGATGCGTAAGAGACGTCTTTC /(:A;:/?:\;(;:IETGGATGCTGAATCTGTTCT
tas0001407 CIG XCFZ((;BTTGGATGGATTTGCTGTAACTATG S\égTTGGATGTTTGAGATATTTATTAA attACAAGAATAAATATTGTTCTCTT
tas0001412 G/A igé$TGGATGTGCATTGAGAAGTGGAG 2éé$TGGATGTTCCACATATTCTACAT ;mmGTTTAATCATTCTACTTACGT
tas0001421 TIG iégTTGGATGCTCATCCTAGTGAAATA ﬁgGTTGGATGGCACTTGATTGATCATT ;imAGTCAATATTCTGATCCTTTT
tas0001423 GIT ﬁggTTGGATGATCAGACCCTGTAAGTT igg'GI'TGGATGTTTGTTGTTCTAAGTGC ccctgCTACTTCACTTTTTCAAACG
tas0001427 CIT ;ggTTGGATGGACGAGGCACTCATTAA ﬁgGTTGGATGTCAGGAAGATATGTCGG GAGGCACTCATTAATAGTGAAATT
tas0001442 T/IC ;égTTGGATGTTCCTCAACATCTCCACT ﬁégTTGGATGGAAAGTGAGGAATCTG géTCACACCCTTCTCC

GC

GTGC
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Table 2- Set of 402 markers. Details of each marker type (SNP/INDEL) alleles, forward primer sequences, reverse primer sequences and

extended primer sequences.

(continuation)

Marker name Allele Forward Primer Sequence Reverse Primer Sequence Extended Primer Sequence
tas0001444 G/A ACGTTGGATGCGATATGAGGAGTTGTC ACGTTGGATGACGACATTTGAAACTCC ccTGGAGTACAAGCCTCA
tas0001450 AIG ;%gTTGGATGGAACATATTTCAGCCAC S\ggTTGGATGGAAGTGCTGTGTAGTTC acCTAGTGAAGTCTAATTTCAGGA
tas0001457 CIT S\SGTTGGATGGTGATTGTCAATCCCTA ,CO:\IICC:ETTGGATGTTTCCACAGTTGGAAAT t%AGTTCTTTCCTATCAGTGGT
tas0001464 AIC S\é‘gTTGGATGCTTATTTGTCATGAATCC ﬁgGTTGGATGCTTGTAAGGTGTGGATA TGTGGATAAGGCCTTTC
tas0001470 CIT QCCESTTGGATGACAGCTATGTCACTTAC ﬁggTTGGATGACTGATAGACCAGTCAA ccgagAGACCAGTCAACAGACCCCT
tas0001480 AT iggTTGGATGCCAATACTTGATCTCTA S\égTTGGATGTTCTGTGCGCTTGTTACT ;:rc(ichTAATTCTTGATTTCAAACCG
tas0001487 CIG ﬁ-l(;l(;?'TGGATGGGCGAAATATTGACTCC ,-I‘:\((;:GTTGGATGCCAGTTTTTTTCTCCCCT f\tthTCTCCCCTACATTAGTTAAAA
tas0001493 T/IC Q-IC—Z((:BTTGGATGGATCTTTCAGTACCTCTC ﬁgGTTGGATGCCTTGCTTAACATCAAC Q(ZJ:Q']?;TCTCGGTTTTCGGGC
tas0001495 GIT /C:\SGTTGGATGGGACCATTCTGCATCCA iggTTGGATGGAAGTACTACAAATAA ATTCTTTTACAAAATCAAAATTAT
tas0001499 CIT /C:\-CI;(FBTTGGATGATGACTCCCAAGATCGT ﬁég'cl';TGGATGCGCGAATTTGAATGCAA g?"GCCATTACTCATAAACTC
tas0001523 TIC g([;gTTGGATGGCTTGCAAAGCTGCAAG ﬁé(G:TTGGATGGAACGTTCCAGCTGGTA ggGCAAGTTCATCTTCCTCCTC
tas0001527 TIC ;E%TTGGATGGGTCTAGGTATTCCTTTC iégTTGGATGAAAAGCAATGGATTTCT CCCtATGTATGTGTGTCCCC
tas0001533 G/A igGTTGGATGGGTGCGAATGAAAGTCA Z\%GTTGGATGGGTGAAATCACTGTGGT AGAAGAATAAATATTCTGAACTTG
tas0001535 G/A ;EZEETTGGATGCCACTGAGTTGCATTTC ;ggTTGGATGCCTGGTGGAATAAACCA aatAAGGGGTTGACGGTG
tas0001538 T/IA ;CC::((:STTGGATGATCGCCAAACCTTCAAA ﬁggTTGGATGCCGTTTTTCATTTTATTC CCTTCAAAAGCACCAAA

AGC

TG
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Table 2- Set of 402 markers. Details of each marker type (SNP/INDEL) alleles, forward primer sequences, reverse primer sequences and

extended primer sequences.

(continuation)

Marker name Allele Forward Primer Sequence Reverse Primer Sequence Extended Primer Sequence
tas0001543 G/A ACGTTGGATGGAGTTGGGGTAGTGTTT ACGTTGGATGCTCAGAATCATATGTAG gATGTATACTCTTGGTATTAGAAG
tas0001544 G/C ﬁggTTGGATGTAAGCTCACCCAATCAC iéé'?TGGATGAACTCCACGACCCATGT Z\GCCTGATCGCCTTT

tas0001545 CIT /i-CrZCC:;TTGGATGAGGATCCGGATGATCTG /CO:\IICC:ETTGGATGCTAGCCCTAAAAGAGAT GAAGAAAGAGAAGAAGGC
tas0001562 AIG XCFZ(C:;TTGGATGGCCAAAATCCAAAGGCT iégTTGGATGCAGTAAGAAGAGACGA attGGGAGTCGAGCAGGG
tas0001564 CIG g\é‘gTTGGATGTTAGAGCTGATGAAGAG ﬁgg'?TGGATGTAAATAAGCTTAGCTAG CGGTCTACCTACCAACT
tas0001568 TIC iggTTGGATGGTAGCATCAATATGCAC ﬁgGTTGGATGCGAAAAACTGTAACTGG ccaaCCCTTGTCACAGTCCTTAGTA
tas0001579 CIT iggTTGGATGTTGCAGCTCTGTACAAA g\ggTTGGATGAGGAATTACCAAGTTCC tttct TTCCGTCCACTTTGGACCA
tas0001585 AT /ingTGGATGGCACGGATTCCTTAATA SI(;(C:ETTGGATGTTCTTTATAGCTGCAGC GGCTCATATGGAAGAGTATATT
tas0001590 TIG ig(c‘jTTGGATGCATGAACAAGACATGTA /(D:\C(;gTTGGATGCACATGAAACACTTGTG AGACATGTACACAAAGCTCAC
tas0001595 CIT /iégTTGGATGTTAGAAGGGTGCCCCAT ;%(CBSTTGGATGGCTTGTCTATGGCATTC cCAGGACCCAGCCAAC

tas0001603 G/A XE%TTGGATGGGGAACTTTTGGGTAAG QCC;STTGGATGTACAGTTCCTGGAGGCT agttGTTGTTTAACAGTAATGTTCAC
tas0001604 AIG ngTTGGATGATGTGTGTGCAATACGT ,-I‘:ECGTTGGATGCATGTGAATGTTACTCC ccccCGCAATACGTAGCGGTTGTCC
tas0001607 TIC ﬁggTTGGATGGCAGCCTGAATAGAAAT ﬁggTTGGATGGATGTCCGACAGGTTCA caCAGATATGCTCTAGTACCAT
tas0001612 T/IC iégTTGGATGTCCAGAATGAATCAGAG gééTTGGATGCTATTTACTACTGTTGG AAAGAATATGTAAAATGCGATGA
tas0001614 AT IIC-ZC(:STTGGATGAGGAGCAAGCACGTAG iggTTGGATGGAGCCTTACAAACCTCC ((::CCCtATTCCATCTTGTGCACG

GAAG

ATC
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Table 2- Set of 402 markers. Details of each marker type (SNP/INDEL) alleles, forward primer sequences, reverse primer sequences and

extended primer sequences.

(continuation)

Marker name Allele Forward Primer Sequence Reverse Primer Sequence Extended Primer Sequence
tas0001620 TIA ACGTTGGATGCCAAGATCTTTTTCCTTC ACGTTGGATGTCCGCTGTTCTAGATCT  agataTTTCAGTTTGTCTCAATTCT
tas0001622 G/A igGTTGGATGCATGCCAAATCCAATGC ﬁggTTGGATGAGACTGAGAATGAACTT gggttAGAATGAACTTGGGATTTTC
tas0001631 TIG Q-CFZCC:;TTGGATGAACCCCTCAACTTCTTCT iggTTGGATGGGTGATACTGTGTGTAG TCAACTTCTTCTTCTACACAA
tas0001636 T/IC ;CC:ZGTTGGATGCAGACAAGAAAACCGC ,C:\égTTGGATGTTTGTTCCTGTGGATGA ccCAGACCCACCAACTT
tas0001639 G/A QCCEQ'ICETGGATGCCAGAAGCCCTCTTGAC iggTTGGATGTGGTTACGACTCTAAGT ggCTGGTCGACCCTAAAAC
tas0001645 AIG ﬁégTTGGATGTCGTAGCTTCTGATTGTT S\-(I;((BSTTGGATGGCTAGTCTGTTCTTGCTT CCCcCGTCTCTTTTCTGCAACATATCT
tas0001648 TIC /i(éGTTGGATGGGTACTATTGACTACCA ,-I‘:\((:ZGTTGGATGGCACCACAACTAAGGAT gZ(%ACCACTCATCTGCCGTTAC
tas0001653 G/A ingTGGATGTTGTTGTGCAGTTACAC S\-(I—)(C:STTGGATGTTAGCAAATCGAAGTAC cTGCAGTTACACTCCCATATC
tas0001655 AIG ;CC:Z((:BTTGGATGAACCCTTTCTTCTTGCTG Xc(égTTGGATGTTTAGGGAGGGCCATGA cTACAGCAGCGGTAGCCC
tas0001662 CIT Z(C:ZGTTGGATGCTTGCCTGTGATTGGTG X(I—)CC:ETTGGATGCAAGTACCTGAACGATA GCGTGCATCTACGTTAGA
tas0001669 TIG XE%TTGGATGATGCAGTCATTTGGTTC ié(G:TTGGATGCTGAATATCCTAGTACC CCAAGTCAACGCAATATG
tas0001672 CIT ;E%TTGGATGGTCTATGATGGTTGTTG ﬁéé'?TGGATGATGTTGCCATTGCTCCA GTTGGAGAGAGGGAGTA
tas0001689 G/A iégTTGGATGGAATTCACCACGATCCA ;CC;ETTGGATGACCTTAACCCAGGGAAA ggtCCTGAGAAAACTTTTGCC
tas0001690 G/A ;ggTTGGATGTGTGATGCATCATCTTC ﬁggTTGGATGTAGAAGCACAACCCCA GCTATAGACATCACTTTTCTC
tas0001706 T/IA QSSTTGGATGCTGAGGTTGGTTGTCTT ﬁég'(I;TGGATGCGCAGTTCCAAAACCTC gGCAAATTCTAATGATACTTTTAG

AAA

TTG

ATTT
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Table 2- Set of 402 markers. Details of each marker type (SNP/INDEL) alleles, forward primer sequences, reverse primer sequences and

extended primer sequences.

(continuation)

Marker name Allele Forward Primer Sequence Reverse Primer Sequence Extended Primer Sequence
tas0001716 G/C ACGTTGGATGCTAGTGAAGGTGACACA ACGTTGGATGTAATTGTCCACATCCCC  ggggACCTTTGGGTATGGTAATTT
tas0001717 G/A ﬁégTTGGATGTTATCACTAGTAAGCGC S\égTTGGATGGTGGCAGCATAAATTAA CaATAACTATTTTGTGACTACCATA
tas0001719 CIT ;CC:ZCC:;TTGGATGCACTCTCGCCATGTTAT Z\CC;IE?I'TGGATGAATCCGTGCAATGCTGA ctgaTGATGGAAACTCTCTAGTTAT
tas0001733 CIAIT gCrZCC:;TTGGATGCATTCAATCAGCACCAG Z\ggTTGGATGGAAGTAAGAAGCAAAT tccaCAGAGGAAAGCAGATCA
tas0001740 CIT QCC;STTGGATGTCCATTCATTCTTCCGGA ,CB:\SETF?I'GGATGATTTTCTCATTTACTGCT aTCTGTTTTTTGAACCTTACATA
tas0001746 AIG QEGTTGGATGCAACAAGAAATATCAAT iCGTTGGATGACTGGGATTTTGTTTGA ccacACTTAAGACAACTTATGCG
tas0001750 G/A igggTGGATGGTGCTTATCCTGTAGAT Z\%GTTGGATGGGTGCCATTTCTTTAGA ccCatCCTTTGCGGTTTGTTC
tas0001760 G/IC iggTTGGATGCTTGTTGAACTAATGAA iggTTGGATGACATCAGATTGGTTAGA gGAACTAATGAATCCCGAAGG
tas0001766 G/A ;CC:Z((:BTTGGATGCTGTGAGAAACTCGAAC /CD;\-(E(C:STTGGATGTTTTGTCAGACATCCCG gGTTTTAACTTCCCTTGACC
tas0001767 AT /C:\-CIZETTGGATGACAGGGCAATGTTAGAA /CD;\-(E(CBETTGGATGTCCAAACTCAATCGCCT CCAACCTTCCCATTTCC

tas0001769 AIC iggTTGGATGTTACACTTCCAGAAAAA ﬁggTTGGATGTGAGGATCTGCCTTATC 099gAACTATTAGGCATTATTGAAG
tas0001773 AIC iggTTGGATGTGCCCTCTTGTTTTACCG ,-I‘:géTTGGATGCTTTAGTCCAAACAGAA ?TCCTTGTTTTACCGACTCAATATAT
tas0001777 G/C ﬁgGTTGGATGCAGAATGGAGGAGGCTT iggTTGGATGTGGATCTTGCAGCCATT ;]I—JAAATCACGGATTCGACTATTG
tas0001785 AIG QEgTTGGATGTTCTCGCATGGCGAGTT gégTTGGATGTTTAGCCAAGTAGCTCC cccccTTTGAAAAATCCTACCGTGA
tas0001790 AIC ;égTTGGATGGTAAGAGGCCTGGTAAA iEgTTGGATGTATTCAGCACCATCTCC CTGCCATTTCCACTAATT

GAG

CAC
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Table 2- Set of 402 markers. Details of each marker type (SNP/INDEL) alleles, forward primer sequences, reverse primer sequences and

extended primer sequences.

(continuation)

Marker name Allele Forward Primer Sequence Reverse Primer Sequence Extended Primer Sequence
tas0001796 CIT ACGTTGGATGCAATCAACAATCGAAGG ACGTTGGATGTTGGGATTTTGCTTTTG gGCTTTTGGAGATCATTAGTGG
tas0001800 TIA g\ggTTGGATGACTGGATTTAAAGTTGG iégTTGGATGTTTCCATCACTGCTAAA AAGTGAATTGGACCAGA
tas0001801 TIC ;CC;ZETTGGATGCTCCTCTTAGGAACAGT QSGTTGGATGAGAGGCGGCGGATGAA aCCCGACTCAACTGAATGTATAG
tas0001810 CIG ﬁggTTGGATGTGAATCCCCACCTCAAT Z\-IC—I’?Q'TGGATGAGGATCCGAATTGTCCA CTTGTCCAGAGAAACTGTTTATTT
tas0001816 C/IA i-CrgTTGGATGTATAAGAGATGGAGATG iégTTGGATGCCTGGTGTAAGCTTCTA gATGGCTGTTGTTTCTAAATT
tas0001827 T/C ﬁggTTGGATGAAAAGTTCTGCTGGGGC I\%gTTGGATGATTCTGCCCTTGACCAA cccaAGCATTTGTGGGGAC
tas0001832 G/A ﬁ-l(;gTTGGATGGCACTCAACATACCTGG ﬁggTTGGATGTTCCTTCCTAAGAACAC tttcTCCTAAGAACACACGTTTTCAA
tas0001834 AIG QEgTTGGATGTGATACACTTCTAAGCA ﬁggTTGGATGGGTTCGCAAGAGGAAT CQtcATGCAGCTTTGTAATTAGATT
tas0001835 G/A QSSTTGGATGAGTGTTACAGCTTGATG igé'cl';TGGATGCCTCTCATTGTAATTTA tttttAACTAGATGCTGCCTTTT
tas0001847 T/IC XCFZCC:BTTGGATGGACATTACATTTCTCTTA /C:\SGTTGGATGGGCAAAAGCTCTTGAAG ggagATGCGTGATCTTCGTGCCCAG
tas0001851 TIC igGTTGGATGTCCGGTCAGAGTGCTAG QCCEQTTGGATGACCATTGTACCCGAAAG tct;tlgaACGGTAATAAATCCACAGAGA
tas0001857 AIG LégTTGGATGTGAGAAATATATCTTCC iégTTGGATGCACCATGACTACCTTAG gtiCTACCTTAGAAGAAATCAATC
tas0001862 CIT L%GTTGGATGGTTCACGATATTTCAGC ﬁégTTGGATGTATAGAAAGTTTGTTCT ¢gg§TTTTACACATATACATCAAG
tas0001871 G/C ;%ZEETTGGATGACACAAGTTTGCAAGTG igGTTGGATGGTTGGAGAAGATCTTTA ;:rtAGAAGATCTTTATCGATGATTG
tas0001878 CIA ﬁé‘gTTGGATGCCAATGCAAGCACAACC ;((:ZCC;;TTGGATGATGTATCTCTCCCAACT tcccTTGCAGCTTAAGATTCTTGTG

AAA

TGC
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Table 2- Set of 402 markers. Details of each marker type (SNP/INDEL) alleles, forward primer sequences, reverse primer sequences and

extended primer sequences.

(continuation)

Marker name Allele Forward Primer Sequence Reverse Primer Sequence Extended Primer Sequence
tas0001889 AT ACGTTGGATGGGTAGCCTTTGTTGAAA  ACGTTGGATGAGCCTCTCAATGTACTC  ctccATGTACTCACGCGTATG
tas0001906 CIT iégTTGGATGGCTTCAGTCMCMAAA ﬁggTTGGATGTGCCTCCTATTTCCCAA ggaaCAACTCAAAGATTTAGGTTGC
tas0001913 T/A ;éGTTGGATGATGGTCTGTCATTTGTC S\ECC:ETTGGATGGACAACACAAGTGGGA agGTCATTTGTCACGCTAATA
tas0001921 G/A ﬁggTTGGATGTTATCTGGTGTTGCAGG S\éé'CIETGGATGAATAATCCGCAATGCCT ccCACATCCAACCTCCC

tas0001924 CIG ﬁégTTGGATGACCAGCATCAAAGTAAT 2ggTTGGATGCCTCATTTCAACTCATG ATGTGATTGTAATTTAAATTGCAT
tas0001937 CIT iégTTGGATGCCCGATGTACTTGCAGT iEgTTGGATGCTGGAACTTCTGATGTA '(?é'lTﬁ:TAAGACCCAGAGGA
tas0001943 CIT ;E%TTGGATGGGAACAAGATACTGGCA I\((::((;BTTGGATGTGTGCAGTTGACGTCCT tctGTCCTCTCCCCCTCT

tas0001945 T/IC iégTTGGATGCGGGCTAATGAAAGATC E(I;(C:STTGGATGTTGAAGATGCTGCAACT agacGCAACTCACATCATGAATC
tas0001954 AIG ﬁé‘éTTGGATGACAGGCTTTTCCAGAAA XégTTGGATGAATATGCATGGGCCGAC ggagTTTCCAGAAAAGGAAATTGTT
tas0001966 CIG QSSTTGGATGGCTAACTTTGGTTTCTTT ﬁégTTGGATGGGCAI TTACTTTTTTTCG ?'I:rTTTTCGGCTGATTCCTC
tasCp20_12116  TTT/AAA 2%GTTGGATGAACTCTCGGGAGAATCG igGTTGGATGGGGCGATTTACCCAATT TCTACTAGCACTGCATC
tasCp20_16837 C/A Q-IC—gTTGGATGGGCGAAATACAGTTCAT ﬁggTTGGATGGGTCTTTTGAATGACAT cctccTCAGCGTGGTATAGCTGAAA
tasCp229 16879 C/G /iégTTGGATGGCACTAATCCTTTCAAT ,-I‘:EGG?I'TGGATGTCGATTGGTTGAAAGGC g\g-I;]SCTAATCCTTTCAATCCGGTAC
tasCp229_2616  T/C g\ggTTGGATGCAGCGAAAAATGCCATT /S\-CI;%TTGGATGTTCTGGCTTCAAAAGGG (?:"I'A\GGAAATGTTACCTTGTC
tasCp229_3114 C/A iggTTGGATGTTCCACATGTATAGGGT ﬁggTTGGATGATTTCCCTTTTTAGAGG CCTATATCTAAGACAAAATTTAAA

GGG

AC

TGTG
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Table 2- Set of 402 markers. Details of each marker type (SNP/INDEL) alleles, forward primer sequences, reverse primer sequences and

extended primer sequences.

(continuation)

Marker name Allele Forward Primer Sequence Reverse Primer Sequence Extended Primer Sequence

tasCp229 8690 G/A ACGTTGGATGGGCCCCCTTTTTTTTGTT ACGTTGGATGGTTTTCAAATCAGATAT agTTCAAATCAGATATCAGATAAA
tasCp373_606 DEL/C ,igGTTGGATGCAGAATTAGGGATTCGT iégTTGGATGTCATCCTATTGGTTCGG g'cl'?gGGCTCATACGAAAAAAG
tasCp373_68 G/C ;CC;ZgTTGGATGCAAATAAAGCCCGAGG ,CB:\IICC:ETTGGATGCATCATAGGCACATTGG CCCGAGGATTGGCATTC
tasCp436_10090 G/T Q-CFZ-CFSFTGGATGAGTGCTTCTGAATTCAT iégTTGGATGCAAGGCTAAAGTTATTA g9gAATCAACAAAGAAAAATGAAA
tasCp436_10452 DEL/C ggG:TTGGATGTACTCTGGATCGAAATC ﬁggTTGGATGAAAGAAATTCGAATTGG %EEGAATTGGGGCTTTAAGTTGG
tasCp436_2600 G/C iggTTGGATGTTAGGCATATTTTTCACC iggTTGGATGGTCTGCGCTTTATTCATT GCATATTTTTCACCCATTTTAT
tasCp436_3740 A/G iCGTTGGATGCATCAATTTGAATCTTTC ﬁggTTGGATGCGGCTTGTCTTGAACTC gTGAATCTTTCCTAAAAAAATATT
tasCp544_15768 T/A iCGTTGGATGGAGTTAGAGCTGTAGCT ﬁz;éTTGGATGGCTCCCGTATCAATCAC @(():CCT:'CCTCTCGTCAGACC
tasCp544_19217 A/DEL Q-CFZ(STTGGATGGGAAATACCTATCCATT X(I—ZCC:STTGGATGATCAGGAGGTCTTTTTG TCGTTTTTTCTTAGTGATTTAGA
tasCp544_19813 TTT/CAA Z-CFZ((:BTTGGATGCAAAATCATGACACGAG ;((:SCC;STTGGATGCTTGTCCACAAAAACAT TCCCTAGATCTATGTGAAAAACTC
tasCp544 3958 A/T SfégTTGGATGTTATTCTTTCTTCGCTTT ,(‘iég'CIETGGATGTGGAATCCCCCCTTTTTT 1CCCGAATAGTAGATCCTA
tasCp544_750 DEL/GGG iCGTTGGATGTTAAATGGAGTTCCCCG Z\%GTTGGATGCGTGTTCATTCATTTTG TCATAGTAATTTCGACTCCC
tasCp612_1890 é/T iégTTGGATGTAGAAACTGCGGCCGTT ﬁgGTTGGATGGGTTCACAGGTACAACC cccccCAGCCTTCCAAATAGGAACT
tasCp784_4541  A/G ﬁégTTGGATGAAAGCGCCCGTAATAAA X(I—ZETTGGATGGGTTCGAGAGAAAGTA ggg\GAGAAAGTAAGAGTATCTA
tasCpIN373_73  DEL/AATA iégTTGGATGATTTTCTTAAAAGAAAT ﬁgé'(l';TGGATGAGATAGTTAATTTAGGT TTTCGAAATTTCAATTAAAACTAA
45 C TTCG TTC TAC
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Table 2- Set of 402 markers. Details of each marker type (SNP/INDEL) alleles, forward primer sequences, reverse primer sequences and

extended primer sequences.

(continuation)

Marker name Allele Forward Primer Sequence Reverse Primer Sequence Extended Primer Sequence
tasCpIN544 75  DEL/GGG ACGTTGGATGTTAAATGGAGTTCCCCG ACGTTGGATGCGTGTTCATTCATTTTG CTCATAGTAATTTCGACTCCC
Et)ath12709_853 ¢/G iégTTGGATGGCTGCAAGAGGTTACTA ﬁgGTTGGATGGCACTCCTTAAACCGCT TGGAGGTGAGGGAAGA

tasMt1274 1310 T/C Q-CFZCC:;TTGGATGTAGGAGTAGAATGTCAG Z\-IC—ICC:;TTGGATGCTTGTCTGCTTCCTCCA TTCTAGGGTCACTCTCT
tasMt1438_1478 CI/T ﬁggTTGGATGGGATGTTAACGAAGGTG ﬁé\gTTGGATGTCAGATACGTTCGTTCG GGTGAGGGCCTCTCC
tasMt1438_2665 T/C QSCGSTTGGATGTCGAAGACCTCCTTACG iEgTTGGATGATAACGGAACTGCCTGA TGAACCGGCGTATGG

tasMt1485 2465 A/DEL ﬁégTTGGATGGATAGTCTGACCAAAGG ﬁggTTGGATGTTTTCTAGGGTTGGTGT GGGCCTCAGACTGAAT
tasMt1580_3099 A/C ﬁggTTGGATGTTACACCTTCGGAATAC iggTTGGATGTATGACGAAAGTGGAGT CCCJAAGTGAAGATTGGGGGAGTA
tasMt1580_4320 T/A /ig((:BTTGGATGTGGGTGGGCAACTTCTA S\ggTTGGATGAGGCACATTGTTGTAAG ggAagCTGGGAACTCTGAAGTAC
tasMt1580 5870 A/T ICFZC(:BTTGGATGGTTTGGCTCAACGCCAA iggTTGGATGCCTTTTTCCAGTCCCTTT cccTTAAATAAATTGCGACAACAC
tasMt1718 3790 A/G ;é((BBTTGGATGTTTGGCTGACCCTCTTCT Z\?ZGTTGGATGACTCTCCAGTGGTTCCA gtgggTGGGTTGACCCAGAAGTACA
tasMtl73 2622 CI/A LCC:GTTGGATGCAAACCGTAGCAAGCCA XE%TTGGATGCCACTCGTTTTGAGTTC 0999cGTTCTCGATGAGCAAAAGAT
tasmMtl73 3690 DEL/TCTA ﬁégTTGGATGGATGAAAATAGAGGGA ;%CGiTTGGATGTGGCCTACTCCTTACTC ECAGTATGCAACCGC

tasMt1751_ 2224 -(I'—S/T ché?gGGATGACACCCTCGGTACACTA ﬁégTTGGATGTCTGTGAAAGATGGGAT agCTATTGAAGATCTCACAAAGA
tasMt2011_567  G/T XIC—%TTGGATGAACCCTCCCTACCAGCT S\égTTGGATGAACCGGTGCTAGTCTTT TACCGCTGCACAAGT

tasMt2580_ 2831 A/C ;CC:ZQTTGGATGCATCAGGAACGAAGTCA iégTTGGATGTCCTACACCGGTGTTTG GTTTGATGCGATGGGA

CTC

ATG
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Table 2- Set of 402 markers. Details of each marker type (SNP/INDEL) alleles, forward primer sequences, reverse primer sequences and

extended primer sequences.

(continuation)

Marker name Allele Forward Primer Sequence Reverse Primer Sequence Extended Primer Sequence

tasMt261 3241 CTTT/AAA ACGTTGGATGTGAGAACTCTTGTTGGC ACGTTGGATGTTCTTCCCCTCAGGTCA  aaaaTCAGGTCAAAGAGTAAGAACT
tasMt290_8875 g/C QSSTTGGATGTTCTCACTCCCCTTCAAC ﬁégTTGGATGCGAGGAATTCTAGTCCA (?c%cgCGACTTCATTCTTGTAGTCAT
tasMt316_2642  TC/GA QEGTTGGATGAATGGTAAGCCGGGTCA ,c:\égTTGGATGGCCGCATCCATCGACTT (C:;GCTTTCTTAACTTCCGAATT
tasMt319_5699 A/C Q-CFZCC:;TTGGATGGTTCCATTTAGTCAAGG XIC—IéTTGGATGACGAACTAAGGCGTGCT gtTCTACCGATGGGTTGAT
tasmMt3293 614  G/A iégTTGGATGCCTCCGACCATAAAAGA XE%TTGGATGTGATGCTTGCTTGATGG ATGGGTTGGGATCCTGC
tasMt363_11263 C/A ﬁggTTGGATGGAGGGCGTCCTTTTCTT iégTTGGATGATGGCTAATGTCCGGTA gatGTACTGAGCCGATAGC
tasMt363_15481 TTA/DEL /i-l(;gTTGGATGGAGCTATGAAGCTTACC S(E?BTTGGATGAAAACGTAAGTGCGCTC CccCCAGCCCTTTCCCTTTTTAATAA
tasMt363_3718 G/T ﬁé‘gTTGGATGGCAACTAGTTCTTCCAT /S\-(I—Z(CBETTGGATGTTGTCTTGGGATACGAG CTTCTTTCAGAGAAATCAAGTATT
tasMt363_9461  G/T ,C:\SCC‘J;TTGGATGATCATTCTATTTGTTCCT /(D:\-(I;CC,;TTGGATGGAAGGTTAGACAAAGA g\(;rT CCTATATAGGATAGGGGAATT
tasMt4446_1048 A/T 2CGTTGGATGCGGTAGTGAATCACCTA iég'cl':TGGATGAACATGAAAGAGTCCA CCTGCCTTAGTAGTCTC
tasMtd4446 149  GIT ,iE(éTTGGATGTCTCGGTTGTAGTCTGA ,(‘igggTGGATGGATCGATTAGCTTAGAA CCTCCCATTGCTAGG

tasMtd4446 1728 CIT ZEETTGGATGCTCTCTTTCAAACAGTA‘ iggTTGGATGGAGTTATGGCATTCAAT cCCCCTTTTGCTTGTGCTAGTG
tasMtd4446 2766 T/C iégTTGGATGCTGAGATGTTCAGTCGA S\ECG:TTGGATGCTCTTTCCTCCTCCCTTT CCCTTTTCTGCTCACT
tasMt4446_563  T/A g\-lC—ZgTTGGATGAATAGATCAGATCCGGA I\%GTTGGATGATTCCCGACATGCTATG aggaaGTAGCGCCGCGGAGC
tasMt4638_237  G/DEL ,i(égTTGGATGGACGTTGAACGCTTCAA iEgTTGGATGGGCAGTAAGCAGTAAG gtCCTAGTCTCTCGCCC

CTC

TTGG
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Table 2- Set of 402 markers. Details of each marker type (SNP/INDEL) alleles, forward primer sequences, reverse primer sequences and

extended primer sequences.

(continuation)

Marker name Allele Forward Primer Sequence Reverse Primer Sequence Extended Primer Sequence

tasMt52_ 15844  DEL/T ACGTTGGATGACTTCCTTCATCATGGA  ACGTTGGATGTGGTTAGATCGCCTGAC ctgtAGCCTTTCATTGCTTATTAGAA
tasMts2 22901  GAC/CTA ;ggTTGGATGACTTAGGATGGAGTCCT XEGGTTGGATGCCCGGAAGAAAAAGAA ééAGCTGGAAGCTATACT
tasMt528_151 AIC ;CC;ZETTGGATGCCTTAACTAAACGGGCA iég'?TGGATGCGGAGACGGTAACATTT cCGCTTTTTACCTTTCATTTTC
tasMtb3 18528 TC/GA XCFZ(C:;TTGGATGTGAAGGCTAAGGTACCT Z\CC:I-EETTGGATGCCTTGAAGCCAAAAAG ACCTTCCTAAACTGAGATT
tasMt53_8442 DEL/CCTG L%CG:TTGGATGAGTTCCCGTTCAGTGAT igg;rTGGATGTGGGCTCCTTCTCCTTTG catagCTCCTCAACCCTCATCCTG
tasMt6079_1485 A/C L((BZETTGGATGTACTATTCCCTGTCTTCG S\CGTTGGATGCGGGACCTATGATTGGT ttcaTGGAAGAAAAAGGATAGATTT
tasMt615_3863  A/C igGTTGGATGAGAAAAGTGACCGACC I\égTTGGATGATGAATCGGGATCCGTA cgCCGTATAGTATAAAGGAGGTTT
tasMt615_5988  T/G ﬁgé'?TGGATGAGATTGATCAAGCGACA ;'(A\S(CBSTTGGATGGTAACCTTTTTGCGGCA ggAAGGCAGGGGACTTA
tasMt680_10665 T/A /i(é((:}TTGGATGATGCCTGGTCAACAACC ;%(CBETTGGATGGACAGAAAGAGAGTCC tcaGAGTAGTGAAGAAGGATAGT
tasMt680_8937 A/G ﬁé‘gTTGGATGATCTTCGACTGCATCGC X(I—:CC:S(':I'TGGATGAACTGGACGAACGCATC CCCCTTTCCTGAGCG
tasMt732_3426  G/C Q(TZETTGGATGGAGAAATACTGTCAAGC ﬁégTTGGATGAAAGTCTCTGCGGAGCC GGAGCCATCTTTGGT

tasMt735 8582  T/G iggTTGGATGGGTTTCCTTTGCTTTGGT QEETTGGATGAGCTCCACTGATTCACC TGGCCGATCTAGCAAGATT
tasMt735 9652 A/T /igGTTGGATGAGAACAGTTCGAACACA ,-I‘:EGGTTGGATGCCTTCCCTACTACTATC 09gaACAGGCTAATATAATCAACAA
tasMt781_6951  TC/GA iggTTGGATGCTGCAGAGGTAAGATCC ﬁégTTGGATGCACTTGAAAGGAAGAG SCAGAGCTAACCTAGTATCCCTCT
tasMt79_13859  GTT/TAA ﬁégTTGGATGTGTATCGCCATGCTATT iég'cl';TGGATGACGCTTCAACCGGGTTA ctagTCCACCTCTTAGAAAGAAAAG

AAG

TTC

AAC
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Table 2- Set of 402 markers. Details of each marker type (SNP/INDEL) alleles, forward primer sequences, reverse primer sequences and

extended primer sequences.

(conclusion)

Marker name Allele Forward Primer Sequence Reverse Primer Sequence Extended Primer Sequence
tasMt79_14230 C/G ACGTTGGATGGAATGCTAGTTCTTACT  ACGTTGGATGGCTTTAAGTTCTGGAGG gtACGAAATTTCATCATCCATACAT
tasMt79_1805 AIG i-Crg?'TGGATGTTCTCCTACACACCTTTG ﬁggTTGGATGATGGAAATTTAGGTCTC §£$CTGCAAGATTATTCTTTCC
tasMt79_21228  G/A g\gGTTGGATGGCTGCTTACTTTGGTGC Z\CC;IETTGGATGAGGGACTTAGATGGAG gtAGAACGAAGAGAAGAAATAAG
tasMt8925 465 T/A Q-CFZETTGGATGAGGAAAGCGCCCTCTTT ﬁég'cl';TGGATGGGAATCTTGTAAAGGGC TGGCCTATTGGGATAGC

tasMt965 6474  DEL/TTAG XE%TTGGATGTGCCCTCCAGCTCAGAT ﬁggTTGGATGGTGTCTGAGCTGAGAGA TGAGTTCCCCCCCAA
tasMt967_4264  GIT XI(—:%TTGGATGAGCTGTGAGGCTTAAGA ﬁggTTGGATGGTCGATTCATTAGGGTC aAAAGAAAACGGTGGATACTTT
tasMt967_4329 C/A iégTTGGATGACGACCCTAATGAATCG iEgTTGGATGTGAGATTGCCTGCTTGC ccaaTGTTAGCTACATCAGCACT
tasMtIN1006 5 DEL/ACA QEGTTGGATGTATCCTTTGCTGGCTGGT X(I—)%TTGGATGTTTGAGACGAATTCATT CAAGGAGTAGTCCTTGT
?alslll\/lthl73_19 SEL/AGC ;CC;ZGTTGGATGGATTTCAGGCGAGACCA ngTTGGATGGATCAATGGTAAGGCAT TCTGGGTAGAGGAGC

tzalthI N227_77 iéTTA/ DE XCFZ((BBTTGGATGATGCTCGTGCATACAAG g\égTTGGATGGGCTAATAGTAAGGAGT GTTGGAGAAATCAAGTAAGT
?athlN2369_2 ECAGG/D iégTTGGATGCTGGCGCAGGTTTTTAT I\CC;(GBTTGGATGCTGTTGACTCTACCAGA tTTCCTTCTGAGCCAGG

'[Ze?szll\/ltl N857_10 EIéGTC/ D L%CC:STTGGATGCCTTATCTGACTGAAGA I\égTTGGATGCCATACTTTCTCTTTAG gaggTAGAGCTCAATTACATCGACC
34 EL AGA AGC C
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Table 3- Location, species, number of individuals and geographic coordinates of individuals
used for the initial SNP selection on the MassARRAY® iPLEX™ platform (Agena

Bioscience™),
Land Location Species 'NuTnF)er of Latitude  Longitude
individuals
Bolivia Bajo Paragua H. serratifolius 5 -16.0907 -61.1490
Bolivia Concepcion H. serratifolius 5 -16.1674 -61.7679
Bolivia Guarayos H. serratifolius 5 -15.5148 -63.1971
Bolivia Roboré H. serratifolius 5 -18.4272 -59.4516
Bolivia Rurrenabaque, El Paraiso H. serratifolius 1 -14.5667 -67.3033
Bolivia Yapacani, Naranjal H. serratifolius 7 -17.4293 -63.9151
Brazil FLONA do Jamari H. incanus 5 -9.3965 -62.9226
Brazil FLONA do Jamari H. impetiginosus 5 -9.3985 -62.9248
Brazil FLONA Amapa Handroanthus sp. 6 0.8668 -51.6012
Brazil FLONA de Tapajos H. serratifolius 8 -2.8641 -54.9269
Brazil FLONA do Carajas Handroanthus sp. 13 -6.1971 -49.0848
Brazil RESEX Chico Mendes Handroanthus sp. 3 -10.7751 -69.6563
Brazil RESEX Tapaj6s - Arapins Handroanthus sp. 5 -3.0783 -55.2841
Brazil Piracicaba, Brazil H. rosea albus 1 -22.725 -47.6476
Brazil Piracicaba, Brazil H. ochraceus 1 -22.725 -47.6476
Brazil Piracicaba, Brazil H. heptaphyllus 1 -22.725 -47.6476
Brazil Piracicaba, Brazil H. chrysotrichus 1 -22.725 -47.6476
Brazil Piracicaba, Brazil H. impetiginosus 1 -22.725 -47.6476
French Guyana Belizon H. serratifolius 5 4.2089 -52.5480
French Guyana Paracou H. serratifolius 2 5.2601 -52.9361
French Guyana Kourou-Cayenne H. serratifolius 8 5.0020 -52.4808
Germany Bergadorf Tabebuia barbarata 1

Source: author of this study.

4.3 RESULTS

A total of 402 SNPs/INDELs markers were identified for the genus Handroanthus sp.,

and being able to have primers designed to be multiplexed. The overall amplification rate was

of 86.74%. Plastidial markers (77 markers) presented overall 92.22% of amplification rate,

while nuclear markers (325 markers) obtained a success of 85.49%. The mean 6 ¢regorius

DEGEN; KOENIG, 2007) among nuclear markers was 0.192, among
chloroplast markers was 0.405 and among mitochondrial markers was 0.399. Further

(GREGORIUS;
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information on genetic diversity and differentiation will be presented in the Chapter 3 of this
dissertation.
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5 CHAPTER 3: DNA FINGERPRINTING OF Handroanthus sp. USING SNPs
MARKERS

ABSTRACT

The genus Handroanthus, known “Ipe” or “Lapacho”, presents one of the most
valuable timbers from South America and has been overexploited and traded illegally,
meriting protection measures. Several initiatives to curb illegal activities have been proposed
as genetic based methods using population genetics and DNA fingerprinting. In frame of the
“Large Scale Project on Genetic Timber Verification” (funded by the German Federal
Ministry of Food and Agriculture), this study developed a genetic database of Handroanthus
sp. with 399 samples from Bolivia, Brazil and French Guyana. The aim of this study was to
propose a timber tracking system for Ipé timber to check the origin of Handroanthus sp.,
using SNPs markers and assignment test. Self-assignment and timber assignment tests were
performed comparing three genetic approaches: Bayesian method; frequency method; nearest

neighbour method. Genotypic diversity (G,) ranged from 0.3 to 0.8 for 15 out of the 21

populations, indicating the existence of identical genotypes, which may hinders tracking
individual trees. However the estimated standardised genetic differentiation among locations

(Gg; ) was high (0.607) supporting the timber tracking to location. For self-assignment tests,

the nearest neighbour method showed the most successful correct assignment rates with 96%
at the country level, 85% at the location level and 93% among Brazilian states. Timber
assignment tests in country and Brazilian States levels were strongly disturbed by the mix of
Handroanthus sp. Brazilian H. impetiginosus timber samples were assigned mainly to French
Guyana, which the reference samples were composed by 19% of H. impetiginosus individuals
against 9% in the Brazilian reference samples. There is a robust potential to apply genetic
based approaches to Handroanthus sp. origin detection, nevertheless an increase in the

number of H. impetiginosus samples in the database is necessary.

Keywords: Bayesian method. DNA fingerprinting. Frequency method. Handroanthus sp.
Nearest neighbour method. Single nucleotide polymorphism. Timber tracking.
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5.1 INTRODUCTION

Rapid deforestation is a fact in most tropical regions, and many tropical forest biomes
have been reduced to forest fragments (ASNER et al., 2005; SEBBENN et al., 2008;
LACERDA et al., 2013). Selective logging followed by clear-cut and fire is among of the
main factors of landscape changes in the Amazon rainforest. The genus Handroanthus
(formally Tabebuia) commonly named as “Ipe” or “Lapacho”, which belongs to the botanical
family Bignoniacaea, presents one of the most valuable timber from South America. Due to
its high-quality timber and high commercial value Ipe has been overexploited and traded
illegally. Although Handroanthus species are normally not distinguished commercially,
species such as H. impetiginosus ([Martius ex A. P. de Candolle] J.R. Mattos) and H.
serratifolius ([Vahl] S. Grose) are considered threatened as a result of the high intensity of
exploitation and protection measures should be implemented (SCHULZE et al., 2008). A total
of 160.000 cubic meters of sawn Ipe timber were exported from Brazil between 2011 and
2013, the most exported timber in volume and among the most valuable, with an average
price of 816 US$ per cubic meter for sawn wood (ITTO, 2014).

It is estimated that the illegal trade represents a total of 30-100 billion dollars per year
(THE ECONOMIST, 2012), approximately 50% of the timber sold from the Amazon Basin,
Central Africa, Southeast Asia and the Russian Federation (GONCALVES, 2012). There is a
great difficulty and high cost of monitoring the chain of custody (CoC), timber origin and the
declared timber species that are been traded.

Several methods have been proposed to control illegal timber trade using physical,
chemical and genetic based techniques or even an integration of these approaches
(DORMONTT et al., 2015). According to Lowe and Cross (2011), it is between the forest
concessions and sawmills that most of the illegally sourced timber tend to be introduced into
the legal lots. Thus a technique which cannot be falsified, such as DNA fingerprinting/DNA
profiling, would improve significantly the reliability of control systems. The DNA
fingerprinting is an intrinsic attribute of all living-being including trees (DEGEN et al., 2013),
the genetic information in the logs or sawn timber is the same as the original tree (THE
ECONOMIST, 2012; DEGEN et al., 2013). DNA fingerprinting is revolutionizing the
identification of individual organisms and their origins, and it has being successfully
employed for timber tracking, as for example for Intsia palembanica (LOWE et al., 2010). By
collecting timber samples along the supply chain, it is possible to detect if there was and at
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which point was the insertion of illegal timber into the lots. Timber assignment based on
DNA fingerprint have been developed such as in Swietenia macrophylla King that obtained
successful result in tracking the country of origin of timber pieces (DEGEN et al., 2013). This
technique has already been used as certification in Southeast Asia, known as CERTISOURCE
(http://www.certisource.co.uk/). Genetic certification of chain of custody based on DNA
fingerprint and population genetics are among of the most promising techniques to curb
illegal timber trade, and therefore the rapid deforestation and deterioration of the Amazon and
other natural forests.

Several multidisciplinary initiatives to curb these illegal activities have been
promoted, such as the Global Timber Tracking Network (GTTN). Through the “Large Scale
Project On Genetic Timber Verification” (LSP) funded by the German Federal Ministry of
Food and Agriculture, the creation of a genetic reference data to check the country of origin of
14 valuable timber species from South America and Africa has been carried out and it will be
integrated into the GTTN database.

This study aimed to investigate the possibility to track Handroanthus sp. timber based
on DNA fingerprinting and using different assignment tests. This method should provide
regulatory bodies, operators and timber traders an effective tool to achieve chain of custody
control and also provide evidence to prove the declared origin of traded lots.

5.2 MATERIALS AND METHODS

5.2.1 Sampling

The sampling was carried out in the Amazon rainforest in Bolivia, Brazil and French-
Guyana. Cambium and leaf samples of individuals were collected in six locations in Bolivia,
nine in Brazil and three in French Guyana (Table 1, Figure 1). In Bolivia the sampling was
carried out in farms and forest concessions. In Brazil the sampling was executed in national
forests, extractive reserves, ecological stations and national parks with the support of Chico
Mendes Institute of Biodiversity (Brazilian governmental institution). In French Guyana the
sample collection was carried by the Institut National de la Recherche Agronomique- INRA
together with the forest authorities (Office National des Foréts, ONF). Leaf or cambium tissue
were collected from 5 to 38 trees in each location and stored in a labelled plastic bag with

silica gel.
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Table 1- Location, species and samples size of Handroanthus sp. sample-populations of
cambium samples used in this study.

Country Sample-populations Species Latitude Longitude Sample size
Bolivia Bajo Paragua H. serratifolius -16.0912  -61.1504 20
Bolivia Concepcion H. serratifolius -16.1681  -61.7821 19
Bolivia Guarayos H. serratifolius -15.5095  -63.1971 20
Bolivia Riberalta, Mabet Handroanthus sp.  -10.3637  -65.4438 13
Bolivia Roboré H. serratifolius -18.4391  -59.4357 23
Bolivia Yapacani, Naranjal H. serratifolius -17.4311  -63.9210 20
Brazil FLONA do Jamari H. impetiginosus -9.3983 -62.9248 20
Brazil FLONA do Jamari H. incanus -9.3924 -62.9224 5
Brazil FLONA do Jamari H. serratifolius -9.4051 -62.9213 6
Brazil FLONA de Tefé Handroanthus sp. -3.5245 -64.9738 14
Brazil ESEC de Maracé Handroanthus sp. 3.3739 -61.4497 21
Brazil FLONA Amapa Handroanthus sp. 0.8422 -51.5999 22
Brazil FLONA de Tapajos H. serratifolius -2.8655 -54.9284 20
Brazil FLONA do Carajas H. serratifolius -6.1972 -49.0847 32
Brazil PARNA do Jau Handroanthus sp.  -1.9047 -61.4387 22
Brazil Resex Chico Mendes Handroanthus sp.  -10.7810  -69.6444 38
Brazil Resex Tapajés - Arapins Handroanthus sp.  -3.0788 -55.2837 21
French Guyana  Belizon H. serratifolius 4.2120 -52.5249 8
French Guyana  Belizon H. impetiginosus 4.2082 -52.5520 12
French Guyana  Paracou, Kourou-Cayenne  H. serratifolius 5.0231 -52.5196 25
French Guyana  Organabo H. serratifolius 5.5399 -53.4585 18

Source: author of this study.



Figure 1- Cambium and leaf sampling locations
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For each sampled tree (for both fresh or timber samples) a unique tree number was

given, GPS coordinates (longitude and latitude), diameter at breast height (at 1.3 m height),

botanical name of the species/genus and date of collection were noted. In same locations the

individuals were identified in the genus level due to similarity of some Handroanthus sp.

species.

A similar procedure was executed for timber samples collection. A total of 20 timber

samples were collected after the falling of the tree at the Gleba Mamuru-Arapiuns (Brazil) in

2013, at the concession area manage by the company LN Guerra (Table 2).
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Table 2- Individual timber code, species and location of Handroanthus sp. sampled in Gleba
Mamuru-Arapiuns region, Brazil.

Samples code Species latitude Longitude
T046 H. impetiginosus -2.846015 -56.034271
T047 H. impetiginosus -2.846219 -56.034366
T048 H. serratifolius -2.845817 -56.034568
TO055 H. serratifolius -2.845617 -56.032481
TO57 H. serratifolius -2.846022 -56.038429
T058 H. impetiginosus -2.846372 -56.037666
T098 H. impetiginosus -2.832560 -56.056366
T104 H. impetiginosus -2.831829 -56.054514
T105 H. impetiginosus -2.832750 -56.054919
T112 H. impetiginosus -2.833705 -56.051563
T126 H. impetiginosus -2.827449 -56.048593
T128 H. serratifolius -2.827085 -56.052130
T140 H. impetiginosus -2.831333 -56.058377
T167 H. impetiginosus -2.830550 -56.061232
T188 H. impetiginosus -2.826638 -56.061781
T194 H. impetiginosus -2.826567 -56.063621
T203 H. impetiginosus -2.836028 -56.065877
T216 H. impetiginosus -2.830381 -56.061905
T223 H. impetiginosus -2.831845 -56.066102
T229 H. impetiginosus -2.830622 -56.065569

Source: author of this study.
5.2.2 DNA analysis

Cambium samples collected in Brazil were sent the Laboratory of Population Genetics
and Forestry of Sdo Paulo State University (UNESP), School of Engineering, Ilha Solteira-
Brazil, for DNA isolation. Timber samples from Brazil and cambium samples collected in
Bolivia and French Guyana were sent to Thinen Institute of Forest Genetics facilities in
GrolRhansdorf, Germany, for DNA isolation. DNA isolation from leaf and cambium was
carried out according to Dumolin et al. (1995), while DNA extraction of timber was
conducted as described by Lowe et al. (2015).

The total of 399 samples were screened for 121 SNP and INDEL markers (described
in the Chapter 2) using the MassARRAY® iPLEX™ genotyping. A final selection of 68
SNPs/INDELs markers with minimum amplification rate of 95% were selected for genetic

tracking analysis.
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5.2.3 Data analysis

5.2.3.1 Genotypic diversity, genetic diversity and differentiation

Genetic diversity within sample-populations was quantified for nuclear markers using
GDA _NT software (DEGEN, unpublished) by the following indices: percentage of
polymorphic loci (P ); mean observed heterozygosity (H, = 1 — XX, p; , where p; is the
allele frequency in the allele i, k is the number of alleles in the locus); mean expected

Dizjnij
n

heterozygosity (H, =1 — Y. p;; = pij = , Where p;i is the frequency of homozygote

genotypes, pjj is the frequency of heterozygotes genotypes, njj is the number of heterozygotes

individuals and n is the samples size); and fixation index (F =1—(H,/H,)), total number of
alleles (N, ) and genotypic diversity (G, ) within sample-populations:

_G-1
n-1'

where G is the number of distinct multilocus genotypes and n is the total number of

G,

individuals sampled.
Genetic differentiation and fixation measure among sample-populations, as well as

among contries for the 68 loci were calculated using Wright’s F; -statistic (WEIR, 1990),

standardised G, -statistic (HEDRICK, 2005) and &, -statistic (GREGORIUS; DEGEN;
KOENIG, 2007).

5.2.3.2 Genotype assignment test

Assignment tests were performed using three different approaches: Bayesian
multilocus-approach (BM) (RANNALA; MOUNTAIN, 1997); frequency method (FM)
(PAETKAU et al., 1995); and the nearest neighbour approach (NNA) (DEGEN et al., 2017);
all methods were associated to exclusion probabilities for the timber assignment test.
Bayesian multilocus-approach and the frequency method methods calculate the allele
frequencies for all loci of the reference populations and the probability of the multilocus
genotype of the tested individual to be generate from this population/group, assigning the
tested individual to the population with the presenting the highest probability. Both

approaches are based in allele frequency and assume Hardy-Weinberg-Proportions, linkage
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equilibrium or completely unlinked loci (DEGEN et al., 2017). However, several species have
demonstrated that these principles are not applicable to natural populations, for example due
to apomixes in H. serratifolius (ALVES et al., 2016). The method of the nearest neighbour
presents an alternative to allele frequency based methods by assigning samples based on the
genetic distance between individuals. The nearest neighbour method computes the multilocus
genotypes genic distance between a tested individual and each reference individuals, being the

nearest neighbours those presenting the smallest distance to the tested sample. An index (1,)

which weights the proportion of individuals from a group among the nearest neighbours in
relation to the proportion of this group among all reference populations is calculated to

supress the sample size effect (DEGEN et al., 2017). The |, varies from -1 to 1; -1 represents

groups that don’t contain nearest neighbours and 1 groups that contains all nearest
neighbours. The tested sample is assigned to the population which contains the highest
proportion of nearest neighbours. This approach seems to work better in imperfect grouping
of reference samples, such as the species mixed (only genus confirmed) populations used in
this study (DEGEN et al., 2017).

Self-assignment tests, using the leave-one-out approach, were carried out in location,
country and Brazilian states levels. For the country level all 399 samples were used for the
analysis. For the location level analysis only sample-populations that presented at least 20
individuals were taken into account, totalling 13 sample-populations analysed. For the
analysis in level of Brazilian States, 221 samples from Brazil were pooled into state groups
(Acre, Amapa, Amazonas, Pard, Rondonia and Roraima). The assignment of the timber
samples to country and Brazilian states were equally carried out using the same three different

assignment tests.

5.3 RESULTS

5.3.1 Genetic diversity and genetic differentiation

The percentage of polymorphic loci (P ) ranged among locations from 8.1 to 91.9%,

with a mean among locations of 49.9% (Table 3). The total number of alleles (N, ) over all 68

SNPs loci analysed ranged among locations from 73 to 117 alleles, with a mean among
locations of 94.2. In 15 of the 21 sample-populations, identical multilocus genotypes were

detected, indicating a genotypic diversity (G,) ranging from 0.27 to 1.0, with mean of 0.68.



83

The mean observed heterozygosity (H,) ranged from 0.01 to 0.49 (mean of 0.15), expected
heterozygosity (H,) ranged from 0.01 to 0.32 (mean of 0.13). In four of the 21 sample-

populations there was a significant excess of heterozygous individuals in comparison with
expected by Hardy-Weinberg equilibrium (HWE) expectations, with fixation index (F)
ranging from -0.24 to -0.61, and in six sample-populations there was a significant excess of
homozygous individuals, with fixation index (F ) ranging from 0.15 to -0.23, and indication

inbreeding.

Table 3- Genetic diversity for species location: n is the sample size; P is the percentage of
polymorphic loci; N, is the total number of alleles; G, is the genotypic diversity; H, is the

observed heterozygosity; H, is the expected heterozygosity; F is the fixation index (F ).

e

Country Location Species n ((I):/: ) N, G, H, H, F
Bolivia Bajo Paragua H. serratifolius 20 757 113 063 0.09 0.12 0.23*
Bolivia ~ Concepcidon H. serratifolius 19 162 77 050 0.05 0.04 -0.03
Bolivia Guarayos H. serratifolius 20 811 110 100 039 0.28 -0.32*
Bolivia Riberalta-Mabet Handroanthussp. 13 649 99 0.78 0.08 0.09 0.09
Bolivia Roboré H. serratifolius 23 676 101 059 0.08 0.09 0.15*
Bolivia Yapacani- Naranjal H. serratifolius 20 703 95 044 049 0.29 -0.61*
Brazil FLONA do Jamari H. impetiginosus 20 16.2 77 050 0.03 0.03 -0.03
Brazil FLONA do Jamari H. incanus 5 622 100 1.00 0.35 0.23 -0.44
Brazil FLONA do Jamari H. serratifolius 6 81 73 0.67 0.02 0.02 0.14
Brazil FLONA de Tefé Handroanthussp. 14 81 79 050 0.01 0.01 0.02
Brazil ESEC de Maraca Handroanthussp. 21 784 112 1.00 0.14 0.19 0.17*
Brazil FLONA Amapa Handroanthussp. 22 86.5 116 1.00 040 0.30 -0.24*
Brazil FLONA de Tapajos H. serratifolius 20 919 117 081 0.14 0.19 0.19*
Brazil FLONA do Carajas H. serratifolius 32 811 109 095 0.25 0.29 0.09
Brazil PARNA do Jau Handroanthussp. 22 108 80 043 0.01 0.02 0.21*
Brazil RESEX Chico Mendes Handroanthussp. 38 18.9 78 0.44 0.04 0.03 0.05
Brazil RESEX Tapaj6s-Arapins Handroanthussp. 21 135 74 047 0.03 0.03 0.23*
French — gizon H.serratifolius 8 135 75 043 005 005  0.08
Guyana
French . . -
Belizon H. impetiginosus 12 73.0 112 0.27 0.07 0.09 0.21

Guyana
Erlf;;rz]a Paracou-Kourou-Cayenne H. serratifolius 25 89.2 104 100 045 032 -0.35*
French 5\ vanabo H.serratifolius 18 216 77 083 007 006  -0.09
Guyana

Mean 19 499 942 068 015 0.13 -0.01

P< 0.05; Source: author of this study.

All estimates of genetic differentiation for nuclear, CoODNA, MtDNA and over all loci

among both locations and countries (see suplementary material S1 for table with details per
locus), based on Gregorius’s delta (5, ), Wright’s F; -statistic and Hedrick standardised Gq;

were significant higher than zero (Table 4), indicating population genetic structure. The mean

genetic differentiation over all loci among both locations and countries based on Gregorius’s
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delta (5, ) were 0.22 and 0.15, respectively. Wright’s F,, and standardised G, were higher
among locations (F;, = 0.537 and G, = 0.607) than among countries (Fs; = 0.121 and
G, = 0.171). All O, Vvalues estimated among locations for nuclear, CoDNA, MtDNA and
over all loci (0.201-0.313) were lower than F (0.355-0.879) and G, (0.437-0.923).
Among contries, all &, values estimated for the samples (0.095-0.235) were lower than F,
(0.053-0.223) and as well as, for nuclear marker (5= 0.95) than G'ST (0.079). Alls,, Fg;

and G, values estimated for nuclear markers among locations (0.201-0.437) and countries

(0.053-0.095) were lower than estimated for CoDNA and MtDNA among locations (0.208-
0.923) and countries (0.186-0.316).

Table 4- Mean genetic differentiation among locations and among countries. n, is the
number of loci; &, is the Gregorius &, -statistic; F,; is the Wright’s fixation index; Gy, is
the Herdick standardised Gy -statistic.

Among locations Among countries
Mean M S Fer GST g Fsr GST
Nuclear 37 0.201** 0.355%* 0.437** 0.095%* 0.053** 0.079**
Cp-DNA 13 0.313** 0.879** 0.923** 0.235%* 0.223** 0.316**
MT-DNA 18 0.208** 0.665** 0.729** 0.202%* 0.186** 0.255%*
Cp-MT-DNA 31 0.252%* (.755** 0.810** 0.216** 0.202** 0.281**
All 68  0.224** 0.537** 0.607** 0.150** 0.121** 0.171**

** P< 0.01. Source: author of this study.

5.3.2 Genotype self-assignment tests

The self-assignment test in the country level obtained a success of 72% with the
Bayesian approach, 74% with the frequency method and 96% with the nearest neighbour
(Table 5). The minimum success rate for the nearest neighbour method was 95%, while for

Bayesian approach was 84% and 85% with the frequency method.
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Table 5- Percentile of correct self-assignment samples in country level by employing the
Bayesian method, the frequency method and the nearest neighbour approach.

Country Sampling size Bayesian Frequency Nearest neighbour
Bolivia 115 84% 85% 95%
Brazil 221 92% 95% 95%
French Guyana 63 41% 41% 100%
Mean 72% 74% 96%

Source: author of this study.

Self-assignment performed in location level used only sample-populations with 20 or
more individuals: Bajo Paragua Guarayos, Roboré and Yapacani-Naranjal in Bolivia; FLONA
do Jamari for H. impetiginosus, ESEC de Maraca, FLONA Amapa, FLONA de Tapajos,
FLONA do Carajas, PARNA do Jau, Resex Chico Mendes and Resex Tapajés-Arapiuns in
Brazil; and Paracou-Kourou-Cayenne in French Guyana. The successes achieved for the self-
assignment were of 77% with the Bayesian approach, the 79% with the frequency method and

85% with the nearest neighbour approach (Table 6).

Table 6- Percentile of correct self-assignment samples in location level by employing the
Bayesian, frequency and the nearest neighbour method.

Location Sampling size ~ Bayesian Frequency Nearest neighbour
Bajo Paragua (BO) 20 0% 0% 60%
Guarayos (BO) 20 80% 80% 80%
Roboré (BO) 23 96% 87% 48%
Yapacani, Naranjal (BO) 20 100% 100% 100%
FLONA do Jamari (BR) 20 100% 100% 95%
ESEC de Maraca (BR) 21 86% 95% 95%
FLONA do Amapa (BR) 22 73% 95% 95%
FLONA do Tapajés (BR) 20 5% 5% 40%
FLONA do Carajés (BR) 32 2% 2% 91%
PARNA do Jau (BR) 22 100% 100% 100%
RESEX Chico Mendes (BR) 38 95% 95% 95%
RESEX Tapajos-Arapiuns (BR) 21 100% 95% 95%
Paracau, Kourou-Cayenne (FG) 25 100% 100% 100%
Mean 77% 79% 85%

Source: author of this study.

The self-assignment test performed for Brazilian states level pooled together sample-
populations belonging to the same state of origin: Acre (RESEX Chico Mendes), Amapa
(FLONA do Amapa), Amazonas (FLONA de Tefé and PARNA do Jau), Para (FLONA de
Tapajos, FLONA do Carajas and RESEX Tapajos-Arapiuns), Rondonia (FLONA do Jamari
with all species) and Roraima (ESEC de Maracd). A total of 221 samples were analysed and
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the percentage of successfully self-assigned samples were of 87% with the Bayesian
approach, the 89% with the frequency method and 93% with the nearest neighbour approach
(Table 7).

Table 7- Percentile of correct self-assignment samples among Brazilian states level by
employing the Bayesian, frequency and the nearest neighbour method.

Brazilian States Sampling size Bayesian Frequency Nearest neighbour
Amazonas 36 100% 100% 100%
Roraima 21 86% 95% 95%
Amapa 22 95% 95% 95%
Para 73 81% 84% 92%
Rondonia 31 65% 65% 84%
Acre 38 97% 95% 95%
Mean 87% 89% 93%

Source: author of this study.

5.3.3 Timber assignment test

The following analyses were developed by assigning individual timber samples to the
country and Brazilian states reference levels, separately. Due to the age of the timber samples
used (~3 years) the amplification rate was lower (67.3%) in comparison with cambium and
leaf material (over 95%), with only one locus amplified for all 20 samples (tas0000846).
Samples with less than 40% of analysable data (27 loci) were excluded from the analysis and
a final number of eight samples were tested. In the country level the Bayesian and frequency
methods achieved similar results, both with 100% of correct assignment to Brazil (Table 8).
All score-values were significant (P> 0.99), except for the sample T194 that presented non-
significant score-values with the Bayesian (P= 0.688) and frequency (P= 0.683) method. The
nearest neighbourhood method differently from the others two methods obtained a not

significant index (I, = 38%) for samples assigned to Brazil (Table 8). All samples assigned to

French Guyana with a significant index (I;) were H. impetiginosus samples (Table 2)

The assignment test in Brazilian states level (Table 9) presented similar results as
those obtained for country level assignment. H. impetiginosus timber samples were, for all
three methods, mainly assigned to Rondonia that is the Brazilian state that presents declared
H. impetiginosus samples. Timber samples were also assigned to the Amazonas state and Para
(correct state of origin). The samples T048 (T. serratifolius) and T229 (H.impetiginosus) were

assigned by the three methods as being from Amazonas state (significant with the
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probability> 0.95) with low exclusion probabilities. The third sample (T194- H.
impetiginosus) assigned to Amazonas state with the Bayesian and frequency methods
presented a high score (BM: 0.995; FM: 1.000), however it also obtained a high exclusion
probability significant with probability > 0.95. This sample was significantly (P< 0.99)
assigned with the nearest neighbourhood approach to Rondonia with an index of 1.000 and

not significant exclusion probability with at 0.90, presumably due to the species.
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Table 8- Assignment for timber samples among countries, using the Bayesian, frequency and nearest neighbour methods. n, is the number of
loci; Prob: probability of exclusion based on LOD1-values; E is the exclusion probability based on outlier genotypes; I, is the proportion
index.

Bayesian method Frequency method Nearest neighbourhood method
Sample N, Assigned country LOG(L) Score Prob Assigned country LOG(L) Score Prob Assigned country Ep Ir
T048 30 Brazil 5.57 0.999 0.091 Brazil 5.56 0.999 0.089 F. Guyana 0.467 0.286
TO55 36 Brazil 9.70 0.992 0.626 Brazil 9.70 0.993 0.641 Brazil 0.621 0.250
T128 44 Brazil 9.41 1.000 0.241 Brazil 9.39 1.000 0.238 Brazil 0.573 0.750
T140 37 Brazil 8.26 0.994 0.427 Brazil 8.26 0.995 0.451 F. Guyana 0.489 1.000%***
T188 44 Brazil 11.17 0.996 0.535 Brazil 11.18 0.996 0.503 F. Guyana 0.607 1.000***
T194 32 Brazil 9.06 0.688 0.562 Brazil 9.07 0.683 0.555 F. Guyana 0.697 0.714***
T216 41 Brazil 10.04 0.996 0.409 Brazil 10.04 0.997 0.448 F. Guyana 0.620 1.000***
T229 35 Brazil 5.48 0.998 0.028 Brazil 5.46 0.998 0.025 Brazil 0.430 0.500

*** P<0.001; Source: author of this study.
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Table 9- Assignment for timber samples among Brazilian states by employing the Bayesian method, the frequency method and the nearest
neighbour approach. Prob: probability of exclusion based on LOD1-values; Ex. Prob: exclusion probability based on outlier genotypes; Ir:
proportion index.

Bayesian method Frequency method Nearest neighbourhood method
Sample n, Assigned state LOC-:-(L) Score Prob Assigned state LOC-:-(L) Score Prob Assigned state  Prob I
T048 30 Amazonas 1.99 0.988 0 Amazonas 1.87 0.989 0.12 Amazonas 0.644 1.000 ***
TO55 36 Rondbnia 10.57 0.572 0.997 Rondbnia 11.32 0.495 0.997 Para 0.641 0.333™
T128 44 Para 9.45 1.000 0.472 Para 9.44 1.000 0.430 Para 0.609 1.000 **
T140 37 Rondénia 5.43 0.994 0.666 Rondénia 5.41 0.999 0.683 Rondonia 0.623 0.800 ***
T188 44 Rondonia 8.16 1.000 0.774 Rond6nia 8.19 1.000 0.773 Amazonas 0.681 0.667 *
T194 32 Amazonas 6.41 0.995 0.973 Amazonas 6.55 1.000 0.978 Rondonia 0.729 1.000 ***
T216 41 Rond6nia 7.87 0.983 0.837 Rondonia 7.95 0.988 0.794 Rondonia 0.698 0.889 ***
T229 35 Amazonas 3.00 0.970 0.333 Amazonas 2.88 0.971 0.320 Amazonas 0.622  0.500 *

*** P<(0.01; ** P< 0.1. Source: author of this study.
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5.4 DISCUSSION

Illegal timber trade, either in the species context as well as illegally sourced has being
a major problem in tropical forest. This studies show the potential of the DNA fingerprint to

track origin, as well as to follow and verify the chain of custody of timber products.
5.4.1 Genetic diversity and genetic differentiation

The results in genotypic diversity was low in some sample-populations, due to the
existence of identical genotypes within population. In the Bolivian location of Yapacani-
Naranjal a high number of identical genotypes were detected with a low genotypic diversity
value of 0.4, even though presenting an excess of heterozygotes with a fixation index of
-0.606, indicating heterozygotes identical genotypes. The sample-populations of Yapacani-
Naranjal (Bolivia), Belizon- H. impetiginosus (French Guyana) and Bajo Paragué in (Bolivia)
had low genotypic diversity (Gq) of 0.4, 0.3 and 0.6, respectively, although presenting relative
high percentage of polymorphic loci of 70.3, 73.0 and 75.7%. Similar results were obtained in
four Prunus avium populations in Germany, species which reproduces through clonal
propagation and outcrossing (JOLIVET et al., 2011). Handroanthus serratifolius is recorded
as practicing sexual as well as apomixis in some populations in the Brazilian savannah

(ALVES et al., 2016), fact which could explain the high number of identical genotypes.
Wright’s F; and standardised G,; obtained were greater among populations than

among countries as consequence of group/populations-specific alleles among populations be
more common than among countries. Despite the relavively low variation of Gregorius’s delta

(6 ) G'ST among population (G‘;,T = 0.607) shows that there are relatively high

differenciation in terms of populations-specific alleles, thus supporting a strong for

determining population of origin.
5.4.2 Genotype self-assignment tests
The results obtained show a high power of correct assignment in all three levels:

among countries, locations and Brazilian states. All three levels attained the higher success

rate of correct self-assignment by employing the nearest neighbour approach with 96% among
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countries, 85% among locations and 93% among Brazilian states. This approach confirmed
the success expectation in imperfect grouping of reference samples.

At the location level, the sample-population of Bajo Paragua in Bolivia presented a 0%
of corrected self-assignment rate for both allele frequency based methods (Bayesian and
Frequency methods); nevertheless its samples were assigned to 90% to Roboré and 10% to
Yapacani-Naranjal, both in Bolivia. Self-assignment of samples to Brazilian states, Rondénia
state had the major percentage of incorrect assignments for all three approaches. This
occurred possibly due to the mix of species, due to the fact that H. impetiginosus and H.

incanus might occur in other locations that were botanically identified only in the genus level.
5.4.3 Timber assignment tests

In the analysis in the country level most of the timber samples were incorrectly
assigned to French Guyana. This fact can be explained by the mixed species of the timber
samples and sample-populations with H. impetiginosus, H. incanus and H. serratifolius.
Nineteen percent of the samples from French Guyana (12 individuals) are H. impetiginosus,
against 9% of the Brazilian samples (20 individuals) (|Tablel), associated with the small
number of individuals from French Guyana (63) in comparison with Brazil (221) and Bolivia
(115) (Table 1).

5.5 CONCLUSION

For timber samples it’s strongly recommended more repetitions of the DNA
extractions before MassARRAY® iPLEX™ genotyping to obtain better amplification rates.
The occurrence of identical genotypes hinders the possibility of controlling individual

trees, however no disturbing the chain of custody control in the location level, supported by
the high differentiation of standardised G¢; among locations.

Self-assigment tests were highly effective, with high correct assigment rates specially
with the nearest neighbour approach, supporting the feasibility of a genetic based control.
However, a better descrimination of species, as well as a greater database for others
Handroanthus species, such as H. impetiginosus, is necessary to increace geographical

assigment accuracy.
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S1: Mean genetic differentiation among populations and among countries. &, is the

Gregorius &, -statistic; Fg; is the Wright’s fixation index; Gg; is the Herdick standardised

G, -statistic.

(continue)

Among populations

Among countries

L_ocus 56 I:ST GST 5G I:ST GST

tas0000082 0.2485 0.3628 0.4755 0.0455 0.0074 0.0124
tas0000119 0.1128 0.2839 0.3164 0.0839 0.0740 0.0849
tas0000134 0.0752 0.1960 0.2135 0.0383 0.0206 0.0230
tas0000211 0.0659 0.1412 0.1554 0.0643 0.0442 0.0515
tas0000294 0.2334 0.3066 0.4050 0.0417 0.0064 0.0105
tas0000443 0.0733 0.2311 0.2477 0.0822 0.0695 0.0802
tas0000496 0.0999 0.3736 0.4050 0.1398 0.1305 0.1602
tas0000513 0.0770 0.1287 0.1432 0.0359 0.0139 0.0161
tas0000541 0.0902 0.2999 0.3273 0.0730 0.0637 0.0720
tas0000637 0.3937 0.6568 0.7902 0.0922 0.0220 0.0466
tas0000838 0.2482 0.3863 0.5047 0.1248 0.0449 0.0785
tas0000846 0.3158 0.5120 0.6711 0.2528 0.1471 0.3013
tas0000880 0.3344 0.4854 0.6415 0.1352 0.0439 0.0925
tas0000984 0.2205 0.3273 0.4240 0.0546 0.0127 0.0205
tas0000993 0.1969 0.5684 0.6445 0.2162 0.1606 0.2687
tas0001084 0.1799 0.2071 0.2787 0.1056 0.0418 0.0642
tas0001089 0.2750 0.3792 0.5049 0.0569 0.0098 0.0176
tas0001118 0.0800 0.1148 0.1325 0.0331 0.0128 0.0147
tas0001119 0.2913 0.3977 0.5827 0.1008 0.0203 0.0496
tas0001135 0.0897 0.2583 0.2812 0.0916 0.0754 0.0890
tas0001208 0.3938 0.6438 0.7823 0.0505 0.0081 0.0168
tas0001231 0.1998 0.3906 0.4734 0.0848 0.0313 0.0447
tas0001289 0.3826 0.7565 0.8483 0.2292 0.1197 0.2336
tas0001361 0.1151 0.4017 0.4347 0.1297 0.1164 0.1425
tas0001399 0.2609 0.3641 0.4796 0.0674 0.0171 0.0293
tas0001470 0.2427 0.7383 0.7986 0.3377 0.4018 0.5251
tas0001562 0.1383 0.1694 0.2152 0.0415 0.0112 0.0152
tas0001653 0.0956 0.2227 0.2557 0.0459 0.0170 0.0219
tas0001740 0.2378 0.3760 0.4817 0.0753 0.0203 0.0318
tas0001766 0.1376 0.1061 0.1944 0.0763 0.0123 0.0301
tas0001767 0.3245 0.4817 0.6284 0.0546 0.0094 0.0182
tas0001796 0.1122 0.2014 0.2354 0.0776 0.0403 0.0515
tas0001816 0.2550 0.3795 0.5304 0.1031 0.0271 0.0552
tas0001827 0.2866 0.4724 0.5955 0.1231 0.0487 0.0865
tas0001921 0.2923 0.4581 0.5976 0.0943 0.0296 0.0546
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S1: Mean genetic differentiation among populations and among countries. &, is the
Gregorius &, -statistic; Fy, is the Wright’s fixation index; G, is the Herdick standardised
G, -statistic.

(conclusion)

Among populations Among countries

Locus 5@ FST GST 5@ FST GST

tas0001943 0.0265 0.0394 0.0411 0.0077 0.0015 0.0016
tas0001945 0.2365 0.3122 0.4153 0.0602 0.0131 0.0219
tasCp20_12116 0.4982 0.8881 0.9443 0.3286 0.2478 0.4324
tasCp20_16837 0.4747 0.8100 0.9020 0.2081 0.1088 0.2354
tasCp229 2616 0.2784 0.9265 0.9472 0.2536 0.2861 0.3681
tasCp229 8690 0.3329 0.7868 0.8558 0.2186 0.1679 0.2680
tasCp373_68 0.1538 1.0000 1.0000 0.2688 0.3106 0.3996
tasCp373_606 0.2784 0.9265 0.9472 0.2456 0.2800 0.3571
tasCp436_3740 0.3360 0.7983 0.8648 0.2194 0.1677 0.2681
tasCp436_10452 0.2784 0.9265 0.9472 0.2456 0.2800 0.3571
tasCp544 19217 0.3334 0.7925 0.8601 0.2190 0.1678 0.2680
tasCp544 19813 0.3947 0.7025 0.8180 0.0841 0.0172 0.0380
tasCp612_1890 0.2784 0.9265 0.9472 0.2456 0.2800 0.3571
tasCp784_4541 0.1538 1.0000 1.0000 0.2751 0.3190 0.4112
tasCpIN544_750 0.2795 0.9489 0.9633 0.2398 0.2724 0.3465
tasMt53_18528 0.1758 0.1172 0.2612 0.1415 0.0176 0.0524
tasMt79_14230 0.1742 0.6915 0.7417 0.1458 0.1417 0.1733
tasMt79_21228 0.1846 0.7840 0.8200 0.2631 0.2737 0.3667
tasMt173_2622 0.2431 0.6788 0.7533 0.0929 0.0280 0.0461
tasMt615_5988 0.4096 0.7036 0.8268 0.4399 0.4879 0.7389
tasMt680_8937 0.0738 0.4601 0.4800 0.1270 0.1356 0.1589
tasMt732_3426 0.3302 0.6409 0.7602 0.1665 0.0651 0.1300
tasMt967_4329 0.1906 0.5991 0.6676 0.1340 0.1097 0.1399
tasMt1438_1478 0.3042 0.6694 0.7663 0.1630 0.1057 0.1568
tasMt1580_4320 0.1823 0.7320 0.7768 0.2600 0.2640 0.3572
tasMt1751_2224 0.1846 0.7840 0.8200 0.2631 0.2737 0.3667
tasMt2011_567 0.1532 0.8509 0.8741 0.1362 0.1462 0.1728
tasMt2580 2831 0.1846 0.7840 0.8200 0.2567 0.2652 0.3548
tasMt4446_1048 0.1823 0.7320 0.7768 0.2537 0.2559 0.3454
tasMt4446_1728 0.1744 0.6937 0.7435 0.1447 0.1407 0.1719
tasMt6079_1485 0.2281 0.5278 0.6297 0.1315 0.1005 0.1377
tasMtIN173_1921 0.1822 0.7300 0.7751 0.2595 0.2623 0.3555
tasMtIN2369 2284 0.1846 0.7840 0.8200 0.2631 0.2737 0.3667
MEAN 0.2243 0.5372 0.6068 0.1503 0.1206 0.1711

Source: author of this study.



