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RESUMO

A floresta Amazodnica e outras florestas tropicais ao redor do mundo estdo atualmente sendo
intensivamente desmatadas para e abertura de areas para uso na agropecuaria intensiva e
extragdo de madeira, o que em geral ocorre ilegalmente em areas protegidas como reservas e
areas indigenas, resultando em problemas ecoldgicos, ambientais e econémicos. Com o
objetivo de parar o desmatamento e a comercializacdo de madeira de corte ilegal de florestas
tropicais, novas leis foram introduzidas em muitos paises. Aqui investigamos a utilidade da
impressdo digital de DNA de marcadores SNPs nucleares e citoplasmaticos para rastrear a
origem da madeira extraida e comercializada da arvore neotropical Jacaranda copaia.
Amostras de 832 individuos de 43 populacdes da Bolivia, Brasil, Guiana Francesa e Peru foram
utilizadas para investigar o poder de marcadores SNPs, sendo 113 nucleares (nSNPs), 11
cloroplastidiais (CpSNPs) e quatro mitocondriais (MtSNPS) para determinar corretamente o
pais, populacéo e regido dentro do Brasil e Peru de origem. A diferenciacdo genética (G¢r) entre
todas as populacdes, entre populacdes de diferentes paises e entre regiGes dentro dos paises foi
alta (0,506-0,698), especialmente para locos CpMtSNP (> 0,9), mostrando um forte padréo
genético de isolamento por distancia entre populages, o que é favoravel a determinacdo correta
do local de origem de amostras de mandeira de individuos de J. copaia. Para testes de auto-
atribuicdo foi possivel determinar corretamente, com 100% de precisdo, o pais, populacéo e
regido de origem de todas as amostras quando foram utilizados todos os locos SNPs ou apenas
0s NSNPs. Os resultados mostraram que o uso de todos os marcadores SNPs ou nSNPs é uma
ferramenta precisa e Util para alfandegas e policias nacionais e internacionais averiguarem se 0
local de extracdo declarado na documentacédo de exportacdo de madeira de J. copaia da Floresta

Amazonica tem origem legal ou ilegal.

Palavras-chave: comércio de madeira; desenvolvimento de marcadores moleculares;
impressdo digital de DNA; Jacaranda copaia; polimorfismo de nucleotideo unico;

rastreamento de madeira.



ABSTRACT

Amazon and other tropical forest are actually subject to strong deforestation, generally
originated from illegal logging, resulting in ecological, environmental and economic problems.
Aiming stop deforestation and timber commercialization of illegal logging of tropical forest,
new laws has been introduced in many countries. Here we investigated the utility of DNA
fingerprinting of nuclear and cytoplasmatic SNPs markers to timber tracking the intensive
logged and commercialized of the Amazonian Neotropical tree Jacaranda copaia. Samples of
832 individuals from 43 populations from French Guiana, Brazil, Peru, and Bolivia were used
to investigate the power of 113 nuclear SNPs, 11 CpSNPs and four MtSNPs loci to determine
the country, population and region within Brazil and Peru origin. The genetic differentiation
(Gsr) among all populations, contries, and regions within coutries was generaly high (0.506-
0.698), specialy for CoMtSNP (> 0.9) loci, and there is a strong isolation by distance pathern
among populations, favoring the group or individual samples tracking to correct site. For self-
assignment tests, we were able to 100% correct determine country, population and region site
origin of all samples using all SNPs and nSNPs. Our results show that the use of all SNP or
nSNP markers are suitable to correct determination of country and population site of J. copaia

timber origin and very useful tool for customs and local and international policies.

Keywords: DNA fingerprinting, Jacaranda copaia; marker development; single nucleotide

polymorphism; timber tracking; timber trade.
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1 INTRODUCTION

Much of the world's commercial logging from natural forests is illegally sourced, and
even the legal source has come from unsustainable logging. This is especially true for tropical
forests, where most of the world's plant and animal biodiversity lives. Both illegal and legal
harvesting contribute to the loss of biodiversity, diminishing the potential for human resources
to find medicinal and future sources of wood. lllegal logging is also an economic problem for
the legal market, as extremely low-priced timber competes with legal logging, where costs are
higher (GRAY, 2002; DEGEN et al., 2013). Because of this, many international casualties were
established in countries around the world to prevent illegal timber imports.

To trace the origin of wood, many methods have been tested, such as chemical
differences between wood species (PAREDES-VILLANUEVA et al., 2018), transformation
cyclotron resonance mass spectrometry (DEKLERCK et al., 2017), wood anatomy and DNA
fingerprinting (JOLIVET; DEGEN 2012; DEGEN et al., 2013; LOWE et al., 2016; CHAVES
et al., 2018; SEBBENN et al., 2019). Results from different methods showed strong potential
for determining species, country, and site origin, in particular using DNA fingerprinting
(LOWE et al., 2016; CHAVES et al., 2018)

The current work investigated the use of the DNA fingerprint method to track the
intensive and high value wood of the Neotropical pioneer tree Jacaranda copaia (Aubl.) D.
Don. (Bignonaceae). The wood is light and used for furniture (LOUREIRO et al., 1979). This
is a fast-growing species, with an average annual increase in diameter at breast height (DBH)
of 2.05 cm and height of 1.98 m, with a great capacity for regeneration in gabs (SAMPAIO et
al., 1989). The trees have a straight stem, reaching 106 cm in DBH and 45 m in height
(VINSON et al., 2015a). The species occurs from northern to western South America, from
Belize to Bolivia and Brazil, French Guiana, Peru (GENTRY, 1992). In Brazil, the species is
found in the states of Acre, Amapa, Amazonas, Maranhdo, Ronddnia, Roraima, Mato Grosso
and Para and populations generally have more than one tree per hectare (VINSON et al., 2015a).
The species is hermaphroditic, self-incompatible and about 40 species of bees, butterflies and
hummingbird wasps were detected as potential pollinators, although Euglossa spp. and Centris
spp. bees were detected as the main pollinators in the Tapajés National Forest, Brazil (MAUES
et al., 2008). The fruits can have up to 250 seeds and the winged seeds are dispersed by the
wind (MAUES et al., 2008).
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In this work we investigated the potential use of chloroplast, mitochondrial and nuclear
SNP markers to create a genetic reference database to track the location and country of origin
of J. copaiba.
2 LITERATURE REVIEW

2.1 Jacaranda genus

The Bignoniaceae family comprises approximately 82 genera and 827 species,
distributed throughout the Pantropical region (LOHMANN; ULLOA, 2011). According to
Lohmann et al. (2020), in Brazil it has 34 genera and 420 species, dispersed in biomes such as
the Amazon, Atlantic Forest, Cerrado, Caatinga, Pantanal and Pampa. Among the species found
in the country is the Jacaranda copaia, found mainly in the northern region, in the states of
Acre, Amapa, Amazonas, Maranhdo, Rondonia, Roraima, Mato Grosso and Para (VINSON et
al., 2015b). Worldwide, the species occurs from northern to western South America, from
Belize to Bolivia and Brazil, French Guiana and Peru (GENTRY, 1992).

Most Jacaranda species occur in savannas and dry environments around the Amazon
rainforest, with the exception of J. copaia (Aubl.) D. Don. (Bignonaceae), which occurs
throughout the Amazon rainforest, generally found with a population density > 1 tree/ha
(VINSON et al., 2015b). Jacaranda copaia has self-incompatible hermaphroditic flowers
pollinated by bees, beetles, butterflies, flies, hummingbirds and wasps, and its winged seeds are
wind-dispersed seeds (MAUES et al., 2008). The trees have straight stems, fast-growing (2.05
cm in diameter at breast height (DBH) and 1.98 m in height per year), and can reach 106 cm in
dap and 45 m in height (SAMPAIO et al., 1989; VINSON et al., 2015a). The species is tolerant
to different types of soils, which may explain the wide geographic distribution of the species.

Considered a medium-sized tree, it has been found solitary, with bees being its main
pollinators in the Tapajos National Forest, Brazil (MAUES et al., 2008). The fruits are
encapsulated, with a rounded base and apex and can have up to 250 seeds, which are light and
winged, dispersed by the wind (MAUES et al., 2008).

In the country, it is cited for its timber use, since the wood is light and used for furniture,
toy manufacture, ceiling linings, aeronautical construction, insulating and floating material
(LOUREIRO et al., 1979). In addition, it is used in smaller materials, such as picture frames
and dividers. Its lightness added to the factor of great ease in seedling propagation, and its rapid

and uniform germination (OLIVEIRA et al., 2013), its wood is also used in the laminate and
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plywood industry (TONINI et al., 2008). The pulp and paper industry also benefits from its
properties in the manufacture of cellulosic pulp (LORENZI, 2002).

The species is also important in the medicinal and ornamental area, in urban
afforestation (MILLIKEN, 1998; ALBERT; MILLIKEN, 2009; PORTO et al., 2013;
PAUMGARTTEN et al., 2018; SILVA et al.,, 2018; TATAGIBA et al.,, 2019; BRITO;
PONTES, 2021). Due to its rapid growth and straight stem, it is widely used in commercial
plantations and, also for this reason, the species is intensively exploited for wood production in

the Amazon rainforest.

2.2 Treaties and regulations concerning timber trade

In 1975, Brazil signed a treaty in the Convention on International Trade in Endangered
Species of Wild Fauna and Flora (CITES) so that, in this way, there is greater efficiency in the
regularization of the commercialization of species of fauna and flora, preventing the extinction
and the threat to international trade. In addition to Brazil, 182 other countries are in agreement
with the proposal and, as a way of improving the applicability of this treaty, each producing
country has its responsibility, adjusting the most effective techniques and methods to guarantee
the exploitation of the species in a way that does not harm the population of this.

According to CITES, there are around 5,950 animal species and 32,800 plant species
protected from rampant and harmful exploitation worldwide. In Brazil, the body responsible
for controlling and implementing procedures regarding the evaluation and issuance of export
and import licenses is the Brazilian Institute of Environment and Renewable Natural Resources
— IBAMA. In addition to the institute, there are other bodies responsible for controlling the
commercialization of fauna and flora, such as the Rio de Janeiro Botanical Garden and
ICMBIO.

In 2022, a Normative Instruction was implemented (No. 8, of March 25, 2022), which
“Establishes the procedures for the authorization of exportation of wood products and by-
products of native species from natural or planted forests, aiming to complement, relatively to
control the export of native wood loads within the scope of IBAMA, Normative Instruction No.
21, of December 24, 2014, Normative Instruction No. 17, of December 1, 2021, and Ordinance
No. 8, of January 3 of 2022” and an Ordinance (No. 8, of January 3, 2022, amended by
Ordinance No. 46, of January 6, 2022), which “Establishes, within the scope of Ibama, the
Single Consent Platform of Brazil - PAU Brasil for use in the activities of foreign trade

involving products and by-products of biodiversity.”
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Three lists are found in the country, according to Decree n® 3.607, of September 21,
2000, indicating the species that are already considered endangered, and those that are listed in
the second list, which includes species not currently threatened, but that run serious risks, unless
the traffic of commercialization is strictly observed and the laws and regulations are strictly
followed. In the third annex are the species that the Brazilian agency itself has listed, so that
there is greater care in the exploration, which is restricted or even blocked for better export
control. The Jacaranda species is listed in the first annex (CITES, 2021).

South American lumber companies have been under pressure to provide more
information, correctly issuing the name of the species and origin of the exported wood, due to
highly strict policies imposed by the European Union (European Timber Regulations - EUTR),
in force since the year of 2013. Following the same line of demanding complete and detailed
documentation, the US, in 2008, launched the Lacey Act, which prohibits the entry of plants or
products obtained illegally.

As common practices of illegal wood export are the theft of species in forests, both
private and public, or in areas demarcated as protected. In addition to theft, there is also the
practice of tax evasion, forgery of documents, violation of forestry regulations and smuggling.
In 2014, the World Bank estimated that, of the entire supply of wood, around 25% was obtained
illegally, causing losses of up to US$ 20 billion.

2.3 lllegal Timber Control

International companies invest very high amounts in wood industries in Brazil due to
the high variety of forests contained here, having great exploitation for the extraction of wood
and raw material for construction materials. The opening of inland roads and highways is linked
to the felling of trees and the movement of foreign trade, since the easy road access contributes
to the entry and exit of the forest. These already explored areas bring greater opportunities for
residents to open space for pastures and cultivation of agronomic crops, causing greater
deforestation (WWF).

Even though this is a typically Brazilian scenario, the illegal timber trade is not only
strong in Brazil. Countries such as Papua New Guinea and Liberia had around 85% of logging
operations being done illegally (STARK; PANG CHEUNG, 2006; LAWSON; MACFAUL,
2010; WIT et al., 2010). The biggest problem about the illegality of the trade is in the
documentation of the origin of the wood, having falsified certificates and documentation and
with missing or false information (CERUTTI; LESCUYER, 2011; KISHOR; LESCUYER,
2012; LESCUYER et al., 2014).
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Taking into account the fragility regarding the control of entry and exit of wood,
scientific methods were studied to help in the identification and certification of these woods.
Physical methods such as dendrology and wood anatomy are based on studying the growth
rings of trees, used to identify the age of the species, and on the analysis of wood structure
respectively (METCALFE; CHALK, 1950; PIGOZZO, 2011). In addition to estimating its
lifespan, the observation of the rings provide researchers with information about the
environmental and climatic conditions in which the species was exposed during its growth.
Widely used in forensic studies, physical methods help in estimating the moment of tree tipping
and species differentiation in terms of ring standardization. When it comes to wood anatomy,
it allows quick identification of the genus and is widely used in the field. This method is not
frequently used at the species level and its results may be influenced by the environment and
the genetics of the species (DORMONTT et al., 2015).

Chemical analysis methods are also used to facilitate legislation and surveillance of
timber extraction and trade. Mass Spectrometry, Near Infrared Spectrometry and Stable
Isotopes are also used to verify the geographic origin of each wood taken from its location.
Near Infrared spectrometry has been used to analyze properties such as estimating the chemical
composition of the tree: lignin, cellulose and extractives (TERDWONGWORAKUL et al.,
2005), wood density and also its geographical origin (SANDAK et al., 2011; L1 et al., 2019)
As for Stable Isotopes, these are added during the synthesis of phytochemical compounds in
the plant, revealing the availability of the species in that environment, facilitating information
about the place of origin with high precision.

In addition to physical and chemical methods, genetic methods for geographic
identification have been studied more closely. The DNA Barcode technique has been
extensively explored and used to determine the species and trace its route, as well as products
originating from that plant. Genetic Attribution also helps to determine the geographic origin
of the species and, the most current of genetic methods, the DNA fingerprint is used to
differentiate individuals.

Like SNP markers, the multilocus approach and barcode technique are based on nuclear
microsatellites and chloroplasts. These are methods used to determine and differentiate species.
Although they were initially used in animals, it is widely used in the forestry area (DEGEN;
FLADUNG, 2008).
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2.3.1 Genetic Assignment

Native forests have a genetic structure based on their place of origin, with their
conformation based on the place where they are located or at a regional level. Based on this
spatial structure, the study of population genetics has been used to determine the origin of an
individual. The spatial genetic structure is given by the non-random distribution of alleles and
genotypes, with individuals with greater physical proximity being those with a greater degree
of kinship, that is, having a greater degree of related genes, while individuals that are more
distant have lower degree of kinship (DEGEN; SEBBENN, 2014).

The crossing between trees, the form of vegetative propagation and the dispersion of
seeds and pollen directly influence the breeding system of the species. In addition, population
density and climatic factors such as wind speed and direction dictate the distance to the spatial
genetic structure, so it is important to use molecular markers in order to identify the geographic
origin and perform ecological niche modeling. For the use of markers, attention must be paid
to the quality of the genetic reference database of the species and the accuracy of the distance
measurement between the geographic origin and the sampling of the population of the database
(DEGEN; FLADUNG, 2008).

For better characterization of species, tools such as molecular markers began to stand
out in science for their quality, rapid response power and for being able to beused on a large
scale. In addition, they accurately estimate allele frequency change, allele loss or fixation, and
the genetic diversity of populations (SANTOS et al., 2020). Microsatellite markers have been
used in genetic conservation studies because they are codominant and multi-allele, based on the
DNA polymerase chain reaction (OLIVEIRA et al., 2013)..

2.3.2 DNA Fingerprinting

The DNA fingerprinting methodology has great potential for verifying forest identity at
an individual level and also for tracking the origin of the wood (CHAVES et al., 2018; MEYER-
SAND et al., 2017; HONORIO CORONADO et al., 2019; PAREDES-VILLANUEVA et al.,
2020). In humans, this is the main technique used in forensics (JOBLING; GILL, 2004). This
method is based on the analysis of the DNA of each microorganism present in the wood, thus
it is believed that they are specific to a particular forest area (EL SHEIKHA et al., 2013).

The scarcity of accessible forensic methods to contribute to the detection and tracking

of illegal wood ends up making it difficult to determine the geographic origin of the tree.
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Therefore, having this type of analysis is of paramount importance to combat theft and illegal
trade, directly affecting international trade (MEIER-AUGENSTEIN, 2019).

A set of genetic markers, such as microsatellites and SNPs, is needed to develop a DNA
fingerprint. This happens because a unique pattern must be set up for each observed individual.
In the area of traceability, in order to support the control of timber smuggling, it is necessary to
have a database with extensive reference sample information, allowing a high degree of
reliability in the results obtained (DORMONTT et al., 2015).

For the commercialization of wood, there is a set of laws in force, making smuggling
difficult. One of the requirements for export is the chain of custody control document, the CoC,
which is based on information described in a paper on the identification of the cut tree, with the
aim of tracking it from the forestry conception to the trader, but this document is not proof of
corruption and forgery (LOWE et al., 2010). The DNA fingerprint cannot be falsified, so it is
used to verify the integrity of the chain of custody. This is possible because samples are
collected throughout the chain of custody, to detect whether illegal wood was introduced in the
shipment and, if so, at what time this operation was carried out. This technique has been widely
used because it is a highly efficient and incorruptible method, since the DNA cannot be altered,

and that tree always has the same genetic information.
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3 DNA FINGERPRINTING USING SNPS MARKERS

ABSTRACT

Amazon and other tropical forest are actually subject to strong deforestation, generally
originated from illegal logging, resulting in ecological, environmental and economic problems.
Aiming stop deforestation and timber commercialization of illegal logging of tropical forest,
new laws has been introduced in many countries. Samples from 43 populations from Brazil,
Bolivia, French Guiana and Peru of the Neotropical tree Jacaranda copaia were used to
investigate the power of 113 nuclear SNPs, 11 CpSNPs and four MtSNPs loci to determine the
country and population origin of timber. We were able to 100% correct determine country and
site origin of samples from nSPS and nCpMtSNPs. The nuclear, chloroplast and mitochondrial
gene markers used are clearly efficient to be used for a timber genetic certification system and

to confirm legality of timber.

Keywords: bayesian Method; DNA fingerprinting; frequency method; nearest neighbour
method; single nucleotide polymorphism; timber tracking.
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RESUMO
A Amazonia e outras florestas tropicais estdo realmente sujeitas a um forte desmatamento,
geralmente decorrente da extracdo ilegal de madeira, resultando em problemas ecoldgicos,
ambientais e econdmicos. Com o objetivo de parar o desmatamento e a comercializacdo de
madeira do corte ilegal de florestas tropicais, novas leis foram introduzidas em muitos paises.
Amostras de 43 populagdes do Brasil, Bolivia, Guiana Francesa e Peru da arvore neotropical
Jacaranda copaia foram usadas para investigar o poder de 113 SNPs nucleares, 11 CpSNPs e
quatro loci MtSNPs para determinar o pais e a origem populacional da madeira. Conseguimos
determinar 100% corretamente a origem do pais e do local de amostras de nSPS e nCpMtSNPs.
Os marcadores genéticos nucleares, cloroplastos e mitocondriais utilizados sdo claramente
eficientes para serem usados em um sistema de certificacdo genética de madeira e para

confirmar a legalidade da madeira.

Keywords: polimorfismo de nucleotideo Unico; impressao digital de DNA; acompanhamento

de madeira; método bayesiano; método de frequéncia; método do vizinho mais proximo.
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3.1 INTRODUCTION

Since 2016, deforestation in the Amazon has increased strongly, recording alarming
amounts of degraded and deforested areas by clear cutting. Data collected by Imazon (2022)
show an area of 4,514 km? destroyed between August 2021 and January 2022. After this period,
according to the Space Research Institute (INPE), in a survey from January to May 2022, the
deforestation record was the highest in the last five years, with an area of 2,744.41 kmz2 under
alert, of these, in January alone, 261 km? of forest were cut down, representing 33% more than
in the same month of the previous year. The total amount represents 21% of the entire area
deforested last year [oeco.org]. When we look at the states with the highest number of
deforestation in this period, we have Amazonas occupying the first place, with 364.29 km?2
deforested. Of this total, 34% was deforestation in areas not intended for tree cutting, 27%
occurred in settlements and another 27% in areas with a rural environmental registry (CAR). In
second place was the state of Pard, which recorded the clearing of 225.18 km2 of virgin forest,
with 26.4% occurring in areas not intended for forest exploitation, 26.2% in areas of
environmental protection and 13% in conservation units. Rondonia took third place, with a
197% increase in deforested area, with 24.2% occurring in areas of public forests not intended
for forest exploitation, 28.5% in areas registered in the CAR, 18% in permanent preservation
areas (APPs) and 12.4% in conservation units [oeco.org]. This clearly shows the large amount
of timber recently illegally extracted from areas of the Brazilian Amazon.

The biggest problem about the illegality of the trade is in the documentation of the origin
of the wood, having falsified certificates and documentation and with missing or false
information (LESCUYER, et al., 2014). In 2014, the World Bank estimated that 25% of the
world's entire timber supply was illegal, which was worth up to US$20 billion. According to
the Brazilian Federal Police, in 2021, 90% of the wood extracted from the Amazon Forest had
an illegal origin. Such timber tracking methods are required, but methods based only on
documentation are sensitive to manipulation and forgery.

Therefore, exporting companies and institutions responsible for controlling the origin
of imported timber, such as customs, federal police and Interpol need reliable tools to prove
and confirm the declared origin of wood and its derivative products, traded internationally. To
timber tracking the species, country and specific site origin of imported timber, many methods
have been tested, such as chemical analysis or mass spectrometry as species timber differences
(FEDERAL POLICE BRAZIL, 2011; FIDELIS et al., 2012, PAREDES-VILLANUEVA et al.,
2018) near-infrared spectroscopy (BERGO, 2016) and stable isotopes (KAGAWA, LEAVITT,
2010; VLAM et al., 2018), wood anatomy (GASSON, 2011; MOYA et al., 2013), and DNA
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fingerprint (CHAVES et al., 2019; DEGEN et al., 2013; LOWE et al., 2016; TNAH et al.,
2010; JOLIVET et al., 2011; BLANC-JOLIVET et al.,, 2018; ABEELE et al., 2019,
PAREDES-VILANUEVA et al., 2020). Results of different methods have been shows strong
potential for species determination, country and site origin, in special using DNA fingerprint
(CHAVES et al.,, 2019; CORONADO et al., 2020; BLANC-JOULIVET et al., 2018;
DORMONTT et al., 2020). Methods such us wood anatomical, isotopic, and spectrometric
methods are limited to all species, country and site origin determination, due to variations in
tissue type, individual sample age, individuals and population genetic differences or
environmental influences on timber composition (PE et al., 1997; DURAND et al., 1999;
TNAH et al., 2009). DNA fingerprinting methods have successfully been applied to identify
tree species, to track the country of origin (DEGEN et al., 2013), to verify the forest concession
from which it was issued (JOLIVET; DEGEN, 2012), and to track individual trees (LOWE et
al., 2010). Thus, molecular methods that allow correct identification of tree species and tracking
of timber origin are essential for controls on the legality of timber by public authorities,
industry, and trading companies (LOWE et al., 2016).

In the current work we investigated the use of the DNA fingerprint method to track the
intensive and high value wood of the Neotropical pioneer tree Jacaranda copaia (Aubl.) D.
Don. (Bignonaceae).

3.2 MATERIALS AND METHODS
3.2.1 Sampling

Were collected cambium or leave samples from 832 trees from 43 natural populations
(2 to 31 individuals) in the Amazon rainforest of four countries (Bolivia, Brazil, French Guiana
and Peru) and all trees sampled were georeferenced with GPS usage (Table 1, Figure 1). All
samples were stored in a labelled plastic bag with silica gel. The samples were collected by the
Institut National de la Recherche Agronomique- INRA together with the forest authorities
(Office National des Foréts, ONF) in seven populations in French Guiana (2 to 30 individuals
per site); In Brazil, samples were collected in national forests, extractive reserves, ecological
stations, and national parks with the support of Chico Mendes Institute of Biodiversity
(Brazilian governmental institution), totaling 12 sites (4 to 31 individuals per site); In Peru,
samples were collected in national forests, extractive reserves, ecological stations, national
parks, farms, and forest concessions, totaling 17 sites (2 to 30 individuals per site); In Bolivia

samples were collected in farms and forest concessions from five sites (5 to 29 individuals per
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site). However, due to the low sample size in five populations (2 trees), for genetic analysis,
these individuals were grouped with the closest population (Table 1), as well as we also divided
the Brazilian samples in West (six populations) and East (six populations) origin and Peru in
North (nine populations) and South (eight populations) origin. The minimum distance among
sampled trees within populations was 50 m and the distance among populations ranged from
23 to 2648 km. After sampling, all collected plant material was stored and dried in silica gel.
All samples were registered in a database at the Thinen Institute (SampleDataBase,

Grosshansdorf, Germany).



Table 1. Information on the sampled size (n ), location and latitude (Lat) and longitude (Long), and group abbreviation (Group abbr).

Country Population n Lat Long Group abbr n

1-French Guiana ~ Counami 30 541543 -53,175 1-FG-Couna 30
2-French Guiana  Sinamary 2 5,2884 -52,916

3-French Guiana  Piste de Paul Isnard 27 533216  -53,957 2-FG-Isnard 27
4-French Guiana ~ Acapou 2 527343 -54,218

5-French Guiana  Route de Cocoa 30 456779 -52,406 3-FG-Cocoa 36
6-French Guiana  Regina 2 4,13118 -52,088

7-French Guiana  Saut Maripa 28 3,87833 -51,857 4-FG-Mari 28
8-Brazil ESEC de Maraca-RR 31 3,37032 -61,444 5-BRW-Mara 31
9-Brazil Flona de Anaua e arredores-Roraindpolis-RR 28 -0,9339 -60,451 6-BRW-Anau 28
10-Brazil AMATA Flona do Jamari-RO 8 -94014 -62,911 7-BRW-Jama 8
11-Brazil ESEC do Jari 15 -0,4955  -52,829 8-BRW-Jari 15
12-Brazil Resex Chico Mendes-Xapuri-AC (AMATA-Flona do Jamari-RO) 16 -10,504  -68,595 9-BRW-Xapu 16
13-Brazil Resex Chico Mendes-Comunidade Cumaru-Assis-AC 15 -10,772  -69,647 10-BRW-Cuma 15
14-Brazil FLONA Amapa-AP 20 052785 -51,128 11-BRE-Amap 20
15-Brazil PARNA da Ana Avilhanas-AM 11  -2,5345 -60,837 12-BRE-Avilh 11
16-Brazil Flona de Tapajés-PA 27 -2,8687 -54,92  13-BRE-Tapa 27

continued on next page



Table 1. (Continued).

Country Population n Lat Long Group abbr n

17-Brazil ~ Resex Tapajdés-Arapins-PA 11 -3,0792 -55,278 14-BRE-Arap 11
18-Brazil FLONA Tefé-AM 4 -35248 -64,972 15-BRE-Tefe 4
19-Brazil FLONA do Carajas 23 -6,0628 -50,059 16-BRE-Cara 23
20-Peru Dpto Loreto, Prov.Maynas, Dist. EI Napo, Huiririma Native Community 26 -2,4761  -73,744  17-PEN-Huiri 26
21-Peru Huaman Urco 27 -3,3128 -73,198 18-PEN-Urco 27
22-Peru Dpto Loreto, Prov. Maynas, Las Amazonas, Estacién Bioldgica Madreselva 28 -3,6312 -72,233 19-PEN-Madr 28
23-Peru Dpto Loreto, Prov. Mayna, Dist. Iquitos, Comunidad Campesina Yarina 28  -3,827 -73,567  20-PEN-Yari 28
24-Peru Allpahuayo 2 -39544  -73,422

25-Peru Dpto Loreto, Prov. Mariscal Ramdn Castilla, Centro Poblado Unién Progresista 27 -3,9727 -70,841 21-PEN-Prog 29
26-Peru Dpto Loreto, Prov. Requena, Jenaro Herrera Research Centre 11 -4,8966 -73,646 22-PEN-Cent 11
27-Peru Jenaro Herrera 25 -49158 -73,649 23-PEN-Herre 25
28-Peru Dpto Loreto, Prov. Alto Amazonas, Dist. Jeberos, Centro Poblado Jeberos 26 -5,2508  -76,317 24-PEN-Jebe 26
29-Peru Shucushuyacu 27 -6,0199  -75,854 25-PEN-Shuc 27
30-Peru Dpto Ucayali, Coronel Portillo, Concesién Forestal-Oxigeno para el Mundo 29 -8,8869 -74,034 26-PES-Portil 29
31-Peru Dpto Ucayali, Padre Abad, Dist. Irazola, Macuya Forestry Research Station 30 -8,8766 -75,014 27-PES-Abad 30
32-Peru Dpto Ucayali, Atalaya, Dist. Tahuania, Concesién Forestal-Javier Diaz 29 -9,9803 -73,817 28-PES-Diaz 29

continued on next page

26



Table 1. (conclusion).

Country Population n Lat Long Group abbr n
33-Peru Dpto Ucayali, Atalaya, Dist. Raymondi, Comunidad San Juan de Inuya 12 -10,582 -73,071 29-PES-Inuya 12
34-Peru Dpto Madre de Dios, Tahuamanu, Dist. Ifiapari Concesion Forestal Maderacre 31 -11,145 -69,758 30-PES-Made 33
35-Peru Ibéria 2 -11,299 -69,524

36-Peru Dpto Madre de Dios, Parque Nacional Manu, Estacion Bioldgica Cocha Cashu 15 -11,903 -71,403 31-PES-Cashu 15
37-Peru Dpto Madre de Dios, Manu, Rio Los Amigos, Estacién Biol6gica Los Amigos 30 -12,565 -70,088 32-PES-Amig 30
38-Peru Dpto Madre de Dios, Reserva Nacional Tambopata, La Torre-Sandoval 24 -12,832  -69,284 33-PES-Tamb 24
39-Bolivia  Riberalta, MABET 15 -10,442 -65,55  34-BO-MAB 15
40-Bolivia  Riberalta, El Desvelo 11 -11,093 -65,746 35-BO-Desve 11
41-Bolivia  Cobija, Road - Bella Vista (Oscar Kerdi) 13 -11,198 -68,287 36-BO-Vista 13
42-Bolivia  Riberalta, EI Chorro 5 -11514 -66,327 37-BO-Chorr 5
43-Bolivia  Rurrenabaque, Area Protegida Madidi 29 -14,162 -67,905 38-BO-Madi 29

Source: Prepared by author.
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Figure 1 - Spatial distribution of samples for Jacaranda copaia in South America.

Source: Prepared by author.

3.2.2 DNA extraction and SNPs analysis

Cambium and leaf samples collected in Brazil were sent the Laboratory of Population
Genetics and Forestry of So Paulo State University in Ilha Solteira, Brazil (UNESP-FEIS) for
DNA isolation. Samples collected in French Guyana, Peru and Bolivia were sent to Thiinen
Institute facilities in GroBhansdorf, Germany, for DNA isolation. DNA isolation from leaf and
cambium was carried out according to Dumolin et al. (37). The samples were screened for 128
SNP and INDEL markers using the MassARRAY® iPLEX™ genotyping, where 113 were
nuclear SNPs (nSNPs), 11 cloroplastidial SNPs (CpSNPs), and four mitochondrial SNPs
(MtSNPs), all selected for genetic tracking analysis due to show a minimum amplification rate
of 95% [38].

3.2.3 Genetic diversity and population differentiation

The genetic diversity for nSNP was characterized for each population and country by

the total number of alleles (K), allelic richness (R), observed (H,), and expected (H,)
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heterozygosity. The mean fixation index (F) was estimated to quantify the inbreeding within
each population or country. The statistical significance of the F values was estimated using
permutation of alleles among individuals. For CpMtSNP, the genetic diversity was
characterized for each sample population, country and within Brazilian and Peru regions by K
and H,. The scandalized genetic differentiation, (G¢;, HEDRICK, 2005) was estimated among
all populations, countries, within Brazilian and Peru regions, and pairwise populations for all
SNP, nSNP, and CpMtSNP markers. These analyses were carried out using the FSTAT 2.9.3.2.
software (GOUDET, 1995). The pairwise G¢r and spatial genetic distance among populations
was used to investigate the isolation by distance gene dispersal, using the Spearman correlation
coefficient (p).

3.2.4 Spatial genetic structure
We assessed SGS for all sample trees based on the coancestry coefficient (6; ) described
in Loiselle et al. (1995), between mean pairs of individuals within 15 distance-classes, using

the SPAGEDI 1.5 software (HARDY; VEKEMANS, 2002). The statistical significance of the

average 6; of each distance class was derived by comparing the limits of the confidence interval
at 95% probability for the average 6, for each distance class, estimated permuting (1000 times)

genotypes between distances classes, using the SPAGEDI software.

3.2.5 Genetic assignment

Bayesian method (Rannala; Mountain, 1997) implemented in GeneClass 2.0 (PIRY et
al., 2004) was used to assign group (population or country) and individuals to its population,
country, and within country region (Brazil West and East, Peru North and South) of origin.
Both group and individual assignment were carried out for all SNP, nSNP, and CpMtSNP loci,
and the most likely group determined by the highest score by the Bayesian criteria was used as
an indicator of the power of the markers to compute the proportion of correctly assigned groups
or individuals in self-assignments tests (CORNUET et al., 1999). Here the individuals of the
reference data were self-classified to the sampled groups (populations, countries, and regions)

using the leave-one-out approach (EFRON, 1983).

3.3 RESULTS

3.3.1 Genetic diversity and genetic differentiation
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The total number of alleles (K) ranged among populations for 113 nSNPs from 122 to
226 alleles, for 11 CpSNPs from 10 to 15 alleles, for four MtSNPs from 4 to 6 alleles, and for
15 both CpMtSPs from 14 to 19 alleles (Table 2). Spearman correlation (p) was significantly
higher than zero between the sample size (n) and K (p=0.36, P=0.026), between the K and H,,
(p=0.675, P=0) and between K and H, (p= 0.691, P= 0) (Supplementary material, Table S1).
The observed heterozygosity (H,) and expected (H,) heterozygosity were low in all populations
(H,: ranging from 0.024-0.343; H,: 0.029-0.349). The mean intrapopulation fixation index (F)
was significantly higher than zero in 16 of the 38 populations (-0.036 to 0.533), suggestion
inbreeding. The H, values were also higher for nNSNPSs (0.029-0.349) than for CpSNPs (0-
0.109), MtSNPs (0-0.3), and CpMtSNPs (0-0.16). At countries level, for nSNPs, K was highest
in Brazil for nSNPs (226), CpSNPs (22), MtSNPs (8) and CpMtSNPs (30), and lowest in French
Guiana (nSNPs= 200; CpSNPs= 12, MtSNPs=6; CpMtSNPs= 18), and in Peru for MtSNPs (6).
Bolivia presented the highest H, (0.319) and H, (0.359) values and lowest F (0.113), where
French Guiana presented the lowest H, (0.095) and H, (0.192) values and the highest F (0.506).
The H, was also highest in Brazil for CoSNPs (0.282) and CpMtSNPs (0.251) and Bolivia for
MtSNPs (0.336) and lowest in French Guiana for CpSNPs (0.014), MtSNPs (0.009), and
CpMtSNPs (0.013). Comparing Brazil regions, west populations presented highest K, H,, H,
and F for nSNPs, as well as the highest K and H, for CpSNPs, MtSNPs and CpMtSNPs.
Comparing Peru regions, South populations presented highest K, H,, H,, and F for nSNPs, as
well as the highest H, for MtSNPs and CpMtSNPs, where North populations presented highest
K for CpSNPs and CpMtSNPs, as well as highest H, for CoSNPs.
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Table 2. Genetic diversity in Jacaranda copaia for all populations, countries, and regions within Brazil
and Peru population for nSNPs (113), CpSNPs (11), MtSNPs (4), and CpMtSNPs (15).

NSNPs CpSNP MtSNp CpMtSNPs
Populations n K H, H, F K H, H, K H,
1-FG-Couna 30 122 0.024 0.029 0.178 12 0.017 0 16 0.013
2-FG-Isnard 27 190 0.109 0.197 0.445* 12 0.019 0.019 17 0.019
3-FG-Cocoa 36 196 0.094 0.202 0.533* 12 0.019 0 16  0.014
4-FG-Mari 28 195 0.148 0.254 0417 11 0 0.018 16 0.005
5-BW-Mara 31 193 0.299 0.308 0.028 11 0 0.109 16 0.029
6-BW-Anau 28 195 0.291 0.291 0 11 0 0 15 0
7-BW-Jama 8 207 0.194 0.298 0.35* 11 0 0134 17  0.036
8-BW-Jari 15 207 0.205 0.287 0.287* 12 0.018 0 16 0.014
9-BW-Xapu 16 204 0.275 0315 0.127* 11 0 0.058 16 0.016
10-BW-Cum 15 147 0.278 0.283 0.019 11 0 0 15 0
11-BE-Amap 20 204 0.214 0.23 0.067 11 0 0 15 0
12-BE-Avilh 11 207  0.28 0.29 0.033 11 0 0 15 0
13-BE-Tapa 27 197 0.261 0.274 0.045 11 0 0 15 0
14-BE-Arap 11 183 024 0.279 0.14* 11 0 0 15 0
15-BE-Tefe 4 207 0.141 0.257 0.453* 11 0 0 15 0.017
16-BE-Cara 23 190 0.257 0.283 0.091* 11 0 0 15 0
17-PN-Huiri 26 149 0.053 0.059 0.097 12 0.091 0.038 17 0.077
18-PN-Urco 27 147 0.06 0.066 0.085 12 0.091 0.118 17 0.098
19-PN-Madr 28 147 0.054 0.066 0.179* 14 0.082 0.066 19  0.078
20-PN-Yari 28 147 0.059 0.064 0.087 11 0 0.128 16 0.037
21-PN-Prog 29 142 0.065 0.069 0.06* 13  0.054 0.239 19 0.103
22-PN-Cent 11 146 0.043 0.065 0.338* 11 0 0 15 0
23-PN-Herre 25 145 0.05 0.056 0.112 11 0.015 0.021 16 0.017
24-PN-Jebe 26 142 0.041 0.061 0.329* 15 0.066 0 19  0.049

continued on next page



Table 2. (conclusion)

25-PN-Shuc 27 147 0.047 0.053 0.105 10 0 4 0 14 0
26-PS-Portil 29 146 0.046 0.075 0.394* 12 0.012 4 0 16 0.009
27-PS-Abad 30 140 0.063 0.064 0.02 10 0 4 0 14 0
28-PS-Diaz 29 139 0.054 0.061 0.12 11 0 4 0 15 0
29-PS-Inuya 12 213 0.056 0.061 0.086 11 0 4 0 15 0
30-PS-Made 33 206 0.297 0314 0.052 11 0 4 0 15 0
31-PS-Cashu 15 213 0271 031 0.125* 11 0 4 0 15 0
32-PS-Amig 30 209 0312 0315 0.01 11 0 4 0 15 0
33-PS-Tamb 24 209 0.284 0.313 0.092* 11 0 4 0 15 0
34-Bo-MAB 15 207 0321 0324 0.007 11 0 5 0129 16 0.034
35-Bo-Desve 11 206 03 0314 0047 11 0 5 0.136 16 0.036
36-Bo-Vista 13 205 0313 0314 0.003 11 0 4 0 15 0
37-Bo-Chorr 5 212 0343 0349 0.017 13 0109 6 0.3 19 0.16
38-Bo-Madi 29 226 0322 0311 -0.036 11 0 4 0 15 0
French Guiana 121 200 0.095 0.192 0.506* 12 0.014 6 0.009 18 0.013
Brazil 209 226 0.261 0.354 0.264* 22 0282 8 0.165 30 0.251
Peru 429 217 0111 0.222 0.498* 17 0068 6 0.208 23 0.105
Bolivia 73 218 0319 0359 0.113* 13 0.088 7 0.336 20 0.154
Brazil West 113 223 0277 0366 0.243* 22 0423 8 0.268 30 0.382
Brazil East 9% 215 024 0292 0.176* 12 0.003 4 0 16 0.002
Peru North 227 173 0.053 0.063 0.149* 17 0.063 6 0.1 23 0.073
Peru South 202 217 0177 0326 0457 14 0057 6 0.252 20 0.109
Total 832 1834 0.178 0.204 0.146 114 0016 44 0.04 159 0.023
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*P< 0.05; n is the sample size; K is the total number of alleles; H, is the observed

heterozygosity; H, is the expected heterozygosity; F is the fixation index.

Source: Prepared by author.

The genetic differentiation ( Ggr) in all samples was higher for CpMtSNps (ranging
from 0 to 0.997) and all SNPs (ranging from 0.045 to 0.698) than for nSNPs (ranging from
0.013 to 0.627), with exception for some populations where the SNPs were no polymorphic,
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such as French Guiana, Brazilian East, Peruvian North and South populations (Table 3). The
Spearman correlation coefficient (p) between pairwise Ggr and spatial distance was
significantly higher than zero (P< 0.01) for all loci (0.466), 113 nSNPs (0.35) and 15 CoMtSNP
loci (0.479), indicating a strong isolation by distance genetic (IBD) pattern (Figure 2). In
concordance, the analysis of spatial genetic structure based on estimate of mean pairwise
coancestry coefficient between individuals show also an IBD pattern, with higher probability
of kinship between individuals located up to 737 km, decreasing for not significant or
significantly lower than zero coancestry after this distance (Figure 3). Based on 128 SNPs loci,
the Ggr among countries was high (0.506), ranging among populations within countries from
0.158 (French Guiana) to 0.583 (Peru). Based on 128 SNPs loci, the G¢; between Brazilian
West and East regions was low (0.14), being higher among West (0.542) than East (0.284)
populations within regions, where between Peruvian North and South regions, G¢; was also
low (0.227), being lower among North (0.045) than South (0.622) populations within regions.
Between countries, G ranged from substantial (0.249) to high (0.565), as well as between
Brazilian West and East and countries (0.198-0.492) and Peru Nort and South and countries
(0.149-0.531) (Supplementary material, Table S2).
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Table 3. Genetic differentiation (Gg;) among all in Jacaranda copaia populations, among and
within countries, and regions within Brazil and Peru population for all 128 SNPs, nSNPs (113),
and CpMtSNPs (15).

Sample np SNPs (128) NSNPs (113) CpMtSNPs (15)
All populations 38  0.698 (0.043)*  0.627 (0.042)*  0.997 (0.019)*
All countries 4 0506 (0.044)*  0.416 (0.04)*  0.904 (0.137)*
French Guiana 4  0.158 (0.025)*  0.165 (0.027)*  0.003 (0.001)
Brazil 12 0.498 (0.047)*  0.399 (0.038)*  0.94 (0.099)*
Bolivia 5 0.258(0.045)* 0.209 (0.039)*  0.263 (0.226)*
Peru 17  0.583(0.059)*  0.57 (0.059)*  0.263 (0.219)*
Brazil West 6 0.542(0.056)* 0.402 (0.049)*  0.949 (0.097)*
Brazil East 6 0.284(0.041)* 0.284 (0.041)* 0

East vs West 2 0.139(0.024)* 0.125(0.025)*  0.271 (0.059)*
Peru North 9 0.045(0.013)* 0.013 (0.004)*  0.085 (0.099)*
Peru South 8 0.622(0.063)* 0.607 (0.063)*  0.269 (0.231)*
Northvs South 2 0.228 (0.030)*  0.231(0.032)*  0.218 (0.052)*

*P< 0.05; np is number of populations; Inside the parentheses is the 95% standard error,
1.96SE.

Source: Prepared by author.
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Figure 2 - Pattern of isolation by distance in Jacaranda copaia populations. Gy is the
pairwise genetic differentiation between populations for all 128 loci, 113 nSNPs and 15 CpMt
loci. The Spearman correlation coefficient (p) was significantly higher than zero (P< 0.01) for
all loci (0.466), 113 nSNP (0.35) and 15 CpMtSNP loci (0.479). Source: Prepared by author.
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Figure 3 - Correlogram of mean coancestry coefficient among individuals within 15 distance

classes in Jacaranda copaia. Source: Prepared by author.

0.50 -
0.40 -
0.30 -
0.20 -
0.10 -
0.00 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ —T—
-0.10 A

Coancestry

-0.20 7 134 438 737
-0.30 -

2,002 2,324 2,648

Distance (km)

Source: Prepared by author.

The percentage of polymorphic loci (P) ranged among locations from 8.1 to 91.9%, with
a mean among locations of 49.9% (Table 4). 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. 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

F ranging from 0.15 to -0.23, indication inbreeding.



Table 4. Genetic diversity for species location.
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Country Location Species n  P(%) N, Gy H, H, F
Bolivia Bajo Paragua H. serratifolius 20 757 113 063 0.09 0.12 0.23*
Bolivia Concepcién H. serratifolius 19 16.2 77 0.5 0.05 0.04 -0.03
Bolivia Guarayos H. serratifolius 20 811 110 1.0 039 0.28 -0.32*
Bolivia Riberalta-Mabet Handroanthussp. 13 64.9 99 0.78 0.08 0.09 0.09
Bolivia Roboré H. serratifolius 23 676 101 059 0.08 009 0.15*
Bolivia Yapacani- Naranjal H. serratifolius 20 70.3 95 044 049 029 -0.61*
Brazil FLONA do Jamari H. impetiginosus 20 16.2 77 0.5 0.03 0.03 -0.03
Brazil FLONA do Jamari H. incanus 5 622 100 100 035 0.23 -0.44
Brazil FLONA do Jamari H. serratifolius 6 8.1 73 0.67 0.02 0.02 0.14
Brazil FLONA de Tefé Handroanthus sp. 14 81 79 050 0.01 o0.01 0.02
Brazil ESEC de Maracé Handroanthussp. 21 784 112 100 014 0.19 0.17*
Brazil FLONA Amapéa Handroanthussp. 22 865 116 100 040 030 -0.24*
Brazil FLONA de Tapajos H. serratifolius 20 919 117 081 014 019 0.19*
Brazil FLONA do Carajas H. serratifolius 32 811 109 095 025 0.29 0.09
Brazil PARNA do Jau Handroanthussp. 22 10.8 80 043 0.010 0.02 0.21*
Brazil RESEX Chico Mendes Handroanthussp. 38 18.9 78 044 0.04 0.03 0.05
Brazil RESEX Tapajos-Arapins Handroanthussp. 21 135 74 047 0.03 0.03 0.23*
French Guyana  Belizon H. serratifolius 8 135 75 043 0.05 0.05 0.08
French Guyana  Belizon H. impetiginosus 12 730 112 027 0.07 0.09 0.21
French Guyana  Paracou-Kourou-Cayenne H. serratifolius 25 892 104 100 045 032 -0.35*
French Guyana  Organabo H. serratifolius 18 216 77 0.83 0.07 0.06 -0.09
Mean 19 499 942 068 015 0.13 -0.01

*P< 0.05; 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;

Source: Prepared by author.
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3.3.2 Genetic assignment

The grouped sample assignment test for all SNPs and nSNPs was able to self-assignment
of 100% of population and individuals to the correct origin country and population (Table 5).
The grouped sample assignment test for CpMtSNPs was also able to self-assignment of
population to the correct origin country and region within Brazil and Peru (score ranging from
93.9 to 100%). Considering a score higher than 95%, only 7.9% of grouped individuals were
correct assigned to population of origin for (score ranging from 98 to 100%). However, 42.1%
of grouped individuals were correct assigned to population of origin (score ranging from 26.7
to 100%), 92.1% of individuals were correct assigned to country origin (score ranging from
21.5 to 100%), 58.6% and of individuals were assigned to corrected region within Brazil and
Peru countries (score ranging from 25.6 to 100%). These results indicate that the use of all
SNPs or only nSNP loci can be used to correct assignment for grouped samples of individuals
to country, region within countries, and populations origin.

The assignment test for individuals was equal or higher for all SNPs than nSNPs for
country or population determination of correct origin (Tables 5 and 6). The assignment test for
individuals for all SNPs and nSNPs was able to self-assignment among 35.5 (Peru) to 96.2%
of country origin, where between region within Brazil was high (> 80%) and Peru was low for
both North (maximum of 29.2%) and substantial for East (64 and 58.8%, respectively). For
populations, the assignment test for individuals was able to self-assignment among 0 to 100%
of correct origin. The assignment test for individuals was equal low for CpMtSNPs for country,
population and regions determination of correct origin (< 33%). Spearman correlation (p) for
countries and populations was significantly higher than zero between all SNPs or nSNPs versus
K (with exception to all SNP) versus H,, and versus H,, as well as ssignificantly lower than

zero for population between nSNPs versus F (Supplementary material, Table S3).
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Table 5. Score results of the self-assignment tests to the country and population in Jacaranda

copaia of origin for grouped and individuals (mean scores) for all SNPs (All), nSNPS, and

CpMtSNPs (CpMt).
Grouped Individuals

All nSNPs CpMt All nSNPs CpMt

Assigned Score Score Score  Score  Score Score
Rank Rank

sample ) ) ) %) ) (%)
French Gu French Gu 100 100  French Gu 100 88.6 84.3 0
Brazil Brazil 100 100 Brazil 100 95.7 87.2 0
Brazil West Brazil West 100 100  Brazil West 100 95.5 95.5 0
Brazil East Brazil East 100 100  Brazil East 93.9 94.5 82 0
Peru Peru 100 100  Peru 100 46.6 35.5 18
Peru North Peru North 100 100  Peru North 99.8 29.2 14.8 0
Peru South Peru South 100 100  Peru South 100 64 58.8 45
Bolivia Bolivia 100 100  Bolivia 100 96.2 96.2 0
Correct 100 100 100

French Gu is the French Guiana; Spearman coefficient (p) between sample size (n) and scores

for CoMtSNP of 0.357 (P=0.028).

Source: Prepared by author.
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Table 6. Score results of the self-assignment tests to the country and population in Jacaranda
copaia of origin for individuals (mean scores) for all SNPs (All), nSNPS, and CpMtSNPs
(CpMt).

Grouped Individuals
All nSNPs CpMt All nSNPs CpMt
Assigned Score Score Score  Score  Score Score
Rank Rank
sample ) ) ) %) ) (%)
1-FG-Couna 1-FG-Couna 100 100  3-FG-Cocoa 55.9 100 100 0
2-FG-Isnard 2-FG-Isnard 100 100  3-FG-Cocoa  41.3 18.5 18.5 0
3-FG-Cocoa 3-FG-Cocoa 100 100  3-FG-Cocoa  58.7 0 0 0
4-FG-Mari 4-FG-Mari 100 100  4-FG-Mari 79.7 57.1 57.1 0
5-BW-Mara 5-BW-Mara 100 100 5-BW-Mara 99.2 100 100 0
6-BW-Anau 6-BW-Anau 100 100  6-BW-Anau 38 100 100 0
7-BW-Jama 7-BW-Jama 100 100 34-B0-MAB 44.3 100 85.7 0
8-BW-Jari 8-BW-Jari 100 100  8-BW-Jari 26.7 73.3 73.3 0
9-BW-Xapu 9-BW-Xapu 100 100  30-PS-Made 19.9 100 100 0
10-BW-Cum 10-BW-Cum 100 100  30-PS-Made 28.6 100 100 0
11-BE-Amap  11-BE-Amap 100 100  6-BW-Anau 35.5 100 100 0
12-BE-Avilh  12-BE-Avilh 100 100  6-BW-Anau  30.5 100 100 0
13-BE-Tapa 13-BE-Tapa 100 100  6-BW-Anau 37.7 96.3 96.3 0
14-BE-Arap 14-BE-Arap 100 100  6-BW-Anau 30.5 100 100 0
15-BE-Tefe 15-BE-Tefe 100 100  6-BW-Anau 215 75 0 0
16-BE-Cara 16-BE-Cara 100 100  6-BW-Anau 36.4 95.7 95.7 0
17-PN-Huiri 17-PN-Huiri 100 100 17-PN-Huiri 38.5 23.1 19.2 0
18-PN-Urco 18-PN-Urco 100 100  18-PN-Urco 52.4 25.9 14.8 0
19-PN-Madr 19-PN-Madr 100 100  30-PS-Made 99.9 42.9 14.3 0
20-PN-Yari 20-PN-Yari 100 100  20-PN-Yari 59.0 32.1 10.7 0
21-PN-Prog 21-PN-Prog 100 100  21-PN-Prog 100 55.2 6.9 33.3
22-PN-Cent 22-PN-Cent 100 100  27-PS-Abad 24.6 18.2 18.2 0

Table 6. (continued).



Grouped Individuals
All nSNPs CpMt All nSNPs CpMt
Assigned Score Score Score  Score  Score Score
Rank Rank
sample w ) ) ) %) (%)
23-PN-Herre 23-PN-Herre 100 100  23-PN-Herre  44.2 20 12 0
24-PN-Jebe 24-PN-Jebe 100 100  24-PN-Jebe 50 154 115 0
25-PN-Shuc 25-PN-Shuc 100 100  27-PS-Abad 34.9 30.8 25.9 0
26-PS-Portil 26-PS-Portil 100 100  26-PS-Portil 44.3 37.9 35.9 0
27-PS-Abad 27-PS-Abad 100 100  27-PS-Abad  36.3 40 23.3 0
28-PS-Diaz 28-PS-Diaz 100 100  27-PS-Abad 35.3 37.9 34.5 0
29-PS-Inuya 29-PS-Inuya 100 100  27-PS-Abad 25.6 25 16.7 0
30-PS-Made  30-PS-Made 100 100  30-PS-Made  33.7 87.9 87.9 0
31-PS-Cashu  31-PS-Cashu 100 100  30-PS-Made  28.5 86.7 86.7 0
32-PS-Amig 32-PS-Amig 100 100  30-PS-Made 33.2 90 90 0
33-PS-Tamb 33-PS-Tamb 100 100  30-PS-Made 31.9 95.8 95.8 0
34-Bo-MAB 34-Bo-MAB 100 100 34-Bo-MAB 75.4 93.3 93.3 0
35-Bo-Desve  35-Bo-Desve 100 100  34-Bo-MAB  70.7 100 100 0
36-Bo-Vista 36-Bo-Vista 100 100  30-PS-Made 27.4 84.6 84.6 0
37-Bo-Chor 37-Bo-Chor 100 100  37-Bo-Chor 98 100 100 0
38-Bo-Madi 38-Bo-Madi 100 100  30-PS-Made 32.7 100 100 0
Correct 100 100 42.1
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French Gu is the French Guiana; Spearman coefficient (p) between sample size (n) and scores

for CoMtSNP of 0.357 (P= 0.028); The correct assignment of individuals to population origin

for scores > 95% is 7.9%. Source: Prepared by author.

3.3.3 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

7). 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 7. Percent of correct self-assignment samples in country level by employing the Bayesian
method, the frequency method and the nearest neighbour approach in Jacaranda copaia

population.

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: Prepared by author.

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 Tapajos-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 8).
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Table 8. Percentile of correct self-assignment samples in location level by employing the

Bayesian, frequency and the nearest neighbour method in Jacaranda copaia population.

Sampling
Location _ Bayesian Frequency Nearest neighbour
size
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 Maracé (BR) 21 86% 95% 95%
FLONA do Amapa (BR) 22 73% 95% 95%
FLONA do Tapajos (BR) 20 5% 5% 40%
FLONA do Carajas (BR) 32 2% 2% 91%
PARNA do Jau (BR) 22 100% 100% 100%
RESEX Chico Mendes (BR) 38 95% 95% 95%
RESEX Tapajds-Arapiuns (BR) 21 100% 95% 95%
Paracau, Kourou-Cayenne (FG) 25 100% 100% 100%
Mean 771% 79% 85%

Source: Prepared by author.

The self-assignment test performed for Brazilian states level pooled together sample-

populations belonging to the same state of origin: Acre (RESEX Chico Mendes), Amapéa
(FLONA do Amapa), Amazonas (FLONA de Tefé and PARNA do Jau), Pard (FLONA de
Tapajés, FLONA do Carajas and RESEX Tapajés-Arapiuns), Ronddnia (FLONA do Jamari

with all species) and Roraima (ESEC de Maracd). A total of 221 samples were analysed and

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 9).
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Table 9. Percentile of correct self-assignment samples among Brazilian states level by
employing the Bayesian, frequency and the nearest neighbour method in Jacaranda copaia

population.
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: Prepared by author.

3.3.4 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 (0000846). 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 9). 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 10).
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Table 10. Assignment for timber samples among countries in Jacaranda copaia population,
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 (Pr) based on

outlier genotypes; I, is the proportion index.

Nearest neighbourhood

Bayesian method Frequency method
method
Assigned LOG Assigned LOG Assigned
Sample n; Score Pr Score Pr E, L

country (L) country (L) country
T048 30 Brazil 557 0.999 0.091 Brazil 556 0.999 0.089 F.Guyana 0467  0.286
TO55 36 Brazil 9.7 0992 0.626 Brazil 9.7 0.993 0.641 Brazil 0.621 0.25
T128 44 Brazil 9.41 1.0 0.241 Brazil 9.39 1.0 0.238 Brazil 0.573 0.75
T140 37 Brazil 8.26 0.994 0.427 Brazil 826 0995 0451 F.Guyana 0489 1.0***
T188 44 Brazil 112 0996 0.535 Brazil 112 0.996 0503 F.Guyana 0.607 1.0***
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 100 0.997 0448 F.Guyana 0.62  1.0%**
T229 35 Brazil 548 0.998 0.028 Brazil 546 0.998 0.025 Brazil 0.43 0.5

***pP< (0.001;
Source: Prepared by author.

The assignment test in Brazilian states level (Table 11) 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 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: 1.0), 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 1.0 and not significant exclusion probability with at

0.90, presumably due to the species.
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Table 11. Assignment for timber samples among Brazilian states by employing the Bayesian

method, the frequency method and the nearest neighbour approach. Pr: probability of exclusion

based on LOD1-values; Example, Pr: exclusion probability based on outlier genotypes; I :

proportion index.

Bayesian method

Frequency method

Nearest neighbourhood

method
Assigned LOG Assigned LOG Assigned
Sample n Score Pr Score Pr Pr I
state L) state L) state

T048 30  Amazonas  1.99 0.988 0 Amazonas  1.87 0.989 0.12 Amazonas 0.644  1.0***
T055 36 Rond6nia  10.57 0.572 0.997 Rondbnia  11.32 0495  0.997 Para 0.641  0.333
T128 44 Paré 9.45 1.0 0.472 Para 9.44 1.0 0.43 Para 0.609 1.0**
T140 37 Ronddnia 543 0994 0.666  Rond6nia 5.41 0999 0.683 Rondonia 0.623 0.8***
T188 44 Rond6nia 8.16 1.0 0.774 Rondénia 8.19 1.0 0.773  Amazonas 0.681 0.667*
T194 32 Amazonas 641 0995 0973 Amazonas  6.55 1.0 0.978 Rondonia 0.729  1.0***

0.889
T216 41 Ronddnia 7.87 0983 0.837 Rond6nia 7.95 0.988 0.794  Rondonia 0.698 .
T229 35 Amazonas 3.00 0970 0333 Amazonas 2.88 0.971 0.32 Amazonas 0.622 0.5*

***P< 0,001; **P< 0.01.

Source: Prepared by author.
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3.4 DISCUSSION
3.4.1 Genetic diversity

Illegal timber trade, eitherin the species context as well as illegally sourced has being a
major problem in tropical forest. Our study shows the potential of the DNA fingerprint to track
country, population, and region within country origin, as well as to follow and verify the chain
of custody of timber products of J. copaia.

This is the first study reporting the genetic diversity and population structure in J. copaia
for SNP markers. Our study displayed only moderate levels of genetic diversity for the nSNP,
CpSNP, and MtSNP markers of J. copaia. Although, the observed (H,) and expected (H,)
heterozygosity were low, the means were within the reported pattern in other Neotropical trees
for SNPs markers, where H, has been observed ranging from 0.03 to 0.39 and H, ranging from
0.02 to 0.336 (Table S4). The genetic diversity in J. copaia was especialy low within some
populations, due to the low sample size, as indicated by the positive Spearman correlation (p)
significantly between the sample size (n) and total number of alleles (K ), as well as between
the K and H,, and K and H,. The H, values were also higher for nSNPSs than for CpSNPs,
MtSNPs, and CpMtSNPs. This can be attributed to the highest polymorphism of nSNP loci.

The estimate of intrapopulation fixation index (F) indicated inbreeding in some
populations. Inbreeding has also been observed in other Neotropical trees for SNPs markers
(Table S4). However, due to the fact that J. copaia is self-incompatible (MAUES et al., 2008)
and our samples within populations were tacked from geographic distant trees, the observed
inbreeding is very probably an artefact of the Wahlund effect (WAHLUND, 1928) due to the

mixtures of samples from different subpopulations.

3.4.2 Population genetic differentiation

The presence of population genetic differentiation and intrapopulation spatial genetic
structure (SGS) or in another terms the ocurrence of isolation by distance patterns (IBD) is key
to assigned timber from different origins (TNAH et al., 2009; OGDEN; LINACRE, 2015) ,
such us countries, populations and regiosn within countries. High genetic differentiation among
the different genetic groups increases the success of genetic assignment (OGDEN; LINACRE,
2015). Our results showed strong genetic diferentiation among all populations, countries, SGS

and the IBD pattern. The standardised G, for all SNPs, nSNPs, and CpMtSNps were high,

especially for CpMtSNps, with exception for some populations where the SNPs were no

polymorphic, such as French Guiana, Brazilian East, Peru North and South population, so
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supporting a strong power of the SNPs markers for determining the correct population of timber
origin. The genetic diferentiation was higher among all population than among countries.
Within countries, for all SNPs markers, G¢; was highest among Brazilian, and Peru population
and between regions within countries, G¢r was highest in Brazilian West and Peru South
populations. These results indicates that due to the fact that the group/populations-specific
alleles among populations be more common than among countries or between some regions
within countries. These results indicate strong potential for assigned timber between
populations, countries and for Brazilian West and Peru South regions. The genetic
differentiation is in agreement with the structure found for other neotropical tree species, such
as Carapa spp. (SCOTTI-SAINTAGNE et al., 2013a) and J. copaia ( SCOTTI-SAINTAGNE
etal., 2013a).

3.4.3 Genetic assignment and practical application

The results show a high power of correct group assignment in all three levels: among
countries, population, and region within Brazilian and Peru countries. All three levels attained
the higher success rate (> 90%) for all SNPs and nSNPs, confirming that this approach have the
success expectation in imperfect grouping of reference samples. This success can be attributed
the general great genetic differentiation among countries, populations and regions within
countries. Even in case where the differentiation was only moderated (G¢r< 0.3) (French
Guiana, Bolivia, Brazil East, Brazil West versus East, Peru North, and Peru North versus
South), differences in allele frequencies between groups of analyses were enough to produce
high scores for the correct origin.

The results for individual assignment test for all SNPs and nSNPs were lower than
group, but also show high power of correct assignment in among countries, population, and
region within regions in Brazilian and Peru. Peru and its regions showed the low scores rate of
assignments. According with Spearman correlation (p) for countries and populations for
assignment of all SNPs and nSNPs versus K, H,, and H,,, and for population level for assignment
of nSNPs versus F, the H, and H,, following by K are the most determinant indices to have
success in the individual assignment tests. Peru North population generally showed the lowest
H, and H, values, and highest inbreeding with can explain the lows cores rate of assignment.
However, in general, the results for individual assignment test for all SNPs and nSNPs support
that this approach have power determination of the specific site of timber origin. For to use
CpMtSNP loci markers, it is necessary the development of a great number of loci to increase

both grouped and individual assignment tests.



49

Similar results of higher group that individual assignments tests were reported for
Hymenaea sp. (CHAVES et al., 2019) and Handroanthus sp. (MEYER-SAND et al., 2018).
For Swietenia macrophylla, based on nSSR loci, assignment test was higher at the country
(82%) than population (71) level (DEGEN et al., 2013). For the Malaysia Gonystylus bancanus
tree, the self-assignment rate to a set of 16 nSSRs was in lower (55%) than has been observed
here on the population level (NG et al., 2016). For SNP data of Entandrophragma cylindricum,
the assignment on the country level ranged from 66 to 74%, depending on the assignment
method (DEGEN et al., 2017). Many Other studies in tropical, African and European tree
species has been developed microsatellite and SNPs markers to timber tracking and the main
conclusion is that due to the presence of spatial genetic structure and genetic differentiation
DNA fingerprint is the most indicated tool to tracking the country and population origin
(JARDINE et al., 2016; PAKULL et al., 2016; SCHROEDER et al., 2016; PAREDES-
VILLANUEVA et al., 2019; TYSKLIND et al., 2019; PAKULL et al., 2020).

Finally, we suggest for the timber sector to add such genetic controls as an independent
audit on top of paper-based proofs of the chain of custody (LOWE et al., 2016). It is important
to note that the power of the genetic reference data to detect false declarations reaches 100% if

more than one sample with the same declaration was tested.

3.4.4 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
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 base 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, Rond6nia
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.
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3.4.5 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), associated with the small number of individuals from

French Guyana (63) in comparison with Brazil (221) and Bolivia (115).

3.5 CONCLUSION

The genetic differentiation (G¢r) among all populations, contries, and regions within
coutries is generaly high, specialy for CoMtSNP loci, and there is a strong isolation by distance
pathern among populations, favoring the group or individual samples tracking to correct site.
For self-assignment tests, we were able to 100% correct determine country, population and
region site origin of all samples using all SNPs and nSNPs. Our results show that the use of all
SNP or nSNP markers are suitable to correct determination of country and population site of J.
copaia timber origin and very useful tool for customs and local and international policies. The
J. copaia reference database of our study represents a robust assignment tool available to timber
companies or governmental agencies to test and validate origin declarations. It is recommended
to use the method described here for other tropical native species, since it presents high
efficiency when it comes to showing the origin of the wood, thus helping the police and the
competent bodies in the delimitation of illegally deforested areas, as well as unsustainable

extraction.
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Table S1. Spearman correlation coefficient (p) between sample size (n) and genetic diversity indices.

SNPs Indices ) P value
NSNPs nvsK 0.36 0.026
CpSNPs nvs K 0.119 0.477
MtSNPs nvs K -0.08 0.633
CpMtSNPs nvs K 0.034 0.839
NSNPs nvs Ho -0.188 0.258
NSNPs nvsF 0.058 0.729
NSNPs nvs He -0.259 0.116
CpSNPs nvs He 0.163 0.329
MtSNPs nvs He 0.102 0.504
CpMtSNPs nvs He -0.031 0.853
NSNPs kvs Ho 0.675 0
nNSNPs kvsF -0.213 0.199
nSNPs kvs He 0.691 0
CpSNPs kvs He -0.297 0.07
MtSNPs kvs He -0.037 0.823
CpMtSNPs kvs He -0.171 0.306

K is the total number of alleles; H, is the observed heterozygosity; H, is the expected heterozygosity;

F is the fixation index. Source: Prepared by author.



Table S2. Pairwise genetic differentiation (G;) between populations for all SNPs.

Brazil Peru Bolivia

French Guiana 0.249 (0.035)* 0.415 (0.057)* 0.565 (0.06)*
Brazil 0.368 0.053)* 0.3 (0.045)*

Peru 0.324 (0.043)*
Brazil West 0.306 (0.045)* 0.198 (0.036)*
Brazil East 0.492 (0.06)* 0.458 (0.054)*
Peru North 0.504 (0.045)* 0.531 (0.046)*
Peru South 0.294 (0.047)* 0.149 (0.045)*

*P< 0.05. Source: Prepared by author.
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Table S3. Mean genetic differentiation among populations and among countries. & is the

Gregorius J -statistic; F; is the Wright’s fixation index; G, is the Herdick standardised G,

-statistic.

Among populations

Among countries

Locus 8¢ For G.S:T 8¢ Fsr Gsy‘T

tas0000082  0.248  0.363  0.475 0.045 0.007 0.012
tas0000119  0.113  0.284  0.316 0.084 0.074 0.085
tas0000134  0.075 0.196  0.213 0.038 0.022 0.023
tas0000211  0.066  0.141  0.155 0.064 0.044 0.051
tas0000294  0.233  0.307  0.405 0.042 0006 0.01
tas0000443  0.073  0.231  0.248 0.082 0.069  0.08
tas0000496 0.1 0.374  0.405 0.14 0.13 0.16
tas0000513  0.077 013  0.143 0.036 0.014 0.016
tas0000541 0.09 0.3 0.327 0.073 0.064 0.072
tas0000637  0.394  0.657  0.79 0.092 0.022 0.047
tas0000838  0.248  0.386  0.505 0.125 0.045 0.078
tas0000846  0.316 0512  0.671 0.253  0.147 0.301
tas0000880  0.334  0.485  0.641 0.135 0.044 0.092
tas0000984 022 0327 0424 0.055 0.013  0.02
tas0000993  0.197  0.568  0.644 0.216  0.161  0.269
tas0001084 0.18 0.207  0.279 0.106 0.042  0.064
tas0001089  0.275  0.379  0.505 0.057 0.01  0.018
tas0001118 0.08 0115 0.132 0.033 0.013 0.015
tas0001119  0.291  0.398  0.583 0101  0.02 0.05
tas0001135 0.09 0.258 0.281 0.092 0.075 0.089
tas0001208  0.394  0.644  0.782 0.05 0.008 0.017
tas0001231 0.2 0.391 0473 0.085 0.031 0.045
tas0001289  0.383  0.756  0.848 0229 012 0.234
tas0001361  0.115 0.402  0.435 0137 0.116 0.142
tas0001399  0.261 0.364  0.48 0.067 0.017  0.029
tas0001470  0.243  0.738  0.799 0.338 0402 0.525
tas0001562  0.138  0.169  0.215 0.041 0011 0.015
tas0001653  0.096  0.223  0.256 0.046  0.017 0.023
tas0001740 0.238  0.376  0.482 0.075  0.02  0.032
tas0001766  0.138  0.106  0.194 0.076 0.012  0.03
tas0001767  0.324 0482  0.628 0.055 0.009 0.018
tas0001796  0.112  0.201  0.235 0.078 0.04 0.051
tas0001816  0.255  0.379  0.53 0.103 0.027  0.055
tas0001827  0.287 0472  0.595 0.123 0.049 0.086
tas0001921  0.292  0.458  0.598 0.094  0.03  0.055
tas0001943  0.026  0.039  0.041 0.008 0.001  0.002
tas0001945  0.236  0.312 0415 0.06  0.013 0.022

continued on next page



Table S3. (continued)

Among populations Among countries

Locus O¢ Fsr Ger [ Fsr Ger
tasCp20_12116 0.498 0.888 0.944 0.329 0.248 0432
tasCp20_16837 0.475 0.81 0.902 0.208 0.109 0.235
tasCp229 2616 0.278 0.926  0.947 0.254 0.286  0.368
tasCp229 8690 0.333 0.787  0.856 0.219 0.168  0.268
tasCp373_68 0.154 1.0 1.0 0.269 0.311 0.4
tasCp373_606 0.278  0.926  0.947 0.246 0.28 0.357
tasCp436_3740 0.336  0.798  0.865 0.219 0.168  0.268
tasCp436_10452 0.278 0926  0.947 0.246 0.28 0.357
tasCp544_19217 0.333  0.792 0.86 0.219 0.168  0.268
tasCp544_ 19813 0.395  0.702 0.81 0.084 0.017 0.038
tasCp612_1890 0.278  0.926  0.947 0.246 0.28 0.357
tasCp784_4541 0.154 1.0 1.0 0.275 0.319 0411
tasCpIN544_750 0.279  0.949  0.963 0.24 0.272  0.346
tasMt53_18528 0.176  0.117 0.261 0.141 0.018 0.052
tasMt79_14230 0.174 0.691 0.742 0.146  0.143 0.173
tasMt79_21228 0.185 0.784 0.82 0.263 0.274  0.367
tasMt173_2622 0.243 0.679  0.753 0.093 0.028 0.046
tasMt615_ 5988 0.41 0.704  0.827 0.449  0.488 0.739
tasMt680_8937 0.074 0.46 0.48 0.127 0.136  0.159
tasMt732_3426 0.33 0.641 0.76 0.166  0.065 0.13
tasMt967_4329 0.191 0.599 0.668 0.134 0.11 0.14
tasMt1438 1478 0.304 0.669 0.766 0.163 0.106  0.157
tasMt1580_ 4320 0.182 0.732  0.777 0.26 0.264  0.357
tasMt1751_2224 0.185 0.784 0.82 0.263 0.274  0.367
tasMt2011_567 0.153 0.851 0.874 0.136  0.146  0.173
tasMt2580_ 2831 0.185 0.784 0.82 0.257 0.265 0.355
tasMt4446_1048 0.182 0.732 0.777 0.254 0.256  0.345
tasMt4446_1728 0.174  0.694 0.743 0.145 0.142 0.172
tasMt6079_1485 0.228  0.528 0.63 0.131 0.1 0.134
tasMtIN173_1921 0.182 0.73 0.775 0.259 0.262  0.355
tasMtIN2369 2284 0.185 0.784 0.82 0.263 0.274  0.367
MEAN 0.224  0.537  0.607 0.15 0121 0171

Source: Prepared by author.



Table S4. Results of the self-assignment tests to the population of origin for all individuals for all SNPs, nNSNPS and CpMtSNPs.

All SNPs nSNPs CpMts (15)
(128) (113)

Assigned sample Rank Score (%) Score (%) Rank Score (%)
French Guiana French Guiana 100 100 French Guiana 100
Brazil West Brazil West 100 100 Brazil West 100
Brazil East Brazil East 100 100 Brazil East 93.9
Peru North Peru North 100 100 Peru North 99.8
Peru South Peru South 100 100 Peru South 100
Bolivia Bolivia 100 100 Bolivia 100

Correct 100 100 100
1-FG-Counami 1-FG-Counami 100 100 3-FG-Cocoa 55.9
2-FG-Isnard 2-FG-Isnard 100 100 3-FG-Cocoa 41.3
3-FG-Cocoa 3-FG-Cocoa 100 100 3-FG-Cocoa 58.7
4-FG-Maripa 4-FG-Maripa 100 100 4-FG-Maripa 79.7
5-BRW-Maraca 5-BRW-Maraca 100 100 5-BRW-Mara 99.2
6-BRW-Anaua 6-BRW-Anaua 100 100 6-BRW-Anaua 38.0
7-BRW-Jamari 7-BRW-Jamari 100 100 34-BO-MABET 44.3
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8-BRW-Jari
9-BRW-Xapuri
10-BRW-Cumaru
11-BRE-Amapé
12-BRE-Avilhanas
13-BRE-Tapajés
14-BRE-Arapins
15-BRE-Tefe
16-BRE-Carajas
17-PEN-Huiririma
18-PEN-Urco
19-PEN-Madreselva
20-PEN-Yarina
21-PEN-Progresista
22-PEN-Centre
23-PEN-Herrera

24-PEN-Jeberos

8-BRW-Jari
9-BRW-Xapuri
10-BRW-Cumaru
11-BRE-Amapa
12-BRE-Avilhanas
13-BRE-Tapajos
14-BRE-Arapins
15-BRE-Tefe
16-BRE-Carajas
17-PEN-Huiririma
18-PEN-Urco
19-PEN-Madreselva
20-PEN-Yarina
21-PEN-Progresista
22-PEN-Centre
23-PEN-Herrera

24-PEN-Jeberos

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

8-BRW-Jari
30-PES-Madera
30-PES-Madera
6-BRW-Anaua
6-BRW-Anaua
6-BRW-Anaua
6-BRW-Anaua
6-BRW-Anaua
6-BRW-Anaua
17-PEN-Huiri
18-PEN-Urco
19-PEN-Madre
20-PEN-Yarina
21-PEN-Progre
27-PES-Abad
23-PEN-Herrera

24-PEN-Jeberos

26.7

19.9

28.6

355

30.5

37.7

30.5

21.5

36.4

38.5

52.4

99.9

59.0

100.0

24.6

44.2

50.0
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25-PEN-
Shucushuyacu

26-PES-Portillo
27-PES-Abad
28-PES-Diaz
29-PES-Inuya
30-PES-Maderacre
31-PES-Cashu
32-PES-Amigos
33-PES-Tambopata
34-BO-35-MABET
35-BO-Desvelo
36-BO-Vista
37-BO-Chorro
38-BO-Madidi

Correct

25-PEN-
Shucushuyacu

26-PES-Portillo
27-PES-Abad
28-PES-Diaz
29-PES-Inuya
30-PES-Maderacre
31-PES-Cashu
32-PES-Amigos
33-PES-Tambopata
34-BO-35-MABET
35-BO-Desvelo
36-BO-Vista
37-BO-Chorro

38-BO-Madidi

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

100

27-PES-Abad
26-PES-Portillo
27-PES-Abad
27-PES-Abad
27-PES-Abad
30-PES-Madera
30-PES-Madera
30-PES-Madera
33-PES-Sando
34-BO-MABET
34-BO-MABET
30-PES-Madera
37-BO-Chorro

30-PES-Madera

34.9

443

36.3

35.3

25.6

33.7

28.5

33.2

31.9

75.4

70.7

27.4

98.0

32.7

17

Spearman coefficient (Rho) between n and scores for CoMtSNP = 0.357 (P=0.028). Source: Prepared by author.
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Figure 1, 2 and 3 - Spatial distribution of CpMtSNPs (A), nSNPS (B) and nCpMtSNP (C) estimated
by STRUCTURE (K = ?) for Jacaranda copaia in South America. Source: Prepared by author.

COLOMBIA

I 2
C 1w

Campo Grande

<
vitoria

RAG UA o
haaua
B arranquilla Port of
i 1 o Caracas pain
: Maracaibo
oo erace SVatencia
Sty Panama City
PANAMA
Bucaramanga_ VENEZUELA
Medellin
gy CU VAN GUYANA
Cali

© Quito
Belém
ECUADOR °
Guayaquil ¢ Sao0 Luls
Manaus o
. (] J ontaleza
M A Z O N B A §
Teresina
s Natal
Chiclayo o
PERU
T/IAIH""‘ !\’v if
4 . Maceio
& y BRAZIL
"le a MATO ¢ g NS Y
EERLEAE Q Salvador
7 e, °
: o /
& v
21 € >
2 , Brasilia (<]
BOLIVIA e oy
B 1#1 Gochabamba
3 >
N 1#2 A%D 0 500 1,000 .° 2,000 Kilometers

Psucre 1 1 1 Il = See) |

= A
Sources: Esti. HERE, Garmin, Intermap, increment P Corp.. GEBCO, USGS, FAO, NPS, NRCAN, GeoBase,
IGN, Kadaster NL, Ordnance Survey, Esri Japan, METI, Esfi China (Hong Kong), swisstopo, @ OpenStreetilap

contributors, and the GIS User Community

Rio de
kaGua o
Barranquilla Port of
ISTA 9 5 as spain
iCA G Maracaibo
Cee Panama City
:
PANAMA
Bucaramanga_ VENEZUELA
CUIAN
COLOMBIA
? Quito
rcuADOR geten
Guayaquil _—.
Manaus o
e ® Fortaleza
M A Z ON 8 A8 I N
Hl—r-,‘ sina
; Natal
PERU
Trujia o
O IM.I- a0
BRA
B i Uiia & . RAZIL 3
g . 3 o <
1#2 v \:\ Salvador
2 . ¥
B 21 t 4 ‘ §
£ >
[ 2142 s > Brasia  ©
B 2#21 5 BOLIVIA S Coihaiay s
ochabamba
[ 2#2u2 R
A10 0 500 1,000 2,000 Kilometers
<

L EZ
1w

Campo Grande A Viteria
Sources: Esri. HERE, Garmin, Intermap, increment P Corp., GEBCO, USGS, FAOQ, NPS, NRCAN, GeoBase,
IGN, Kadaster NL, Ordnance Survey, Esri Jagan, METI, Esri China (Hong Kong), swisstopo, © OpenStreethap

contributors, and the GIS User Community & Rio de




RAG UA
hagua

Barranquilla
hSTA Pl B et
1A Cartagena 3k
Jose

Panama City
o
PANAMA
Bucaramanga

Medélling

Cal

COLOMBIA

© Quito

ECUADOR
Guayaquil

Trujlla
a

21

B
[ 1#2
B 2#1#1 oS
B 212 ;
[ Jomus

B 2121

[ 2#282

C 1w

¢ h A
Chiclayo o ‘
PE p
ame = @ MATO GROSSO
Py PLATEAU Q
v >
iU 7
&
& "

Port of
Caracas Spain
Svalencia
VENEZUELA N,
Georgetown
Paral
ayenne
GUYANA

CUIANG

H. "y SURINAME
£ 4
Ve s
6 Belém
o

Sao Luls
Manaus o
°

M A Z O N B A S I N

Teresina
o

&

BRAZIL

Brasilia (<]
o N

Fortaleza
o

Natal

Maceio
o

vador

2,000 Kilometers

BOLIVIA 5 Goiania >
Cochabamba
£ 2
LAND 0 500 1,000 °
“sucre 1 1 1 1 oSO
=
Campo Grande A

Sources: Esri. HERE, Garmin, Intermap, increment P Corp., GEBCO, USGS, FAO,

iteria
NPS, NRCAN, GeoBase,

IGN, Kadaster NL, Ordnance Survey, Esri Japan, METI, Esri China (Hong Kong), swisstopo, © OpenStreetMap

contributors, and the GIS User Community ¢ Rio de

Source: Prepared by author.

64



