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Biodiversity loss is of global concern, and is due in part to deforestation and high
consumer demand for wood and wood products. The neotropical tree species Cedrela odorata
(“Spanish cedar” or “cedro”) is economically valuable for its wood and faces threats of
overexploitation. Due to strong similarities in wood features across species, overlapping
geographic distributions, and taxonomic uncertainty, other Cedrela species may be intentionally
or mistakenly substituted for C. odorata in trade. This pressure is expected to make these species
more vulnerable if current logging practices proceed unchecked. This dissertation focuses on the
development of genomic resources for C. odorata and five closely allied species in the genus
Cedrela. Each chapter describes how the implementation of genomic data can be used to better
understand and protect this historically overexploited plant group.
Chapter 2 presents a C. odorata leaf transcriptome, chloroplast genome, and a set of
probes that can be used to enrich target regions (genes) of the nuclear genome for DNA sequence
analysis. I demonstrated that these “target capture” probes efficiently sampled thousands of
genes from C. odorata specimens (~ 7,900 genes at 10X depth), the four Cedrela species

included (3,000-9,500 genes), closely related and endangered Swietenia mahagoni (Caribbean
mahogany; 4,000 genes), and distantly related Guarea guidonia (muskwood; 750 genes) and
Trichilia tuberculata (550 genes). This list of genes adds significantly to the available genomic
resources for these species (most are currently represented by fewer than 20 genes), and makes a
large contribution to genomic resources for the mahogany family (Meliaceae).
In Chapter 3, I used the target capture probes to sample the genomes of 168 Cedrela trees
representing six co-occurring species, with the goal of determining whether named species can
be verified as distinct genetic entities based on robust genomic sampling. Of particular interest
was the possibility that C. odorata may contain multiple genetic lineages that are
morphologically similar or identical (i.e., cryptic species). I inferred the phylogenetic
relationships among C. odorata and closely allied species with nuclear SNPs and chloroplast
genomes. I found that C. odorata was clearly represented as two lineages: one in Mesoamerica,
and one in South America that included allied species C. fissilis, C. nebulosa, and C. saltensis. I
compared seven species delimitation schemes to current taxonomy (i.e., models combining
individuals identified as distinct species under the same taxonomic name and/or separating
previously grouped individuals). In all cases, species definitions showing simplified taxonomy
(fewer species) were better representations of the data than current taxonomy. The best model
supported: (i) the separation of Mesoamerican C. odorata sensu stricto and South American C.
odorata into distinct taxa, and (ii) combining two previously described species (C. nebulosa and
C. saltensis) with South American C. odorata into a single species. If these findings were
adopted for Cedrela taxonomy, they would result in reduced taxonomic uncertainty in this genus,
and would help streamline documentation of Cedrela in trade.

In Chapter 4, I developed and tested a single nucleotide polymorphism (“SNP”)
genotyping assay for geographic source validation of C. odorata, a critical need for law
enforcement. I demonstrated that array SNPs and resulting genotypes accurately estimate C.
odorata geographic origin at the scale of Central vs. South America, and that SNPs provided a
median prediction error of 188.7 km from the true origin. This approach has promise for
assigning geographic origin of C. odorata wood, and provides useful information for enforcing
restrictions on the harvest and trade of C. odorata across its range in the Neotropics.
Chapter 5 provides a review the major findings presented in this dissertation, and presents
unresolved areas of research that may benefit from these genomic resources. For example, the
presented data and methods may provide a starting point for future phylogenetic studies of
Cedrela that consider the entire genus. The genomic depth obtained with the probe set should
also be adequate to investigate the role of hybridization in the genus Cedrela.
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CHAPTER 1 || INTRODUCTION
Massive losses of biodiversity are direct consequences of unsustainable practices
involving the removal of living trees from forests around the world (Nellemann 2012; Elias
2012; van Zonneveld et al. 2018). Deforestation for land use conversion and for timber resource
extraction leads to forest fragmentation, which can have severe consequences on natural
regeneration of tree populations and standing genetic diversity available for adaptation to
selective pressures (Lowe et al. 2003; Kometter et al. 2004; Muellner et al. 2011; Inza et al.
2012). The major selective pressure facing biodiversity worldwide is climate change (Crowley
2000; Willis et al. 2010; Kilkenny 2015; Estrada-Contreras et al. 2016). Climate change is
exacerbated by deforestation, and deforestation is estimated to be responsible for more carbon
emissions than marine, air, and land transportation combined (Nellemann 2012). Forests of
Central and South America (or “neotropical” forests) face the largest threat because they support
the most terrestrial biodiversity, with an estimated 16,000 tree species contained within the
Amazon rainforest alone (Pennington et al. 2015; Pennington and Lavin 2016; Dick and
Pennington 2019). Laws are in place to protect economically valuable tree species from
overexploitation and promote sustainable practices (e.g., the US Lacey Act, EU Timber
Regulation, and the Australia Illegal Logging Prohibition Act), but 35-72% of wood sourced in
the Amazon is thought to be acquired from illegal logging (Saunders and Reeve 2014). Due to
the sheer scale of timber trade globally, confirming legal identity and source of all wood
specimens in trade is impossible (Dormontt et al. 2015; Wiedenhoeft et al. 2019). Fortunately,
new techniques in genome sequencing have ushered in opportunities develop forensic DNA tools
to validate suspicious claims appearing on trade documents, and provide evidence for court cases
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seeking to enforce international trade restrictions (Ogden 2011; Dormontt et al. 2015; Ogden and
Linacre 2015). The main objective of this dissertation research was to provide genomic resources
for the study and conservation of Cedrela odorata L. and its relatives in the mahogany family
(Meliaceae). Studies utilizing genome sequencing for phylogenetic investigations of vulnerable
neotropical species can provide genomic resources for their protection, supporting the
conservation of biodiversity in neotropical forests and beyond.
The neotropical tree species Cedrela odorata is a target of illegal logging, and has been
documented in timber trade for over 250 years (Pennington and Muellner 2010). Cedrela
odorata occurs throughout neotropical forests, from Mexico (24º N) to northern Argentina (27º
S) including the Caribbean archipelago, the foothills to the east and west of the Andes
mountains, and the rainforests of the Amazon (Smith 1960; Pennington and Muellner 2010).
Mature trees of this species grow 45-60 m in height with cylindrical boles, making them ideal for
milling, and are used broadly for furniture, cabinetry, wood turning, canoes, cigar boxes, musical
instruments, veneers, and other crafts (Smith 1960; Pennington and Muellner 2010; Tajikistan
2019). Additionally, research in natural products chemistry is rich in studies involving the testing
and description of C. odorata extractives as organic pesticides (Ayorinde and Odeniyi 2018; Leo
et al. 2018; Lee et al. 2019) and pharmaceuticals (e.g., polyphenolic compounds from C. odorata
bark reduced blood glucose levels in diabetic rats; Almonte-Flores et al. 2015). Between 2010
and 2017, 87,242.91 m3 of wood from trees in the genus Cedrela appeared in trade across a total
of 749 records according to the Convention on International Trade in Endangered Species of
Wild Fauna and Flora (CITES) Trade Database, with 53.53% from natural stands and the
remainder from plantations (Tajikistan 2019). Nearly all shipments were reported as C. odorata
(80.76% as sawn wood) and most shipments are destined for manufacturing or sale in the United
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States (Tajikistan 2019). While Ecuador reported the seizure of only 236.8 m3 of Cedrela wood
from 2014 to 2017 (Tajikistan 2019), the scale of illegal trade of Cedrela is much larger. An
investigation focused on logging of cedar (C. odorata) and mahogany (Swietenia macrophylla
King) in Peru found 112 CITES export records of illegal wood listing origins that had been
fabricated (Urrunaga et al. 2012). Urrunaga et al. (2012) provided evidence that illegal logging is
systematic, common, and environmentally and economically damaging in Peru. In 2017, a
snapshot of the scale of illegal logging in Peru was provided by the same team of investigators; a
cargo ship from Peru and destined for the U.S., the Yaca Kallpa, was seized and contained nearly
10,000 m3 of illegal wood (Conniff 2017; Bargent 2017).
The primary threat to C. odorata is decreased population connectivity from logging
(Muellner et al. 2010, 2011; Pennington and Muellner 2010; Cavers et al. 2013). Cedrela
odorata populations are typically found at low densities (Schulze et al. 2008; Perez Contreras
2011), and forest fragmentation from logging may further decrease connectivity, limiting gene
flow among C. odorata populations. This could have severe consequences for its adaptive
potential (or standing genetic diversity available for adaptation to selective pressures; Lowe et
al., 2003; Kometter et al., 2004; Muellner et al., 2011; Inza et al., 2012; Dick et al., 2013;
Whiteley et al., 2014). For example, the mahogany shoot borer (Hypsipyla grandella Zeller) is
known to hinder natural regeneration across the mahogany family (Cintron 1990; Pennington and
Muellner 2010), and reduced population connectivity could limit the spread of shoot borertolerant genotypes that have been identified in some geographic regions (Newton et al. 1999).
Deforestation has led to a nearly 30% decrease in distribution for C. odorata over the last 100
years, and that estimate is expected to increase to greater than 40% over the next 100 years
(Tajikistan 2019). Individual countries report C. odorata-associated forest losses of 30% in
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Ecuador and greater than 50% in Costa Rica and Colombia (Tajikistan 2019). Little information
is available for Cedrela species with restricted ecological ranges, but in Ecuador losses range
from 30% deforestation for C. nebulosa T.D.Penn. & Daza, to 50% for C. angustifolia DC., C.
montana Mortiz ex Turcz., and the newly described, C. kuelapensis T.D.Penn. & Daza
(Tajikistan 2019). Deforestation is also expected to have direct consequences for endemic
Cedrela species in Mexico, El Salvador, and Peru (Tajikistan 2019). Threats resulting from
continued unsustainable logging of C. odorata, other Cedrela species, and deforestation in
general extend beyond extinction of isolated populations and single species. The current high
demand for wood and wood products threatens biodiversity globally.
In 2001, C. odorata was listed under the protections of CITES Appendix III requiring
validated documentation of species identity and source for both export and import
documentation, protecting populations in Bolivia, Brazil, Colombia, Guatemala, and Peru
(Ferriss 2014). Due primarily to the similarity of sawn logs and processed wood of all Cedrela
species (and likely also due to difficulty in field identification of living Cedrela trees), most
Cedrela wood is reported as C. odorata (Tajikistan 2019). Consequently, two other species (C.
fissilis Vell. and C. lilloi syn. angustifolia) have also been afforded protection under CITES
Appendix III, since their survival is threatened due to strong similarities with C. odorata (Ferriss
2014; UNEP-WCMC 2015). It is difficult to precisely quantify the extent of illegal logging in
other Cedrela species because it is difficult to make species-level identifications based on wood
anatomy alone (Muellner et al. 2011; Gasson 2011; Tajikistan 2019). In 2019, C. odorata and all
species in the genus were elevated to CITES Appendix II, leading to increased global scrutiny
for all wood and wood products reported as any Cedrela species (Tajikistan 2019).
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Despite the anticipated increase in protection for C. odorata and its “look-alikes”, law
enforcement of CITES regulations and the continuance of CITES protections requires credible
estimates of species presence in trade, accurate geographic distributions, and up-to-date
extinction risk (Text of the Convention; Contracting States 1973). Thus, more accurate species
descriptions are valuable for the conservation of Cedrela. However, defining Cedrela species is
particularly challenging. Cedrela species are differentiated based on combinations of six
morphological characteristics (e.g., size of fruit, density of leaflet hairs, and number of leaflet
pairs) that show high levels of variation within species and overlap among species, making field
identification difficult for nearly all species (Pennington and Muellner 2010). A greater
challenge is differentiating wood specimens without leaves, flowers, and fruit, (Gasson 2011);
this leads most Cedrela wood specimens to be declared as C. odorata, making it difficult to
understand the scale of logging across Cedrela species.
In recent decades, genetic variation has been used to investigate Cedrela species,
revealing that morphological descriptions correlated with genetic distinctiveness and
phylogenetic position for some species (Muellner et al. 2010; Pennington and Muellner 2010).
However, DNA variation also revealed that specimens identified as C. odorata did not appear as
monophyletic; instead, they appeared on multiple divergent branches on phylogenetic species
trees for the genus (i.e., paraphyletic resolution). While some atypical forms of C. odorata (i.e.,
morphotypes) could be identified and split into new species with restricted geographic
distributions (e.g., C. nebulosa; Pennington and Muellner 2010), C. odorata seemed to also be
composed of multiple genetic groups that were morphologically indistinguishable but appeared
on highly divergent branches of the phylogenetic tree (i.e., “cryptic species”; Navarro et al. 2002,
2004; Cavers et al. 2003b, a, 2013; Muellner et al. 2010; Pennington and Muellner 2010; Köcke

6

et al. 2013, 2015). Since 1990, the number of studies identifying cryptic species has increased
substantially with the use of genetic markers in phylogenetics; cryptic species or cryptic
speciation appeared in nearly 550 papers between 2010 and 2015 (Struck et al. 2018). Because
the criteria for identifying a cryptic species is not standardized, it is difficult to know how
common cryptic species are, but they may contribute a substantial amount of biodiversity in
neotropical forests (Cavers and Lowe 2002; Dick et al. 2003; Garcia et al. 2011; Cavers et al.
2013; Scotti-Saintagne et al. 2013; Gill et al. 2016). Cataloging cryptic diversity may help us to
better understand the full extent of biodiversity in neotropical ecosystems and how it can best be
conserved.
The most recent revision of the genus contains descriptions of 17 species based on
morphological, ecological, and phylogenetic divisions. I use this information as the taxonomic
framework for studies included in this dissertation (Pennington and Muellner 2010). However,
Cedrela taxonomy is still in flux, with at least four new species being described since 2010: C.
ngobe Köcke, T.D.Penn. & Muellner (Köcke et al. 2015), C. domatifolia (Palacios et al. 2019),
C. microanthus, and C. pandeirensis (Huamán Mera 2014). It is uncertain whether all the
species or reported cryptic species represent distinct genetic entities or whether they might be
best considered subspecies or hybrids. These factors make it difficult to grasp the magnitude of
biodiversity harbored in neotropical forests. The discovery of new or rare species, the description
of cryptic diversity, and species delimitation require considerable effort. Fortunately, costeffective genomic resequencing can be utilized to estimate species definitions and distinguish
subspecies or hybrids of widespread species. Re-examination of phylogenetic relationships
among closely related species with more robust genetic techniques may provide a more accurate
estimate of biodiversity in the Neotropics leading to broader protections for species with known
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uses and for beneficial species that have not yet been discovered (e.g., as crops or
pharmaceuticals).
The main objective of this dissertation was to provide genomic resources for the study
and conservation of C. odorata and its relatives. Prior to this work, genomics resources for
Cedrela consisted of reference sequences for nuclear ribosomal DNA (nrDNA; ITS), chloroplast
non-coding regions (cpDNA; trnS-trnG, psbB, psbT, psbN, and rpoC1; Cavers et al. 2003b, a,
2013; Muellner et al. 2010), nuclear microsatellites (Hernández et al. 2008), and chloroplast
microsatellites (Cavers et al. 2013). Inferences derived from these genetic markers led to seminal
works, including the most recent monograph, that provide a framework for the generation of
hypotheses in phylogenetics, phylogeography, and population genetics concerning Cedrela
species (Navarro et al. 2002, 2004; Cavers et al. 2003a, b, 2013; Muellner et al. 2010;
Pennington and Muellner 2010). Genetic markers derived from these ITS and plastid genes are
popular for phylogenetics, but they may show inconsistent patterns of polymorphism within
Cedrela, and this has been reported in other taxonomic groups (Spooner 2009; Simeone et al.
2013; Weitemier et al. 2015). Additionally, C. odorata is tetraploid (Styles and Vosa, 1971;
Styles and Khosla, 1976; Bauer and Francis, 1998; Finch unpublished data), and inferences
based on ITS, in particular, may reflect unusual patterns of concerted evolution that obscure
ancestry (e.g., nrDNA arrays are more similar to one parent lineage, rather than reflecting both
parent lineages; Wendel et al. 1995; Bailey et al. 2003; Feliner and Rosselló 2007). The
possibility of erroneous inferences arising from genetic marker choice alone and the previous
research showing evidence of cryptic species and daughter taxa within C. odorata led me to ask:
“Could more robust genomic sampling improve our understanding of genetic diversity within C.
odorata and its phylogenetic position relative to closely allied Cedrela species?”
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In Chapter 2, I address this question by building a genomic dataset for C. odorata and
related Cedrela species that are look-alikes in wood trade. I designed a set of RNA-probes that
can be used for reduced representation genome sequencing via hybridization capture and target
enrichment (referred throughout as ‘target capture’). The probe set was successfully applied
across six species in Cedrela and one species in the subfamily Cedreloideae (Swietenia
mahagoni [L.] Jacq.), and it showed limited success with more divergent relatives in the
Meliaceae (Guarea guidonia [L.] Sleumer and Trichilia tuberculata [Triana & Planch.] C. DC.).
I also prepared a transcriptome assembly for C. odorata, and draft chloroplast genome
assemblies for 43 specimens across eight Meliaceae species. My analysis provides preliminary
support for the chloroplast genome as a marker of geography for Cedrela, and C. odorata in
particular. These genomic resources for Cedrela and the Meliaceae are publicly available (Finch
2018; Finch et al. 2019), and will enable further detailed genetic study of Cedrela and could be
useful for studies focused on other overexploited species in the Meliaceae.
In Chapter 3, I expanded the dataset to include six Cedrela species, each with multiple
representatives (168 total trees), to examine phylogenetic relationships among these species. In
particular, I focused on taxa that are named ‘C. odorata’, and closely allied species C. fissilis, C.
nebulosa, and C. saltensis Zapater & del Castillo. I asked: (i) what clades and species are
supported in a species tree via multispecies coalescence based on single nucleotide
polymorphisms (SNPs) from the nuclear genome? (ii) what is the optimal species delimitation
scheme for these Cedrela species based on SNPs from the nuclear genome?; and (iii) when did
these species likely diverge? Chapter 3 results include a phylogenetic species tree generated
using 15,588 SNPs from the nuclear genome, ancestry estimations and admixture proportions for
individuals and species, and a chloroplast species tree based on draft genomes. Based on
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inferences from those products, I tested a pre-defined set of species delimitation schemes (i.e.,
alternative species groupings) and compared lineage divergence scenarios with nuclear SNPs and
Bayes Factor Delimitation. All of the tested models were better representations of the data than
current taxonomy for this set of species, with the best-supported models indicating simplified
taxonomy over current classifications. Primarily, I added support to previous observations of the
existence of at least one cryptic species within C. odorata, and suggest that C. odorata from
South America be recognized as a distinct species, separate from Central American C. odorata
sensu stricto. My analysis also supports: (i) regarding C. angustifolia and C. montana as a single
species, and (ii) lumping C. nebulosa and C. saltensis into C. odorata from South America.
Given the recent elevation of Cedrela to CITES Appendix II, further revision of Cedrela
taxonomy can be considered with without concerns for changes in conservation. Revised
taxonomy acknowledging the magnitude of genetic differences separating C. odorata s.s. and C.
odorata from South America and the treatment of C. nebulosa and C. saltensis as part of C.
odorata from South America would remedy the paraphyletic resolution of C. odorata, and better
reflect the genetic diversity contained within the genus Cedrela.
In Chapter 4, I used the genomic dataset for Cedrela to develop a SNP genotyping assay
for geographic source validation of South American C. odorata specimens (and allied species C.
nebulosa and C. saltensis). Illegal logging of C. odorata typically involves fabrication of source
on export documentation (Urrunaga et al. 2012), and since 2001, C. odorata has been protected
in at least one country under CITES Appendix III (Ferriss 2014), both increasing the importance
of technologies that can predict the origin of C. odorata specimens. I demonstrate that array
SNPs and resulting genotypes accurately validate C. odorata geographic origin at the scale of
Central vs. South America, and that SNPs showed spatial signal providing a median prediction
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error of 188.7 km from the true origin, providing some promise for country-level source
assignment. This assay provides a tangible step for determining the origin and legality of C.
odorata wood, and the SNP resources and methods (Finch et al. in review; Finch 2019)
presented in Chapter 4 should provide the wood products industry tools to aid the verification of
legality for Cedrela wood in trade.
In Chapter 5, I review the major findings presented in this dissertation, and discuss areas
of research that may utilize the genomic resources presented for further analysis of C. odorata.
While this dissertation focuses on a single species, C. odorata and Cedrela species are
components of forests across the Neotropics. Covering over 15 million km2 of neotropical forest,
individual Cedrela trees support or interact with countless other organisms, affecting their health
and longevity. By providing genomic resources for the study of Cedrela, re-examining the
phylogenetic relationships among six of its species, and developing tools for the protection of
overexploited species like C. odorata, I hope to aid in the conservation of Cedrela species as
contributors to the biodiversity of the Neotropics. The maintenance of genetic diversity and
species richness across diverse landscapes sustains ecosystems and leads to biodiversity (Tilman
et al. 1996), and studies cataloging biodiversity harbored by neotropical forests aid policy
decisions involving the protection of species used as forest products and beneficial species that
have not been discovered for their utility.
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CHAPTER 2 || GENOMIC RESOURCES FOR THE NEOTROPICAL TREE
GENUS CEDRELA (MELIACEAE) AND ITS RELATIVES

Abstract
Background
Tree species in the genus Cedrela P. Browne are threatened by timber overexploitation
across the Neotropics. Genetic identification of processed timber can be used to supplement
wood anatomy to assist in the taxonomic and source validation of protected species and
populations of Cedrela. However, few genetic resources exist that enable both species and
source identification of Cedrela timber products. We developed several ‘omic resources
including a leaf transcriptome, organelle genome (cpDNA), and diagnostic single nucleotide
polymorphisms (SNPs) that may assist the classification of Cedrela specimens to species and
geographic origin and enable future research on this widespread neotropical tree genus.

Results
We designed hybridization capture probes to enrich for thousands of genes from both
freshly preserved leaf tissue and from herbarium specimens across eight Meliaceae species. We
first assembled a draft de novo transcriptome for C. odorata, and then identified putatively lowcopy genes. Hybridization probes for 10,001 transcript models successfully enriched 9,795
(98%) of these targets, and analysis of target capture efficiency showed that probes worked
effectively for five Cedrela species, with each species showing similar mean on-target sequence
yield and depth. The probes showed greater enrichment efficiency for Cedrela species relative to
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the other three distantly related Meliaceae species. We provide a set of candidate SNPs for
species identification of four of the Cedrela species included in this analysis, and present draft
chloroplast genomes for multiple individuals of eight species from four genera in the Meliaceae.

Conclusions
Deforestation and illegal logging threaten forest biodiversity globally, and wood
screening tools offer enforcement agencies new approaches to identify illegally harvested timber.
The genomic resources described here provide the foundation required to develop genetic
screening methods for Cedrela species identification and source validation. Due to their
transferability across the genus and family as well as demonstrated applicability for both fresh
leaves and herbarium specimens, the genomic resources described here provide additional tools
for studies examining the ecology and evolutionary history of Cedrela and related species in the
Meliaceae.

Background
Cedrela P. Browne is a neotropical tree genus in the mahogany family (Meliaceae Juss.)
that consists of 18 named species (Pennington and Muellner 2010). Cedrela species range from
Mexico (24° N) to Argentina (27° S), and many species are sympatric across their geographic
distributions. Three Cedrela species, C. angustifolia DC., C. fissilis Vell., and C. odorata L., are
listed with the Convention on International Trade in Endangered Species of Wild Fauna and
Flora (CITES) under appendix III, which requires documentation showing that imports did not
originate in parts of their range where logging is prohibited, namely Peru, Guatemala, Bolivia,
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and Brazil (UNEP-WCMC 2015). Large and overlapping species ranges complicate the
identification of imported Cedrela logs and processed timber (Muellner et al. 2011), as the task
of distinguishing between restricted versus legally logged Cedrela species falls to customs
officials who often employ the expertise of a wood anatomist (Gasson 2011). Distinguishing
between restricted and legal stands of the same species, for example C. odorata harvested in
Ecuador (legal) versus C. odorata harvested in Peru (where CITES prohibits logging), presents
an even greater challenge because wood anatomy alone cannot identify and differentiate source
populations of the same species (Gasson 2011).
Genetic identification approaches can be used to supplement wood anatomy for the
taxonomic and source validation of imported timber (Ogden 2011; Dormontt et al. 2015; Ogden
and Linacre 2015). However, three challenges exist for the development of genetic markers for
identification of Cedrela wood specimens. First, it is uncertain whether the 18 described Cedrela
species represent distinct species, subspecies, or hybrids (Cavers et al. 2013). The most-recent
DNA-based phylogenies for Cedrela show inconsistent support for some species (Muellner et al.
2010; Pennington and Muellner 2010; Cavers et al. 2013). Moreover, Cedrela are tetraploid
(Styles and Vosa 1971; Styles and Khosla 1976; Pennington and Muellner 2010) and evidence
suggests that common DNA markers like nuclear rDNA used to infer the phylogeny of Cedrela
may reflect concerted evolution and non-Mendelian inheritance, rather than evolutionary
relatedness (Wendel et al. 1995). Because the Cedrela phylogeny forms the basis for CITES
protection, taxonomic uncertainty complicates the enforcement of CITES regulations for logging
and trade in Cedrela timber. The second challenge pertains to the development of markers for
geographic assignment of Cedrela specimens to population of origin. Spatial genetic structure
among populations of C. odorata and C. fissilis (Cavers et al. 2003a, b, 2013; Muellner et al.
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2010; Garcia et al. 2011; Koecke et al. 2013; Mangaravite et al. 2016) has been examined using
multiple genetic markers (nuclear rDNA, chloroplast non-coding genes, chloroplast
microsatellites), and these studies identified spatial structure across broad geographic regions: a
latitudinal gradient in chloroplast and nuclear haplotypes for C. odorata populations across the
extent of its range (Cavers et al. 2013), and a longitudinal gradient among C. fissilis flanking the
‘Cerrado’ savanna ecoregion of Brazil and Bolivia (Garcia et al. 2011; Mangaravite et al. 2016).
While these markers may be useful for coarse-level regional assignment, it is unclear if they
could provide fine-scale classification accuracy necessary for differentiating timber from
protected concessions, or differentiating timber from neighboring countries that offer contrasting
levels of protection for Cedrela species. The third challenge for the genetic identification of
Cedrela timber is a lack of specimens of known geographic origin which are necessary for the
construction of a comprehensive reference genomic database for taxonomic and source
validation of confiscated timber.
This study addresses the above challenges by establishing a foundation of taxon-specific
genetic information via high-throughput genomic sequencing of georeferenced herbarium sheets.
We designed a set RNA probes for hybridization capture target enrichment (‘target capture’) of
10,001 putative low-copy gene targets from the Cedrela odorata transcriptome, and used these
probes to enrich targets from genomic libraries of five Cedrela species, including the CITESlisted species, to identify high-confidence single nucleotide polymorphisms (SNPs) for species
identification (Gnirke et al. 2009; Cronn et al. 2012; Heyduk et al. 2016). We also evaluated the
transferability of enrichment probes for the genomes of three other Mahogany family relatives,
including American mahogany (Swietenia mahagoni [L.] Jacq.; subfamily Cedreloideae),
Guarea guidonia (L.) Sleumer, and Trichilia tuberculata C. DC. (subfamily Melioideae). In
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addition, we determined the number of genes that could be enriched to a usable depth for each
species. Finally, we provide draft chloroplast genomes for 43 specimens representing the eight
evaluated taxa. These genomic resources can be used to provide more accurate estimates of
taxonomic boundaries, population genetic structure, and historical demography for Cedrela
species, and these may aid the assessment of species risk and forest resource conservation. The
generality of these techniques (probe design, assessment of probe transferability, target capture
efficiency) has wide applicability for the development of tools to combat illegal logging across
tropical hardwoods, and the markers we report herein will be useful for developing protocols for
genotyping of Cedrela wood.

Results

Reference Transcriptome and Capture Probe Design
A single Cedrela odorata leaf from Oaxaca, Mexico obtained from the New York
Botanical Garden (CEOD-NYBG) was used for transcriptome reference assembly and target
capture probe design (Fig. 2.1; Appendix A, Table A1). We extracted RNA and DNA from fresh
tissue from a mature, expanded leaflet, and poly(A)-selected RNA was converted into cDNA and
sequenced using the Illumina HiSeq 3000 platform. Detailed information about the
transcriptome is provided in Table 2.1. RNA-seq yielded 1.5×108 paired end 101 bp sequences
(30.4 Gb), and quality trimming and adapter filtering removed about 4% (6.0×106) of these
paired sequences. From the trimmed sequences, one-third (4.9×107) could be combined to form
FLASH-extended ‘super reads’ (Magoč and Salzberg 2011), and these were combined with
unextended paired trimmed reads for de novo transcriptome assembly using a pipeline (Keeling
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et al. 2014) based on the ABySS assembler (Simpson et al. 2009; see Chapter 2 Methods). Our
assembled transcriptome contained 52,181 transcripts (‘gene models’) from 4.8×107 nucleotides
(Finch 2018). Of these, 28% (14,508) of gene models were greater than 1 kb in length, and they
range in length from 37,635 bp to 200 bp (arbitrarily assigned length cut-off). The estimated
mean gene model length was 916 bp, the N50 was 1,470 bp, and overall transcript GC content
was 39.5%.
Gene family and ontology prediction with TRAPID/PLAZA 2.5 (Van Bel et al. 2012,
2013) determined that 73% (38,218) of the gene models contained open reading frames (ORFs)
and a stop codon, and that 49% (25,755) of gene models included a start codon. Full-length
annotations were determined for 14% (7,165) of gene models, quasi full-length annotations
(longer exons than predicted) were inferred for 18% (9,540) of the gene models, and partial–
length annotations were provided for 28% (14,491) of the gene models. The mean length of
ORFs among our gene models was 418 bp. TRAPID/PLAZA inferred that 21% (10,904) of gene
models show one or more putative frameshifts. Forty percent (20,985) of gene models could not
be annotated. More than half of our gene models could be associated with a gene family (31,512;
60.3%), and 6,043 gene families were represented among our gene models. The largest gene
family identified (5860_HOM000003) included 304 transcripts and showed homology to
pentatricopeptide repeats (PPR), a high-copy gene family known to coordinate nuclear control of
organelles and organelle signaling (Lurin et al. 2004). TRAPID/PLAZA predicted over 5,000
total gene ontology terms were represented in our transcriptome reference (2.6×104 gene models
with gene ontology terms; 49% of gene models). Moreover, 54% (2.8×104) of our gene models
could be associated with protein domains curated in InterPro (Apweiler et al. 2001).
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We designed probes for target capture from 10,001 gene models that appeared to be
present in low-copy number in the genome of CEOD-NYBG. We identified the relative
abundance of each of the 52,181 gene models by mapping truncated genomic DNA sequencing
reads (50 bp) to the CEOD-NYBG transcriptome with BBTools (DOE Joint Genome Institute).
This allowed us to count the number of genomic reads homologous to each transcript; these
values were normalized by transcript length to reflect mapped reads per 1 Kbp of gene model (or
“RPK”). The RPK values for genomic regions homologous to reference transcripts showed a
global mean of 3.5, and ranged from 0 (presumably contaminants, e. g. rare leaf endophytes) to
1,890 (presumably expressed, high copy genes). Gene models were sorted in ascending order by
RPK value, and we selected 10,001 gene targets with ranks between 5,000 to 15,000 (RPK
range: 0.6 to 1.0; mean RPK = 0.8). Our gene targets ranged in length from 200 bp to 8,118 bp
with an estimated mean length of 576 bp. See Appendix A, Fig. A to examine the distribution of
mapped reads for the transcriptome and RPK range of values for our selected gene targets.

Target Capture
We assessed the transferability and target capture efficiency of hybridization probes
designed from the CEOD-NYBG reference tree using 8 specimens of the source species (C.
odorata L.), 16 specimens from four other Cedrela species (C. angustifolia DC., C. fissilis Vell.,
C. montana Moritz ex Turcz., and C. saltensis M. A. Zapater & del Castillo), 2 specimens from
the same subfamily in the Meliaceae (Swietenia mahagoni), and 17 specimens from a different
subfamily in the Meliaceae (Guarea guidonia, Trichilia tuberculata). DNA sequencing after
target capture generated 3.7×108 paired reads (73.9 Gb), with a mean per-library yield of 8.5×106
paired reads (range: 4.4×105 – 2.9×107 paired reads; Table 2.2).
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Sequence reads from individual libraries were mapped to the gene targets to determine
the proportion of sequenced reads that were on-target. On average across specimens, 1.6×106
sequence reads mapped to the gene targets (mean on-target yield; range: 6.6×103 – 1.1×103), or
on average, 20% of sequenced reads from an individual specimen mapped to the gene targets
(range 0.8 – 41%). Out of 10,001 gene targets, only 206 (2%) showed no mapped reads. Across
all samples, Cedrela specimens had a significantly higher proportion of on-target reads (mean
on-target yield = 2.8×106 reads) than was observed for other Meliaceae genera combined (mean
on-target yield = 2.1×105 reads; unpaired t test, t= 4.95, df = 23.86, p < 0.001), indicating that
hybridization probes derived from C. odorata were far more effective at capturing sequence
targets from other Cedrela than more distant relatives.
To estimate the number of gene targets that could be potentially examined for each
species with target capture, we tallied the number of gene targets covered at an average depth >
10 for all individuals in the species (a conservative depth for distinguishing homo- vs.
heterozygosity at a locus; Cronn et al. 2012). As noted above, Cedrela specimens yielded the
largest number of usable gene targets, with more than 3,000 gene targets recovered at a depth >
10 for all Cedrela species (Fig. 2.2). The number of usable gene targets was negatively
correlated with the number of samples in each species group, due in part to our stringent depth
requirement, sampling variability, and missing information across such a large number of gene
targets. Moreover, the number of usable gene targets was dependent upon the quality of the
included libraries; for example, C. fissilis 112, 211, and 9 showed significantly lower on-target
yield compared to other C. fissilis libraries (Table 2.2). This reduced our estimate of reliably
enriched genes for this species. Swietenia mahagoni, which on average had the highest
individual mean depth of non-Cedrela genera, has nearly 4,000 gene targets retained at depth
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10X or greater. Finally, only 774 and 565 gene targets met our depth filter of 10X for the more
distantly related taxa G. guidonia and T. tuberculata, respectively (Fig. 2.2).
The overall proportion of mapped reads to nuclear gene targets is influenced by many
factors, such as organelle abundance, library quality, and PCR dynamics, so we compared the
efficiency of target capture across species with reduced bias by mapping 10 6 organelle-depleted
reads from each library to the gene targets and estimating resulting read depth. In this exercise,
target depth ranged from 0X (at 272 gene targets) to 86.5X, and the estimated mean target depth
was 7.5X (1st quantile 3.3X; 3rd quantile 10.0X). The global mean depth across Cedrela
specimens (12.8X) was higher than the mean depth for S. mahagoni (3.4X), G. guidonia (0.8X),
and T. tuberculata (0.6X) specimens. This finding shows that our hybridization probes more
effectively sampled Cedrela libraries after accounting for differences due to library size and
organelle genome proportion (unpaired t test, t= 26.92, df = 31.65, p < 0.001). Figure 3 shows
the distribution of depths of coverage for each gene target – individual pair grouped by species
(see Appendix A, Fig. A2 for another view of the same data). The distributions for the Cedrela
specimens are overlapping and converging on mean depth of coverage despite differences in
sample size (number of specimens) for each species group and despite variability in on-target
yield.

SNP identification and high differentiation polymorphisms for Cedrela species
By using a pipeline combining SAMtools (Li et al. 2009) and the Genome Analysis
Toolkit (McKenna et al. 2010), we identified 444,979 variants across 23 individual captured
libraries from 5 Cedrela species. Of the detected variants, 399,117 (89.7%) were bi-allelic SNPs,
28,069 (6.3%) were insertions or deletions (indels), and 17,793 (4.0%) were SNPs with more
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than two alleles. After removing indels and SNPs with more than two alleles, missing
information for bi-allelic SNPs ranged from 7.7 to 35.9% per individual and averaged 19.8%.
After applying three stringent filters (biallelic SNPs with minor allele frequency > 5%; site
quality > 500; no missing information), we detected 119,020 SNPs across 9,598 gene targets in
our sample of 23 Cedrela specimens.
To evaluate the utility of these SNPs for species determination, we calculated WeirCockerham’s FST (Weir and Cockerham 1984) on a per-marker basis using VCFtools (Danecek
et al. 2011), and Cedrela species as populations. We excluded C. montana because SNPs unique
to this single specimen (C. montana 50) led to an over-representation of SNPs with an FST of 1.
FST was calculated with these individuals and species: two C. angustifolia (specimens 88, 143);
ten C. fissilis (specimens 9, 19, 112, 130, 140, 211, 230, 254, 264, 292), seven C. odorata
(specimens 10, 52, 162, 185, 202, 222, 277); and three C. saltensis (specimens 75, 102, 186). For
the 215,799 biallelic SNPs with no missing information, the mean FST was 0.2, with a range of 0
– 1 (Fig. 2.4; light grey bars); the mean and range of FST for the stringently filtered subset of
119,020 biallelic SNPs was essentially identical (Fig. 2.4; bars outlined in black). We determined
that 71,441 of the stringently-filtered SNPs appeared on 5,693 gene targets with associated gene
family and gene ontology information (Fig. 2.4; white portion of bars outlined in black). Of the
stringently-filtered SNPs, 22,074 SNPs (or 5.6% of the detected variants) had an FST ≥ 0.5, and
9,081 of the candidate SNPs (2.1%) had an FST of 1, indicating a high degree of fixation among
species. This subset of high-quality SNPs provides a pool of candidate SNPs for that can be used
for the identification of Cedrela wood specimens to species.

Chloroplast genome assembly and variation
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DNA sequencing of CEOD-NYBG generated 2.3×108 paired sequences (46.7 Gb), and
these were used unmodified for de novo chloroplast genome assembly using NOVOPlasty
(Dierckxsens et al. 2017). NOVOPlasty used 3.5×105 reads (0.2%) to assemble three contigs, one
that was about 140,933 bp and two that were 19,220 and 19,117 bp in length. Alignment to the
Azadirachta indica A. Juss. chloroplast genome (Kuravadi et al. 2015) revealed that the largest
contig included two inverted repeat regions separated by the large single copy region. The two
remaining 19kb contigs represented both orientations of the small single copy region; we
retained the small single-copy contig that matched the orientation of the A. indica chloroplast
genome. Since we did not know the size of the putative missing sequences at the two contig
junctions, contig boundaries were separated by 100 “N” bases. The final length of the reordered
assembly was 160,153 bp, and GC content was 37.9%. By mapping the original paired sequences
back to this reference, we determined that chloroplast DNA accounted for 1.4% of the mapped
reads (6.3×106), and the final depth of coverage of the assembly was estimated at nearly 4,000X.
RAST (Aziz et al. 2008) annotated 269 elements in the CEOD-NYBG draft chloroplast
genome. Of the 269 elements, 184 (68.4%) were hypothetical proteins and 85 (31.6%) were
genes that could be associated with function. Some of the elements that could be associated with
function could be grouped into subsystem categories: twenty-one were associated with
photosynthesis, five with RNA metabolism, four with respiration, two with protein metabolism,
and one with carbohydrate metabolism.
Once assembled, we used the CEOD-NYBG chloroplast genome reference to guide
chloroplast genome assembly for the additional specimens used for target capture. Coverage
statistics showed that the number of reads with chloroplast identity averaged 4.3×105 (range:
3.6×104 – 3.8×106) across all samples (Table 2.2). Chloroplast genome coverage averaged 92%
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(range: 61% - 100%), and the mean depth of coverage was 280X (range: 25 - 2399X). Following
genome alignment with MAFFT (Katoh and Standley 2013; Katoh et al. 2017; see Chapter
2Methods), we used RAxML (Stamatakis 2014) to infer the maximum likelihood phylogeny of
chloroplast genomes with 1,000 bootstrap replicates (Fig. 2.5; Appendix A, Fig. A3). This
phylogeny included the CEOD-NYBG reference, chloroplast genomes we prepared by referenceguided assembly, and two publicly available chloroplast genomes from the Meliaceae: A. indica
NC_023792.1 and C. odorata NC_037251.1 (Kuravadi et al. 2015; Mader et al. 2018). Our
alignment for all taxa contained 11,950 SNPs, 1,695 of which were segregating within Cedrela
taxa (~ 7.6 SNPs/kb). All genera resolved as monophyletic with strong bootstrap support, despite
low-coverage assemblies for some G. guidonia and T. tuberculata (Table 2.2). While Cedrela
taxa resolved as a single clade, Cedrela genomes were not monophyletic within species, with the
exception of C. angustifolia. Most strikingly, the CEOD-NYBG reference specimen from
Oaxaca, Mexico resolved as sister to all Cedrela in our analysis; a similar placement was also
observed with the C. odorata NC_037251.1 (Mader et al. 2018) from Cuba (Fig. 2.1; Appendix
A, Table A1). These geographically distant specimens possessed genetically divergent
haplotypes relative to South American C. odorata that appeared to predate the divergence of
chloroplast genomes currently residing in South American Cedrela species.
Within Cedrela, we designated three subclades to aid interpretation (Fig. 2.5). Subclade
A contained only Central American Cedrela but also included C. montana 50 from Colombia
(Figs. 2.1 & 2.5). Given that we included a single C. montana sample in this analysis, we don’t
know whether this resolution is typical or anomalous for C. montana. The remaining C. odorata
in Subclade A resolve into three strongly supported sister pairs (99 – 100% bootstrap support)
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that are congruent with geography: C. odorata 10 and 162 from Nicaragua, C. odorata 52 and
277 from Costa Rica, and C. odorata 222 and 185 from Panama.
Subclade A was sister to a South American lineage of two subclades, B (weakly
supported; 57% bootstrap support) and C (strongly supported; 93% bootstrap support; Fig. 2.5;
Appendix A, Fig. A3). Subclade B contained representatives of four species from the same
geographic region of Bolivia (Gran Chaco), with the exception of C. odorata 202 from
Venezuela (Figs. 2.1 & 2.5). This clade also contained the only monophyletic Cedrela species in
our study, C. angustifolia. The remaining taxa in this clade included a mixture of C. fissilis and
C. saltensis specimens. Given the geographic proximity of these specimens and the weak
differentiation of linages indicated by low bootstrap values, chloroplast haplotype variation
likely reflects a combination of recent primary divergence, potential secondary contact and
introgression/hybridization, and geographic structure. Subclade C also showed evidence of
phylogenetic and geographic signal (Fig. 2.5). This clade was composed exclusively of
geographically proximate C. fissilis samples from northern Bolivia and Southern Brazil (Fig.
2.1), with the exception of C. fissilis 112 from Ecuador.

Discussion
The main objective of this study was to design hybridization capture probes that enriched
targets from the genomes of Cedrela species with the ultimate goal of applying genome-scale
resources to species identification and spatial origin assignment of wood specimens and
population genomics studies. Although we do not address technical issues associated with DNA
extraction from wood and species identification, we provide a set of markers for species
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validation that can be tested by groups developing protocols for genotyping DNA from Cedrela
wood (Stamatakis 2014). Additionally, we present a framework to develop custom genetic
markers to screen wood DNA of other tree species accompanying existing protocols for DNA
extraction from wood (Dumolin et al. 1995; Dumolin-Lapègue et al. 1999; Deguilloux et al.
2002; Asif and Cannon 2005; Ogden et al. 2008; Lowe et al. 2009; Tnah et al. 2012; Jiao et al.
2012).

A transcriptome reference and genomic resources for Cedrela
Our first step required the assembly a draft transcriptome for Cedrela odorata, a member
of the subfamily Cedreloideae, a group that includes many prized timber species (e.g., Swietenia,
Khaya, Entandophragma; Muellner et al. 2003) that are the focus of agroforestry and breeding,
as well as targets of illegal logging. Despite the economic importance of the mahogany family as
a source of timber and medicine (Carpinella et al. 2003; Lemes et al. 2003; Wandscheer et al.
2004; Leo et al. 2018), few transcriptome and genome resources from the ~600 described species
in this family exist. Transcriptomes have only been described for four species, Azadirachta
indica (Krishnan et al. 2012), Carapa guianensis (Brousseau et al. 2014), Toona sinensis (Zhang
et al. 2016), and Melia azedarach; reference assemblies are publicly available for two of these
transcriptomes (1KP project; https://sites.google.com/a/ualberta.ca/onekp/). The transcriptome
assembly we present here includes over 52,000 transcript models totaling 47.8 Mb, and 60.3% of
transcripts had gene family and gene ontology information in public databases. Our
transcriptome was made from a single tissue and developmental stage (mature leaflets), and it
contains 65% - 70% as many transcripts and assembled transcript bases as fully-characterized
tree genomes like Populus trichocarpa (73,014 transcripts, 69.2 Mbp; 41,479 protein-coding
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genes; (Tuskan et al. 2006)) or Quercus lobata (83,644 transcripts, 72.5 Mb; 61,773 proteincoding genes; Sork et al. 2016). A larger proportion of P. trichocarpa genes are associated with
gene families (91%) and gene ontology terms (78%) than our gene models for C. odorata;
however, we captured a similar number of multispecies gene families (7,823 in P. trichocarpa
[Lowe et al. 2009], 6,043 in our C. odorata). Additional effort in transcript sampling (tissues and
developmental states) and annotation is needed to fully describe the transcriptomic and metabolic
complexity of C. odorata.
We identified 10,001 low-copy gene targets from C. odorata. Our strategy enriched gene
targets in the 10th – 30th percentile with regard to exon or transcript number, therefore avoids
genes with a higher degree of duplication across the genome of C. odorata, which is presumably
tetraploid (Styles and Vosa 1971; Styles and Khosla 1976; Pennington and Muellner 2010).
Target enrichment of 10,001 gene targets (using 19,740 hybridization probes) showed a high
degree of success, as enrichment was demonstrated for all but 206 targets (2% of total). While
we demonstrated that these hybridization probes were sufficient for sampling the genomes of 43
specimens, these probes could be further optimized and expanded. Future designs should exclude
the failed gene targets, as well as gene targets that enriched a disproportionately large amount of
sequence. It’s possible that these targets represent multi-copy genes in Cedrela. Removing these
gene targets would improve the uniformity of sampling across targets, increase the average depth
for lower-depth targets, and increase the number of reliably enriched genes across the specimens
included in the diversity panel.

Target enrichment of putative homologues from the Meliaceae
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We used C. odorata-derived hybridization probes to enrich target genes from a diversity
panel of 43 specimens representing four genera from the mahogany family (Cedrela, Guarea,
Swietenia, and Trichilia). By normalizing the sequence read input across species to 1 million
organelle-depleted DNA sequences, our results showed that the depth of coverage across
Cedrela targets converged on the same mean, regardless of species, sample size, or individual
sequence yield (Fig. 2.5; Table 2.2). This is consistent with previous studies employing similar
techniques that found sufficient enrichment of targets at the generic level in other plants such as
Pinus (Neves et al. 2013; Syring et al. 2016), Sabal (Heyduk et al. 2015), and Asclepias
(Weitemier et al. 2014). Consistent mean sampling depth across Cedrela species demonstrates
that this selection of hybridization probes, designed from C. odorata gene models, shows
minimal bias for sampling homologous gene targets across the five Cedrela species included in
our study. This is relevant for the three CITES-listed Cedrela species, as it demonstrates that
future efforts to develop genomic information for these species with hybridization enrichment
should show a high degree of success. Similarly, while our experiment included 5 of 18 named
Cedrela species, the high transferability of these probes across sampled species makes it likely
that they will work with equal efficiency for the 13 Cedrela species not included our study.
We imposed a stringent depth of coverage threshold of 10X across all specimens for each
species to determine the number of target genes that could be reliably sampled with our probe set
(range for Cedrela species: 8,794 – 3,093). Our rationale for adopting such stringent evaluation
criteria is that downstream applications in wood-based DNA identification require targets to have
a high expectation for success and reproducibility, leading to likelihoods of individual or spatial
assignment when evidence is evaluated in legal proceedings (Ogden et al. 2009). Target
enrichment ‘drop-out’ can occur due to methodological factors (e.g., sampling probability across
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a large number of targets), as well as biological, locus-specific features that make sampling less
reliable (e.g., position of probes relative to indels or introns; base composition) or preclude
sampling altogether (e.g., locus deletion; copy number variation; Cronn et al. 2012; Heyduk et al.
2016). By excluding genes that show variable enrichment success, we can avoid genes that show
sampling bias due to biological phenomena.
We identified over 2×105 biallelic SNPs that show no missing information across our
sample of Cedrela species and individuals. Moreover, this sample includes 9,000 high-quality
SNPs that show strong differentiation between one or more Cedrela species (e.g., FST of 1). This
subset of high-quality SNPs should be useful for classifying Cedrela wood to species. An
important caveat of this result is that the ‘global’ FST was calculated from small sample sizes
(most notably C. angustifolia [n = 2] and C. saltensis [n = 3]; C. montana [n = 1] was excluded
for this reason). Small sample sizes can inflate the number of high FST SNPs by failing to
accurately account for the variation within species. Additionally, high FST SNPs will
disproportionately represent divergence events separating the most genetically divergent lineage.
Future refinement of ‘species-specific’ SNPs will require a larger sample size, and analysis
methods that partition variation for the identification of species-diagnostic SNPs, such as
pairwise FST or machine learning algorithms. This will be particularly important for the task of
separating species like C. odorata and C. fissilis, which have large overlapping geographic
ranges, show a close phylogenetic affinity (Pennington and Muellner 2010; Cavers et al. 2013),
and are CITES-listed species (UNEP-WCMC 2015).
By including samples from the subfamilies Cedreloideae (Swietenia) and Melioideae
(Guarea, Trichilia), we were able to evaluate the potential for transferring Cedrela-derived
probes to similar genetic studies across the Meliaceae. While the hybridization probes derived
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from C. odorata showed considerable bias for Cedrela, enrichment appears feasible at the level
of subfamily (Weitemier et al. 2014), as we were able to reliably enrich 3,957 genes from S.
mahagoni, the sole representative from the Cedreloideae (Fig. 2.2). Operationally, this means
that a large number of gene targets should be cross-compatible with close (e.g., Asian Toona)
and distant relatives from other genera (e.g., American and neotropical Swietenia species, all of
which are CITES listed). Members of the Melioideae showed considerably lower target
enrichment success (Fig. 2.3), with 774 and 565 enriched genes from G. guidonia and T.
tuberculata, respectively (Fig. 2.2). While these representatives showed poor enrichment relative
to Cedrela (Table 2.2), this number of genes is comparable to the yield of more focused target
enrichment strategies used for population and evolutionary studies of neotropical trees (e.g., 264
nuclear loci in Inga; Nicholls et al. 2015), and it far exceeds the currently available genetic
information from G. guidonia and T. tuberculata in the National Center for Biotechnology
Information database (NCBI). Recent studies have developed target capture probes for a broader
phylogenetic scope in plants (Mandel et al. 2014) and animals (Faircloth et al. 2012) by selected
ultra-conserved genes across taxa for probe design; similar approaches could be applied to the
Meliaceae, after the release of additional transcriptomes.

Chloroplast variation tracks geography among C. odorata specimens
Studies focusing on chloroplast genome variation among species in Cedrela (Muellner et
al. 2009; Cavers et al. 2013), and more broadly for the mahogany family (Muellner et al. 2003),
have provided a useful taxonomic framework for this study. We add an additional de novo
chloroplast genome reference for C. odorata to a growing collection of Meliaceae plastid
sequences. Our chloroplast genome was adequate for the reference guided assembly for 43
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Meliaceae specimens, but chloroplast genome assembly fragmentation increased with increasing
phylogenetic distance from C. odorata (Muellner et al. 2003). The reduction in completeness of
the chloroplast genomes for G. guidonia and T. tuberculata led to long branch lengths (Fig. 2.5)
that were likely due to assembly error, rather than phylogenetic divergence among specimens
originating in Panama. By selecting a more genetically proximal assembly reference from
subfamily Melioideae (e.g., A. indica), improved assemblies for these taxa should be possible
with the sequences presented here.
Our inferred chloroplast genome phylogeny from this limited sample of Cedrela shows a
general lack of species monophyly, as only C. angustifolia resolved as monophyletic in the five
tested Cedrela species. This result is consistent with the known taxonomic complexity in this
genus from hybridization (Zelener et al. 2016), presumably paraphyletic taxa (Muellner et al.
2010; Garcia et al. 2011), and proposed the existence of ‘cryptic’ species (Garcia et al. 2011;
Cavers et al. 2013). In our sample, chloroplast genomes appear to be more informative for
geographic origin than for taxonomic classification. Cavers et al. (2013) reported a similar trend
in C. odorata, which showed spatial genetic structure among chloroplast haplotypes (two
chloroplast genes, three chloroplast microsatellites) that reflected latitudinal position. This
blurring of taxonomic and geographic signal from the chloroplast has been observed in other
angiosperm taxa due to introgression and incomplete lineage sorting, with examples such as Acer
(Saeki et al. 2011), Betula (Thomson et al. 2015), Quercus (Petit et al. 1993), and others
(Premoli et al. 2012; Nevill et al. 2014). While more testing is required to confirm the utility of
whole chloroplast genomes as a geographic marker for Cedrela, whole or partial chloroplast
genomes show promise for broad-scale geographic source identification for wood specimens.
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Conclusions
We present a set of hybridization probes for target capture of genomic libraries from
Cedrela species. The probe set is based on gene models selected from a de novo transcriptome
assembly from C. odorata, and selected to represent low-copy genes in the subgenomes of this
tetraploid species. The probe set can be successfully applied across the genus Cedrela and
subfamily Cedreloideae, and it may show limited success with more divergent relatives in the
Meliaceae (as demonstrated by obtaining hundreds of genes at reliable depth for distant species
G. guidonia and T. tuberculata). In addition to this probe set, we provide draft chloroplast
genome assemblies for 43 specimens across eight Meliaceae species, including C. odorata. By
comparing SNP frequencies between species, we provide a set of candidate SNPs for species
discrimination of C. angustifolia, C. fissilis, C. odorata, and C. saltensis, and we provide
preliminary support for the chloroplast genome as a marker of geography for Cedrela, and C.
odorata in particular. These genomic resources for Cedrela and the Meliaceae will enable further
detailed genetic study of Cedrela, a genus that contains three species of conservation concern
and many species that yet to be assessed for conservation status. These resources from target
capture should provide a level of resolution that can support the development of genetic
screening tools for timber from Cedrela, aiding in the enforcement of CITES regulations for
trade in this historically over-exploited plant group.

Methods

DNA Preparation and Sequencing of the Reference Specimen
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Fresh leaf tissue was collected from Cedrela odorata at NYBG (Fig. 2.1; Appendix A,
Table A1; NYBG Accession 683/89; Bronx, NY, USA; Oregon State University Herbarium
voucher OSC-V-258305; referred to as “CEOD-NYBG”), and frozen on dry ice for total RNA
and DNA extraction (Norgen Plant RNA/DNA Purification Kit, Norgen Biotek, Thorold,
Ontario, CAN). RNA and DNA were quantified by fluorometry (Qubit, Thermo Fisher
Scientific, Waltham, MA, USA), and RNA was treated with DNase using the TURBO DNA-free
Kit (Life Technologies, Thermo Fisher Scientific, Carlsbad, CA, USA). RNA quality and size
distribution were assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA). To construct a poly(A)-selected RNA-seq library, we used the WaferGen Biosystems Apollo 324 NGS Library Prep System and 500 ng of total RNA (WaferGen Biosystems, Fremont, CA, USA). To construct the DNA library, 500 ng of total genomic DNA was
sheared to a modal size of 130 bp using sonication (30 cycles; 30 sec on + 30 sec off; Diagenode
BioRuptor, Denville, NJ, USA), and adapted an Illumina genomic library using the NEBNext
Ultra II Kit (New England Biolabs Inc., Ipswich, MA, USA). The mRNA and DNA libraries
from CEOD-NYBG were uniquely indexed, pooled to equal mass representation, and sequenced
using one lane of 100 bp paired-end sequencing on an Illumina HiSeq 3000 (Center for Genome
Research and Biocomputing [CGRB], Oregon State University, Corvallis, OR, USA).

DNA Preparation and Sequencing of the Diversity Panel
Leaf tissue was obtained from three sources to assess the utility and transferability of our
genomic resources (Appendix A Table A1; specimens collectively referred to as the “diversity
panel”): herbarium specimen fragments at the Missouri Botanical Garden Herbarium (MO; St.
Louis, MO, USA), the living collection at Fairchild Tropical Botanic Garden (FTBG; Coral
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Gable, FL, USA), and five locations in Panama. Our collections from MO included twenty-three
specimens from five Cedrela species: C. angustifolia DC. (n = 2), C. fissilis Vell. (n = 10), C.
montana Moritz ex Turcz. (n = 1), C. odorata L. (n = 8), and C. saltensis M. A. Zapater & del
Castillo (n = 3). Figure 2.1 shows the origin of Cedrela specimens. We extracted total genomic
DNA from MO specimens with the FastDNA Kit (MP Biomedicals, Santa Ana CA). For genera
outside of Cedrela, we obtained: Swietenia mahagoni (L.) Jacq. (n = 2; FTBG), Trichilia
tuberculata C. DC. (n = 7; Panama), and Guarea guidonia (L.) Sleumer (n = 10; Panama). Total
genomic DNA was extracted from FTBG S. mahagoni specimens with the DNeasy plant mini kit
(Qiagen, Hilden, Germany). Panama specimens were collected fresh, dried, and stored frozen
until DNA extraction with the FastDNA Kit. Genomic DNA from the MO, FTBG, and Panama
specimens were quantified by fluorometry, sheared to a modal size of 130 bp, and converted to
Illumina libraries as described above. We pooled DNA libraries to equal molar representation for
hybridization capture and targeted enrichment (see ‘Target Capture’ section). After target
capture, libraries were pooled and sequenced using one lane of 100 bp paired-end sequencing on
an Illumina HiSeq 4000 (Genomics & Cell Characterization Core Facility at University of
Oregon, Eugene, OR, USA). To gain additional sequences for the Cedrela specimens, the
original (unenriched) multiplex and target-enriched multiplex were also each sequenced in
separate sequencing reactions, at a proportional representation of approximately ¼ of a HiSeq
lane (multiplexing performed with samples from a separate study). These libraries were
sequenced using 100 bp paired-end sequencing on the Illumina HiSeq 3000 at the Oregon State
CGRB.

Draft transcriptome assembly
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We assembled the transcriptome of the CEOD-NYBG reference specimen following the
de novo transcriptome assembly pipeline (Keeling et al. 2014, 2017) developed by the National
Center for Genome Resources (Santa Fe, NM, USA). Except where specified, default settings
were used for all bioinformatics software programs. Reads from the mRNA-seq library were
trimmed using Trimmomatic v. 0.36 (Bolger et al. 2014) with a 4 bp window, sequences that
showed an average quality below a phred score of 15 (ASCI_BASE 33) were cropped, adapter
sequences were removed, N bases (or sequencing quality below a threshold of 3) were cropped
from the leading strand and trailing strand, and sequences less than 36 bp in length were filtered
out. We used FLASH v. 1.2.4 (Magoč and Salzberg 2011) to combine overlapping forward and
reverse reads into super reads. Super reads and unextended, paired reads were assembled de novo
as unitigs with an ABySS v. 1.3.7-maxk128 (Birol et al. 2009; Simpson et al. 2009) k-mer sweep
(K = 55, 67, 73, and 89). ABySS unitigs were concatenated and filtered with CD-HIT v. 4.5.5 (Li
and Godzik 2006; Fu et al. 2012) to reduce redundancy of unitigs with 98% identity. Filtered
unitigs were then assembled into contigs with CAP3 v. 20071015 (Huang and Madan 1999) and
scaffolds were generated with the ABySS scaffold function of run-bpa.pl with a k-mer length of
77 bp (2017). We reduced the number of gaps in the transcriptome with GapCloser v. 1.12 for
SOAPdenovo2 (Luo et al. 2012) by setting the maximum read length to 187 bp for FLASHextended super reads, 101 bp for unextended paired reads, and an average insert size of 100.
GapCloser was repeated until assemblies no longer improved. CD-HIT was used again to reduce
redundancies among transcript models. A final filtering step removed transcript models with less
than 200 bp. To generate statistics on our final assembly, we used TransRate v. 1.0.3 for Linux
(Smith-Unna et al. 2016). We obtained gene family and ontology information for our draft
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transcriptome with TRAPID (Van Bel et al. 2013) and the PLAZA 2.5 data source (Van Bel et
al. 2012) using Populus trichocarpa as the similarity reference (Tuskan et al. 2006).

Hybridization probe design
Using 10,001 transcript models (or “gene targets”) representing low-copy genomic
regions in the CEOD-NYBG genome, we designed probes for hybridization capture and target
enrichment (target capture). To identify low-copy gene targets, we masked repeats and lowcomplexity regions of the draft transcriptome with RepeatMasker v. 3.3.0 (Smit 2004; TarailoGraovac and Chen 2004) using Arabidopsis thaliana as the repeat reference. Then, we cropped
101 bp reads from the CEOD-NYBG genomic DNA library to produce 50 bp ‘subreads’
(Trimmomatic v. 0.36; Bolger et al. 2014), which were then locally aligned to the transcriptome
with the bbmap.sh tool of BBTools v. 36.14 (DOE Joint Genome Institute). Subreads were
mapped using a threshold of 95% identity, and mapping conflicts were resolved by retaining
multiple high-quality mapping locations. The bbmap.sh “coveragestats” parameter was used to
obtain coverage estimates for all transcript models. Using the coveragestats data, we estimated
the number of mapped genomic reads per 1 Kbp of transcript length (RPK), and we sorted the
transcript models by RPK in ascending rank order. Transcript models ranked from 5,000 15,000 (out of 52,181 total) were chosen as gene targets for target capture. These gene targets
were used to design 19,740 custom 100 bp biotinylated RNA hybridization probes (MYbaits™,
Arbor Biosciences, Ann Arbor, MI, USA), with two RNA probes per gene target tiled end-to-end
beginning at the 5’ end of the gene target.

Target capture
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Target capture with MYbaits™ was performed on the genomic DNA libraries prepared
from the diversity panel of specimens as directed by the manufacturer. Prior to capture, libraries
were pooled in equimolar 24-plex pools for the Cedrela specimens, and as equimolar 19-plex
pools for S. mahagoni, G. guidonia, and T. tuberculata genomic libraries. For the 19-plex pools,
we used a lower hybridization temperature of 58C (as opposed to 65C) to accommodate more
divergent gene targets. Post-capture enriched targets were amplified using the KAPA HiFi
HotStart ReadyMix PCR Kit v. 5.13 (KAPA Biosystems, Boston, MA, USA) and NEXTFlex
Primers (Bioo Scientific Corporation, Austin, TX, USA), following the manufacturer’s protocol.
We pooled the amplified, captured Cedrela and S. mahagoni/G. guidonia/T. tuberculata libraries
at a 1:1 molar ratio and then added 1/8 mass proportion of unenriched genomic library from eight
specimens (T. tuberculata 1, 3, 18; G. guidonia 2, 7, 11; S. mahagoni 21, 22) to increase
chloroplast genome coverage for these taxa. This pool was sequenced to obtain paired-end 100
bp sequences using one lane of the Illumina HiSeq 4000 (Genomics and Cell Characterization
Core Facility, University of Oregon, Eugene, OR, USA).
We assessed sequence yield and on-target yield by mapping captured DNA sequence
reads from the specimens back to the gene targets from CEOD-NYBG at 90% identity in local
alignment mode with bbmap.sh. At this point, we determined that specimen C. odorata 287
yielded fewer than 106 reads (Table 2). We included it for total sequence yield calculations, but
excluded it from all other analyses and calculations. On-target yield calculations were based on
the coveragestats parameter and summarized by individual and species using R scripts (R. Core
Team and others 2013). Individual on-target yield was calculated by estimating the sum of
sequenced reads that mapped to each gene target (‘plus’ and ‘minus’ strands). We calculated
depth by multiplying the sequence read length (101 bp) by the number of sequenced reads
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mapping to each gene target (‘plus’ and ‘minus’ strands) divided by the covered target length
(‘covered bases’). The unpaired Student’s t test was used to determine whether mean on-target
sequence yield was higher for Cedrela specimens versus the other Meliaceae specimens. These
data, detailed explanations of our analysis in R, and other resources from this study are available
through the Oregon State University Scholars Archive (Finch 2018). See Appendix A, Table A2
for a full list of R package versions and citations.
On-target depth per gene target estimates were used to identify ‘reliably enriched regions’
that exceeded a depth of 10 for every specimen within a species (C. angustifolia, n = 2; C.
fissilis, n = 10; C. montana, n = 1; C. odorata, n = 7; C. saltensis, n = 3; G. guidonia, n = 10; S.
mahagoni, n = 2; T. tuberculata, n = 7). TRAPID gene association information was used to
identify the proportion of gene families that could be inferred from reliably enriched gene targets
for each species.
To estimate sequence (SNP) variation from Cedrela specimens, we mapped the
sequenced reads from each individual using the 10,001 gene targets from CEOD-NYBG as a
reference with BWA-MEM (Li and Durbin 2010; Li 2013). Once reads were aligned, we used
SAMtools (Li et al. 2009) to convert and sort the alignment files, and the Genome Analysis Tool
Kit (GATK) v. 3.7 (McKenna et al. 2010) to define and realign insertions and deletions.
SAMtools mpileup was used to generate a vcf (Finch 2018), and VCFtools was employed to
perform variant filtering (Danecek et al. 2011). Using these programs, we applied stringent filters
to identify a ‘high-confidence’ set of SNPs to differentiate Cedrela species. First, we removed
SNPs that showed missing information for any of the individuals, and then removed SNPs that
showed minor allele frequency less than 5%. Second, we used the ‘quality metric’ of VCFtools
(defined as -10Log10[probability of incorrect SNP call]) to identify and select SNPs showing a
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high probability of accuracy, defined here as ‘quality > 500’. After filtering, we used VCFtools
to calculate Weir-Cockerham’s FST (Weir and Cockerham 1984) for SNPs on a per marker basis,
using Cedrela species as ‘populations’ in these calculations.

Target capture efficiency
We assessed target capture efficiency of the CEOD-NYBG–derived hybridization probes
on other Cedrela species and Meliaceae genera by normalizing read count, thus removing the
effect of taxon-specific enrichment bias. To do this, we removed sequence reads from the
reference specimen that showed 90% chloroplast identity with our CEOD-NYBG draft
chloroplast genome (bbmap.sh; see next section), and subsampled 106 paired-end sequence reads
from each taxon (reformat.sh; BBTools). We mapped subsampled reads by individual to the
10,001 gene targets in local alignment mode with bbmap.sh at 90% identity. We used
coveragestats for each specimen allowing us to estimate depth per gene target, individual mean
depth for each specimen, and species mean depth for the eight species groups. We calculated
depth as described above, and used an unpaired Student’s t test to determine whether mean ontarget depth was higher for Cedrela specimens than for the other Meliaceae specimens.

Draft chloroplast genome assemblies
We generated a seeded, overlap-extension chloroplast genome assembly for CEODNYBG using genomic DNA sequence reads and NOVOPlasty v. 2.6.2 (Dierckxsens et al. 2017).
C. odorata rbcL (AY128220.1; Muellner et al. 2003) was used as the seed sequence, and
NOVOPlasty parameters were set to default except: insert size (300 bp), auto-detect insert size
(on), read length (101 bp), and k-mer length (23). We aligned the resulting chloroplast contigs to
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the draft chloroplast genome of A. indica (NC_023792.1; Kuravadi et al. 2015) via the LASTZbased Mulan aligner (Ovcharenko et al. 2005). Gene features were annotated using RAST (Aziz
et al. 2008).
For each specimen, we concatenated sequence files from all available experiments (e.g.,
target capture experiments; genome skimming), and mapped reads from each specimen to the
CEOD-NYBG chloroplast reference using bbmap.sh in local alignment mode, a 90% identity
threshold, and randomly mapping multi-mapped reads. The resulting binary alignment files
(BAM) were loaded into Geneious v. 7 (Kearse et al. 2012) with the CEOD-NYBG chloroplast
reference. For each specimen, a consensus sequence was generated where bases were coded as
‘N’ if coverage was less than 2X. Sequences were exported as separate FASTA files for
subsequent alignment and phylogenetic analysis (Finch 2018).
We used BBTools coveragestats to estimate chloroplast abundance in total DNA by
calculating the sum of sequenced reads with chloroplast identity for each specimen. Depth of
coverage for the chloroplast genomes from the diversity panel was estimated as described above.
We also estimated the percent of the reference covered by at least one mapping read using
coveragestats. After compiling draft chloroplast genomes, we used a custom python script to
estimate the abundance of ambiguous bases (‘N’) for each genome (Finch 2018).

Phylogenetic analysis of chloroplast genomes
Compiled FASTA files containing draft chloroplast genomes from the diversity panel
were combined with the CEOD-NYBG draft genome and two publicly available Meliaceae
chloroplast reference genomes (A. indica NC_023792.1 and C. odorata NC_037251.1; Kuravadi
et al. 2015; Mader et al. 2018), and then aligned using the “FFT-NS-2” alignment method
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implemented in MAFFT (Katoh et al. 2017) using default parameters. We used this alignment to
determine the number of SNPs detected among all taxa and among only Cedrela taxa with
Mesquite v. 3.31 (build 859; Maddison and Maddison 2017). Phylogenetic relationships for
Cedrela and other Meliaceae representatives were inferred with maximum likelihood and 1,000
bootstrap replicates using with RAxML v. 8.2.10 (Stamatakis 2014) via the CIPRES online
server (Miller et al. 2011). For this analysis, the default secondary structure substitution model
was selected (16-state general time reversible [GTR]), and A. indica was designated as the
outgroup. All other parameters were default. A bootstrap majority rule consensus tree was
generated with Mesquite with the required frequency of clades set to 0.5, and bootstrap support
values (converted to percent) were superimposed over the RAxML best tree result obtained from
CIPRES. Output trees were viewed and edited in FigTree v. 1.4.3 (Rambaut 2009).

Availability of data and materials
Raw sequence data associated with this study is available from the NCBI GenBank
BioProject Archive under accession number PRJNA369105. Supplementary information
detailing samples and methods used in this study are available in Appendix A. Transcript models
(fasta), variant call format files (vcf) identifying SNPs, mapped read counts per transcript (txt),
target enrichment probe sequences (fasta), draft chloroplast genome alignments (fasta), estimates
of FST per SNP by species (txt), and R scripts used to process data are available at Oregon State
University’s Scholars Archive (Finch 2018).
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Tables and Figures
Table 2.1. CEOD-NYBG RNA sequence yield after various quality filtering and optimization steps, and
final transcriptome summary statistics. All lengths are in base pairs.

Raw Reads
Read pairs

Number of
sequences
150,329,597

Minimum
length
101

Read Trimming and Quality Filtering via Trimmomatic
Read 1
144,314,023
36
Read 2
144,314,023
36
Sequences removed
6,015,574
Read Extension via FLASH
Un-extended read 1
95,727,746
Un-extended read 2
95,727,746
Super reads
48,586,277
Final Assembly
CEOD-NYBG
Transcriptome

52,181

Maximum
length
101

Sum of bases
15,183,289,297

Average
Length
101

101
101

14,516,997,898
14,401,698,529
666,291,399

100.6
99.8

36
36
36

101
101
192

9,626,867,686
9,514,449,431
7,845,887,083

100.6
99.4
161.5

200

37,635

47,811,997

916.3
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Table 2.2 Sequencing metrics for Cedrela and Meliaceae samples. Metrics include: SRA Accession
number; total sequence yield (in bp), sequenced reads with identity to the gene target (i.e., On-Target
Yield coded ‘OT Yield’, in bp); percent of sequenced reads with gene target identity (i.e., On-Target
Percentage coded ‘OT [%]’); sequenced reads with chloroplast (CP) identity (‘CP Yield’, in bp); percent
of sequenced reads with CP identity (‘CP [%]’); depth of coverage across the CP reference genome (‘CP
Depth’); the percentage of the CP reference genome covered at 1X depth (‘CP [%] Cov’); and the
percentage of ‘N’ bases in the specimen chloroplast genome (‘N’ Bases [%]).
Specimen
C. angustifolia 88
C. angustifolia 143
C. fissilis 9
C. fissilis 19
C. fissilis 112
C. fissilis 130
C. fissilis 140
C. fissilis 211
C. fissilis 230
C. fissilis 254
C. fissilis 264
C. fissilis 292
C. montana 50
C. odorata 10
C. odorata 52
C. odorata 162
C. odorata 185
C. odorata 202
C. odorata 222
C. odorata 277
C. odorata 287

SRA
Accession
SRS
3532111
SRS
3532109
SRS
3532073
SRS
3531955
SRS
3532019
SRS
3532093
SRS
3532018
SRS
3532001
SRS
3532122
SRS
3532102
SRS
3532060
SRS
3532121
SRS
3532121
SRS
3532068
SRS
3532030
SRS
3531967
SRS
3532120
SRS
3532089
SRS
3532005
SRS
3531957
SRS
3532135

Sequence
Yield

OT Yield

OT
(%)

CP Yield

CP
(%)

CP
Depth

CP
(%)
Cov

‘N’
Bases
(%)

1515526

488207

32.2

248243

16.4

157

100.0

0.1

8462020

3191296

37.7

901138

10.6

568

100.0

0.1

1174195

286398

24.4

93257

7.9

59

99.9

0.2

5431374

2122651

39.1

333680

6.1

210

99.9

0.2

1750937

376881

21.5

151391

8.6

96

99.8

0.4

5351355

2154295

40.3

135883

2.5

86

99.9

0.2

12183129

5047225

41.4

403902

3.3

255

100.0

0.1

1272124

259059

20.4

167826

13.2

106

100.0

0.2

3251712

1183526

36.4

106353

3.3

67

99.9

0.4

17394724

5583057

32.1

643227

3.7

405

100.0

0.1

19290108

7776152

40.3

356979

1.9

225

100.0

0.1

7116518

2752495

38.7

1866075

26.2

1176

100.0

0.1

5561468

2026840

36.4

577438

10.4

364

100.0

0.2

4009101

1472131

36.7

273812

6.8

173

99.8

0.4

12254507

4791273

39.1

618594

5.0

390

100.0

0.1

8942300

3574795

40.0

756725

8.5

477

100.0

0.1

5713214

2177026

38.1

382876

6.7

241

100.0

0.1

6372915

2366009

37.1

116791

1.8

74

99.7

0.4

10421206

4017316

38.5

289695

2.8

183

99.8

0.3

6794076

2539070

37.4

309154

4.6

195

99.8

0.5

438310

6566

1.5

35604

8.1

25

90.2

7.7
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C. saltensis 75
C. saltensis 102
C. saltensis 186
G. guidonia 2
G. guidonia 4
G. guidonia 7
G. guidonia 9
G. guidonia 10
G. guidonia 11
G. guidonia 13
G. guidonia 15
G. guidonia 17
G. guidonia 19
S. mahagoni 21
S. mahagoni 22
T. tuberculata 1
T. tuberculata 3
T. tuberculata 6
T. tuberculata 8
T. tuberculata 12
T. tuberculata 18
T. tuberculata 20

SRS
3532020
SRS
3532010
SRS
3532110
SRS
3532153
SRS
3532152
SRS
3532151
SRS
3532150
SRS
3532124
SRS
3532123
SRS
3532149
SRS
3532148
SRS
3532147
SRS
3532146
SRS
3532156
SRS
3532155
SRS
3531991
SRS
3531995
SRS
3531996
SRS
3531994
SRS
3531993
SRS
3531989
SRS
3531990

29081506

1069287
4

36.8

831948

2.9

524

100.0

0.1

5252123

2107682

40.1

672165

12.8

424

100.0

0.1

1829249

554830

30.3

125974

6.9

79

100.0

0.2

5211243

68501

1.3

92122

1.8

78

74.2

19.5

6710368

100652

1.5

129500

1.9

105

77.8

13.9

6850155

101252

1.5

81731

1.2

74

69.8

17.8

14213046

206827

1.5

197446

1.4

139

89.3

13.5

7833412

91070

1.2

69582

0.9

69

63.9

15.0

9166583

123598

1.3

279357

3.0

194

90.9

7.3

9909255

133845

1.4

259749

2.6

184

88.9

7.6

10634632

148498

1.4

267334

2.5

185

91.1

7.6

10900380

128635

1.2

138537

1.3

108

80.8

13.3

16194976

195256

1.2

342985

2.1

229

94.5

8.3

16927562

1051671

6.2

1530129

9.0

966

99.8

1.5

18098858

1113548

6.2

3806990

21.0

2399

100.0

0.5

3823599

39222

1.0

54256

1.4

159

89.8

17.1

5915718

60793

1.0

92170

1.6

76

76.4

14.2

6159511

63116

1.0

140155

2.3

110

80.0

11.4

6595654

70395

1.1

59560

0.9

50

74.4

23.5

11354222

92063

0.8

283424

2.5

56

60.9

8.3

10145721

103682

1.0

225870

2.2

196

91.3

12.2

8374551

91146

1.1

117705

1.4

90

82.5

13.2
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Figure 2.1 Map shows a portion of Central, South America, and the Caribbean where CEOD-NYBG
(approximate location) and the Cedrela specimens originated. We also include the location of origin for
C. odorata NC_037251.1. Specimens are coded with the number that matches their Specimen ID
(Appendix A, Table A1) and color coded by species. Other labels correspond to relevant country codes:
MEX (Mexico), CUB (Cuba), NIC (Nicaragua), CR (Costa Rica), PAN (Panama), COL (Colombia),
VEN (Venezuela), ECU (Ecuador), PER (Peru), BOL (Bolivia), and BRA (Brazil).

60

Figure 2.2 Counts of genes retained after we imposed a depth of coverage threshold of 10X across all
specimens for each species group. Retained gene counts are positioned above each species bar. Bar
outlines are color coded by species and for Cedrela, correspond to Fig. 2.1. Bar fill indicates the
proportion of gene targets associated with gene family information from TRAPID/PLAZA 2.5.
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Figure 2.3 Density plot showing depth of coverage (log2 scale) distribution across enriched targets for
each species. Species distributions are color coded.
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Figure 2.4 Weir-Cockerham’s FST distribution for SNPs identified in Cedrela specimens. Light grey bars
show the distribution of biallelic SNPs with no missing information. Bars outlined in black indicate
biallelic SNPs with no missing information, MAF ≥ 5%, and quality ≥ 500. Bar fill for bars outlined in
black indicates the proportion of SNPs that were found on gene targets that could be associated with gene
family information form TRAPID/PLAZA 2.5 as in Fig. 2.2.
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Figure 2.5 Maximum likelihood species tree inferred from whole chloroplast genomes. Taxa are color
coded by species. Numbers near branches correspond to a subset of bootstrap support values for 1,000
bootstrap replicates (Appendix A, Fig. A3).
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CHAPTER 3 || PHYLOGENETICS AND SPECIES DELIMITATION OF SIX
CO-OCCURRING NEOTROPICAL CEDRELA SPECIES: IMPLICATIONS FOR
OVEREXPLOITED TREE SPECIES

Abstract
Reconciling the need for species names to catalog biodiversity with the reality that
species are difficult to define is a challenge for biologists. For species that face threats of
overexploitation, species-level conservation initiatives require estimates of species presence in
trade, accurate geographic distributions, and up-to-date extinction risk, giving importance to
taxonomic classifications. The widespread neotropical tree Cedrela odorata is an economically
valuable species in timber trade and faces threats of overexploitation. Due to strong similarities
in wood features across species, overlapping geographic distributions, and taxonomic
uncertainty, other Cedrela species may be intentionally or mistakenly substituted for C. odorata
in trade. This pressure is expected to make other Cedrela species more vulnerable if current
logging practices proceed unchecked. We re-examined the phylogenetic relationships among six
co-occurring Cedrela species in an effort to better understand the relationship of C. odorata and
closely allied species that may appear in trade. Our study sampled gene sequences via target
capture and whole genome sequencing from 168 herbarium specimens, and we inferred
phylogenetic relationships with 15,588 nuclear SNPs and chloroplast genomes. Cedrela odorata
was present on multiple branches of the nuclear and chloroplast phylogenies, and ADMIXTURE
analysis revealed that C. odorata specimens were best represented by two lineages: one in
Mesoamerica, and one in South America that included allied species C. fissilis, C. nebulosa, and
C. saltensis. Based on species trees and estimated ancestry proportions, we designed and tested
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eight species delimitation schemes with 15 individuals and 1,000 nuclear SNPs via Bayes Factor
Delimitation (utilizing SNAPP and BEAST2). All species delimitation models tested were better
representations of the data than the model representing current taxonomy, and the best model (i)
regarded C. angustifolia and C. montana as a single species, (ii) separated Mesoamerican C.
odorata and South American C. odorata into two species, and (iii) combined C. nebulosa and C.
saltensis into a single taxon with South American C. odorata. We propose revised taxonomy to
reflect this simplified scheme. We estimated that the diversification of Cedrela in South America
occurred within the last 10 million years, and inferred that South American lineages may have
derived after dispersal event from extinct or extant Central American lineages. Our data show
that species names can obscure divergent lineages in Cedrela, and that morphological
differentiation is not indicative of genetic dissimilarity. Our study joins others in a growing area
of research that utilizes genomics to catalog biodiversity in neotropical forests.

Introduction
Deforestation for land use conversion or for the extraction of natural resources threaten
biodiversity globally (Cascante et al. 2002; Lowe et al. 2003; Kometter et al. 2004; Bonin et al.
2007; Muellner et al. 2011; Elias 2012; Inza et al. 2012; Dormontt et al. 2015; Gill et al. 2016).
Forests of Central and South America (referred here as neotropical forests) face the largest threat
because they support the most terrestrial biodiversity with 24,500 tree species and 16,000 tree
species contained within the Amazon rainforest alone (Pennington et al. 2015; Pennington and
Lavin 2016; Dick and Pennington 2019). These estimates are conservative, however, and do not
consider reported “cryptic species” (i.e., populations that are morphologically similar but
genetically divergent and classified under one species name) across many unrelated plant
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families in the Neotropics (Dick et al., 2003; Garcia et al., 2011; Cavers et al., 2013; ScottiSaintagne, et al., 2013a; Gill et al., 2016). The discovery and description of cryptic diversity
within a species can provide better estimates of the magnitude of biodiversity harbored in
neotropical forests, leading to broader protections for species regarded as forest products and for
beneficial species that have not yet been discovered for their utility.
Multiple studies have reported the presence of cryptic diversity within the neotropical
tree species Cedrela odorata L. with species in South America and one in Mesoamerica. The
Mesoamerican C. odorata taxon (referred here as C. odorata sensu stricto) was first suggested
by Gillies et al. (1997), and was later supported by multiple genetic studies (Cavers et al. 2003a,
b; Navarro et al. 2004, 2005; Muellner et al. 2010). Perhaps the strongest evidence for these
cryptic species was from a common garden study showing morphological differences (e.g., seed
weight, height, diameter, and leaflet morphology) between progeny sampled from drier
northwestern Costa Rica and the mesic conditions of southeastern Costa Rica; provenance
explained 52% of morphological variance and 80% of genetic variance (Navarro et al. 2002).
The line of demarcation between dry and mesic conditions seemed to approximately follow the
Cordilleras de Guanacaste, Talamanca, and the Central Mountains in Costa Rica, a mountain
chain known to harbor cryptic diversity in: snakes (Cadle 2012), pit-vipers (Doan et al. 2016),
frogs (Crawford et al. 2007), salamanders (Arias and Kubicki 2018), anoles (Lotzkat et al. 2011),
and other trees (Cavers and Lowe 2002). However, morphology in natural populations of C.
odorata is reportedly consistent in Mexico and Central America, even across the Cordilleras of
central Costa Rica (Cavers and Lowe 2002; Cavers et al. 2003a, b; Pennington and Muellner
2010), suggesting the presence of cryptic species. Despite the morphological differences
demonstrated under controlled conditions by Navarro et al. (2002), observed genetic
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differentiation between Mesoamerican and South American C. odorata has not been reflected in
current taxonomic concepts.
Cedrela odorata across its widespread distribution (Mexico [24º N] to northern Argentina
[27º S]) is imperfectly known. Cedrela odorata overlaps with every other species in the genus
for some portion of its distribution, the combination of morphological characters used to describe
it are not diagnostic across its range, and this species does not resolve on a single branch of the
species tree for the genus via molecular markers (i.e., paraphyletic resolution; Muellner et al.
2010; Pennington and Muellner 2010; Cavers et al. 2013). Morphological and ecological
diversity as well as phylogenetic analyses using genetic markers (nuclear ribosomal DNA
[nrDNA], chloroplast non-coding DNA [cpDNA]; Muellner et al. 2010; Cavers et al. 2013, and
chloroplast microsatellites [cpSSR]; Hernández et al. 2008; Cavers et al. 2013) has led to the
description of (at least) 10 new species in Cedrela since Styles (1981) (Pennington and Muellner
2010). For example, C. nebulosa T.D.Penn. & Daza and C. saltensis M.A.Zapater & del Castillo
are morphologically and ecologically distinct from C. odorata, but are closely related to and their
phylogenetic positions are nested within C. odorata from South America (Pennington and
Muellner 2010). Given the position of C. nebulosa and C. saltensis, one interpretation is that
these two species may be derived from South American C. odorata, but it is unclear whether
these two species are genetically distinct or capable interbreeding with C. odorata. Reexamination of phylogenetic relationships among closely related species with more robust
genetic techniques than were available in the past may help better discern species closely allied
with C. odorata, and may better reflect the genetic diversity contained within the genus Cedrela
P. Browne.
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Cedrela odorata is a target of illegal logging, and has been documented in timber trade
for over 250 years (Pennington and Muellner 2010). It is estimated that the distribution of C.
odorata has decreased by 30% in the last 100 years, and that estimate is expected to increase to
greater than 40% over the next 100 years (Tajikistan 2019). In 2001, C. odorata was listed under
the protections of the Convention on International Trade in Endangered Species of Wild Fauna
and Flora (CITES) Appendix III requiring validated documentation of species identity and
source for both export and import documentation, which has since protected certain populations
in Bolivia, Brazil, Colombia, Guatemala, and Peru (Ferriss 2014). Due primarily to the similarity
of sawn logs and processed wood of all Cedrela species (and likely also due to difficulty during
field identification of living Cedrela trees), most Cedrela wood is reported as C. odorata
(Tajikistan 2019). Two other species (C. fissilis Vell. and C. lilloi sym. angustifolia) have been
afforded the protection of CITES Appendix III since their survival is threatened due to strong
similarities with C. odorata (Ferriss 2014; UNEP-WCMC 2015). In 2019, C. odorata and all
species in the genus were elevated to CITES Appendix II, adding more scrutiny for all wood and
wood products reported as any Cedrela species (Tajikistan 2019).
Despite the anticipated increase in protection for C. odorata and its look-alikes, law
enforcement of CITES trade requirements and amendments to CITES species requires credible
estimates of species presence in trade, accurate geographic distributions, and up-to-date
extinction risk (Gasson 2011). Thus, more accurate species descriptions are valuable for the
conservation of Cedrela. Here, we provide a phylogeny of six co-occurring species in the genus
Cedrela focusing on C. odorata and closely allied species based on multispecies coalescence
with single nucleotide polymorphisms (SNPs). Our objectives are to: (i) determine if dense
genomic sampling can remedy the paraphyletic resolution of C. odorata, or if nuclear SNPs
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support the presence of cryptic species within C. odorata; (ii) determine if species closely allied
with C. odorata are distinct species or if taxonomy should consider different circumscriptions;
(iii) estimate when species and major lineages diverged. This research provides a foundation for
understanding how genomic variation in six species of Cedrela has been partitioned into
lineages, and how these lineages can be classified into named taxa.

Materials and Methods
Samples, Target Enrichment, and Sequencing
To address our objectives, we prepared a genomic dataset for the six Cedrela species
included in this study: C. angustifolia D.C., C. fissilis Vell., C. montana Mortiz ex Turcz., C.
nebulosa T.D.Penn. & Daza, C. odorata L., and C. saltensis M.A.Zapater & del Castillo
(Appendix B, Table B1, Fig. B1). We obtained short-read DNA sequences from these specimens
via hybridization capture, target enrichment (referred to as ‘target capture’) with probes for
10,001 target putative gene regions. Methods for the development of the hybridization probes
used have been previously described (Chapter 2; Finch et al. 2019).
Leaf tissue samples from the 192 Cedrela individuals were obtained from herbarium
specimen fragments at the Missouri Botanical Garden Herbarium (MO; St. Louis, MO, USA).
We extracted total genomic DNA from specimens with the FastDNA Kit (MP Biomedicals,
Santa Ana CA), and prepared the DNA for genomic library construction by quantifying genomic
DNA by fluorometry (Qubit, Thermo Fisher Scientific, Waltham, MA, USA) and shearing DNA
to a modal size of 130 bp. Genomic DNA libraries were prepared using the NEBNext Ultra II Kit
(New England Biolabs Inc., Ipswich, MA, USA) and an input of genomic DNA ranging from 20
ng – 250 ng.
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Libraries were pooled into equimolar 24-plex pools for target capture with MYbaits™.
Target capture was performed as directed by the manufacturer with a hybridization temperature
of 65º C to insure specificity. Following the manufacturer’s protocol, enriched targets were
amplified using the KAPA HiFi HotStart ReadyMix PCR Kit v. 5.13 (KAPA Biosystems,
Boston, MA, USA) and NEXTFlex Primers (Bioo Scientific Corporation, Austin, TX, USA). We
prepared two 96-plex pools of amplified, captured genomic libraries by combining four 24plexes ensuring equimolar ratios. These pools were sequenced to obtain paired-end 100 bp
sequences using one lane of the Illumina HiSeq 3000 (Center for Genome Research and
Biocomputing, Oregon State University, Corvallis, OR, USA).
Sequence yield was estimated with custom scripts (Finch 2018, 2019) to count raw
sequence reads per specimen (Appendix B, Table B2). We selected the sequenced reads from a
single individual, C. odorata 300 (Appendix B, Tables B1 & B2), to serve as a reference nuclear
gene sequence for further analysis (see the following section for assembly details). We used a
one-way analysis of variance (ANOVA) to compare the yield across Cedrela species.

Reduced Representation Nuclear Reference Genome Assembly
We selected a Peruvian C. odorata individual to serve as the reference for our target
capture sequences from the diversity panel. Individual C. odorata 300 was selected because: i) it
originated in Peru, a region of interest for this study (Appendix B, Table B1), ii) it was a C.
odorata, the focal species for this analysis, and iii) it showed high sequence yield compared to
other samples that met the above criteria (Appendix B, Table B2). We assembled the DNA
sequences that resulted from target capture de novo. Default parameters were used for all
bioinformatics software programs except where specified. Reads from C. odorata 300 were
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trimmed with bbduk.sh from BBTools v. 36.14 (DOE Joint Genome Institute;
https://jgi.doe.gov/data-and-tools/bbtools). Reads that showed an average quality below a phred
score of 20 (ASCI_BASE 33) were shortened from the 3’ end, and cropped reads below a
minimum length of 80 bases were removed. Overlapping forward and reverse reads were
combined into ‘super reads’ with bbmerge.sh (BBTools). Super reads and unextended read pairs
were then assembled into contiguous sequences (‘contigs’) de novo with SPAdes v. 3.6.1
(Bankevich et al. 2012). We provided SPAdes four k-mer lengths (55, 67, 73, and 89), and
assemblies from each k-mer length were combined for a single optimal assembly. We removed
redundant sequences from our reference assembly for C. odorata 300 with CD-HIT v. 4.5.7 (Fu
et al. 2012). Specifically, cd-hit-est removed the shorter of two sequences that showed 90%
identity for at least 50% of their length and retained assembled sequences that were at least 100
bases in length.
Post-filtering of our C. odorata 300 reference allowed us to ensure that assembled contigs
contained the hybridization probe sequences, and did not contain organelle sequences. We
removed sequences that did not show 95% identity with the probe sequences over 66% of the
probe length using USEARCH v. 9.2.64 (Edgar 2010) in local alignment mode examining both
strands for matches. Then, we used our chloroplast genome assembly for C. odorata (Finch et al.
2019) and assembled mitochondrial contigs from Azadirachta indica (Kuravadi et al. 2015) to
remove sequences that showed 95% organelle identity for more than 66% of their length. We
then used custom perl scripts to sort the reference contigs by length and to apply unique contig
identifiers. We assessed the quality of this de novo reference by mapping sequenced reads from
C. odorata 300 to this assembly with TransRate v. 1.0.3 (Smith-Unna et al. 2016).
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Assessment of On-target Yield
Sequence reads were considered ‘on-target’ if they showed 90% identity to the contigs
from the nuclear genome reference for C. odorata 300. To make this assessment, we mapped
single-end, captured DNA sequence reads from the Cedrela herbarium specimens to the nuclear
reference with bbmap.sh from (BBTools) in local alignment mode. Mapping conflicts were
resolved by retaining one mapping location selected at random. We used the output file from the
bbmap.sh “coveragestats” parameter to obtain coverage estimates for all contigs in the C.
odorata 300 reference. On-target yield calculations were based on coveragestats summarized by
individual using R scripts (Finch 2018, 2019). Depth was calculated by multiplying the sequence
read length (101 bp) by the number of sequenced reads mapping to each target contig (‘plus’ and
‘minus’ strands), divided by the covered target length (‘covered bases’; Finch et al. 2019). We
used a one-way analysis of variance (ANOVA) to compare the on-target yield and depth across
Cedrela species.

Assessment of Target Capture Efficiency
We assessed the taxon-specific enrichment bias of our C. odorata-derived hybridization
probes (reference individual obtained from the New York Botanical Garden [NYBG] that
originated in Mexico and referred to as ‘CEOD-NYBG’; Chapter 2; Finch et al., 2019) by
mapping 106 organelle-depleted reads to the C. odorata 300 reference and estimating resulting
read depth. This analysis was only performed for specimens that yielded at least 106 organelledepleted sequenced reads (n =151). By normalizing read count and comparing read depth across
the six Cedrela species included in this analysis, we can evaluate evidence of taxon-bias. We
first removed sequence reads from each library that showed 90% chloroplast identity with our

73
draft chloroplast genome for C. odorata (Chapter 2; Finch et al. 2019) with bbmap.sh, and
randomly selected 106 single-end sequence reads with reformat.sh (BBTools). We mapped
subsampled reads by individual to the C. odorata 300 reference in local alignment mode with
bbmap.sh at 90% identity. Coveragestats for each specimen allowed us to estimate depth per
reference contig, mean depth for each specimen, and mean depth for each of the six species
groups. Depth was calculated as described above. We used a one-way ANOVA to test for
differences in mean depth among species, and by our interpretation, differences in mean depth
indicate differences in enrichment efficiency among species.

Whole Genome Sequencing
In an effort to obtain more sequence information from organellar genomes, we performed
whole genome shotgun sequencing for the 192 Cedrela specimens via two equimolar pools of 96
individual unenriched genomic libraries each. These libraries were sequenced using 100 bp
paired-end sequencing on the Illumina HiSeq 3000 at the Center for Genome Research and
Biocomputing at Oregon State University. Draft chloroplast genomes were assembled for each
specimen via reference guided assembly using the C. odorata draft chloroplast genome assembly
for CEOD-NYBG and previously described methods (Chapter 2; Finch et al. 2019).
Initial analyses with chloroplast and nuclear genomic information suggested that CEODNYBG may be misidentified at the species-level. To investigate alternate identifications, we
performed additional sequencing of chloroplast genes trnC-ycf6 and trnH-psbA (Appendix C,
Table C1) using the draft chloroplast genome of C. odorata 300 to generate custom primer sets.
For this sequencing, we included additional herbarium specimens from MO representing of four
Central American endemic Cedrela species, C. odorata specimens originating near the reported
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source of CEOD-NYBG, and representatives from two species in Cedrela’s sister genus Toona
(Appendix C, Table C2).

Alignment and Variant Detection
Our main objective for this research is to infer phylogenetic relationships among six cooccurring Cedrela species via multispecies coalescence based on variation in nuclear SNPs. To
assess variation via SNPs, we generated a variant call format file (vcf; Danecek et al. 2011) with
sequence reads from target capture and a protocol combining SAMtools v. 1.9 (Li et al. 2009)
and the Genome Analysis Toolkit v. 3.7 (GATK; McKenna et al. 2010) that we have previously
described (Chapter 2; Finch et al. 2019) with the following exceptions: (i) bcftools v. 1.9
mpileup (Li 2011) was used rather than Samtools mpileup for vcf generation to stay current with
methods, (ii) we excluded indel calls to speed vcf generation, and (iii) for this vcf, C. odorata
300 was used as the reference for variant calling. To avoid poor inference due to missing
information, we excluded Cedrela specimens with more than 10% missing information after
assessing sequence yield per individual (n = 167 remaining). We also included sequenced reads
from the C. odorata individual used to design the target capture probes for this study (CEODNYBG; Chapter 2; Finch et al. 2019), and we included sequence reads from two Swietenia
mahagoni (L.) Jacq. individuals (Chapter 2; Appendix A, Table A1) to serve as outgroup
sequences. This resulted in 168 Cedrela and two S. mahagoni specimens as the basis for the
current analysis.

Phylogenetic Analyses of Nuclear SNPs
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We used our vcf containing 170 Cedrela and Swietenia specimens and the program
SNPhylo v. 20140701 (Lee et al. 2014) to generate a species tree from nuclear SNPs. Briefly,
SNPhylo accepts a vcf input, filters low quality data, extracts SNPs in putative linkage
equilibrium, aligns SNPs with MUSCLE v. 3.8.31 (Edgar 2004), and generates a maximum
likelihood species tree with PHYLIP’s DNAML v. 3.697 (Felsenstein 1993). Our SNPhylo
species tree was generated with default parameters and by assigning S. mahagoni as the
outgroup. To obtain bootstap support values for the nuclear species tree generated by SNPhylo,
we used the PHYLIP alignment file produced by SNPhylo to infer a maximum likelihood species
tree and 1,000 bootstrap replicates with RAxML v. 8.2.10 (Stamatakis 2014) via the CIPRES
online server (Miller et al. 2011). For this analysis we used the 16-state general time reversible
(GTR) secondary structure substitution model and estimated invariable sites with a gamma
distribution of rate variation among sites (GTR-I-). All other parameters were default, and the
two S. mahagoni were assigned as outgroups. A bootstrap majority rule consensus tree was
generated with Mesquite v. 3.31 [build 859] (Maddison and Maddison 2017) with the required
frequency of clades set to 0.5, and bootstrap support values (converted to percent) were
superimposed over the SNPhylo maximum likelihood tree. The tree graphic was generated in R
v. 3.6.1 (see Appendix H, Table H2 for list of packages; R. Core Team and others 2013).

Phylogenetic Analyses of Chloroplast Genomes
We combined compiled FASTA files containing draft chloroplast genomes for the 167
Cedrela specimens, CEOD-NYBG, two S. mahagoni, and three publicly available chloroplast
genome assemblies: C. odorata NC_037251.1 from Cuba (Mader et al. 2018), Toona ciliata
NC_039592.1 (Xin et al. 2018), and a composite assembly we generated from T. ciliata genomic
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DNA contigs (Appendix C; McPherson et al. 2013). We aligned complete chloroplast genomes
with the “FFT-NS-2” alignment method and default parameters from MAFFT via the online
server (Katoh and Standley 2013; Katoh et al. 2017). We used this alignment to infer
phylogenetic relationships among specimens with maximum likelihood and 1,000 bootstrap
replicates with RAxML via CIPRES, and finished a majority rule consensus tree with Mesquite
and R.

Ancestry Estimation from SNP data
We estimated the structure of ancestral lineages across our samples with ADMIXTURE
v. 1.3.0 (Alexander et al. 2009). Similar to STRUCTURE (Pritchard et al. 2000), ADMIXTURE
estimates the optimal number of ancestral populations (K) among individuals and individual
membership proportions to ancestral populations. Ancestry was estimated with the quality
filtered vcf output from SNPhylo (default parameters: minimum depth of coverage = 5, linkage
disequilibrium threshold = 0.1, minor allele frequency threshold = 0.1, and missing rate = 0.1)
that was further filtered via VCFtools v. 0.1.17 (Danecek et al. 2011) to remove SNPs with more
than two alleles, SNPs with a quality lower than 30 (quality here is defined as 10Log10[probability of incorrect SNP call]), SNPs with a minor allele represented in a single
individual, and SNPs containing missing information. To further ensure linkage equilibrium
among SNPs, we then thinned SNPs using a window of 5,000 bases such that we retained
approximately one SNP per contiguous sequence (putative gene region) of the nuclear reference
for C. odorata 300 (n = 9,139 contigs). Finally, we removed S. mahagoni individuals, converted
the SNP dataset to PLINK v. 1.90b5.2 format (Purcell et al. 2007) and performed ancestry
prediction with ADMIXTURE for K values of 1 (one group) through to 10 (ten groups). The
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optimal K (number of ancestral populations) was determined via five-fold cross-validation and
measured in prediction error (Alexander et al. 2009). The optimal K shows the lowest five-fold
cross-validation prediction error. Ancestry proportions for each individual were plotted as bar
plots in R. We showed geographic distributions of ancestry proportions by converting bar plots
into pie charts, and superimposing them over the geographic source of each individual with R
package scatterpie (Appendix H, Table H2). All maps were drawn using the base map shapefiles
from the World Borders Dataset (http://thematicmapping.org/).

Species Delimitation
We used Bayes Factor Delimitation (BFD*) to compare species delimitation models for
C. odorata and closely allied species (Leaché and Ogilvie 2018; Battey and Klicka 2017). BFD*
uses the programs SNAPP (Bouckaert and Bryant 2012; Leaché and Ogilvie 2018) and BEAST2
(Bouckaert et al. 2014) to generate multispecies coalescent models based on SNPs. In this way,
we compared eight models with taxa showing alternative species assignments (Fig. 3.4). Species
delimitation models were ranked based on a marginal likelihood score, Bayes Factor support,
and model fit among sampling runs (Leaché and Ogilvie 2018) to determine the model of species
relationships that best represented the data. Bayes Factors were estimated by calculating the
difference in marginal likelihood estimate for each model and the marginal likelihood estimate
for the model representing current taxonomy (Model C), and multiplying that difference by 2
(Stange et al. 2017).
Based on ancestral patterns from the ADMIXTURE analysis and clades present in the
nuclear species tree, we designed species delimitation schemes for C. odorata and other closely
related species of Cedrela (Fig. 3.4). Model C shows Current taxonomy. Models 1, 2, and 3 each
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differ from current taxonomy by one change: (i) Model 1 addressed the treatment of C.
angustifolia and C. montana as a single taxon, instead of two; (ii) Model 2 addresses the
treatment of C. odorata by considering it as two taxa, one from Mesoamerica, and a second
from southeastern Costa Rica, Panama, and the rest of South America (further abbreviated as
‘South American C. odorata’ or ‘C. odorata SA’ for simplicity); and (iii) Model 3 addresses the
treatment of C. nebulosa and C. saltensis as a single taxon, instead of two (Fig. 3.4). Models 1.2,
1.3, and 2.3 are each two steps away from Model C, and represent combinations of Models 1, 2,
and 3. Model 4 addresses the treatment of C. odorata as two taxa, one from Mesoamerica (‘C.
odorata M’), and a second composed of South American C. odorata and taxa currently
recognized as C. nebulosa and C. saltensis. Model 4.1 is similar to Model 4, but it treats C.
angustifolia and C. montana as one taxon.
Due to computational limitations, this analysis used fifteen individuals from clades
depicted on the SNPhyo nuclear species tree. Individuals selected (sample names starred, Table
3.1; sample names shown in red, Fig. 3.1) showed low amounts of admixture and missing
information, and we avoided specimens that we suspected to be taxonomic misidentifications.
An xml file to run SNAPP via BEAST2 was prepared with the SNPhylo filtered vcf and
snapp_prep.rb a script described in Stange et al. 2017 and available at
https://github.com/mmatschiner/snapp_prep. Briefly, this script takes vcf input, extracts a
specified number of SNPs, and populates a guide file for SNAPP and BEAST2.
The script snapp_prep.rb estimates divergence times for SNP datasets, and we did not
adjust sampling parameters for mutation rate, theta, coalescence rate or clock rate. Instead, we
assessed whether parameter adjustments were necessary after examining trace plots for model
convergence. In all cases, we found that further parameter adjustments were not necessary
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(Effective Sample Size estimates > 200). We adjusted snapp_prep.rb output by providing a file
with time constraints to calibrate the species tree to absolute time using a strict clock model. For
this analysis, we used two clade ages reported by Koenen et al. (2015) as constraints: (i) the age
of the subfamily Cedreloideae was set to 38.6 million years ago (Ma; 95% HPD interval 33.045.8), and (ii) the estimated divergence of the tribe Cedreleae and genus Entandrophramgma
was set to 29.8 Ma (28.1-33.6; Fig. 3.4). These two time constraints provide upper and lower
bounds for the age of divergence for the Cedreloideae clade containing the genus Swietenia and
the clade containing Cedrela and Toona. We instructed BEAST2 to sample parameters from a
lognormal distribution centered on each age with a standard deviation of 0.089 and 0.063, to
approximate the published 95% HPD intervals around 38.6 Ma and 29.8 Ma, respectively
(Koenen et al. 2015; Stange et al. 2017). Additionally, we adjusted xml files for BFD* following
Leaché and Ogilvie (2018), specifying an ultrametric starting tree for each speciation model.
Starting trees were prepared by generating a UPGMA tree with default parameters (Simple
Phylogeny; Madeira et al. 2019; https://www.ebi.ac.uk/Tools/phylogeny/simple_phylogeny/) and
one specimen from each taxon. In all analyses, S. mahagoni was used as the outgroup. The
resulting xml files contained information for 1,000 randomly sampled polymorphic SNPs from
specimens under different taxon identities based on the species delimitation model and starting
species tree. We ran SNAPP via BEAST2 to estimate a time calibrated species trees with a chain
length of 100,000 MCMC iterations, storing every 50th tree after discarding the first 10,000
iterations as burnin (10%), and assessed BFD* speciation models after 50 sampling steps
(Leaché and Ogilvie 2018; Battey and Klicka 2017).

Primary Divergence Estimation
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We reran SNAPP via BEAST2 with the highest-ranking species delimitation model and a
chain length of 5,000,000 MCMC iterations storing every 2,500th tree after discarding the first
500,000 iterations as burnin (10%). This was to ensure model convergence and to prepare a
maximum clade credibility tree with sampled trees via TreeAnnotator v. 2.6.0 (Helfrich et al.
2018). We also visualized variation among SNAPP species trees with DensiTree v. 2.0
(Bouckaert and Heled 2014).

Results
Reduced Representation Nuclear Reference Genome Assembly
Sequencing C. odorata 300 generated 1.4×107 paired reads or 2.8×109 nucleotide bases
(Appendix B, Table B2). Trimming removed 2.2×107 reads or 14.5% of sequenced reads. The
remaining 11,920,286 reads pairs ranged from 80 – 101 bp in length. Of these pairs, nearly 28%
shared identity and were extended into super reads with a mean length of 153.6 bp (range: 35 –
193 bp). Cedrela odorata 300 super reads joined 8,607,829 unextended read pairs (72% of
trimmed reads) with an estimated mean insert size of 295 bp for paired libraries (with a standard
deviation of 84 bp and 95% C.I. 206 – 413 bp estimated by SPAdes) as input for de novo
assembly via SPAdes. SPAdes assembled 17,546 contiguous sequences with a mean length of
813.6 bp (range: 90 – 11,528 bp) for a total length of 1.42×107 bp. CD-HIT then removed 873
contig sequences or 5% of contigs with greater than 90% identity with another contig sequence
for at least 50% of their length. The remaining 16,673 contigs showed a mean length of 821.6 bp
(range: 126 – 11,528 bp) for a total of 1.37×107 bp of assembled sequence. USEARCH identified
and removed a single contig sequence with ≥ 95% chloroplast identity. This sequence was
10,293 bp in length. USEARCH also identified 78 sequences with ≥ 95% identity with the
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mitochondrial contigs from A. indica (Kuravadi et al. 2015). In total, 61,450 bp of assembled
sequence showed a high percentage of mitochondrial identity. After this filtering, 16,594
assembled contigs remained, and we used USEARCH to identify 7,455 sequences that did not
contain the hybridization probe sequences (95% identity threshold for retention) used for target
capture. We removed these contigs from the assembly, and the remaining 9,139 assembled
contigs became our reference sequence for variant calling. The mean contig length for the
reference assembly was 982.5 bp (range: 156 – 4,053 bp) for a total assembly length of 9.0×106
bp (N50 983 bp; 36.1% GC). Results from each process described above are summarized in
Appendix B, Table B3.
TransRate estimated that 1.2×107 paired reads (83%) mapped back to our assembly and
74% of mapping fragments were “good,” indicating a good assembly (Smith-Unna et al. 2016).
Only 5,565 nucleotides across the assembly were uncovered after this mapping, and TransRate
assigned our assembly a score of 0.44 (1.0 maximum).

Sequencing Yield
Target capture and short read sequencing of the 192 specimens resulted in 1.6×109 paired
sequence reads (3.2×109 total sequence yield or 3.2×1011 bp of sequence) with an estimated
mean individual sequence yield of 8.3×106 paired reads (range: 7.1×104 – 4.7×107 paired reads;
Table B2). Of the 192 specimens included in our target capture protocol, difference in estimated
mean sequence yield among Cedrela species was not significant (ANOVA; F[5, 186] = 0.073, P =
0.996).

On-Target Yield
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On average, 6.4×104 reads mapped to each target contig (range: 450 – 9.8×105 sequence
reads) for an average depth of 44.5X per target (range: 1.5X – 308.7X). This means that at least
450 single-end reads mapped to 100% of targets; we observed no “failed” targets. Individual ontarget yield ranged from 6,393 to 1.7×107 sequenced reads with an estimated mean of 3.1×106
sequenced reads (Table B2). On average, 33.1% of total sequenced reads mapped to the targets
from the C. odorata 300 nuclear reference (range: 2.0% - 40.6%), and this quantity of mapped
reads was adequate for the detection of nearly 1 million SNPs. We observed no significant
difference in mean on-target yield for species (one-way ANOVA; F[5, 186] = 0.091, P = 0.994).

Assessment of Target Capture Efficiency Across Species
We mapped reads with normalized inputs (106 organelle-depleted reads) and calculated
on-target yield and individual mean depth. The estimated individual mean depth was 13.5X
(range: 8.5 – 17.5X), and we did not observe a significant difference in mean depth among
species (one-way ANOVA; F[5, 145] = 0.301, P = 0.912). Moreover, the depth of coverage for
each species converge on the same mean, indicating near equal-enrichment across Cedrela
species (see Appendix B, Fig. B2; Fig. B3).

Nuclear Species Tree and Ancestry Inferences
Initial filtering by SNPhylo resulted in a vcf with 9.9×105 SNPs (46.2% of detected nonindel variants). From these, 1.6×104 met the linkage disequilibrium threshold and were used to
generate the nuclear species tree (Fig. 3.1). These SNPs derived from 8,941 contiguous
sequences of the C. odorata 300 reference, and 1 to 10 SNPs per contig were selected (mean =
1.7 SNPs/contig).
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Common patterns arose when comparing the maximum likelihood tree based on nuclear
SNPs and the plots showing ADMIXTURE-based ancestry proportions. ADMIXTURE analysis
determined that a model with three populations (K = 3) was the optimal number of populations to
represent these data (Fig. 3.1). The K = 3 model showed the lowest cross-validation error among
tested models (K = 1 through 10) and a log likelihood (lnL) of -115949.1192. This model
identified ancestral population groups primarily tracking taxonomic divisions between C.
angustifolia plus C. montana, Mesoamerican C. odorata, and South American C. odorata plus
allied taxa (C. fissilis, C. nebulosa, and C. saltensis; Fig. 3.1).
The phylogenetic and ADMIXTURE-based resolution of C. angustifolia and C. montana
shows that these sister taxa are more closely related to each other than to the rest of the Cedrela
genotypes examined. This lineage is best modelled as a single ancestral group across K values 27; it is divided into two groups that mirror maximum likelihood phylogenetic resolution at K = 8
(Fig. 3.1 & 3.2). The majority of specimens identified as C. angustifolia and C. montana form a
highly supported clade (Fig. 3.1, Clade A) that is sister to the rest of Cedrela.
The second major group identified by ADMIXTURE at K = 3 (Fig. 3.1) includes
specimens identified as C. odorata that are primarily distributed across Nicaragua and Costa
Rica on the northwestern side of the Cordilleras de Talamanca and the Central Mountains (i.e.,
Mesoamerica; with the exception being one individual from Ecuador that we suspect may have
been planted; Fig. 3.2 A). This group forms a strongly supported clade (Fig. 3.1, Clade B).
The third major group identified by ADMIXTURE at K = 3 (Fig. 3.1) includes all
remaining samples: C. odorata from Costa Rica, Panama on the southeastern side of the
Cordilleras de Talamanca and the Central Mountains, the rest of C. odorata originating in South
America, plus all samples from C. fissilis, C. nebulosa and C. saltensis. An ancestral cluster
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representative of C. fissilis becomes evident at K = 4 (lnL = -108324.45), and this admixture
class (i.e., specimen bar plot that is ≥ 50% orange; Fig. 3.1) was observed in some specimens
identified as C. odorata across the species tree. Twenty-eight of the specimens with an ancestry
proportion greater than 50% for this group (34 total) were present on Clade C (Fig. 3.1) and are
mostly distributed across southern Peru and northern Bolivia (Fig. 3.2 B).
Model K = 6 (lnL = -96295.81) highlights two additional ancestral groups with strong
support. The first is formed by CEOD-NYBG (C. odorata originating in Mexico; Fig. 3.2 C) and
C. odorata (179) from Nicaragua (black; Fig. 3.1). These two individuals form a grade between
C. angustifolia plus C. montana (Clade A) and the rest of Cedrela (Fig. 3.1; Clades B, C, D, E,
and F), and their positions are strongly supported across bootstrap replicates. We explored the
identity of these two individuals with additional sequencing and analysis (Appendix C). Model K
= 6 also shows the genetic distinctness between South American C. odorata (pink) and the group
corresponding to C. nebulosa and C. saltensis (gray; and some specimens identified as C. fissilis,
C. odorata, and one C. montana, a likely misidentification; Fig. 3.1). The gray group forms a
strongly supported clade with all of the herbarium-identified C. nebulosa and nearly all of the C.
saltensis (Fig. 3.1, Clade D).
Increasing K to 8 (lnL = -91055.11) maintains similar patterns in ancestral population
arrangement along the species tree, but shows that Clades A and D can be represented by two
separate ancestral clusters each (Fig. 3.1). As noted above, K = 8 reveals the distinctiveness of C.
angustifolia and C. montana, dividing them into separate ancestral groups. The majority of C.
montana specimens (light blue admixture group) originated from higher latitudes than C.
angustifolia specimens, which originated mainly in Bolivia (Fig. 3.2 D). K = 8 also reveals the
distinctiveness of C. nebulosa and C. saltensis specimens appearing in Clade D (Fig. 3.1). As
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with the pattern observed for C. montana and C. angustifolia, this genetic divergence was
associated with geographic separation (Fig. 3.1; Fig. 3.2 D).

Conflicting Lineage Histories: Nuclear and Chloroplast Species Tree Comparison
We generated a maximum likelihood chloroplast species tree with 173 chloroplast
genomes (lnL = -282547.19). The chloroplast species tree appeared to resolve Cedrela
individuals and taxa by geography, resulting in a topological resolution that conflicts with the
species tree based on nuclear SNPs. All C. odorata individuals from Central America (northern
Mexico to Panama) were resolved into a single highly supported clade based on the chloroplast
genome (Clades B1 and E1; Fig. 4.3); this contradicts results from the nuclear genome, which
shows these individuals being derived from separate ancestral populations (Mesoamerican
cluster in yellow; Fig. 3.1), and being resolved as distantly related via nuclear SNPs (Fig. 3.3,
Clades B, E, and the base of Clade D). Whereas C. montana and C. angustifolia show a close
phylogenetic relationship in the nuclear species tree (Clade A; Fig. 3.3), they do not share similar
chloroplast haplotypes in our samples (Fig. 3.3, Clades A1 and A2). Similarly, C. fissilis
individuals that were closely related via nuclear SNPs (Fig. 3.3; Clade C) resolved into two
chloroplast lineages (Fig. 3.3, Clades C1 and C2), and these clades correspond to geographically
isolated chloroplast haplotypes, with Clade C2 originating in southeastern Peru and northwestern
Bolivia and Clade C1 from northeastern Bolivia (Table 3.1; Fig. 3.3). Cedrela nebulosa and C.
saltensis resolved as closely related via both chloroplast (Fig. 3.3, Clade D 1) and nuclear markers
(Fig. 3.3, Clade D) despite their disjunct geographic distributions. The majority of C. odorata
individuals sampled in Ecuador and Peru were resolved similarly across genomes (Fig. 3.3,
Clade F and F1).
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A number of differences in chloroplast and nuclear topologies are evident. For example,
CEOD-NYBG and C. odorata 179 resolve as highly divergent from all other Cedrela in the
chloroplast tree, yet they resolve phylogenetically between Clades A and B via nuclear markers
(Fig. 3.3). Cedrela odorata (NC_037251.1) from Cuba resolved as sister to C. odorata 291 from
coastal Ecuador, and the two T. ciliata chloroplast genomes were nested within the Cedrela
chloroplast species tree (Fig. 3.3).

Species Delimitation with BFD*
Model C depicting current taxonomy showed the lowest marginal likelihood estimate
compared to all the species delimitation schemes we tested, indicating that BFD* found all
alternate classification models to be better representations of genomic data than current
taxonomy (Table 3.2; Fig. 3.4). The simplest model 4.1 with five taxa (Fig. 3.4) was the best
representation of the data, showing the highest estimated marginal likelihood (-7,923.04; Table
3.2) and the highest support when compared to current taxonomy (Model C; -422.69 Bayes
Factors; Table 3.2; Fig. 3.4). Model 4.1 was followed by Model 4, which favors the recognition
of C. angustifolia and C. montana as separate taxa (Table 3.2; Fig. 3.4). The modest difference in
support of Model 4.1 over Model 4 indicates the small effect of combining these taxa relative to
larger effects from other delimitations depicted in both models (i.e., the splitting of
Mesoamerican and South American C. odorata). Likewise, combining C. angustifolia and C.
montana under the same name (Model 1) shows only small improvement over of Model C
(Table 3.2; Fig. 3.4). Models 4.1 and 4 shared the splitting of C. odorata from Mesoamerica (C.
odorata M) and C. odorata from South America (C. odorata SA) with models 2, 1.2, and 2.3,
and all showed large differences in marginal likelihood compared to Model C (Table 3.2; Fig.
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3.4). Model 2, which depicted one change from current taxonomy, was the highest ranked
delimitation scheme that incorporated only one change (Table 3.2; Fig. 3.4). Model 1.2 and 2.3
showed nearly equal marginal likelihood estimates (-7,933.15 and -7,933.92 respectively; Table
3.2) and similar levels of support, but depict simplified taxon circumscriptions that resulted in
small improvements compared to current taxonomy (Table 3.2; Fig. 3.4).

Divergence Among Cedrela Species
Species trees generated by SNAPP and BEAST2 for Model 4.1 agree on the species tree
topology across tree sampling iterations (Fig. 3.5 A). The species complex represented by C.
odorata SA, C. nebulosa, and C. saltensis was resolved as sister to C. fissilis. Together these
species represent the majority of specimens originating from South America. The sister lineage
to this South American clade is “C. odorata M” or the C. odorata specimens from Nicaragua and
northwestern Costa Rica (Mesoamerica) identified at K = 3 in the ADMIXURE analysis (yellow
ancestral group; Fig. 3.1, Clade B). In agreement with the SNPhylo nuclear species tree, the
species complex represented by C. angustifolia and C. montana resolved as sister to the rest of
the Cedrela dataset (Fig. 3.5).
BEAST2 estimated the median age of 32.2 Ma (95% HPD interval 27.5 – 37.9 Ma; Fig.
3.5 B) for the time of divergence of S. mahagoni and Cedrela. The median age of the divergence
of C. angustifolia/C. montana and the rest of Cedrela was estimated to be 6.7 Ma (95% HPD
interval 5.0 – 9.2 Ma; Fig. 3.5 B). Cedrela odorata from Mesoamerica was estimated to have
diverged from the South American clades around 4.6 Ma (95% HPD interval 3.0 – 6.3 Ma; Fig.
3.5 B), and that C. fissilis split from C. odorata SA/C. nebulosa/C. saltensis in the last 2 Ma
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(95% HPD interval 1.3 – 3.3 Ma; Fig. 3.5 B). Posterior probability was 1.0 for all nodes in the
maximum clade credibility tree (Fig. 3.5 B).

Discussion
The economic value of C. odorata has led to its overexploitation in trade. Due to the
similarity of wood specimens across the genus Cedrela (Gasson 2011), the majority of Cedrela
appearing in trade are intentionally or mistakenly reported as C. odorata. It is expected that other
Cedrela species have or will become vulnerable to overexploitation if logging and trade practices
proceed unchecked (Tajikistan 2019). We provide a re-examination of the phylogenetic
relationships among C. odorata and five closely allied species that appear in trade, and address
the following questions: is C. odorata composed of cryptic species; are all named taxa distinct
genetic species? We considered these questions using analyses based on genome-scale data.
Despite being the focus of active research, the application of DNA methods to these questions in
Cedrela have been limited to a small number of genomic regions, typically, nuclear ribosomal
internal transcribed spacer (ITS; ~700 bp) and segments of the chloroplast genome that total to
less than 1% of its total length (< 1,600 bp; Muellner et al. 2010; Cavers et al. 2013; Koecke et
al. 2013). In this study, we constructed a nuclear species tree from > 15,500 unlinked SNPs
sampled from 10,000 hypothetical genes (Chapter 2) and 168 herbarium specimens representing
this overexploited taxon and its close relatives (Table 3.1). We also assembled draft chloroplast
genomes (~160,000 bp each) for these taxa to create a chloroplast genome phylogeny that shows
intra-taxon haplotype variation and consensus/conflict with the nuclear genome. Our findings
support the existence of cryptic species within C. odorata, and our data are better represented by
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fewer species names than the current treatment. These data present a starting point for future
studies of Cedrela that consider the entire genus.

Cryptic species within C. odorata
We found multiple lines of evidence supporting the existence of cryptic species within C.
odorata. Herbarium specimens identified as C. odorata clearly derived from two ancestral
populations (Fig. 3.1), one that appears restricted to Mesoamerica, and a second that is more
widely distributed in Panama and South America. These ancestral groups resolve into genetically
divergent positions on both nuclear and chloroplast species trees (Fig. 3.3). Additionally, species
delimitation modelling with BFD* strongly favors all species delimitation schemes that treat
these lineages as distinct taxa (Table 3.2; Fig. 3.4). Our results are consistent with previous
reports of a genetic discontinuity in C. odorata that is localized to the central mountain ranges in
Costa Rica (Figs. 3.1 & 3.2; Muellner et al. 2010; Cavers et al. 2013; Koecke et al. 2013). Our C.
odorata samples from Nicaragua and northwestern Costa Rica formed a genetic cluster that was
separate from, and sister to, all C. odorata, C. fissilis, C. nebulosa, and C. saltensis specimens
collected in southeastern Costa Rica, Panama, and South America (Figs. 3.1 & 3.2). Given the
congruence between previous studies and our results, we conclude that specimens from
Nicaragua and northwestern Costa Rica (Fig. 3.1 Clade B) are likely C. odorata sensu stricto
(Muellner et al. 2010). It is possible that this group could be misidentified representations of
Mesoamerican species, such as C. salvadorensis Standl. or C. tonduzii C.DC, both of which
occur in Nicaragua and Costa Rica; this seems unlikely, however, as both of these species are
reported to have distinct morphological differences separating them from C. odorata. Navarro et
al. (2002) described quantitative and physiological traits that differ in respond to aridity and
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drought (e.g., seed size and weight; leaf size; growth rate) that separate Mesoamerican and South
American C. odorata into distinct groups when grown under the same conditions. The clear-cut
adaptive differentiation between these groups led the authors to suggest that C. odorata may be
in the process of “forming new species in Costa Rica.” We find consistently high levels of
genetic distance among these groups (Figs. 3.1 & 3.3) even when considering far fewer SNPs
(Chapter 4, Fig. 4.2), a pattern that contradicts a hypothesis of ‘nascent divergence.’ Instead, we
add support to a suggestion by Cavers et al. (2013) that a better explanation considers Costa Rica
a region of secondary contact between two morphologically similar taxa that diverged more
distantly in the past. Our data include individuals from Costa Rica and Panama that share
synapomorphies with individuals from Ecuador and Peru (Clade E, Fig. 3.1).
If the Mesoamerican lineage represents a distinctive C. odorata s. s., this raises a
question: what is the southern lineage? Our C. odorata specimens collected in southeastern Costa
Rica, Panama, and across South America (Fig. 3.4; C. odorata SA), may be representatives of a
lineage that was first described by Adrien de Jussieu in 1830 from specimens collected in French
Guiana (Smith 1960). This taxon – C. guianensis A.Juss. – is the oldest specimen on record that
represents C. odorata in South America (Pennington and Muellner 2010), and it was later
determined to be a synonym of C. odorata on the basis of morphology (Smith 1960). The
existence of a South American lineage that is strongly divergent from C. odorata raises questions
as to whether this taxon name should be resurrected. Further evaluation of trees from the locality
of the C. guianensis type specimen could provide clarification of the genetic affinity of this
lineage, as well as the name of this cryptic taxon that spans southeastern Costa Rica, Panama,
and northwestern South America.
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We did not detect the presence of additional cryptic taxa within South American C.
odorata, in contrast to hypotheses presented in prior studies (Muellner et al. 2009; Cavers et al.
2013). Muellner et al. (2009) described two groups represented by: (i) two specimens from
French Guiana and Ecuador, and (ii) two specimens from Brazil and Venezuela. Later, Cavers et
al. (2013) hypothesized that the Andes mountain range formed a barrier to gene flow, and that
two cryptic species were distributed on either side of the Andes, corresponding to the cryptic
taxa proposed by Muellner et al. (2009). We found that C. odorata specimens from Colombia
and Venezuela resolved similarly in a strongly supported clade that included individuals from
Ecuador and Peru on the Amazonian side of this hypothetical vicariance barrier (Fig. 3.1 Clade
E). Unfortunately, our samples did not include many C. odorata specimens from the Pacific side
of the Andes in Ecuador and Colombia. Future studies should include these areas before ruling
out the existence of an additional cryptic taxon within C. odorata.

BFD* Supports Revised Taxonomy
In addition to estimating higher marginal likelihood scores for models showing the
separation of C. odorata into two species, C. odorata s.s. and C. guianensis, our results support
the lumping of C. angustifolia and C. montana and the lumping of C. nebulosa and C. saltensis
into C. guianensis (C. odorata SA; Table 3.2; Fig. 3.4). Cedrela angustifolia and C. montana
have been regarded as separate species since the description of C. montana in 1858 (Pennington
and Muellner 2010). However, they share an ancestral lineage until large values of K (e.g., K =
8; Fig. 3.1), and species delimitation Model 4.1 shows the strongest support (Table 3.2; Fig. 3.4).
Pennington and Muellner (2010) report overlapping geographic distributions for these taxa,
similar ecological conditions, and indistinct and subjective vegetative characters that make them
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difficult to separate morphologically, especially in areas of overlap. We identified three
specimens that may be genuine misidentifications of C. montana for C. angustifolia and vice
versa that indicate confusion among museum specimens (Fig. 3.6). If taxonomy were changed to
reflect our results, C. angustifolia would be applied to these specimens as it has priority
(Pennington and Muellner 2010), or we suggest the use of infraspecific taxon names to recognize
morphological distinctness at the north and south extremes of the range for this lineage (e.g., C.
angustifolia ssp. angustifolia and C. angustifolia ssp. montana).
If our species delimitation results were reflected in revised taxonomy, C. nebulosa and C.
saltensis would be lumped into C. guianensis (Table 3.2; Fig. 3.4). Both species were present on
well supported clades in the nuclear and chloroplast species trees (Fig. 3.1 Clade D; Fig. 3.3
Clade D1), and were nested within C. guianensis according to nuclear SNPs. Both species are
reportedly morphologically and ecologically distinct from each other and from C. odorata
(Pennington and Muellner 2010). However, these taxa appeared to derive from the same
ancestral lineage as C. guianensis until large values of K (e.g., K = 8; Fig. 3.1). It is possible that
a large effective population size (Ne), a long generation time, and active gene flow are applying
drag on coalescence times for SNP copies among specimens in this lineage, causing C. nebulosa
and C. saltensis to resolve as nested within C. guianensis (Rieseberg and Brouillet 1994; De
Queiroz 2007; Knowles and Carstens 2007; Naciri and Linder 2015; Pennington and Lavin
2016). Other widespread neotropical rainforest tree species contain nested lineages (sometimes
named taxa) and are similarly challenging to define (Simon et al. 2009; Dexter et al. 2010;
Coronado et al. 2014; Fine et al. 2014; Winterton et al. 2014). It is possible that ecological
isolation could have led to morphological differentiation observed among these species, and
morphological distinctiveness was evident in our dataset. We found that only one C. saltensis
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specimen appeared to be misidentified according to nuclear SNPs and ADMIXTURE
proportions at K = 8 (C. saltensis 233; Fig. 3.6), but that C. nebulosa and C. saltensis may be
hidden among specimens similar in appearance to C. fissilis, C. odorata, and possibly C.
montana (Fig. 3.6). Future genetic and morphological studies should include more individuals
and populations of both C. nebulosa and C. saltensis to evaluate our findings. Perhaps these
populations are more appropriately regarded as subspecies of C. guianensis.

Cedrela in South America
We estimated that Mesoamerican C. odorata s.s. diverged from South American C.
odorata (= C. guianensis) approximately 4.6 Ma (95% HPD interval 3.0 – 6.3 Ma; Fig. 3.5 B).
This time period coincides with the hypothesis on the expansion of islands that would eventually
become the Isthmus of Panama, linking Central America and South America (‘Young Isthmus’;
Hoorn et al. 2010; O’Dea et al. 2016; but see also Montes et al. 2015; Bacon et al. 2015). It is
possible that this event allowed a lineage related to C. odorata to expand into South America,
which then ultimately radiated and gave rise to all South American taxa included in this analysis
(C. fissilis, C. nebulosa, C. saltensis, and South American C. odorata [= C. guianensis]). This
result coincides with evidence suggesting that neotropical forest are composed of recent
immigrant plant lineages (Pennington and Dick 2004; Dick and Pennington 2019), and studies
showing that recent radiations led to high biodiversity of neotropical forests (Richardson et al.
2001; Koenen et al. 2015; Males 2017; Dick and Pennington 2019). Fossil evidence indicates
that Cedrela was a North American genus that became restricted to neotropical ecosystems
following climate cooling of temperate regions (Muellner et al. 2009; Koecke et al. 2013;
Koenen et al. 2015), and that Cedrela entered South America from Central America (Muellner et
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al. 2009; Cavers et al. 2013), giving rise to contemporary South American Cedrela species. For
South American C. odorata (C. nebulosa, C. saltensis, and South American C. odorata [= C.
guianensis]) in particular, our data suggest a Central American common ancestor leading to
Clades D, E, and F (C. odorata 74 and 161 from Panama; Fig. 3.1), but this interpretation is
based on weakly supported phylogenetic resolution (56% of bootstrap replicates; Fig. 3.1). Given
the importance of Mesoamerican and Panamanian Cedrela to this migration story, future
research should focus on this region to provide clarity into the lineage history of C. odorata and
its relatives at this critical continental junction.
Cedrela angustifolia and C. montana form a monophyletic lineage that is sister to all
other Cedrela sampled in our analysis. This study is the first to sample this group at robust
genomic depth, revealing large genetic divergence that separates them from the rest of Cedrela.
Although we have not detected Central American representatives of this lineage, it is possible
that an additional progenitor lineage entered South America from Central America giving rise to
these species. This ancestor could be extinct in its range in Central America or could be one of
the Central American Cedrela species or lineages that we have not sampled. We estimated that
this lineage diverged from the rest of the dataset 6.7 Ma (95% HPD interval 5.0 – 9.2 Ma; Fig.
3.5 B). This time frame is earlier than some hypotheses regarding the formation of islands
linking Central America and South America, but it is within the range of earlier estimations for
the timing of closure for the Isthmus of Panama (Montes et al. 2015; Bacon et al. 2015).
Regardless of Cenozoic geological events, infrequent long-distance dispersal in either direction
cannot be ruled out. We consider the C. angustifolia/C. montana species complex a compelling
area of future research in the genus Cedrela.
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Implications for harvest and trade of Cedrela timber
Cedrela odorata was first listed in CITES Appendix III in 2001 requiring validation of
species and source on export and import documentation (Ferriss 2014). Due to the difficulty
differentiating logs of C. odorata from other Cedrela species, C. angustifolia and C. fissilis have
also been listed in CITES Appendix III (Tajikistan 2019). Based on species delimitation models
with BFD*, we find that genetic support for recognizing C. angustifolia and C. montana as
separate taxa is lower than support for recognizing these taxa as a single species. The main
consequence of this finding, if it is adopted for Cedrela taxonomy, is that it has the potential to
reduce taxonomic uncertainty in this genus. For example, a simplified definition of ‘species’ that
includes C. angustifolia and C. montana under one name (perhaps using current specific epithets
as subspecies names to recognize geographic distinctiveness) would preserve the name C.
angustifolia, and have the effect of extending CITES protection to trees historically recognized
as “C. montana.”
The implications of our species delimitation modelling for South American C. odorata is
more complicated, due to the necessity for recognizing this lineage under a new name (e.g., C.
guianensis A.Juss.), and the fact that C. nebulosa and C. saltensis resolve within the South
American C. odorata (= C. guianensis) lineage. Species delimitation modelling with BFD*
provides the highest support for recognizing these taxa under one name. If this taxonomic
interpretation was adopted, it would also have the practical effect of reducing taxonomic
uncertainty and misidentification in these taxa, something that appears frequently in our sample
of herbarium-derived specimens (as shown in Figs. 3.1, 3.3, and 3.6) and is common in natural
history collections of tropical plants (Goodwin et al. 2015). This interpretation would also have
the effect of creating a new taxon not currently protected by CITES, which could potentially
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reduce protections for South American C. odorata. Fortunately, a proposal at the 18th
Conference of the Parties was approved to list all species in Cedrela as CITES Appendix II
(Tajikistan 2019). This change means that CITES authorities in the exporting country must not
only confirm the legality of the specimens being exported, but they will also determine if the
export will not hinder the survival of the species
(https://www.fws.gov/international/pdf/factsheet-cites-appendix-ii-2014.pdf). This change is set
to go into effect on December 4, 2019 (https://cites.org/eng/cop/18/prop/index.php). This new
law makes it possible to re-think taxonomic definitions in Cedrela without concern for the
impact that new definitions will have on conservation protection.

Conclusions
We provided a re-examination of the phylogenetic relationships among six species in the
historically overexploited neotropical tree genus Cedrela. Our data are best represented by a
species delimitation model that: (i) regards C. angustifolia and C. montana as a single species,
(ii) recognizes Mesoamerican C. odorata s.s. and the previously proposed cryptic taxon
containing C. odorata from South America as separate entities, and (iii) combines C. nebulosa
and C. saltensis into South American C. odorata. We propose that Cedrela taxonomy reflect this
simplified scheme or utilize the application of infrataxa to distinguish morphological and/or
geographic distinctness. Our findings suggest that South American Cedrela diversified in the last
10 million years, potentially following long distance dispersal from Central America into South
America. The divergence of C. odorata s.s. from the other South American species was in the
last 3 – 6 million years, and may have utilized the primordial islands that later formed the
Isthmus of Panama. We found that South American C. odorata and C. fissilis diverged in the last
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2 million years suggesting that these lineages derived from a common ancestor with C. odorata
s.s. and represent an immigrant group of species in South America that appear to have radiated in
the recent past. Our study joins others in a growing area of research that utilizes genomics to reexamine phylogenetic relationships among closely related neotropical tree species.
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Tables and Figures
Table 3.1 Specimen information for 170 specimens that passed initial filtering and were included in the
nuclear and chloroplast species trees. Starred specimens (*) were included in BFD* and divergence time
estimation.
Specimen ID
C. angustifolia 14
C. angustifolia 143
C. angustifolia 153
C. angustifolia 160
C. angustifolia 191
C. angustifolia 208
C. angustifolia 213
C. angustifolia 214
C. angustifolia 243*
C. angustifolia 257
C. angustifolia 279
C. angustifolia 37
C. angustifolia 58
C. angustifolia 67*
C. angustifolia 87
C. angustifolia 88
C. fissilis 112
C. fissilis 124
C. fissilis 125
C. fissilis 130
C. fissilis 136
C. fissilis 140
C. fissilis 156*
C. fissilis 158
C. fissilis 159
C. fissilis 19
C. fissilis 203
C. fissilis 205
C. fissilis 211
C. fissilis 230
C. fissilis 249
C. fissilis 250
C. fissilis 252*
C. fissilis 254
C. fissilis 258
C. fissilis 259
C. fissilis 264
C. fissilis 268
C. fissilis 273
C. fissilis 275
C. fissilis 281
C. fissilis 286
C. fissilis 292
C. fissilis 35
C. fissilis 44
C. fissilis 53
C. fissilis 61

Accession
4403692
6268702
4801311
6268580
3854501
4827968
6403751
6089805
5863134
04826714 & 5894375
4838994
4909285
3337413
6389820
6636912
3446491
4640039
5004109
6640601
4910184
4019628
5004112
6614959
6346014
4008255
5969966
3781847
6387595
4826710
5863117
5874615
5861757
5863137
6050066
4886011
6636910
6032798
4826706
3782395
6617031
6279527
3219182
4989468
3474260 & 3520045
5861952
4393381
6297159

Country
Bolivia
Bolivia
Bolivia
Bolivia
Bolivia
Ecuador
Bolivia
Bolivia
Bolivia
Bolivia
Bolivia
Bolivia
Peru
Bolivia
Peru
Bolivia
Ecuador
Bolivia
Peru
Bolivia
Bolivia
Bolivia
Peru
Peru
Bolivia
Brazil
Peru
Bolivia
Bolivia
Bolivia
Peru
Bolivia
Bolivia
Bolivia
Bolivia
Peru
Bolivia
Bolivia
Peru
Peru
Bolivia
Peru
Bolivia
Peru
Bolivia
Peru
Peru

Latitude
-18.52
-21.09
-18.07
-19.58
-16.50
-3.83
-21.06
-19.75
-17.88
-18.81
-17.85
-17.87
-9.13
-19.15
-13.39
-21.42
-0.03
-13.55
-13.00
-15.06
-14.63
-14.76
-13.00
-12.43
-14.83
-12.42
-12.78
-17.70
-15.25
-14.60
-10.07
-15.21
-14.76
-19.81
-14.72
-13.08
-19.77
-17.70
-11.83
-13.22
-20.71
-11.87
-16.62
-4.15
-15.21
-12.78
-2.92

Longitude
-64.09
-64.27
-63.92
-63.90
-68.12
-79.42
-64.34
-64.48
-64.43
-63.89
-64.55
-64.25
-77.75
-65.26
-72.86
-64.27
-76.70
-61.00
-72.05
-61.80
-62.62
-61.04
-72.63
-72.50
-67.08
-64.23
-72.67
-63.39
-61.24
-61.49
-71.10
-68.62
-61.05
-64.10
-63.97
-72.39
-63.98
-63.40
-71.42
-72.52
-64.05
-71.37
-67.50
-80.62
-68.70
-72.67
-76.25

107
C. fissilis 78
C. fissilis 9
C. fissilis 94
C. fissilis 96
C. montana 108
C. montana 109
C. montana 133
C. montana 17*
C. montana 197
C. montana 210
C. montana 215
C. montana 225*
C. montana 239
C. montana 248
C. montana 27
C. montana 303
C. montana 304
C. montana 50
C. montana 55
C. montana 68
C. montana 77
C. montana 92
C. nebulosa 129
C. nebulosa 199*
C. nebulosa 209
C. nebulosa 218*
C. nebulosa 280
C. nebulosa 306
C. nebulosa 39
C. nebulosa 8
CEOD-NYBG
C. odorata 10
C. odorata 101
C. odorata 104
C. odorata 106
C. odorata 107
C. odorata 113
C. odorata 116
C. odorata 118
C. odorata 123
C. odorata 126
C. odorata 128*
C. odorata 139
C. odorata 142
C. odorata 145
C. odorata 146
C. odorata 148
C. odorata 149*
C. odorata 15
C. odorata 155
C. odorata 157
C. odorata 161
C. odorata 162
C. odorata 163
C. odorata 164
C. odorata 165

6440154
4780122
5799963
6268701
4914295
4637845
4953300
3585064
3422449
3422448
5068387
4063208
5958220
4817585
6024222
3466596
4007762
3252362
5010756
4639261 & 4639262
4065977
6617021
3773603
5003840
4837966
6617022
5301769
5955027
4640271
5010751
683/89
5807855
2205491
3286381
5836195
5854791
5931953
2072569
4393379
5879187
6074068
5034649
6346010
3325653
5879200
4393375
6064280
5879180
6640602
3807904
4393382
2151539
5879192
6570416
6148083
3756344

Peru
Bolivia
Bolivia
Bolivia
Ecuador
Ecuador
Ecuador
Colombia
Peru
Peru
Ecuador
Ecuador
Ecuador
Ecuador
Ecuador
Peru
Colombia
Colombia
Ecuador
Ecuador
Ecuador
Peru
Ecuador
Ecuador
Ecuador
Peru
Ecuador
Ecuador
Ecuador
Ecuador
Mexico
Nicaragua
Panama
Nicaragua
Bolivia
Ecuador
Bolivia
Panama
Peru
Nicaragua
Peru
Colombia
Peru
Peru
Nicaragua
Peru
Peru
Nicaragua
Peru
Bolivia
Peru
Panama
Nicaragua
Nicaragua
Ecuador
Peru

-12.76
-14.67
-14.47
-21.07
-0.22
-0.45
0.08
10.47
-10.57
-10.57
0.22
-0.25
-3.61
-0.23
-4.39
-11.42
4.32
4.02
0.33
-0.38
-0.60
-13.42
-0.67
-0.37
-0.30
-5.02
-4.18
-4.72
-0.63
-1.97
NA
11.43
8.33
13.35
-14.45
-0.43
-21.04
9.16
-3.83
11.53
-4.17
4.88
-12.54
-3.83
11.20
-3.75
-14.22
11.85
-3.75
-16.58
-3.92
8.70
13.00
12.89
-0.92
-3.80

-72.58
-62.60
-68.54
-64.26
-78.80
-77.92
-78.50
-72.83
-75.37
-75.37
-78.25
-78.50
-79.70
-78.80
-79.13
-75.77
-74.30
-75.88
-78.43
-78.02
-78.45
-72.72
-77.67
-78.87
-77.78
-78.90
-78.92
-78.96
-77.85
-77.82
NA
-85.55
-82.98
-86.52
-68.20
-76.52
-63.37
-79.82
-73.33
-85.68
-73.50
-75.83
-69.05
-73.33
-85.72
-73.25
-69.17
-85.95
-73.25
-64.52
-73.58
-79.90
-86.27
-85.71
-75.37
-73.42

108
C. odorata 167
C. odorata 168
C. odorata 171
C. odorata 172
C. odorata 173
C. odorata 174
C. odorata 179
C. odorata 18
C. odorata 185
C. odorata 189
C. odorata 2
C. odorata 202
C. odorata 204
C. odorata 222
C. odorata 229
C. odorata 241
C. odorata 242
C. odorata 246
C. odorata 247
C. odorata 25
C. odorata 26
C. odorata 260
C. odorata 261
C. odorata 265
C. odorata 271
C. odorata 272
C. odorata 274
C. odorata 277
C. odorata 282
C. odorata 283
C. odorata 284
C. odorata 285
C. odorata 291
C. odorata 295
C. odorata 296
C. odorata 300
C. odorata 301
C. odorata 36
C. odorata 38
C. odorata 4*
C. odorata 42
C. odorata 46
C. odorata 47
C. odorata 49
C. odorata 51
C. odorata 52*
C. odorata 57
C. odorata 6
C. odorata 66
C. odorata 73
C. odorata 74
C. odorata 82
C. odorata 85
C. odorata 90
C. odorata 91
C. odorata 93

5879199
5010755
4622529
4393380
4566845
5850572
6449267
4827967
5807888
2833612
6223559
5000626
4262688
2029287
2593116
3496514
3201191
5879182
2151052
3757857
5811248
6240053
3907256
5757819
4817573
4261750
4794124
4914056
3276881 & 3276882
5807889
4336095
5009416
3530622, 3427512, & 3385473
4640057
4565043
3422423
5207050
5684118
5102948
2668729
6617027
4977761
5010752
4640261
5339623
4311630
5755191
4637842
4640062
5727817
2151540
3248215
5879183
6570415
3422417
6240056 & 6240055

Nicaragua
Ecuador
Costa Rica
Peru
Ecuador
Costa Rica
Nicaragua
Ecuador
Panama
Peru
Ecuador
Venezuela
Peru
Panama
Costa Rica
Ecuador
Colombia
Nicaragua
Panama
Ecuador
Ecuador
Peru
Ecuador
Peru
Ecuador
Peru
Bolivia
Costa Rica
Peru
Costa Rica
Costa Rica
Ecuador
Ecuador
Ecuador
Colombia
Peru
Peru
Nicaragua
Peru
Peru
Peru
Bolivia
Ecuador
Ecuador
Ecuador
Costa Rica
Costa Rica
Ecuador
Ecuador
Ecuador
Panama
Nicaragua
Nicaragua
Nicaragua
Peru
Peru

13.42
-1.97
10.34
-5.16
-1.48
9.92
13.23
-0.02
8.52
-3.67
-0.37
9.60
-12.48
9.16
10.43
-3.42
3.63
11.70
8.33
-1.07
-0.02
-2.33
-1.57
-11.88
-0.22
-11.92
-18.54
9.90
-5.75
10.33
9.95
-1.50
-2.00
-0.50
6.92
-10.60
-4.92
12.42
-5.01
-3.85
-12.65
-14.92
-1.97
-1.50
-0.65
10.53
10.04
-0.72
-1.07
-0.72
9.11
11.30
13.51
12.73
-10.60
-2.50

-86.58
-77.82
-85.36
-78.29
-77.45
-84.26
-86.23
-77.50
-82.70
-72.92
-76.55
-72.92
-69.05
-79.82
-84.01
-78.58
-76.72
-84.95
-82.98
-77.60
-77.50
-76.33
-77.42
-71.40
-78.80
-71.30
-63.96
-84.27
-77.67
-84.08
-84.17
-77.95
-79.97
-76.83
-75.07
-75.38
-78.32
-86.88
-78.34
-73.41
-72.92
-67.08
-77.82
-78.50
-76.43
-85.30
-84.75
-77.67
-77.62
-77.65
-79.69
-85.70
-85.51
-85.74
-75.38
-75.83
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C. odorata 95
C. saltensis 102
C. saltensis 186
C. saltensis 190
C. saltensis 20
C. saltensis 233
C. saltensis 276
C. saltensis 41
C. saltensis 75
S. mahagoni 21
S. mahagoni 22*

3506430
5894370
3446492
5894359
6636909 & 6636908
6346009
6395936
3442034
6403805
70262A
Removed

Peru
Bolivia
Bolivia
Bolivia
Peru
Peru
Bolivia
Bolivia
Bolivia
USA
USA

-3.33
-20.40
-22.27
-17.70
-12.98
-12.66
-17.77
-22.37
-21.12
NA
NA

-71.82
-63.93
-64.50
-64.69
-72.34
-72.28
-64.67
-64.48
-64.24
NA
NA
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Table 3.2 BFD* results summary.
Model
4.1
4
1.2
2.3
2
1.3
1
3
C; current taxonomy

Number of Taxa
5
6
8
7
8
5
6
6
7

Marginal Likelihood Estimate
-7923.04
-7930.13
-7933.15
-7933.92
-7938.93
-8120.94
-8126.73
-8127.17
-8134.39

Bayes Factors
-422.69
-408.51
-402.48
-400.93
-390.91
-26.90
-15.32
-14.44
NA

Model Rank
1
2
3
4
5
6
7
8
9
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Figure 3.1 Maximum likelihood nuclear species tree, species identifications, and results of ancestry
estimation for K = 3, 4, 6, and 8. Tips are color coded by latitude listed on the herbarium specimen label.
The map shows a portion of South America and the geographic positions of all specimens included in the
species tree. The colors in the column labeled “Spp” indicate the species identification listed on the
herbarium specimen label and correspond to the “Spp” legend. The barplots show ancestry models
indicated by K = 3, 4, 6, and 8. For ease of interpretation, we have used a similar color palette for
ancestral populations such that ancestry proportions correlate with species identifications where possible.
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Numbers at nodes indicate bootstrap support values for 1,000 replicates, and specimens in red were used
for BFD*.
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Figure 3.2 Maps show the geographic distribution on ancestral populations as pie charts. The legend
corresponds to the model column in Fig. 3.1: A) K = 3, B) K = 4, C) K = 6, D) K = 8.
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Figure 3.3 Plot comparing the nuclear species tree and the chloroplast species tree. Tips are colored by
latitude and correspond to latitudinal positions reported on herbarium labels. Connections between tips
are color coded by species identification and correspond to those depicted in Fig. 3.1. Boxed tips are to
emphasize conflicts of nuclear and chloroplast inferences; they imperfectly but nearly connect individual
specimens and are to aid illustration. Numbers at nodes indicate RAxML bootstrap support values.
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Figure 3.4 Species delimitation models tested with BFD*, and their marginal likelihood estimates (MLE;
y axis) shown in the scatter plot. Numbers near MLEs indicate model rank and correspond to Table 3.2.
Triangles on branches indicated time calibration positions: (i) 38.6 Ma corresponding to the age of the
Cedreloideae and (ii) 29.8 Ma corresponding to the estimated divergence of Cedreleae and genus
Entandrophramgma. Cedrela odorata M represents C. odorata s.s. from Mesoamerica, and C. odorata
SA represents C. odorata from southeastern Costa Rica, Panama, and South America (later ascribed to C.
guianensis).
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Figure 3.5 The optimal species tree obtained from SNAPP and BEAST2 for species delimitation Model
4.1. A) DensiTree showing all species tree topologies across sampling steps. B) Maximum clade
credibility tree. Numbers at the left of nodes indicate posterior probabilities for species tree topology.
Numbers at the right of nodes indicate median node ages, and bracketed numbers indicate the 95% HPD
interval around node ages.
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Figure 3.6 Confusion matrix showing putative species misidentifications. The x-axis indicates the species
identification listed on the herbarium label, and the y-axis indicates their putative “true” identity. The
diagonal indicates the number of specimens that show correct identifications according to estimated
ancestral lineage proportions at K = 8 (Fig. 3.1). For this exercise, we used taxonomic names that have
been accepted, not our revised taxonomy. Misidentifications are colored by frequency (Count) and
indicated by the legend.
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CHAPTER 4 || PREDICTING THE GEOGRAPHIC ORIGIN OF SPANISH
CEDAR (CEDRELA ODORATA L.) BASED ON DNA VARIATION
Abstract
The legality of wood products often depends on their origin, creating a need for forensic
tools that verify claims of provenance for wood products. Cedrela odorata (Spanish cedar) is a
target of illegal logging, even in countries where it is listed for CITES protection. We developed
a 140 SNP assay for geographic assignment of C. odorata specimens to their origin. Target
capture and short-read sequencing of 192 Cedrela specimens allowed us to identify 140 spatially
informative SNPs that differentiate C. odorata specimens by latitude, temperature, and
precipitation. These SNPs were validated using 356 Cedrela specimens from eight species, and
genetic clusters from Discriminant Analysis of Principal Components corresponded roughly to
species groups. We used random forests and SPASIBA to compare discrete and continuous
spatial assignment of C. odorata specimens and to evaluate prediction error. Random forests
readily differentiate specimens originating in Central America versus South America (5.7%
error), while uncertainty increased as specimens were divided into smaller regions. SPASIBA
showed spatial signal and a median prediction error of 188.7 km. Our results show that array
SNPs and resulting genotypes accurately validate C. odorata geographic origin at the scale of
Central vs. South America, but that finer-scale assignment likely requires denser spatial
sampling. Our study underscores the important role that herbaria play in developing genomic
resources, and it joins the growing list of studies that highlight the role of genomic tools for
conservation of threatened species.
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Introduction
It is estimated that globally 10% of the traded of wood products are illegally harvested
(Hoare 2015; Gan et al. 2016). However, illegal wood products may account for a much higher
percentage of exports from specific countries, particularly in the tropics. For example, illegally
harvested wood may account for as much as 60% of products traded from certain countries in the
Americas (e.g., Bolivia, Brazil, Ecuador, Peru; World Bank, 2006; Hoare, 2015), and > 80% for
the highest risk countries in Africa and southeast Asia (Hoare, 2015). A variety of national and
international agreements and standards have been enacted to minimize the impact of illegal
logging (e.g., U.S. Lacey Act [2008]; European Union timber regulation [2010]; Australian
Illegal Logging Prohibition Act [2012]; Japanese Clean Wood Act [2017]), but these remain
difficult to enforce because of the challenge of identifying protected species and their countries
of origin, especially after wood is transported from the site of harvest, processed, and enters
commercial markets.
Illegal logging affects many tree species, but highly valuable—often rare and
endangered—species are common targets. Spanish cedar (Cedrela odorata L.) and congeners are
among the most valuable Neotropical hardwoods, making them particularly vulnerable to illegal
harvesting. Three of the eighteen currently recognized Cedrela species (Pennington and
Muellner 2010) have some degree of protection across their range, but this depends on the
species and country. For example, C. odorata, the most widespread species in the genus, is
native to all countries in Central and South America except Chile and Uruguay and is protected
in Bolivia, Brazil, Colombia, Guatemala, and Peru under CITES Appendix III (UNEP-WCMC
2015). In contrast, Cedrela fissilis Vell., although similarly widespread, is protected only in
Bolivia (CITES Appendix III). Moreover, the protection does not entirely eliminate illegal
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harvesting. For example, despite CITES listing, ~ 58% of harvest violations recorded for the
department of Loreto, Peru involved Cedrela (Finer et al. 2014), and in 2008 as much as ~ 70%
of the C. odorata exports from Peru may have been illegally harvested (INRENA 2008).
Forensic tools that can accurately predict the geographic origin of wood have potential to
assist the enforcement of trade restrictions for protected species. Genetic approaches have been
used to determine the origin and trade routes of protected species, including elephant ivory
(Wasser et al. 2004, 2018), sturgeon and paddlefish caviar (Doukakis et al. 2012; Ogden et al.
2013), tigers (Linacre and Tobe 2008; Gupta et al. 2011; Kitpipit et al. 2012), birds (Abe et al.
2012; Coghlan et al. 2012; White et al. 2012), fishes (Zarraonaindia et al. 2012; Clemento et al.
2014), and plants (Ogden et al. 2008; Degen et al. 2013; Blanc-Jolivet et al. 2018). Anatomical,
chemical, genetic, and isotopic methods have all been applied to address questions of taxonomy
and origin of wood (Dormontt et al. 2015); however, a single method does not typically address
questions of both taxonomy and source. Cedrela odorata will require multiple techniques for
validation of taxonomy and origin because its wood lacks the anatomical features required for
discrimination among Cedrela species (Gasson 2011), and variation in wood chemistry does not
vary in a manner that is geographically predictive (Paredes-Villanueva et al. 2018). Genetic
markers of short length, such as single nucleotide polymorphisms (SNPs), are increasingly being
used in wildlife forensics and are suitable for low concentration, degraded DNA as would likely
be derived from wood (Ogden et al. 2009). Here, we evaluate the power of SNPs to resolve
geographic origin of C. odorata across much of its range in Central America and western South
America. Our results show that this approach has promise for assigning geographic origin of C.
odorata wood, and providing useful information for enforcing restrictions on the harvest and
trade of C. odorata across its range in the Neotropics.
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Materials and Methods

Sequencing
We used hybridization-based target capture and massively-parallel sequencing (Cronn et
al. 2012; Heyduk et al. 2016) to identify SNPs from a panel of 192 herbarium specimens
representing six Cedrela species (Chapter 3; Appendix B, Table B1, Fig. B1). Hybridization
capture probes were designed based on gene models of a C. odorata individual originating in
Mexico as described in Chapter 2 (Finch et al. 2019). Yield and target capture efficiency were
assessed using methods previously described (Chapters 2 & 3; Appendix B, Table B2, Figs. B2
& B3; Finch 2018; Finch 2019; Finch et al. 2019). One Peruvian specimen (C. odorata 300;
Appendix B, Table B1) was selected as the nuclear reference, and captured sequence reads were
assembled de novo using SPAdes (Bankevich et al. 2012). These enriched nuclear contigs were
filtered to ensure that assembled sequences contained the target probe sequences (Chapter 3;
Appendix B, Table B3), and did not contain sequences with identity to the C. odorata chloroplast
genome (Finch et al. 2019) or mitochondrial genes (Kuravadi et al. 2015).
Sequence reads from 192 specimens were aligned to the C. odorata 300 reference using
BWA-MEM (Li and Durbin 2010; Li 2013), and sequence alignments were used as inputs for
probabilistic variant calling using SAMtools (Li et al. 2009) and the Genome Analysis Toolkit
(GATK; McKenna et al., 2010). Best-practice guidelines for GATK variant calling were used,
including indel region realignment, and high-stringency variant filtering for coverage, mapping
quality, and variant position. Initial SNP filtering was performed with VCFtools (Danecek et al.
2011) to remove insertion/deletion variants, sites with greater than 85% missing data, sites with
more than two alleles, and sites with a minor allele frequency lower than 5%. A full description
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of variant call format file (vcf) generation including software versions and parameters is
provided in Appendix D.

Candidate SNP selection and SNP assay development
To identify SNPs that were informative for spatial assignment of C. odorata from Peru
and surrounding countries, we identified SNPs showing the highest differentiation in allele
frequencies (FST; Weir & Cockerham, 1984) for groups based on latitude (LAT), mean annual
temperature (MAT; ºC × 10), and annual precipitation (AP; mm). In this way, FST was used to
measure the partitioning of allelic variance in alternative groupings, not to make specific
statements or inferences of population genetic parameters (e.g., probability of identity by
descent, panmixis, or migration). Specimens were divided into a northern and southern LAT
group based on a gap in the sampling distribution at 7.5º S latitude (Fig. 4.1 A). Specimens were
grouped into low, moderate, or high MAT (low < 20ºC; 20º < moderate < 25ºC; high > 25ºC;
Fig. 4.1 B) and AP (low < 2,000 mm; 2,000 < moderate < 3,000 mm; high > 3,000 mm; Fig. 4.1
C) categories based on their tercile rank for these climate variables (Appendix B, Table B1) at
their geographic source based on the WorldClim 2 dataset (Fick and Hijmans 2017) and R (R.
Core Team and others 2013; Finch 2019). These measures exhibit low pairwise correlations
(LAT ~ AP, r2 = 0.29; LAT ~ MAT, r2 = 0.01; AP ~ MAT, r2 = 0.14; Appendix E, Fig. E1), so
genetic associations with these gradients are likely to include SNPs that respond to different
neutral and selective forces.
LAT, MAP, and AP groups were then treated as populations for calculating FST on a permarker basis with VCFtools resulting in three lists of SNPs associated with these groups. To
develop a SNP assay based on these loci, we sorted each SNP-FST list in descending order,
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concatenated the 150 top FST SNPs from each group into a single list, and filtered redundant
SNPs to one SNP per contig of reference sequence. If two or more non-identical SNPs appeared
on the same contig, we selected the SNP position with the highest FST. We further filtered the list
to retain SNPs with a MAF ≥ 20% to avoid SNPs that were nearly-fixed across much of the
geographic range. This resulted in 152 high FST and high MAF SNPs, none of which showed
evidence of linkage disequilibrium (r ≤ 0.3). Contig names and SNP positions were converted
into BED format, and BEDtools (Quinlan and Hall 2010) was used to extract a multi-fasta file
containing positions +/- 100 bp flanking each SNP. The multi-fasta was used in primer design
and multiplexing for a MassARRAY iPLEX® assay (Agena Bioscience, Inc., San Diego, CA,
USA), using the MassARRAY Assay Design Suite software (Agena Bioscience, Inc.). From this
list of sequences, we identified 140 SNP loci that could be evaluated in 4 multiplex groups.
Resulting mass spectra were scored using Typer Viewer v. 4.0.24.71 (Agena Bioscience). All
steps of SNP analysis (assay design, oligonucleotide synthesis, amplification, mass spectrometry,
and SNP calling) were performed by NeoGen Genomics Inc. (Lincoln, NE, USA).

SNP assay screening
Samples screened for our selected SNPs derived from three sources (Appendix E, Table
E1, Fig. E2): (i) 234 herbarium specimens from the Missouri Botanic Garden Herbarium (MO),
(ii) 36 field collections by collaborators at the Universidad Nacional Agraria La Molina (Lima,
Peru), Universidad Cayetano Heredia (Lima, Peru), and Servicio Nacional Forestal y de Fauna
Silvestre (SERFOR; Lima, Peru), and (iii) 86 field collections by collaborators at the Instituto de
Investigaciones de la Amazonía Peruana (IIAP; Iquitos, Peru), von Thüenen Institute of Forest
Genetics (VTI; Braunschweig, Germany), and Universidad Autónoma Gabriel René Moreno
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(Santa Cruz, Bolivia). DNA was extracted using a modified CTAB procedure (AG-Biotech LLC,
Monterey, CA, USA) from herbarium-derived dry leaf tissue from MO (150-200 mg from
fragment packets). Leaf- and cambium-derived DNA from La Molina/Cayetano/SERFOR were
extracted from fresh tissue using a modified CTAB protocol (Healey et al. 2014). These samples
yielded < 100 ng of total DNA, so we used whole-genome amplification (Genomiphi™ V2
Amplification Kit, GE Healthcare, Chicago, IL, USA) to amplify the DNA using manufacturer’s
instructions. DNA from the remaining 86 samples was derived from fresh material dried in silica
gel according to Dumolin et al. (1995) at VTI or IIAP. All samples were quantified via
fluorometry (Qubit, ThermoFisher Scientific, Waltham, MA, USA).
MassARRAY SNP genotyping was performed on 376 samples representing 356 unique
specimens and 20 technical replicates. Included in our assay were representatives of C. odorata
(n = 196), C. fissilis (n = 62), C. angustifolia DC. (n = 28), C. montana Mortiz ex Turcz. (n =
22), C. nebulosa T.D.Penn. & Daza (n = 17), C. saltensis M.A.Zapater & del Castillo (n = 10),
C. longipetiolulata Harms (n = 2), C. weberbaueri Harms (n = 2), and Cedrela field-collected
samples that were not identified to species (n = 17; Appendix E, Table E1, Fig. E2). Replicated
DNAs from two C. odorata individuals (C. odorata 83, C. odorata 291; Appendix E, Table E1)
were examined across a range of DNA mass inputs (50, 75, 100, 200, and 300 ng). Our target
DNA mass was 300 ng (recommended by Neogen Genomics Inc.), although some samples had
as little as 50 ng. In total, 330 DNAs derived from leaf tissue (primarily herbarium specimens)
and 26 derived from cambium.

Assay assessment
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Analyses of SNP array performance were conducted using R; see Finch (2019) for full
details of analyses, including packages (Appendix H, Table H3) and R code. SNP call rates (the
proportion of successful diploid SNP genotyping calls at 140 diploid loci; Appendix E, Table
E1) were determined for all samples, species, tissue types, and input concentrations. For
population comparisons involving replicated samples (C. odorata 83, C odorata 291), we chose
replicates with the highest call rates (50 ng dilutions in both cases). Loci were removed from all
analyses if genotyping call rates were < 0.75 across specimens to strike a balance between
missing information and sample retention. R packages adegenet (Jombart and Ahmed 2011),
poppr (Kamvar et al. 2014), and hierfstat (Goudet 2005) were used to calculate observed
heterozygosity, minor allele frequency, and FST for each SNP. FST was calculated on a permarker basis treating species as populations, and by comparing northern and southern LAT
groups (described above) as populations for C. odorata based on herbarium labels or field
identification.
The R package adegenet was used to evaluate genetic structure with Discriminant
Analysis of Principal Components (DAPC; Jombart & Ahmed, 2011), an ordination method
based on genetic distance. For this analysis, we used genotypes from all specimens and all
species included in the screening panel, but filtered loci by call rate (> 0.75 as above). We
allowed DAPC to find the optimal number of genetic clusters without a prior assumption and
“goodfit” as the criterion of cluster; the maximum number of genetic clusters was set to 20, and
we retained 20 principal components for evaluation. We used DAPC clusters to define a
reference database of C. odorata sensu lato specimens (described in Chapter 4 Results; n = 190).

Discrete spatial classification with random forests
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We classified C. odorata into discrete regional groups based on SNPs using random
forests, a classification method that provides a consensus classification based on ‘a forest’ of
many classification trees (Breiman 2001). Since our screened specimens represented dispersed
samples and not necessarily populations, we designed classification tests to determine the
classification accuracy obtained with our specimens and the SNP array at three geographic
scales: (i) ‘range-wide’ with categories “Central America” and “South America,” (ii) ‘target
countries’ with categories “Ecuador,” “Peru,” and “Bolivia,” and (iii) ‘narrow regional,’ within
our target countries, with categories “NW,” “NE,” “SW,” and “SE.” Narrow regional groups
were selected to represent an area approximately the size of Peruvian departments, and to
maintain approximately equal sample sizes within groups.
We used our reference database of C. odorata s. l. and loci showing a call rate ≥ 0.75
with genotypes coded as categorical variables ‘0’ (genotype indicated homozygous for the
reference allele), ‘1’ (heterozygous), or ‘2’ (homozygous for the alternate allele). Since random
forests is not tolerant of missing data, we used the R package synbreed (Wimmer et al. 2012) to
impute allelic data on a per-locus basis from sampled genotypes under the assumption of HardyWeinberg equilibrium.
We generated a random forest of 500 classification trees for each classification question
allowing each tree to have as many branches as loci (mtry = number of loci minus 1). In each
case, predictor variables for classification were the loci, and region of origin was the grouping
variable for each specimen. To avoid biasing misclassifications, sample sizes for each regional
class in the grouping variable were held constant, with the sample size determined by the class
with the smallest number of specimens (Table 4.1; Sun et al. 2009). Since classification error
varies in random forests due to random sampling (i.e., random starting specimen and random
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starting locus), we calculated the mean of the median error across 5,000 random forests
(2,500,000 total classification trees), and evaluated the range and distribution of errors. Observed
classification error was compared to random expectations by randomizing the classes in the
grouping variable. This method was used to understand the baseline random classification
accuracy for random forest tests with different numbers of classes (Finch et al. 2017).

Continuous spatial assignment with SPASIBA
Spatial classification methods have been developed to provide continuous estimates of
origin based on an interpolated surface of allele frequencies. The R package SPASIBA (Guillot
et al. 2016) uses a training set of georeferenced genotypes to predict the highest probability
origin for test genotypes. SPASIBA estimates the spatial auto-covariance of allele frequencies
assuming that covariance diminishes with increased geographic distance (i.e., isolation-bydistance). Allele frequencies for individuals geographically proximate to those included in the
training set are estimated under the assumption of a population in Hardy-Weinberg equilibrium,
and loci are assumed to be in linkage equilibrium. Predicted origins for “unknowns” can be
estimated for areas where no training genotypes exist.
We used the same data in SPASIBA analysis as was used in random forest analysis above
with the exception that we limited the geographic scope of our analysis to specimens from the
target countries (Ecuador, Peru, Bolivia) and additional samples from Brazil and Bolivia below 17.5º S (n = 148). We used two cross-validation methods to assess the performance of
SPASIBA. The first method was a k-fold cross-validation (K-fold CV); we modeled spatial autocovariance of allele frequencies by randomly selecting 90% of C. odorata specimens (n = 133)
as a training set, and used the remaining 10% (n = 15) as validation samples to determine the
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error of predicted origins. K-fold CV follows recommendations to assess model performance,
avoid overfitting, and increase computational efficiency (Lever et al. 2016). In practical use,
however, a legal inquiry involving wood would likely employ all reference specimens to identify
the origin of confiscated material. To assess the predictive accuracy of SPASIBA via this
framework, we performed a leave-one-out cross-validation (LOOCV) by predicting the origin of
each specimen based on composite allele frequencies from all other available specimens (n =
147). By including both cross-validation techniques, we: (i) gain an understanding of the range
of prediction errors for a single individual as a function of different training and validation sets,
(ii) provide a conservative estimate of prediction error that is less prone to overfitting, and (iii)
obtain the optimal predictive accuracy for each specimen in our dataset. For both crossvalidation methods, we defined prediction error as the distance between the known and predicted
origins. Spatial predictions were made in decimal degrees; these were converted to Haversine
distances (in kilometers) with the R package geosphere (Hijmans 2016).
For the K-fold CV analysis, we tested the spatial resolution of predicted origins with data
sets containing missing data and imputed data separately (imputation as described above)
because SPASIBA is tolerant of missing data. Since the selection of training samples influences
the accuracy of continuous geographic assignment (Guillot et al., 2016), we repeated the
SPASIBA analysis 100 times with each data set (missing data; missing data imputed) to evaluate
the distribution of prediction error. We compared the K-fold CV results to our random forest
analysis by filtering the K-fold CV results to show prediction error for the specimens used for the
target country and narrow regional analyses. As with random forests, observed classification
error was compared to random expectations by randomizing genotypes of the geo-referenced
training data set, and repeating predictions for the validation samples.
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With the LOOCV analysis, we were interested in knowing whether the optimal predicted
origin and assignment errors were related to sample density. To evaluate this, we computed the
mean pairwise geographic distance to the ten nearest neighbors for each sample, and assessed the
relationship between the mean ‘nearest-neighbor distance’ and prediction error for each sample
(Appendix F).
All maps were drawn using the base map shapefiles from the World Borders Dataset
(http://thematicmapping.org/).

Results

SNP assay development
Target capture and short read sequencing of the panel of 192 Cedrela specimens
(Appendix B, Table B1, Fig. B1) resulted in 1.6×109 paired sequence reads (3.2×1011 bp total)
with a mean individual sequence yield of 8.3×106 paired reads (range: 7.1×104 – 4.7×107). The
sequence yield for the ‘reduced representation’ nuclear reference for C. odorata 300 was 1.4×107
paired reads (2.8×109 bp; Appendix B, Table B2). The C. odorata 300 de novo assembly yielded
9,139 assembled contigs with a mean length of 982.5 bp (range: 156 – 4,053 bp; sum of length =
9.0×106 bp; Appendix B, Table B3), and was used for read mapping and variant calling. On
average, 6.4×104 reads mapped to each target reference contig (range: 450 – 9.8×105 reads;
Appendix B, Table B2) for an average depth of 44.5X per target (range: 1.5X – 308.7X;
Appendix B, Table B2). Estimated mean individual depth was 13.5X per million input reads
(range: 8.5 – 17.5X), and the normalized mean depths did not differ significantly among species
(one-way ANOVA; F[5, 145] = 0.301, P = 0.912; Appendix B, Figs. B2 & B3). Our initial vcf
contained 1.6×106 sequence variants before filtering to remove insertion/deletions variants (5.9%
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of total variants), multi-allelic variants (7.8%), SNPs with greater than 85% missing information
(46.1%), and SNPs with a minor allele frequency less than 5% (31.1%; Appendix D). The
resulting, filtered sequence matrix of C. odorata specimens from target countries (n = 46;
Appendix B, Table B1; Figs. 4.1A-C) included 144,083 SNPs, and was used as the basis for
evaluating allelic associations with geographic and climatic variation, and for developing a SNP
assay for spatial assignment.
Figure 4.1 shows the geographic distribution of C. odorata samples for each grouping
(LAT, MAT, and AP) used to identify spatially informative SNPs via FST (Figs. 4.1A-C), as well
as their predicted values (Figs. 4.1D-F). SNPs selected for AP showed the strongest allelic
differentiation relative to SNPs selected for LAT and MAT, with a modal FST of 0.50
(interquartile range: 0.41 - 0.45; Fig. 4.1 G). SNPs based on MAT showed a similar modal FST of
0.42 (interquartile range: 0.43 - 0.46; Fig. 4.1 G) with a higher mean FST (0.46) and a higher
maximum FST (0.62). Surprisingly, LAT SNPs showed lower differentiation, with a modal FST of
0.21 (interquartile range: 0.22 - 0.26; Fig. 4.1 G). Our reduced SNP assay included 61 SNPs
from the AP list, 53 SNPs from the MAT list, and 26 SNPs from the LAT list (Fig. 4.1 H). These
SNPs were converted to an Agena MassARRAY assay, and together array SNPs from the LAT,
MAT, and AP lists showed a mean FST of 0.41 and per-SNP FST values ranged from 0.21 to 0.62.

SNP assay results
Across all samples and SNPs screened by MassARRAY, we observed 22.28% missing
data (23,708 uncalled alleles out of 106,400 potential alleles), with specimens showing call rates
(CR) of 0.00 to 0.96 across 140 SNPs. Three factors influenced CR: (i) DNA concentration, as
input DNA mass above 50 ng resulted in decreasing CR (Appendix E, Fig. E3); (ii) the use of
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herbarium leaves, which showed a lower CR on average than other sources (Appendix E, Fig.
E4); and (iii) the inclusion of multiple species, as DNAs derived from C. angustifolia and C.
montana showing substantially lower mean CR than other species (CR = 0.62 and 0.71,
respectively; Appendix E, Fig. E5). We discarded loci showing CR’s < 0.75 (i.e., 25 additional
loci) to mitigate the impact of missing data. This yielded a Cedrela dataset with 352 individuals
(four individuals discarded as failures), 99 loci, and 1.32% missing data. This dataset showed a
mean observed heterozygosity of 0.05 (range: 0 - 0.37) and a mean MAF of 0.26 (range: 0.02 1). Treating species as populations, we calculated a median FST of 0.20 (range: 0.01 - 0.56).
Filtering for only C. odorata from South America (defined by herbarium labels and field
identifications) produced a dataset with 135 specimens that showed a mean call rate of 0.81. This
C. odorata dataset included 99 loci and 1.01% missing data, and yielded a mean observed
heterozygosity of 0.11 (range: 0 - 0.44), a mean MAF of 0.34 (range: 0.04 - 1), and a per-SNP
median FST of 0.01 (range: -0.02 - 0.25) for geographic groups similar to those shown in Fig. 4.1
A.

Species and population discrimination via DAPC
DAPC identified nine clusters (Fig. 4.2) with the first 20 principal components
accounting for 87.2% of variance and six discriminant eigenvalues retained. Based on label and
field identification, five clusters—1, 2, 4, 5, and 8—were nearly exclusive to C. odorata,
highlighting the taxon-specific genetic variability revealed in this SNP assay (Figs. 4.2 A & B).
Of the remaining clusters, cluster 3 was notable in that samples from the cluster show the lowest
mean CR (0.34); missing data was likely responsible for this grouping (Fig. 4.2 A). Cluster 7 was
the most commonly observed genetic type for Peruvian C. longipetiolulata and field-collected
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specimens of uncertain taxonomy from Peru (Fig. 4.2 B). This cluster also accounted for a small
proportion of C. odorata specimens. Cluster 6 was the most commonly observed cluster in C.
fissilis and C. weberbaueri, and it accounted for a smaller proportion of C. odorata specimens
(Fig. 4.2 B). Cluster 9 was the most commonly observed cluster in C. angustifolia and C.
montana, and it accounted for a small proportion of C. odorata specimens (Figs. 4.2 A & C).
DAPC clusters did not appear to show a discrete geographic pattern (Fig. 4.2 C).
In our study, a minority of C. odorata specimens were classified with other Cedrela
species in DAPC clusters 1, 3, 6 and 9; this could be due to co-ancestry at 99 ancestral SNPs,
recent admixture at these SNP loci, or sample misidentification. Errors in the taxonomic
identification of training specimens can introduce erroneous genetic signal into geographic
assignment models. We used evidence from DAPC to identify and remove samples showing
taxonomic uncertainty to produce a more narrowly-defined sample of C. odorata. For example,
C. odorata samples from DAPC clusters 6 and 9 were excluded because they shared affinities to
three taxa that are known to be genetically and morphologically divergent from C. odorata (C.
angustifolia and C. montana, cluster 9; C. fissilis, cluster 6; Pennington and Muellner 2010). We
also excluded samples from DAPC cluster 3 since these samples showed the lowest average CR.
These exclusions resulted in a C. odorata “sensu lato” that was defined by genetic information
from ‘exclusive’ C. odorata clusters (1, 2, 4, 7) and ‘likely’ C. odorata clusters (5, 8).

Random forest classification
Range-wide—This analysis included 190 C. odorata s. l. specimens from Central and
South America and 116 SNP loci. Each individual was assigned to one of two regional classes
(Table 4.1; Fig. 4.3 A). The estimated mean of the median classification error of 5.7% for
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observed data was much lower than the estimated mean of the median classification error from
5,000 randomizations (51.1%; Table 4.1, Fig. 4.3 G).
Target countries—This analysis included 141 C. odorata s. l. specimens from three
countries (Fig. 4.3 B) and 116 SNP loci. The estimated mean classification error of 34.3% for
observed data was lower than the estimated mean classification error from 5,000 randomizations
(68.4%; Table 4.1, Fig. 4.3 H).
Narrow regional—This analysis included 129 C. odorata s. l. specimens from four
narrow regions ~3.8×105 km2 in size (Fig. 4.3 C) and 116 SNP loci. The estimated mean
classification error of 34.7% was lower than the mean classification error of 76.9% estimated
from 5,000 randomizations (Table 4.1; Fig. 4.3 I).
Classification errors for the range-wide comparison were almost equally distributed
between groups, with mean errors of 4.42% for samples from Central America and 7.05% for
samples from South America (Fig. 4.3 D). Finer classification tests showed classification
asymmetry, where spatial assignment error was not equal across classes. For example,
classification errors for the target country comparison showed that specimens from Ecuador had
lower classification error (30.7%) than either Bolivia or Peru (35.1% and 37.0%, respectively;
Fig. 4.3 E). Similarly, specimens from the NE class had a substantially lower classification error
(21.3%), than specimens from the NW, SW or SE classes (39.5%, 39.1%, and 39.0%
respectively; Fig. 4.3 F).

SPASIBA assignment
We investigated the accuracy of continuous assignments of our C. odorata s. l. specimens
with SPASIBA and two cross-validation methods (sample distribution shown in Appendix E,
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Fig. E7). The median deviation between the known sampling location and predicted origin for
the K-fold CV was 259.6 km (25%ile= 96.1 km; 75%ile = 820.3 km; Table 4.2; Fig. 4.4 A) with
a maximum error of 2,540.8 km. Median K-fold CV prediction error with observed data was
lower than the estimated median error from randomized genotypes (median 904.1 km; 25%ile=
494.6 km; 75%ile = 1,408.7 km; maximum = 3,033.8 km; Table 4.2). We evaluated the
estimation error in the imputed dataset used for random forest analysis to determine whether
imputation of missing data influences prediction errors, and found that imputation had little
influence on prediction error (imputed error = 268.4 km; unimputed error = 252.5 km; Appendix
E, Table E3, Fig. E6).
The K-fold CV results also showed that specimens from the Peru (Fig. 4.3 C) showed a
lower median prediction error (169.8 km) than Ecuador (598.0 km) and Bolivia (341.4 km; Table
4.2; Fig. 4.4 B), a pattern that appears different from random forest classification results for
countries (Fig. 4.3 E). Similarly, specimens from the NE narrow region (Fig. 4.3 C) showed a
lower median prediction error (133.3 km) than the other narrow regional groups (NW = 598.1
km; SW = 135.0 km; SE = 424.0 km; Table 4.2; Fig. 4.4 B); this pattern appears similar to our
findings from random forest classification of these regional classes (Fig. 4.3 F).
The median prediction error was lower under the LOOCV framework than the K-fold CV
(188.7 km; 25%ile= 92.2 km; 75%ile = 754.3 km; Table 4.2; Fig. 4.4 A). This was a 27.3%
decrease in prediction error compared to the median K-fold CV estimate. Despite this
improvement, we found no relationship between sample density and prediction error (Appendix
F).

Discussion
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The U.S. Lacey Act was amended in 2008 with the goal of reducing trade in illegally
harvested timber products within the U.S. and across the globe. A key requirement of the Lacey
Act is that the scientific name and country of origin of wood must be declared on import
documents (Sheikh 2012; Prestemon 2015). This information can be difficult for wood importers
to verify, and it is even more challenging for customs and border patrol agents to corroborate,
making independent assessment methods a high-priority tool to aid the legal evaluation of wood
products. Many methods are capable of identifying the taxonomic origin of wood, including
anatomy, chemistry, and genetic approaches (e.g., machine vision, mass spectroscopy, genetic
analysis; Dormontt et al. 2015). In contrast, the geographic origin of wood is difficult to predict
from wood chemical phenotypes and anatomy due to limited population variation in these
features. In contrast, genetic methods can offer evidence for geographic origin, as population
genetic variation is often ample in tree species (Petit and Hampe 2006). Population and
evolutionary studies of trees have documented correlations between genetic variation and
geography, species distributions, and population structure from many perspectives (Jones et al.
2013; Degen et al. 2017; Lowe et al. 2018). This type of information is compatible with methods
that can be used to predict the geographic origin and provide error estimates for samples, based
on a spatially-oriented DNA database (Chen et al., 2017; Guillot et al., 2016; Novembre et al.,
2008; Rañola et al., 2014; Wasser et al., 2015). These methods can address the problem of
geographic origin as a discrete spatial assignment test or a continuous spatial assignment test,
and they can incorporate different data types and sampling strategies. However, two questions
are common to all methods: “how accurate are these assignment methods?”, and “is accuracy
related to the density of samples (geographic density) and/or genetic markers (genomic
density)?”
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Using SNPs to predict the geographic origin of C. odorata by discrete assignment
A number of methods have been used for discrete assignment of genotypes to geographic
groups (Manel et al. 2005; Ogden and Linacre 2015). Some of these methods use criteria or
assumptions that are explicitly ‘genetic’, such as the distribution of genetic distances within and
among populations (Piry et al. 2004), the distribution of source allele frequencies (Rannala and
Mountain 1997), or deviations from population Hardy-Weinberg and linkage equilibrium
(Pritchard et al. 2000). These approaches have the potential to provide high-accuracy inferences
for origin, but they can show erroneous results and inflated estimates for accuracy when
population sizes are small or imbalanced (Wang 2017), and they can only evaluate genetic data.
Among these limitations, the latter is the most problematic because other sources of information
can provide independent corroboration of geographic origin (e.g., specifically stable isotope
profiles; Kagawa and Leavitt 2010; Gori et al. 2015, 2018). This is especially important in cases
involving plantation grown timber, where genotypic data may correctly identify the parental or
ancestral geographic origin, but not the growing location for a specific tree (e.g., plantationgrown C. odorata from Africa).
Multiple machine learning methods are capable of predicting population assignments
(Chen et al. 2017; Schrider and Kern 2018) that are agnostic with regard to the input data type, or
the process(es) underlying the input data. Methods like random forest classification (Breiman
2001) can use high-dimensional genetic data and non-genetic data to produce predictive
functions that are robust to any type of data and distribution (e.g., non-normal distributions, zerotruncated, continuous, or categorical data), and can quantify the importance of specific factors to
the overall classification model. This flexibility has led to the adoption of random forest methods
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for multiple applications in ecology and evolution (Boulesteix et al. 2012; Brieuc et al. 2018),
genomics and genetic association analysis (Goldstein et al. 2011; Stephan et al. 2015), and
population assignment based on genetic variation (Bertolini et al., 2015; Chen et al., 2017;
Sylvester et al., 2018) and parasite community (Perdiguero-Alonso et al. 2008; Pérez-Del-Olmo
et al. 2010). Random forests have been less frequently used for spatial classification, with current
published cases based on chemical spectra rather than genotypes (Li et al. 2012; Finch et al.
2017).
In our specific analysis, we determined that random forest classification based on SNP
genotypes can predict whether C. odorata s.l. specimens originated from Central or South
America with 5.8% classification error (Table 4.1). This method offers high discrimination
accuracy for broad-scale geographic source validation, and could serve as a ‘first-pass’ test for
questions related to provenance on import documentation. We found that random forest
classification was less precise for identifying finer-scale questions, such ‘country-of-origin’ or
‘department-sized regions-of-origin’ within a country (34.3% error and 34.7% error,
respectively). We suspect that small class size was at least partly responsible for the relatively
high error estimations at this scale, since both of these analyses (target country and narrow
regional) indicated that some geographic signal was available for classification with our SNP
assay (Table 4.1). It is important to note that while our method did not show high precision for
identifying the country-of-origin, the four South American countries that list C. odorata as
CITES Appendix III (Bolivia, Brazil, Columbia, Peru) span the continent and account for > 63%
of the land area. With denser sampling across northern and eastern South America, it should be
possible to test this classification method using CITES III protection status (protected versus
non-protected) as the classifier, as exports from all of these countries are highly restricted.
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Using SNPs to predict the geographic origin of C. odorata by continuous assignment
Methods have also been developed for estimating the origin of genotypes using
continuous assignment (Wasser et al. 2004; Yang et al. 2012; Rañola et al. 2014; Guillot et al.
2016). These methods estimate the allele frequency for each SNP across a defined surface of
pixels, and use likelihoods for each SNP to compute a composite likelihood across all SNPs for
the pixel surface. These methods assume Hardy-Weinberg and linkage equilibrium and can only
use genetic data, but these limitations are balanced by the potential power of providing a precise
geospatial source for a sample, rather than a categorical assignment (Degen et al. 2017; Chen et
al. 2017). These approaches can provide information on the location of illegal animal poaching
and trade (Wasser et al. 2004), the geographic source of pathogens during epidemiological
outbreaks (Sloan et al. 2009), and more routine questions concerning gene flow, migration
patterns and population connectivity (Rañola et al. 2014; Guillot et al. 2016). Continuous
assignment with methods like SPASIBA is particularly relevant for questions involving wood
legality because harvest locations are frequently not included in genetic reference populations,
especially for geographically widespread species.
Our median prediction error for continuous assignment of C. odorata in South America
was ~189 km via the LOOCV method, and ~260 km via the more conservative K-fold CV
method (Table 4.2). These assignment errors ranged from 170 km to 598 km for target countries
(with Peru showing the lowest mean error; Fig. 4.4 B), and from 133 km to 598 km for
department-sized geographic regions in our study area (with NE and SW regions in Peru
showing the lowest errors; Fig. 4.4 C). These assignment errors – while large – are comparable
to the geographic assignment errors from other organisms based on similarly-sized datasets. For
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example, the mean error for the placement of humans based on 100 SNPs was ~430 km (Rañola
et al. 2014), the 75% placement error of Arabidopsis based on 100 SNPs was 375 km (Guillot et
al. 2016), and the median error for the geographic assignment of elephants based on 16
microsatellites ranged from 267 km (savannah) to 301 km (forest populations; Wasser et al.,
2015).
Despite the practical advantages of SPASIBA, a potential disadvantage of the method lies
in the assumption that spatial auto-covariance of allele frequencies diminishes with geographic
distance. The assumptions of this simple gradient function may introduce error if allele
frequency surfaces are irregular or lack a dominant cline. In our study, we also stratified samples
by precipitation, temperature, and latitude (Fig. 4.1) to identify genes that might be responsive to
different climate factors over small geographic distances, as might be the case due to
heterogeneous elevation gradients imposed by the Andes Mountains. In doing so, SNPs selected
for this assay appear biased towards genes showing stronger differentiation by climatic gradients
than to gradients in geographic distance; we observed that pairwise genetic distance was more
strongly associated with pairwise MAT and AP distances than pairwise geographic distance
(genetic distance ~ MAT distance Mantel r = 0.42; genetic distance ~ AP distance Mantel r =
0.26; genetic distance ~ geographic distance Mantel r = 0.08; Appendix G; Goslee and Urban
2007). This bias may have reduced the accuracy of our SPASIBA predictions, either by violating
assumptions of simple gradients, or by selecting genes that show weaker correlations with
geographic distances than they do to climatic distances. We will explore solutions to this in the
future, by examining loci that show higher correlations to geography than climate (see below),
and testing continuous assignment methods that relax the assumption of isolation-by-distance
allele frequency gradients (Rañola et al. 2014).
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Factors affecting accuracy: Sample density — The accuracy of assignment can be dramatically
influenced by the pattern of geographic sampling and density of genome coverage, especially
continuous assignment. Continuous methods show highest accuracy when training datasets
include individuals from the same genetic background as test individuals. For example,
SPASIBA estimates the median distance to the center of the predicted country of origin for
humans to be 72.8 km when population members are included, but the median error increases
almost ten-fold (696 km) when source population members are omitted from the analysis
(Guillot et al., 2016). Using the same method, our results showed that there was no relationship
between sample density and assignment error (Appendix F), but that having just one neighbor
that is genetically similar might lead to higher accuracy (Appendix E, Fig. E7). It’s likely that
our sampling design (based on individuals, rather than populations) was responsible for the weak
association between density and accuracy; testing this approach on denser datasets would
increase our understanding of the effect of sample density on prediction accuracy.

Factors affecting accuracy: SNP density — The impact of the size of the genetic database on
assignment accuracy can also be substantial. For example, where the 75% percentile error of
Arabidopsis estimated from SPASIBA based on 100 SNPs was 375 km, assignment errors were
reduced 75% (to 93 km) by increasing the number of SNPs to 1,000 (Guillot et al., 2016). Even
larger improvements were reported for human data, as mean assignment errors were reduced
from ~430 km to ~70 km by increasing SNPs from 100 to 1,000 (Rañola et al., 2014). Our
foundation dataset of 144,083 SNPs for C. odorata offers a rich resource that can be used to
further refine SNP assays for geographic assignment, as well as to initiate focused studies that
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determine the extent to which genetic variation tracks isolation-by-distance versus isolation-byclimate across the genome. In this context, we note that additional SNPs (~130) are currently
being evaluated for spatial assignment of C. odorata and C. fissilis, and this includes different
nuclear and organelle markers from different source populations (Blanc-Jolivet et al.,
unpublished). Joint analysis of these two marker sets using common samples should show
whether simply doubling the number of genotypes and SNPs offers significant improvements in
geographic assignment accuracy.

Factors affecting accuracy: Taxonomy — Our goal in this study was to predict the spatial origin
of C. odorata using genetic data, but geographic assignment is inseparable from species
identification. Different Cedrela species can show different allele frequencies across loci, and
this may distort allele frequency surfaces used in spatial assignment and lead to less accurate
geographic predictions for C. odorata. In this regard, our SNP assay, which was designed from
SNPs showing high allele frequency differences in Peruvian C. odorata, shows potential for
genus-wide, broad level identification. Using DAPC, we found that 5 of 9 genetic clusters were
exclusive to (or highly enriched in) C. odorata, and that a minority of C. odorata individuals
were classified to clusters that appeared characteristic of other species (Fig. 4.2). In our analysis,
one discrete cluster was composed of the CITES III-listed species C. angustifolia and C.
montana, which are known to be close relatives (Cavers et al. 2013). These specimens were
highly similar to each other and easily distinguished from the other Cedrela species. In our
assay, their similarity appears to be due to the absence of shared polymorphism with C. odorata
across the tested sites leading to a pattern of similarly high homozygosity at the assayed SNP
loci. As for the other CITES Appendix III species evaluated, the majority of C. fissilis
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representatives form a less-exclusive cluster that includes C. weberbaueri and a minority of
individuals identified in C. odorata. This conflict could be due to specimen identification error, a
different coalescent history across a subset of SNP loci, misidentification of specimens, or
possible hybrid ancestry of C. weberbaueri. Since we did not explicitly identify and select
genetic markers that discriminate species of Cedrela, our database of SNPs is largely unexplored
for this purpose. Nonetheless our assay can classify Cedrela specimens into species groups.
Further refinement may allow species-level discrimination, opening the possibility of developing
a single assay that can determine the taxonomic and geographic source of a specimen.

Conclusions
We identified > 100,000 SNPs that can be used to develop and refine assays for source
prediction and species-level discrimination of Cedrela wood specimens. From this database, we
designed and tested a 140 SNP assay to predict of geographic origin for C. odorata. We show
that SNP data from C. odorata can be evaluated for geographic assignment using discrete
(random forest) and continuous (SPASIBA) methods, and that both methods can be used to
evaluate hypotheses concerning the country of origin. These methods make different
assumptions with regard to the Hardy-Weinberg and linkage equilibrium; as such, they may
show different performance depending on the degree to which SNPs track selective
(environmental) gradients or deviate from genetic assumptions. Although the error estimates
from our geographic predictions are too large for fine-scale geographic assignment, the assay
shows high accuracy for determining the continent of origin, and promise for country-level
verification of specimens. This assay provides a tangible first step for determining the origin and
legality of C. odorata wood, and the SNP resources and methods should provide the wood
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products industry with new (and developing) tools to improve the legality of Cedrela wood
trade.

Availability of data and materials
Raw sequence data associated with this study is available from the NCBI GenBank
BioProject Archive under accession number PRJNA369105. Supplementary information for this
study is available in Appendices B-G. The reduced representation nuclear genome assembly for
C. odorata 300 (fasta), the variant call format used for SNP selection (vcf), the SNP
oligonucleotide sequences (csv), and R scripts used to process data are available at Oregon State
University’s Scholars Archive (Finch 2019).
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Tables and Figures
Table 4.1 Abbreviations used to identify each random forest classification model, descriptions of regional
classes examined, the number of samples per class used to train the model (n), and results for each model.
Model Identifier
Range-wide
Target country
Narrow regional

Regional Classes
C. America, S. America
Ecuador, Peru, Bolivia
NW, NE, SW, SE

Estimated Mean of the Median Classification Error (%)
n per class
Randomized (95% C. I.) Observed (95% C. I.)
36
51.1 (50.9, 51.3)
5.8 (5.7, 5.8)
23
68.4 (68.2, 68.6)
34.3 (34.2, 34.4)
20
76.9 (76.8, 77.1)
34.7 (34.6, 34.9)
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Table 4.2 SPASIBA prediction errors. Results for the total analysis include: prediction errors from K-fold CV
for all specimens after 200 model runs with observed genotypes and 200 model runs with randomized
genotypes, prediction errors from LOOCV, K-fold CV prediction errors for specimens used for the target
country and narrow regional random forest classification questions. Values are the estimated median prediction
error (in km), with the range in parentheses.
Total
K-fold CV Observed
K-fold CV Randomized
LOOCV

259.6 (6.7 – 2540.8)
904.2 (7.0 – 3033.8)
188.7 (16.6 – 2472.9)

Target country
Ecuador
598.0 (6.7 – 2516.3)
Peru
169.8 (9.3 – 2315.2)
Bolivia
341.4 (22.1 – 2424.8)

Narrow regional
NW 598.1 (6.7 – 2516.3)
NE
133.3 (26.7 – 2315.2)
SW
135.0 (9.3 – 1637.7)
SE
424.0 (64.8 – 2067.4)
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Figure 4.1 SNP candidate selection via identification of highly differentiated SNPs (high relative FST)
among C. odorata specimens (n = 46) based on: A) Latitudinal (LAT) groups, B) Mean Annual
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Temperature (MAT) groups, and C) Annual Precipitation (AP) groups. Map labels indicate country
codes: COL (Colombia), ECU (Ecuador), PER (Peru), BOL (Bolivia), and BRA (Brazil). Bar plots show
the distribution of values and the number of counts in D) LAT groups, E) MAT groups, and F) AP
groups. G) The distribution of FST for 140 SNPs selected for genotyping array development (gray),
superimposed with the individual distributions of FST for SNPs selected for LAT (green), MAT (gold),
and AP (blue). H) The proportion of 140 SNPs selected for genotyping array development that were
differentiated based on LAT (green), MAT (gold), and AP (blue).
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Figure 4.2 DAPC results for Cedrela specimens screened with the SNP genotyping array. A) DAPC
ordination of 352 Cedrela specimens based on genetic distance across 99 loci, B) distribution of DAPC
clusters among species screened, and C) geographic distribution of screened Cedrela specimens color
coded by cluster. In all panels, specimens are color coded based on DAPC cluster. Labels indicate country
codes: NIC (Nicaragua), CR (Costa Rica), PAN (Panama), COL (Colombia), VEN (Venezuela), ECU
(Ecuador), PER (Peru), BOL (Bolivia), and BRA (Brazil).
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Figure 4.3 Summary of random forest classification analyses and geographic prediction errors. Maps
show the geographic range of specimens categorized into regional classes for: A) range-wide, B) target
country, and C) narrow regional classification. Boxplots show the classification error (%) estimates by
class for: D) range-wide, E) target country, and F) narrow regional classes. Density plots show the
distribution of classification error estimated for: G) range-wide, H) target country, and I) narrow regional
classification questions. Light gray distributions indicate error for observed genotypes, and dark gray
distributions indicate error for genotypes after randomizing the regional class identifiers. Map labels
indicate relevant country codes as in Fig. 4.2.
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Figure 4.4 Distributions of prediction errors (in km) for C. odorata s.l. specimens used for continuous
spatial assignment with SPASIBA: A) prediction error for South American specimens across 200
SPASIBA K-fold CV replicates (imputed and unimputed combined) with observed genotypes (light gray)
and 148 LOOCV replicates with observed unimputed data (blue), B) prediction error for specimens from
target country groups, and C) prediction error for specimens from narrow regional groups. Red dashed
lines indicate the estimated mean prediction error for randomized genotypes (Table 4.2).
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CHAPTER 5 || CONCLUSIONS
In this dissertation, I have presented genomic resources for Cedrela odorata L. (“Spanish
cedar” or “cedro”). Cedrela odorata is economically valuable for its wood and faces threats of
overexploitation (Tajikistan 2019). Due to strong similarities in wood features across species
(Gasson 2011), overlapping geographic distributions (Pennington and Muellner 2010), and
taxonomic uncertainty, other Cedrela species may be intentionally or mistakenly substituted for
C. odorata in trade (Tajikistan 2019). This pressure is expected to make these species more
vulnerable if current logging practices proceed unchecked (Tajikistan 2019). In Chapter 2, I
discuss the development of genomic resources for reduced representation gene sequencing across
five Cedrela P. Browne species and three other Meliaceae species (Finch et al. 2019). In Chapter
3, I apply these genomic methods and resources to 170 herbarium specimens representing six cooccurring Cedrela species and outgroups, and provide a re-examination of phylogenetic
relationships among C. odorata and closely allied species. In Chapter 4, I use the genomic
resources to develop a genotyping array for origin prediction of C. odorata specimens that can be
used with forensic DNA to enforce trade regulations restricting harvest of protected C. odorata
populations and to combat illegal logging of this species (Finch et al. in review). In this chapter, I
discuss the broader results of this dissertation research, and how the genomic resources may be
used to address outstanding questions concerning C. odorata. The results from my analyses
utilizing the genomic resources may enable future research focused on the conservation of C.
odorata and its relatives in Cedrela and the Meliaceae, a historically overexploited plant family.

Chapter 2 - Genomic Resources
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Cedrela odorata has been a species of conservation concern for decades, and was listed
under the protections of the Convention on International Trade in Endangered Species of Wild
Fauna and Flora (CITES) Appendix III in 2001, protecting it in certain parts of its range (Ferriss
2014). One of my objectives for this research was to develop genomic resources that could be
used for forensic applications, such as the verification of reported species and provenance of C.
odorata timber in trade. The first step was to construct a reference genomic database with
specimens of known geographic origin. I utilized natural history collections in the United States,
and collected leaf tissue from geo-referenced herbarium specimens for C. odorata and five other
Cedrela species that may also appear in trade.
DNA barcodes regions (Kress et al. 2009) from the nucleus (ribosomal internal
transcribed spacers; ITS) and the chloroplast (rbcL, matK, rps16, rpoC1,rpoB, accD, psbB-T-N,
trnS-G and ycf1) have been applied across the Meliaceae, providing preliminary genetic
information for nearly all species (Muellner et al. 2003; Koenen et al. 2016). Muellner et al.
(2011) evaluated a set of DNA barcodes for species-level identification of Cedrela leaf tissue
specimens, and found that ITS was well-suited for this purpose, whereas chloroplast markers
showed geographic structure, were insufficient for species identification, and conflicted with
inferences based on nuclear loci. With inferences derived from across the nuclear genome using
thousands of single nucleotide polymorphisms (SNPs), I added support for previously reported
phylogenetic relationships among C. odorata and five closely allied species based on ITS and
observed similar levels of geographic structure based on full chloroplast sequences (Chapter 3).
This suggests that a combination of ITS and chloroplast markers may be adequate for
species and source verification of Cedrela specimens appearing in trade. Why sample from
across the genome when markers are available that might be useful for forensic applications?
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While these DNA barcodes show some success with DNA derived from Cedrela leaf tissue, it is
unclear if these large genetic regions can be sampled from wood-derived DNA extracts. DNA
from wood may be highly degraded, making the amplification of a complete sequence
challenging or impossible (Dumolin-Lapègue et al. 1999; Asif and Cannon 2005; Rachmayanti
et al. 2006; Tnah et al. 2012; Jiao et al. 2012). Additionally, phylogenetic inferences based on
ITS are known to be misleading in plants: (i) a single individual may contain multiple divergent
copies of the ITS sequence, leading to poor phylogenetic resolution (Wendel et al. 1995; Álvarez
and Wendel 2003), and (ii) primers for ITS may non-specifically amplify endogenous fungal
DNA within wood tissue rather than the ITS sequence from wood-derived DNA (Camacho et al.
1997; Zhang et al. 1997). For these reasons, SNPs are becoming more common for forensic
applications because they can be sampled with nearly 100% accuracy from DNA extracts with
low mass and quality (Brumfield et al. 2003; Kidd et al. 2006; Allocco et al. 2007; Novembre et
al. 2008; Negrini et al. 2008; Orrù et al. 2009; Guichoux et al. 2011; Hess et al. 2011;
Zarraonaindia et al. 2012; Clemento et al. 2014). SNP assays are cost effective and scalable for
high throughput screening, which is necessary considering the scale of illegal logging globally
(Saunders and Reeve 2014; Dormontt et al. 2015; Wiedenhoeft et al. 2019) and for C. odorata
(Urrunaga et al. 2012; Conniff 2017; Bargent 2017; Tajikistan 2019). Thus, I prepared a genomic
database for C. odorata by sampling genetic information across the genome such that SNPs
could be identified for CITES verification of source and species for wood specimens.
Sequence information was obtained from 192 herbarium specimens via ‘target capture’.
Target capture is a method of reduced representation gene sequencing that focuses on DNA
sequencing of select (“targeted”) genomic regions at higher depth than is obtained with shotgun
sequencing of total genomic DNA. This method can be cost effective for non-model organisms
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with large genomes (Cronn et al. 2012), and provides adequate sequencing depth for the
detection of SNPs that can be used for fine-scale origin assignment. Capture probes were
designed to target presumed low-copy genes, and were based on 10,001 transcript models from
the C. odorata draft transcriptome (Chapter 2; also see Appendix C). With these probes, I
enriched homologous targets from the genomes of five Cedrela species. I found that these probes
successfully enriched 9,795 (98%) of targets, and showed similar yield and depth across included
Cedrela species. While I included only 6 of 17 named Cedrela species in this dissertation
research, I demonstrated high transferability of the probes across sampled species, making it
likely that they will work with similar efficiency across the genus.
By including samples from the subfamilies Cedreloideae (Swietenia mahagoni [L.] Jacq.)
and Melioideae (Guarea guidonia [L.] Sleumer, and Trichilia tuberculata [Triana & Planch.]
C.DC.), I evaluated the potential for transferring Cedrela-derived probes across the Meliaceae
for similar genetic studies. The probes enriched nearly 4,000 genes from S. mahagoni,
suggesting that a large number of gene targets should be cross-compatible with other genera in
the Cedreloideae, many of which also have high-value timber and are the focus of illegal logging
in other areas around the world (e.g., Asian Toona [Endl.] M.Roem.; African Entandrophragma
C. de Candolle and Khaya Jussieu [in Guillemin]; Neotropical Swietenia species). Guarea
guidonia and T. tuberculata showed less enrichment success (each), but I was still able to sample
greater than 500 genes at useable depth from these distant relatives in the subfamily Melioideae.
Together this number of enriched genes far exceeds the amount of genetic information that is
currently available for Meliaceae species.
Subfamilies Cedreloideae and Melioideae contain an estimated 59 and 643 species,
respectively, and while I recommend methods for the improvement of the probe set (e.g.,
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eliminating probes for failed targets and targeting ultra-conserved regions for Meliaceae; Chapter
2), future genetic studies could use the probe set as currently prepared and identify additional
regions of the genome by evaluating a different reference sequence. For example, such a
reference could be prepared from the sequence reads obtained from another representative
specimen (e.g., G. guidonia). These reads could be used to prepare a de novo assembly utilizing
the methods presented in this work for the C. odorata 300 reduced representation nuclear
genome (Chapter 3). This assembly could then be used as the alignment reference for G.
guidonia. By annotating this reference and calculating depth as demonstrated (Chapter 2 & 3),
genomic regions sampled for this species could be evaluated precisely. Additionally, this new
information could be used to enrich for targets in other groups (e.g., Guarea and relatives in the
Melioideae), and comparable genomic target regions could be developed for new species.
Chapter 2 is a framework for developing custom probes for any species. However,
custom probe sequences designed from a de novo transcriptome assembly for the desired taxon
would likely sample different parts of the genome than I have provided through this dissertation
research, leading to a loss of homology in comparative targets across Meliaceae datasets.
Alternatively, redesigning the probe sequences presented here based on homologous regions
identified from near relatives would maintain compatibility across datasets and would be more
cost effective. Sequence data from one of the 25 BioProjects for Meliaceae available on the
National Center for Biotechnology Information (NCBI; Accessed December 2019) could be
aligned to the 10,001 gene targets presented in this dissertation research (Finch 2018), and probe
sequences could be designed to target the same genomic regions with greater specificity. With
sequence reads from representatives of Cedreloideae (Carapa, Cedrela, Toona, and Swietenia)
and Melioideae genera (Agalia, Azadirachta, Lansium, and Melia) publicly available, much of

167
the diversity of the Meliaceae is represented such that future sequencing efforts could focus on
specimen sampling rather than probe development.
Meliaceae contains an estimated 702 species of which 212 Meliaceae appear on the
International Union for Conservation of Nature (IUCN) Red List and 147 are threatened,
endangered, or critically endangered. The objective of the genomic database prepared in Chapter
2 was to provide adequate sequencing depth for the detection of SNPs that can be used for
species verification and fine-scale origin assignment. However, the presented sequencing probes
and other genomic resources may be useful for phylogenetics, population genetics, genome-wide
association studies, and more. For example, Guarea and Trichilia show evidence of recent
radiations (i.e., rapid diversification of species into new forms) in neotropical forests (Koenen et
al. 2015). A genomic dataset of the depth demonstrated in Chapter 2, with or without probe
refinement, may help locate areas of incipient speciation, identify genes segregating in new
species, and illuminate environmental conditions that may be associated with speciation in these
species. Increasing our knowledge of the mechanisms leading to radiations may lead to a better
understanding of the origins of biodiversity in the Neotropics.
All the genome resources presented in Chapter 2 are available (Finch 2018) including the
raw sequencing reads (Chapter 2, Table 2.2), which may be combined with new or compatible
datasets for future investigations when new software and technologies arise. These genomic
resources for Cedrela and the Meliaceae will enable further detailed genetic study of Cedrela, a
genus that was elevated to CITES Appendix II in 2019 (Tajikistan 2019), and contains species of
conservation concern and many species that yet to be assessed for conservation status
(Pennington and Muellner 2010).
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As a final note on this chapter, I suspect that the specimen I used for transcriptome
sequencing and probe development (Chapter 2) may have been taxonomically misidentified. This
C. odorata specimen, originating in Oaxaca, Mexico and obtained from the New York Botanical
Garden (CEOD-NYBG), showed an unexpected phylogenetic position compared to other C.
odorata specimens on the partial chloroplast species tree (Chapter 2, Fig. 2.5). I later evaluated
this specimen using nuclear SNPs to estimate ancestry, and found that CEOD-NYBG was
represented by a different genetic lineage than both C. odorata sensu stricto from Mesoamerica
and South American C. odorata (Chapter 3, Fig. 3.1). It appeared to be different than all other
Cedrela species included in my dissertation research, and additional sequencing suggested that it
may be representative of a Central American endemic species that I did not include in my study
(Appendix C). The cruel irony that I had based my sequencing effort, with the goal of specimen
identification, on a misidentified specimen was not lost on me. Rather, I began to appreciate the
role of genomics in helping biologists to better curate natural history collections, especially for
tropical plants which show high levels of misidentification (Goodwin et al. 2015). The nearequal and high target enrichment success shown across the Cedrela species leads me to predict
that these probes will perform equally well or better on Central American endemic Cedrela
species (e.g., C. oaxacensis C.DC. & Rose or C. tonduzii C.DC.). Further use of these probes
across the genus could reveal better identifications for museum specimens and natural history
collections.

Chapter 3 – Phylogenetics of Six Co-occurring Cedrela Species
Cedrela odorata is imperfectly known, causing the survival of other Cedrela species to
be threatened with overexploitation due to strong morphological similarities with C. odorata
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(Pennington and Muellner 2010; Gasson 2011; Tajikistan 2019). In Chapter 3, I performed a reexamination of phylogenetic relationships among C. odorata and closely related Cedrela species
with more robust genomic sampling than previous studies (i.e., more genomic regions) to better
discern species closely aligned with C. odorata. Updated taxonomy may better reflect the genetic
diversity within Cedrela and its contribution to the biodiversity of the Neotropics.
I expanded the genomic dataset to include 192 herbarium specimens representing six
Cedrela species. The full dataset includes 1.6×109 paired sequence reads (NCBI BioProject
PRJNA369105). I selected a single C. odorata individual to use for the assembly of a reduced
representation nuclear genome that contained 8,941 contiguous sequences (Appendix B, Table
B2), and used this sequence to assess individual mean depth across specimens (13.5X; range:
8.5X – 17.5X). After removing individuals with high levels of missing information, I aligned
reads from 168 Cedrela specimens to the nuclear reference and identified 9.9×105 SNPs. I
inferred phylogenetic relationships among the six Cedrela species with a subset of 15,588 SNPs.
The resulting maximum likelihood tree revealed that closely related species C. angustifolia and
C. montana Mortiz ex Turcz. were sister to the rest of the Cedrela species included in the
dataset, and that C. odorata was present on more than one branch of the species tree (i.e.,
paraphyletic). The paraphyletic resolution of C. odorata and the branching order inferred from
nuclear SNPs was consistent with previous phylogenetic trees for the genus using high copy
number nuclear ITS (Muellner et al. 2010; Pennington and Muellner 2010; Cavers et al. 2013;
Koecke et al. 2013). This could suggest that nuclear ITS may not show the same difficulties (e.g.,
nrDNA arrays are more similar to one parent lineage, rather than reflecting both parent lineages)
in Cedrela as have been documented in other plant groups (Spooner 2009; Simeone et al. 2013;
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Weitemier et al. 2015). However, my findings show that species can be differentiated with
greater phylogenetic resolution with nuclear SNPs than ITS alone (Chapter 3, Fig. 3.1).
Using a dataset of greater than 15,000 SNPs, I determined that the nuclear data were best
represented as three separate lineages via ADMIXTURE analysis (Model K = 3; Chapter 3, Fig.
3.1). One lineage was composed of C. angustifolia and C. montana, one was Mesoamerican C.
odorata s.s., and the last contained the remaining species (South American C. odorata, C. fissilis,
C. nebulosa, and C. saltensis). Models for a larger number of lineages (e.g., Models K = 4
through 8; Chapter 3, Fig. 3.1) detected finer structure, highlighting genetic differences between
named species, and showing a high degree of concordance with major clades on the nuclear
species tree. The model representing eight lineages identified several herbarium specimens that
are likely to have been misidentified (Chapter 3, Fig. 3.6). This analysis, again, underscored the
role of genomics in helping biologists to better curate natural history collections, especially for
tropical plants which show high levels of misidentification (Goodwin et al. 2015). Together,
results from my phylogenetic re-examination of these species and my assessment of the ancestry
of specimens representing these species provide the largest phylogenetic study of C. odorata and
allied species to date in terms of genomic regions assayed and individuals tested.
Based on the species tree with nuclear SNPs and the ADMIXTURE analysis, I designed
seven species delimitation schemes to compare with current taxonomy (i.e., seven taxa: C.
angustifolia, C. fissilis, C. montana, C. nebulosa, C. odorata [Mesoamerican C. odorata s.s. and
South American C. odorata combined], and C. saltensis; Chapter 3, Fig 3.4). I found that all
species delimitation schemes tested provided a better fit to the SNP data than current taxonomy,
with the largest improvements in marginal likelihoods observed when C. odorata from
Mesoamerica and South American C. odorata were treated as separate taxa (Chapter 3, Fig 3.4).
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This result adds support to multiple studies suggesting that Mesoamerican C. odorata s.s. is
genetically distinct from South American C. odorata, and that these two genetic lineages are
“cryptic species” (Cavers and Lowe 2002; Navarro et al. 2002, 2004, 2005; Cavers et al. 2003a,
b, 2013; Muellner et al. 2010; Pennington and Muellner 2010).
Although not a new phenomenon (i.e., cryptic species were first reported in birds in
1718), the number of papers mentioning cryptic species or cryptic speciation has increased
substantially since the 1980s, and appears related to the increased use of genetic information to
infer phylogenetic relationships (typically based on only one gene; Struck et al. 2018). Despite
the increased awareness of cryptic species, there is some variation among studies on the
definition of cryptic species, and little agreement about the evidence that is necessary to
recognize them taxonomically; this makes it difficult to estimate the full extent of cryptic species
and their contribution to biodiversity. A recent review article recommends that cryptic species
occupy distinct genetic clusters but overlap according to clusters formed by morphological
variation, and importantly, cryptic species should be considered temporally with estimates of
divergence provided based on genetic data (Struck et al. 2018). These criteria are such that
putative cryptic species can be assessed not only genetically and morphologically, but so that the
mechanism of their generation may be inferred (e.g., convergence, stasis, parallelism, or recent
divergence). With these rules, the threshold for defining cryptic species is restrictive, especially
for studies based on limited genetic data or limited morphological data, as is the case for my
dissertation research.
Here, I have presented multiple lines of evidence favoring the recognition of
Mesoamerican C. odorata s.s. as genetically distinct from South American C. odorata. These
two lineages occupy distinct genetic clusters based on thousands of nuclear SNPs and
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ADMIXTURE analysis, and they are phylogenetically distinct based on maximum likelihood
analysis (Chapter 3, Fig. 3.1). Using Bayes Factor Delimitation, I show that all species
delimitation schemes separating these lineages were better representations of the data than
current taxonomy (e.g., including all diversity under one species name). The main weakness of
my study is that the genetic sequences I provide were derived from herbarium specimens that I
did not score for morphological characters. However, my molecular findings join numerous
studies attesting to the lack of coherent morphological variation in C. odorata across its
geographic range (Cavers et al. 2003a, b, 2013; Muellner et al. 2010; Pennington and Muellner
2010). I suggest that these genetic entities be recognized in revised taxonomy under separate
species names (e.g., with separate species names C. odorata s.s. and C. guianensis or with
infraspecific taxon names C. odorata ssp. odorata and C. odorata ssp. guianensis) to reflect the
magnitude of genetic polymorphism that separates them.
As with identifying and characterizing cryptic species, recognizing cryptic species with
changes to taxonomic classification is a similarly contentious issue and there is no consensus.
Only 19.3% of 600 research papers mentioning cryptic species included new names and
descriptions for cryptic species, and only seven of these were for plant species (Struck et al.
2018). Some have suggested annotating the identification key for the species to indicate that a set
of morphological characters describes two different genetic entities, but that cryptic species
should not be distinguished by name until distinguishing characters can be identified (Ross 1974;
Paris et al. 1989). Attempts have been made to develop a naming system for cryptic species
called “Molecular Operational Taxonomic Units,” which attach a numeric code to genetic
entities (i.e., distinguished by molecular DNA) that share the same species name (Flot 2015;
Morard et al. 2016). However, a name change for South American C. odorata (C. guianensis)
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would help remedy the paraphyletic resolution of C. odorata, and this change would better
represent that genetic diversity of C. odorata and allied species across the Neotropics. Taxonomy
reflecting genetic distinctiveness may aid in the identification of diagnostic morphological
characters that have been overlooked in the past.
Reconciling the desire to recognize genetic distinctiveness and morphological
distinctiveness in taxonomy across the genus Cedrela is challenging. My attempt at species
delimitation with a portion of the genus showed that species names can obscure divergent
lineages (e.g., cryptic species), and that morphological differentiation does not necessarily
indicate speciation. My data were best represented by a species delimitation scheme showing
fewer species names (Chapter 3, Fig. 3.4). This suggests that previously separate species may be
morphotypes or ecotypes of widespread species, and that these species may be interbreeding. I
found that C. angustifolia and C. montana could be collapsed under a single name (C.
angustifolia), and that C. nebulosa and C. saltensis may not be genetically divergent enough
from C. guianensis to warrant taxonomic classification as distinct species. However, it could be
useful to recognize and catalog morphological entities within these species.
As with the taxonomic classification of cryptic species, there is no global consensus
about the application of infraspecific taxon names (Hamilton and Reichard 1992). In general,
subspecies are considered populations of a species that differ in morphology and geographic
distribution, whereas varieties may be allopatric or local forms for subspecies or species (Ross
1974; Christensen 1987). Both subspecies and varieties ranks have been used to describe plant
groups in the Meliaceae (Meliaceae Accepted Names - The Plant List), with subspecies applied
more frequently than variety. Currently, the genus Cedrela has no infraspecific taxa, but the use
of this rank may reconcile the challenges of cryptic taxa and frequent taxonomic
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misidentification. For example, C. angustifolia and C. montana are morphologically distinct at
the extremes of their distributions, but are difficult to distinguish where their distributions
overlap (Pennington and Muellner 2010). The geographic separation of these taxa, combined
with my results from Bayes Factor Delimitation (higher likelihoods for species delimitation
schemes that combine these taxa under one species name; Chapter 3, Fig. 3.4), suggests that an
alternate, well-supported interpretation for these taxa is to treat them as subspecies (i.e., C.
angustifolia ssp. angustifolia and C. angustifolia ssp. montana) of a geographically widespread
C. angustifolia. C. nebulosa and C. saltensis are similarly described as having geographic ranges
that nearly overlap, and these taxa differ by density of leaf indumentum and petiole length
(Pennington and Muellner 2010). Despite this subtle difference, my results show that these taxa
resolve as a phylogenetic clade within the larger C. guianensis clade (Chapter 3, Figs. 3.1 & 3.4).
Another alternate, well-supported re-interpretation of these taxa would be to treat C. nebulosa
and C. saltensis as subspecies (i.e., C. guianensis ssp. nebulosa, and C. guianensis ssp. saltensis)
of the more widespread C. guianensis.
My dissertation research considers only six of the described species in Cedrela.
Phylogenetic analysis of genome-scale data (full gene sequences or SNPs) from representatives
of all described Cedrela species may lead to novel inferences and generate compelling areas of
study for the genus Cedrela, especially the scope and scale of interspecific hybridization.
Evaluation of hybrid frequency and genome composition could be accomplished using full gene
sequences from target capture (Johnson et al. 2016; Finch et al. 2019), a multispecies coalescent
framework (Mirarab and Warnow 2015), and methods that infer hybridization among species
pairs (Larget et al. 2010; Solís-Lemus and Ané 2016; Goulet et al. 2017; Crowl et al. 2017). A
study investigating the role of hybridization on Cedrela species should focus on geographically
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and climatically distinct regions where multiple species co-occur and are likely to interact. For
example, C. angustifolia, C. saltensis, C. fissilis, and C. balansae C.DC. are distributed in the
Gran Chaco of Bolivia and the Yungas of northern Argentina. One study found some evidence of
hybridization between C. balansae and C. saltensis (Quiroga et al. 2016) that could be improved
with greater genomic depth and specimen sampling, which may be useful for quantifying levels
of gene flow (e.g., with ABBA-BABA; Kulathinal et al. 2009; Green et al. 2010; Durand et al.
2011; Martin et al. 2015). Another geographic region of interest is the Utabamba Valley, which
forms the southernmost corridor connecting the east and west sides of the Andes Mountains in
northern Peru near Ecuador’s southern border (Dick and Pennington 2019). Cedrela kuelapensis
T.D.Penn & Daza, one of the newest circumscribed species, is known to occur in this valley, and
C. molinensis T.D.Penn & Reynel, another new species, occurs nearby on the moist Pacific
drainages (Pennington and Muellner 2010). Perhaps the confluence of geographically isolated
trans-Andean C. odorata lineages (Cavers et al. 2013) has led to novel species via hybridization.
At least, this region may be an area of interest for the study of diversification in isolation for
Cedrela species. Both C. kuelapensis and C. molinensis are resolved among two hypothetical C.
odorata cryptic species in South America (one we ascribed to C. guianensis including the closely
related, named taxa C. saltensis and C. nebulosa; Pennington and Muellner 2010; Cavers et al.
2013). The present dataset and my findings suggest that the interaction between the widespread
C. guianensis and additional closely allied species may be a compelling area for future research
involving speciation in neotropical forests.

Chapter 4 – Geographic Localization of C. odorata specimens
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I used a subset of the genomic database for Cedrela to design a SNP genotyping array for
screening C. odorata and closely allied taxa. The aim of this study was to understand if
geographic source could be predicted based on genetic material alone. With a subset of the
genomic database (i.e., specimens identified as C. odorata from Ecuador Peru, and Bolivia), I
selected 140 SNPs that were highly differentiated (via FST) according to latitude, mean annual
temperature, and annual precipitation (Chapter 4, Fig. 4.1). I tested this genotyping array on
eight Cedrela species, demonstrating: (i) the transferability of the SNP genotyping array for
species closely allied with C. odorata, (ii) the versatility of the array at genotyping dry or fresh
genetic material, including DNA from cambium, and (iii) the capacity of the array to detect
species-level genetic differences with a limited number of SNPs (< 140). This assay provides a
tangible step for determining the origin and legality of C. odorata wood, and the SNP resources
and methods presented in Chapter 4 (Finch et al. in review; Finch 2019) should provide the wood
products industry new (and developing) tools to improve the legality of Cedrela wood trade.
For geographic localization (i.e., predicting source location), I focused my analysis on C.
odorata and closely allied taxa C. nebulosa and C. saltensis, as well as specimens that I
determined were C. odorata, C. nebulosa, and C. saltensis but misidentified on their herbarium
label. I grouped specimens into discrete regional classes, and used random forest classification to
predict the region of origin for specimens. In doing so, I found that coarse-level classification is
possible with these SNPs, as specimens could be classified as originating from Central America
vs. South America with accuracy greater than 90%. Country-level classification and the
classification of specimens to smaller geographic regions performed better than random
expectations, but did not provide the accuracy that would likely be required for the validation of
source on documents required for CITES Appendix III. However, the distinction between
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Central and South American C. odorata could be valuable in screening to narrow the focus of
potential countries of origin for law enforcement investigations.
I performed the analyses in Chapter 4 before thoroughly examining phylogenetic and
species delimitation, and inferences from those analyses (described in Chapter 3) shed light on
the results of this classification analysis. First, it is likely that I included misidentified C. odorata
during the SNP selection process. This could have inflated FST estimated for some SNPs (Chapter
4, Fig. 4.1). Second, the low classification error observed for classifying specimens from Central
versus South America is likely due to the magnitude of genetic difference between
Mesoamerican C. odorata s.s. and South American C. odorata (= C. guianensis; Chapter 4,
Table 4.1). I have demonstrated that only a few SNPs (relative to 15,588 used in Chapter 3) are
needed to differentiate these cryptic species. Additionally, grouping all C. odorata in Central
America together, despite pronounced variation across Central America (Chapter 4, Fig. 4.2),
likely resulted in higher classification errors by including representatives that show more genetic
cohesiveness with South American C. odorata into the Central American regional group. Finally,
the decision to include nearly all representatives of C. nebulosa and C. saltensis into the C.
odorata test group for geographic localization – a decision primarily motivated by the need for a
larger sample size – is supported as a reasonable interpretation of genetic variation, based on
Bayes Factor Delimitation and maximum likelihood analysis (Chapter 3).
In my analysis, I was fortunate to have focused on South American C. odorata
(specifically, Ecuador, Peru, Bolivia) to assess the performance of the assay with continuous
prediction methods (i.e., R package SPASIBA). This narrow focus limited the impact that
misidentification in C. odorata (e.g., C. odorata s.s., C. guianensis) had on my results, and it
likely led to higher accuracies. With continuous methods, I found that SNP genotypes contained
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spatial signal, and that a median predictive error of 188.7 km from the true origin could be
obtained with these genotypes and specimens. In Peru, where genotypes showed the lowest error
on average, this spatial resolution may be sufficient for confirming sources listed on CITES
documentation in limited cases. However, the range of prediction error was broad (16.6 – 2472.9
km), and our reference dataset does not include enough specimens to determine the full utility of
the SNP assay.
I recommended several steps that could improve the accuracy of source predictions
(Chapter 4). In particular, denser and broader geographic sampling is needed for the reference
database to include a larger portion of the distribution of C. odorata and allied species in South
America, as prediction accuracy is related to reference database density. Denser genomic
sampling of SNPs is known to increase predictive accuracy (Guillot et al. 2016), and would
likely improve error estimation even with the existing sparse sampling used in this study. In this
context, the initial SNP array can be enlarged using the Cedrela SNP database that includes >
100,000 quality filtered SNPs; increasing the number of SNPs to 1,000 (or even 10,000) should
lead to substantial improvements in the accuracy of SNP-based geographic localization. I suspect
that selecting SNPs that were differentiated based on temperature and precipitation may have led
to poor performance with continuous prediction software; SNPs showing latitudinal and/or
longitudinal variation should be emphasized to improve prediction accuracy. Finally, recent
novel application of machine learning approaches to geographic localization show significant
improvements over the methods used in this study, and they are able to analyze enormous
genomic databases (complete genomes) in a fraction of the time of traditional likelihood
approaches.
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Final Thoughts
In this dissertation research I have presented a set of genomic resources, and I have
demonstrated how these genomic resources or compatible datasets may be used to study an
overexploited tree species. Issues involving genomic sampling from non-model species,
phylogenetics, species delimitation, and the development of genomic resources for useful
applications present persistent challenges across tree species. Studies presenting methods to deal
with such challenges are valuable even if they reveal unanswered questions or merely provide
preliminary information. This dissertation research joins many that utilize genomics to better
understand and catalog biodiversity in neotropical forests. I can only hope that my research can
be the basis for future studies or facilitate future research in C. odorata, its relatives, or other tree
species in the Neotropics and beyond.
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Appendix A. Chapter 2 Supplementary Tables and Figures

Table A1. Specimen source and collection information. Source abbreviations: Missouri Botanical Garden
Herbarium (MO), New York Botanical Garden (NYBG), Fairchild Tropical Botanic Garden (FTBG),
National Center for Biotechnology Information (NCBI), and fresh tissue collections from various
locations across Panama (Panama).

Specimen ID
Azadirachta indica
Cedrela angustifolia 88
C. angustifolia 143
C. fissilis 9
C. fissilis 19
C. fissilis 112
C. fissilis 130
C. fissilis 140
C. fissilis 211
C. fissilis 230
C. fissilis 254
C. fissilis 264
C. fissilis 292
C. montana 50
C. odorata CEOD-NYBG
C. odorata 10
C. odorata 52
C. odorata 162
C. odorata 185
C. odorata 202
C. odorata 222
C. odorata 277
C. odorata 287
C. odorata
C. saltensis 75
C. saltensis 102
C. saltensis 186
Guarea guidonia 2
G. guidonia 4
G. guidonia 7
G. guidonia 9
G. guidonia 10
G. guidonia 11
G. guidonia 13
G. guidonia 15
G. guidonia 17
G. guidonia 19
Swietenia mahagoni 21
S. mahagoni 22
Trichilia tuberculata 1
T. tuberculata 3
T. tuberculata 6
T. tuberculata 8

Source
NCBI
MO
MO
MO
MO
MO
MO
MO
MO
MO
MO
MO
MO
MO
NYBG
MO
MO
MO
MO
MO
MO
MO
MO
NCBI
MO
MO
MO
Panama
Panama
Panama
Panama
Panama
Panama
Panama
Panama
Panama
Panama
FTBG
FTBG
Panama
Panama
Panama
Panama

Country
India
Bolivia
Bolivia
Bolivia
Brazil
Ecuador
Bolivia
Bolivia
Bolivia
Bolivia
Bolivia
Bolivia
Bolivia
Colombia
Mexico
Nicaragua
Costa Rica
Nicaragua
Panama
Venezuela
Panama
Costa Rica
Colombia
Cuba
Bolivia
Bolivia
Bolivia
Panama
Panama
Panama
Panama
Panama
Panama
Panama
Panama
Panama
Panama
USA
USA
Panama
Panama
Panama
Panama

Site/Plot
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
El Charco
PLR
Gamboa
El Charco
PLR
PLR
Gamboa
PLR
Gamboa
El Charco
Plot 197
Plot 158
PLR
Howard
PLR
Howard

Latitude
NA
-21.41666
-21.092777
-14.66861
-12.41666
-0.03333
-15.05583
-14.75583
-15.24611
-14.60361
-19.8125
-19.76666
-16.61666
4.01805
NA
11.43333
10.53333
13
8.5166667
9.6
9.15833
9.9
6.53333
20.16
-21.116111
-20.400277
-22.266666
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

Longitude
NA
-64.26666
-64.272777
-62.60166
-64.23333
-76.7
-61.80333
-61.04166
-61.24277
-61.49111
-64.09972
-63.975
-67.5
-75.88027
NA
-85.55
-85.3
-86.26666
-82.7
-72.916666
-79.82222
-84.27
-76.31666
-76.68
-64.242222
-63.929722
-64.5
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

Accession
NC_023792.1
3446491
6268702
4780122
5969966
4640039
4910184
5004112
4826710
5863117
6050066
6032798
4989468
3252362
683/89
5807855
4311630
5879192
5807888
5000626
2029287
4914056
5027864
NC_037251.1
6403805
5894370
3446492
823490
PLR160
GAM25
623387
PLR170
520820
GAM18
PLR169
GAM23
624393
70262A
Removed
34670
103
34686
116

187
T. tuberculata 12
T. tuberculata 18
T. tuberculata 20

Panama
Panama
Panama

Panama
Panama
Panama

PLR
PLR
Howard

NA
NA
NA

NA
NA
NA

44040
515644
113

188

Figure A1. Distribution of Log2(Mapped Reads) for the gene models of the transcriptome and the inverse
depth index range of each gene model. The range of our 10,001 gene targets is outlined in red. The blue
line is the distribution of RPK.
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Figure A2. Violin plot showing depth of coverage (log2 scale) across enriched targets for each species.
Mean depth of coverage for each species is indicated by a diamond. Distributions are color coded by
species.
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Appendix B. Chapter 3 Supplementary Tables and Figures

Table B1. Cedrela dataset specimen information includes: specimen accession (MO Access.) and origin
information (Latitude [Lat]; Longitude [Long]). For the C. odorata specimens used to select the SNP
candidates for the genotyping array, we have included their assigned group for FST estimation (Chapter 4,
Fig. 4.1). These specimens were assigned a comparison group based on latitude (LAT; North [N] or South
[S]), MAT (Low [L], Moderate [M], or High [H]), and AP (Low [L], Moderate [M], or High [H]).
Country codes are: NIC (Nicaragua), CR (Costa Rica), PAN (Panama), COL (Colombia), VEN
(Venezuela), ECU (Ecuador), PER (Peru), BOL (Bolivia), and BRA (Brazil).

Specimen ID
C. odorata 2
C. odorata 4
C. odorata 6
C. odorata 15
C. odorata 18
C. odorata 25
C. odorata 26
C. odorata 38
C. odorata 42
C. odorata 46
C. odorata 47
C. odorata 49
C. odorata 51
C. odorata 66
C. odorata 73
C. odorata 91
C. odorata 93
C. odorata 95
C. odorata 106
C. odorata 107
C. odorata 118
C. odorata 126
C. odorata 139
C. odorata 142
C. odorata 146
C. odorata 148
C. odorata 157
C. odorata 164
C. odorata 165
C. odorata 168
C. odorata 172
C. odorata 173
C. odorata 189
C. odorata 204
C. odorata 241
C. odorata 260
C. odorata 261
C. odorata 265

MO
Access.
6223559
2668729
4637842
6640602
4827967
3757857
5811248
5102948
6617027
4977761
5010752
4640261
5339623
4640062
5727817
3422417
6240056,
6240055
3506430
5836195
5854791
4393379
6074068
6346010
3325653
4393375
6064280
4393382
6148083
3756344
5010755
4393380
4566845
2833612
4262688
3496514
6240053
3907256
5757819

Country
ECU
PER
ECU
PER
ECU
ECU
ECU
PER
PER
BOL
ECU
ECU
ECU
ECU
ECU
PER

Lat
-0.37
-3.85
-0.72
-3.75
-0.02
-1.07
-0.02
-5.01
-12.65
-14.92
-1.97
-1.50
-0.65
-1.07
-0.72
-10.60

Long
-76.55
-73.41
-77.67
-73.25
-77.50
-77.60
-77.50
-78.34
-72.92
-67.08
-77.82
-78.50
-76.43
-77.62
-77.65
-75.38

MAT
(ºC × 10)
248
264
209
264
219
238
219
239
225
254
228
89
250
238
209
170

AP
(mm)
3261
2784
4193
2845
3639
3645
3639
2231
1408
1791
3615
1035
3152
3645
4193
1161

LAT
group
N
N
N
N
N
N
N
N
S
S
N
N
N
N
N
S

MAT
group
M
H
M
H
M
M
M
M
M
H
M
L
H
M
M
L

AP
group
H
M
H
M
H
H
H
M
L
L
H
L
H
H
H
L

PER
PER
BOL
ECU
PER
PER
PER
PER
PER
PER
PER
ECU
PER
ECU
PER
ECU
PER
PER
ECU
PER
ECU
PER

-2.50
-3.33
-14.45
-0.43
-3.83
-4.17
-12.54
-3.83
-3.75
-14.22
-3.92
-0.92
-3.80
-1.97
-5.16
-1.48
-3.67
-12.48
-3.42
-2.33
-1.57
-11.88

-75.83
-71.82
-68.20
-76.52
-73.33
-73.50
-69.05
-73.33
-73.25
-69.17
-73.58
-75.37
-73.42
-77.82
-78.29
-77.45
-72.92
-69.05
-78.58
-76.33
-77.42
-71.40

257
260
188
248
264
264
255
264
264
173
264
255
264
228
241
240
263
253
217
255
238
251

2728
2851
1587
3261
2845
2684
2166
2845
2845
1956
2752
2727
2855
3615
2360
3617
2811
2120
2267
3009
3665
2477

N
N
S
N
N
N
S
N
N
S
N
N
N
N
N
N
N
S
N
N
N
S

H
H
L
M
H
H
H
H
H
L
H
H
H
M
M
M
H
H
M
H
M
H

M
M
L
H
M
M
M
M
M
L
M
M
M
H
M
H
M
M
M
H
H
M

191
C. odorata 271
C. odorata 272
C. odorata 282
C. odorata 285

C. odorata 291
C. odorata 295
C. odorata 300
C. odorata 301
C. odorata 260
C. odorata 261
C. angustifolia 14
C. angustifolia 37
C. angustifolia 40
C. angustifolia 58
C. angustifolia 67
C. angustifolia 87
C. angustifolia 88
C. angustifolia 143
C. angustifolia 153
C. angustifolia 160
C. angustifolia 191
C. angustifolia 200
C. angustifolia 208
C. angustifolia 213
C. angustifolia 214
C. angustifolia 243
C. angustifolia 257
C. angustifolia 279
C. fissilis 9
C. fissilis 19
C. fissilis 35
C. fissilis 44
C. fissilis 53
C. fissilis 61
C. fissilis 78
C. fissilis 94
C. fissilis 96
C. fissilis 112
C. fissilis 124
C. fissilis 125
C. fissilis 130
C. fissilis 136
C. fissilis 140
C. fissilis 156
C. fissilis 158
C. fissilis 159
C. fissilis 184
C. fissilis 201
C. fissilis 203

4817573
4261750
3276881,
3276882
5009416
3530622,
3427512,
3385473
4640057
3422423
5207050
6240053
3907256
4403692
4909285
2155472,
6048320
3337413
6389820
6636912
3446491
6268702
4801311
6268580
3854501
3849395
4827968
6403751
6089805
5863134
4826714,
5894375
4838994
4780122
5969966
3474260,
3520045
5861952
4393381
6297159
6440154
5799963
6268701
4640039
5004109
6640601
4910184
4019628
5004112
6614959
6346014
4008255
3281779
3520044,
3474257
3781847

ECU
PER

-0.22
-11.92

-78.80
-71.30

152
250

1819
2554

N
S

L
H

L
M

PER
ECU

-5.75
-1.50

-77.67
-77.95

197
216

1228
4315

N
N

L
M

L
H

ECU
ECU
PER
PER
PER
ECU
BOL
BOL

-2.00
-0.50
-10.60
-4.92
-18.52
-17.87
-19.73
-9.13

-79.97
-76.83
-75.38
-78.32
-64.09
-64.25
-63.92
-77.75

255
247
170
242
255
238
158
180

881
3289
1161
2613
3009
3665
773
689

N
N
S
N
N
N
-

H
M
L
M
H
M
-

L
H
L
M
H
H
-

BOL
PER
BOL
PER
BOL
BOL
BOL
BOL
BOL
BOL
ECU
BOL
BOL
BOL

-19.15
-13.39
-21.42
-21.09
-18.07
-19.58
-16.50
-13.58
-3.83
-21.06
-19.75
-17.88
-18.81
-17.85

-65.26
-72.86
-64.27
-64.27
-63.92
-63.90
-68.12
-68.77
-79.42
-64.34
-64.48
-64.43
-63.89
-64.55

208
117
158
141
179
201
184
209
101
250
146
187
183
167

927
492
655
929
677
764
663
994
558
2283
934
689
743
644

-

-

-

BOL
BOL
BOL
BRA

-14.67
-12.42
-4.15
-15.21

-62.60
-64.23
-80.62
-68.70

189
169
250
259

948
645
1271
1506

-

-

-

PER
BOL
PER
PER
PER
BOL
BOL
ECU
BOL
PER
BOL
BOL
BOL
PER
PER
BOL
ECU

-12.78
-2.92
-12.76
-14.47
-21.07
-0.03
-13.55
-13.00
-15.06
-14.63
-14.76
-13.00
-12.43
-14.83
-0.03
-12.83
-12.78

-72.67
-76.25
-72.58
-68.54
-64.26
-76.70
-61.00
-72.05
-61.80
-62.62
-61.04
-72.63
-72.50
-67.08
-77.00
-69.28
-72.67

224
154
186
255
200
211
201
247
236
85
243
249
244
171
197
255
245

567
1088
1352
2544
1352
1737
764
3574
1735
720
1245
1305
1378
1223
1529
1765
3627

-

-

-

PER
PER

-17.70
-15.25

-63.39
-61.24

254
186

2391
1352

-

-

-

192
C. fissilis 205
C. fissilis 211
C. fissilis 223
C. fissilis 230
C. fissilis 249
C. fissilis 250
C. fissilis 252
C. fissilis 253
C. fissilis 254
C. fissilis 258
C. fissilis 259
C. fissilis 264
C. fissilis 268
C. fissilis 273
C. fissilis 275
C. fissilis 281
C. fissilis 286
C. fissilis 292
C. montana 11
C. montana 17
C. montana 27
C. montana 50
C. montana 55
C. montana 62
C. montana 68
C. montana 77
C. montana 92
C. montana 108
C. montana 109
C. montana 133
C. montana 152
C. montana 197
C. montana 210
C. montana 215
C. montana 225
C. montana 232
C. montana 239
C. montana 248
C. montana 303
C. montana 304
C. nebulosa 8
C. nebulosa 39
C. nebulosa 129
C. nebulosa 199
C. nebulosa 209
C. nebulosa 218
C. nebulosa 280
C. nebulosa 306
C. odorata 3
C. odorata 10
C. odorata 28
C. odorata 36
C. odorata 48
C. odorata 52

6387595
4826710
6064557
5863117
5874615
5861757
5863137
3583990
6050066
4886011
6636910
6032798
4826706
3782395
6617031
6279527
3219182
4989468
4639259
3585064
6024222
3252362
5010756
4861980
4639261,
4639262
4065977
6617021
4914295
4637845
4953300
4236535
3422449
3422448
5068387
4063208
4896703
5958220
4817585
3466596
4007762
5010751
4640271
3773603
5003840
4837966
6617022
5301769
5955027
5861950,
5861951
5807855
3732363
5684118
3303465
4311630

BOL
BOL
BOL
BOL
PER
BOL
BOL
PER
BOL
BOL
PER
BOL
BOL
PER
PER
BOL
PER
BOL
ECU
COL
ECU
COL
ECU
ECU

-14.22
-14.60
-10.07
-15.21
-14.76
-12.83
-19.81
-14.72
-13.08
-19.77
-17.70
-11.83
-13.22
-20.71
-11.87
-16.62
-0.38
10.47
-4.39
4.02
0.33
-1.50
-0.38
-0.60

-68.64
-61.49
-71.10
-68.62
-61.05
-69.28
-64.10
-63.97
-72.39
-63.98
-63.40
-71.42
-72.52
-64.05
-71.37
-67.50
-78.02
-72.83
-79.13
-75.88
-78.43
-78.45
-78.02
-78.45

238
240
217
241
253
165
244
254
203
256
109
208
238
250
114
214
251
179
80
171
155
155
123
89

1320
1267
1891
1383
1859
1125
1378
2391
926
1605
866
927
1320
2395
946
799
2477
1135
1336
1985
1247
1514
1209
1035

-

-

-

ECU
ECU
PER
ECU
ECU
ECU
ECU
PER
PER
ECU
ECU
ECU
ECU
ECU
PER
COL
ECU
ECU
ECU
ECU
ECU
PER
ECU
ECU

-13.42
-0.22
-0.45
0.08
0.08
-10.57
-10.57
0.22
-0.25
-0.33
-3.61
-0.23
-11.42
4.32
-1.97
-0.63
-0.67
-0.37
-0.30
-5.02
-4.18
-4.72
-15.21
11.43

-72.72
-78.80
-77.92
-78.50
-78.63
-75.37
-75.37
-78.25
-78.50
-78.50
-79.70
-78.80
-75.77
-74.30
-77.82
-77.85
-77.67
-78.87
-77.78
-78.90
-78.92
-78.96
-68.65
-85.55

80
56
100
152
134
156
168
170
170
129
151
151
213
152
70
91
228
136
178
175
176
213
170
170

1336
1104
860
1819
1729
916
1464
1161
1161
995
1181
1181
1286
1819
671
1268
3615
1922
3737
2275
2372
1306
1496
1374

-

-

-

BOL
NIC
CR
NIC
PER
CR

8.45
12.42
-5.08
10.53
-2.52
-9.18

-83.55
-86.88
-73.83
-85.30
-76.80
-72.68

165
263
254
269
270
256

1125
1703
3992
1496
2612
1762

-

-

-
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C. odorata 54
C. odorata 56
C. odorata 57
C. odorata 74
C. odorata 79
C. odorata 82
C. odorata 85
C. odorata 90
C. odorata 101
C. odorata 104
C. odorata 113
C. odorata 116
C. odorata 117
C. odorata 123
C. odorata 128
C. odorata 144
C. odorata 145
C. odorata 149
C. odorata 154
C. odorata 155
C. odorata 161
C. odorata 162
C. odorata 163
C. odorata 167
C. odorata 171
C. odorata 174
C. odorata 179
C. odorata 185
C. odorata 193
C. odorata 202
C. odorata 207
C. odorata 222
C. odorata 229
C. odorata 242
C. odorata 246
C. odorata 247
C. odorata 270
C. odorata 274
C. odorata 277
C. odorata 283
C. odorata 284
C. odorata 287
C. odorata 288
C. odorata 296
C. odorata 299
C. saltensis 20
C. saltensis 41
C. saltensis 75
C. saltensis 102
C. saltensis 186
C. saltensis 190
C. saltensis 233
C. saltensis 276

6322093
5969969
5755191
2151540
3584338
3248215
5879183
6570415
2205491
3286381
5931953
2072569
6240051
5879187
5034649
6240054
5879200
5879180
6065736
3807904
2151539
5879192
6570416
5879199
4622529
5850572
6449267
5807888
2211542
5000626
5027865
2029287
2593116
3201191
5879182
2151052
4887012
4794124
4914056
5807889
4336095
5027864
4784385
4565043
2204638
6636909,
6636908
3442034
6403805
5894370
3446492
5894359
6346009
6395936

ECU
BRA
CR
PAN
PER
NIC
NIC
NIC
PAN
NIC
BOL
PAN
PER
NIC
COL
PER
NIC
NIC
PER
BOL
PAN
NIC
NIC
NIC
CR
CR
NIC
PAN
PAN
VEN
COL
PAN
CR
COL
NIC
PAN
ECU
BOL
CR
CR
CR
COL
BRA
COL
PAN

10.04
9.11
-6.13
11.30
13.51
12.73
8.33
13.35
-21.04
9.16
-3.25
11.53
4.88
-3.33
11.20
11.85
-12.66
-16.58
8.70
13.00
12.89
13.42
10.34
9.92
13.23
8.52
9.16
9.60
6.53
9.16
10.43
3.63
11.70
8.33
1.03
-18.54
9.90
10.33
9.95
6.53
-9.39
6.92
8.52
-12.98
-22.37

-84.75
-79.69
-79.03
-85.70
-85.51
-85.74
-82.98
-86.52
-63.37
-79.82
-75.83
-85.68
-75.83
-76.33
-85.72
-85.95
-68.74
-64.52
-79.90
-86.27
-85.71
-86.58
-85.36
-84.26
-86.23
-82.70
-79.84
-72.92
-76.32
-79.82
-84.01
-76.72
-84.95
-82.98
-77.82
-63.96
-84.27
-84.08
-84.17
-76.32
-69.96
-75.07
-82.62
-72.34
-64.48

254
258
253
264
197
259
227
234
256
217
225
264
257
268
210
259
259
268
255
251
259
224
220
217
265
223
204
247
266
261
183
264
255
211
258
256
103
163
223
209
223
183
251
207
245

2824
1829
2319
2373
600
1781
2003
1389
2618
1298
749
2373
2322
1408
2272
2202
1781
1486
2037
3296
2244
1047
1752
1298
1767
2143
1397
3245
2433
2533
2646
2373
4036
1529
1947
2618
1303
837
2143
3707
2143
2646
1965
3310
3309

-

-

-

PER
BOL
BOL
BOL
BOL
BOL
PER
BOL

-21.12
-20.40
-22.27
-17.70
-12.66
-17.77
-0.37
-3.85

-64.24
-63.93
-64.50
-64.69
-72.28
-64.67
-76.55
-73.41

156
203
201
207
198
156
173
156

1133
1050
764
800
970
813
1303
813

-

-

-
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Table B2. Sequencing metrics for Cedrela specimens. Metrics include: Sequence Read archive (SRA)
Accession number, total sequence yield (in bp), sequenced reads with identity to the nuclear reference
genome assembly for C. odorata 300 (‘On-Target Yield’, in bp), percent of sequenced reads with nuclear
reference identity (‘On-Target %’), depth of coverage across the nuclear reference (‘On-Target Depth’;
e.g., 43.2X depth).

Specimen ID
C. angustifolia 14
C. angustifolia 37
C. angustifolia 40
C. angustifolia 58
C. angustifolia 67
C. angustifolia 87
C. angustifolia 88
C. angustifolia 143
C. angustifolia 153
C. angustifolia 160
C. angustifolia 191
C. angustifolia 200
C. angustifolia 208
C. angustifolia 213
C. angustifolia 214
C. angustifolia 243
C. angustifolia 257
C. angustifolia 279
C. fissilis 9
C. fissilis 19
C. fissilis 35
C. fissilis 44
C. fissilis 53
C. fissilis 61
C. fissilis 78
C. fissilis 94
C. fissilis 96
C. fissilis 112
C. fissilis 124
C. fissilis 125
C. fissilis 130
C. fissilis 136
C. fissilis 140
C. fissilis 156
C. fissilis 158
C. fissilis 159
C. fissilis 184
C. fissilis 201
C. fissilis 203
C. fissilis 205
C. fissilis 211
C. fissilis 223
C. fissilis 230

SRA Accession
SRS3531949
SRS3532053
SRS3532052
SRS3532027
SRS3532079
SRS3532119
SRS3532111
SRS3532109
SRS3532048
SRS3531964
SRS3531984
SRS3532076
SRS3531997
SRS3531999
SRS3532003
SRS3532154
SRS3532017
SRS3531953
SRS3532073
SRS3531955
SRS3531945
SRS3531987
SRS3532035
SRS3532081
SRS3532086
SRS3532013
SRS3532015
SRS3532019
SRS3531977
SRS3531973
SRS3532093
SRS3532132
SRS3532018
SRS3532045
SRS3532088
SRS3532090
SRS3532128
SRS3531978
SRS3532094
SRS3532096
SRS3532001
SRS3532077
SRS3532122

Sequence Yield
7429096
12443802
71306
11943044
14742998
1340798
1936880
10106614
10493782
18581608
11636338
350766
675662
6801914
4189746
6455940
5185694
7799848
1420196
6743548
9900030
6391560
15825018
8166168
11602534
10171040
14233228
2213306
5404948
11566822
6535050
7122942
15193916
11432984
11278404
857746
681710
373272
12789572
16657362
1550662
418736
4070230

On-Target Yield
2599266
4615892
6393
4385204
5415534
404540
510610
3586824
3904648
7027095
4257464
117647
139875
2483846
1592170
2013216
1911776
2620676
298732
2321041
3792665
2378265
6289460
2514543
4588513
3852503
5472997
447886
1983870
4348449
2305980
2671799
5506960
4203480
4318932
251966
86069
57009
4904719
6481308
284784
79193
1299263

On-Target %
35.0
37.1
9.0
36.7
36.7
30.2
26.4
35.5
37.2
37.8
36.6
33.5
20.7
36.5
38.0
31.2
36.9
33.6
21.0
34.4
38.3
37.2
39.7
30.8
39.5
37.9
38.5
20.2
36.7
37.6
35.3
37.5
36.2
36.8
38.3
29.4
12.6
15.3
38.3
38.9
18.4
18.9
31.9

On-Target Depth
43.2
55.5
0.5
70.5
64.0
9.0
14.2
47.8
48.2
84.2
50.4
4.2
4.4
36.6
27.9
41.0
34.8
49.6
9.0
44.4
60.7
29.5
85.5
40.3
77.0
46.5
63.3
11.4
38.8
81.8
40.4
40.6
86.4
72.4
72.4
6.9
3.3
2.3
84.7
75.2
7.7
3.0
26.6
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C. fissilis 249
C. fissilis 250
C. fissilis 252
C. fissilis 253
C. fissilis 254
C. fissilis 258
C. fissilis 259
C. fissilis 264
C. fissilis 268
C. fissilis 273
C. fissilis 275
C. fissilis 281
C. fissilis 286
C. fissilis 292
C. montana 11
C. montana 17
C. montana 27
C. montana 50
C. montana 55
C. montana 62
C. montana 68
C. montana 77
C. montana 92
C. montana 108
C. montana 109
C. montana 133
C. montana 152
C. montana 197
C. montana 210
C. montana 215
C. montana 225
C. montana 232
C. montana 239
C. montana 248
C. montana 303
C. montana 304
C. nebulosa 8
C. nebulosa 39
C. nebulosa 129
C. nebulosa 199
C. nebulosa 209
C. nebulosa 218
C. nebulosa 280
C. nebulosa 306
C. odorata 2
C. odorata 3
C. odorata 4
C. odorata 6
C. odorata 10
C. odorata 15
C. odorata 18
C. odorata 25
C. odorata 26
C. odorata 28
C. odorata 36
C. odorata 38

SRS3532024
SRS3532021
SRS3532022
SRS3532103
SRS3532102
SRS3532104
SRS3532057
SRS3532060
SRS3532061
SRS3532050
SRS3532004
SRS3532038
SRS3532044
SRS3532121
SRS3532071
SRS3531947
SRS3531954
SRS3532032
SRS3532033
SRS3532080
SRS3532085
SRS3532087
SRS3532114
SRS3532006
SRS3532097
SRS3532091
SRS3532029
SRS3532083
SRS3531992
SRS3532002
SRS3532078
SRS3532143
SRS3532141
SRS3532023
SRS3532138
SRS3532098
SRS3532072
SRS3532054
SRS3531986
SRS3532092
SRS3531965
SRS3532008
SRS3531952
SRS3532099
SRS3532067
SRS3532069
SRS3532065
SRS3532066
SRS3532068
SRS3531974
SRS3531948
SRS3531958
SRS3532063
SRS3531981
SRS3531946
SRS3532051

8424212
15614390
4427190
369756
17706424
3245154
5328006
23341976
17630474
4321778
1769588
19157788
8482274
8800654
207890
3417790
10187298
6771976
45763014
279542
12544882
20452028
4607812
8152502
15015466
2710686
140152
6373588
8831950
15625214
5116042
286504
2416258
2835792
12320844
3207788
5297340
9479504
18689796
5211912
5468802
10318132
7828756
7458648
7217054
561290
1051454
5376922
4750104
1516562
3799996
4249496
45333160
621194
15476602
3788280

3380934
6057198
1483123
84997
6716330
1079062
2071542
9032155
6867833
1654194
593928
7394206
3027617
3006545
49794
1083228
3559288
2096906
15676183
96635
4721812
7619345
1598923
3071441
5611706
754233
38738
2340095
3045578
5488735
1916156
101354
863945
874069
4828810
1078718
1545292
3499694
7462040
2073312
1973625
3696034
3101057
2997794
2610098
11061
353236
1850158
1742048
510113
1429835
1629709
17077609
47869
6098848
1269806

40.1
38.8
33.5
23.0
37.9
33.3
38.9
38.7
39.0
38.3
33.6
38.6
35.7
34.2
24.0
31.7
34.9
31.0
34.3
34.6
37.6
37.3
34.7
37.7
37.4
27.8
27.6
36.7
34.5
35.1
37.5
35.4
35.8
30.8
39.2
33.6
29.2
36.9
39.9
39.8
36.1
35.8
39.6
40.2
36.2
2.0
33.6
34.4
36.7
33.6
37.6
38.4
37.7
7.7
39.4
33.5

56.9
66.8
29.8
2.9
72.3
23.4
42.2
105.6
77.4
32.9
12.4
80.3
59.7
50.4
1.9
23.9
43.9
42.6
169.9
3.2
56.2
92.2
29.4
41.9
80.3
15.6
1.5
39.7
55.6
64.6
35.4
3.4
19.1
18.0
75.2
23.9
30.0
44.5
89.4
37.8
28.3
71.8
50.1
43.7
48.0
0.7
7.2
37.7
25.6
13.6
28.6
26.8
277.3
2.1
72.5
27.8
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C. odorata 42
C. odorata 46
C. odorata 47
C. odorata 48
C. odorata 49
C. odorata 51
C. odorata 52
C. odorata 54
C. odorata 56
C. odorata 57
C. odorata 66
C. odorata 73
C. odorata 74
C. odorata 79
C. odorata 82
C. odorata 85
C. odorata 90
C. odorata 91
C. odorata 93
C. odorata 95
C. odorata 101
C. odorata 104
C. odorata 106
C. odorata 107
C. odorata 113
C. odorata 116
C. odorata 117
C. odorata 118
C. odorata 123
C. odorata 126
C. odorata 128
C. odorata 139
C. odorata 142
C. odorata 144
C. odorata 145
C. odorata 146
C. odorata 148
C. odorata 149
C. odorata 154
C. odorata 155
C. odorata 157
C. odorata 161
C. odorata 162
C. odorata 163
C. odorata 164
C. odorata 165
C. odorata 167
C. odorata 168
C. odorata 171
C. odorata 172
C. odorata 173
C. odorata 174
C. odorata 179
C. odorata 185
C. odorata 189
C. odorata 193

SRS3532055
SRS3531950
SRS3532100
SRS3532101
SRS3532031
SRS3532028
SRS3532030
SRS3532037
SRS3532034
SRS3532025
SRS3532082
SRS3532084
SRS3532074
SRS3532116
SRS3532115
SRS3532118
SRS3532112
SRS3532113
SRS3532014
SRS3532016
SRS3532009
SRS3532012
SRS3532011
SRS3532007
SRS3531982
SRS3531983
SRS3531979
SRS3531980
SRS3531976
SRS3531975
SRS3531985
SRS3532131
SRS3532130
SRS3532129
SRS3532043
SRS3531972
SRS3532047
SRS3532026
SRS3531960
SRS3532036
SRS3532046
SRS3531963
SRS3531967
SRS3531966
SRS3531969
SRS3531968
SRS3531971
SRS3531970
SRS3531962
SRS3531961
SRS3532070
SRS3532125
SRS3532127
SRS3532120
SRS3532117
SRS3532039

8847086
1594280
3417404
87190
24916562
37381750
14797074
375694
482264
10995496
5744408
2244710
6155212
274082
17809116
9623054
5802204
7230702
8617600
2384938
5506314
8383290
17714560
733360
13523104
4748548
128290
19854470
9867036
3560480
9592310
5873172
11231786
309136
17167102
8566904
2023300
13453662
165774
19273226
1182746
3197726
11013068
15595034
27085314
6512280
7430498
3537524
4735052
629338
7215692
18967320
4997114
7149826
4622392
703508

3094303
336178
1303667
11870
9598842
15097492
5581038
23173
79280
3837671
2239926
615183
2386487
51891
6865873
3768906
1803343
2638140
3248633
697078
1914738
3255887
6824256
222053
4887011
1810823
20172
7792259
3902711
1311204
3544824
2325591
3394268
29516
6588173
3128395
406533
5111730
34997
7540105
362762
1200644
3882880
5580172
10907029
2370679
2547871
1407337
1793687
180687
2811677
7404956
1876650
2534259
1142419
19333

35.0
21.1
38.1
13.6
38.5
40.4
37.7
6.2
16.4
34.9
39.0
27.4
38.8
18.9
38.6
39.2
31.1
36.5
37.7
29.2
34.8
38.8
38.5
30.3
36.1
38.1
15.7
39.2
39.6
36.8
37.0
39.6
30.2
9.5
38.4
36.5
20.1
38.0
21.1
39.1
30.7
37.5
35.3
35.8
40.3
36.4
34.3
39.8
37.9
28.7
39.0
39.0
37.6
35.4
24.7
2.7

53.5
9.8
26.3
0.8
145.6
181.4
71.9
1.2
3.2
64.5
27.4
12.0
42.4
2.3
83.0
45.9
38.8
51.7
53.0
12.4
37.9
48.4
74.8
6.1
60.1
35.6
1.1
105.3
48.7
28.6
46.3
33.4
51.5
1.5
77.8
58.5
11.5
58.5
2.0
84.2
7.9
23.3
62.0
66.4
149.7
40.3
46.8
28.2
31.3
5.9
49.1
86.9
33.3
43.3
23.5
1.1
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C. odorata 202
C. odorata 204
C. odorata 207
C. odorata 222
C. odorata 229
C. odorata 241
C. odorata 242
C. odorata 246
C. odorata 247
C. odorata 260
C. odorata 261
C. odorata 265
C. odorata 270
C. odorata 271
C. odorata 272
C. odorata 274
C. odorata 277
C. odorata 282
C. odorata 283
C. odorata 284
C. odorata 285
C. odorata 287
C. odorata 288
C. odorata 291
C. odorata 295
C. odorata 296
C. odorata 299
C. odorata 300
C. odorata 301
C. saltensis 20
C. saltensis 41
C. saltensis 75
C. saltensis 102
C. saltensis 186
C. saltensis 190
C. saltensis 233
C. saltensis 276

SRS3532089
SRS3532095
SRS3531998
SRS3532005
SRS3532140
SRS3532142
SRS3532145
SRS3532105
SRS3532106
SRS3532058
SRS3532059
SRS3532062
SRS3532064
SRS3532075
SRS3532049
SRS3531956
SRS3531957
SRS3532040
SRS3531951
SRS3532041
SRS3532042
SRS3532135
SRS3532136
SRS3532137
SRS3532133
SRS3532134
SRS3532107
SRS3532108
SRS3532139
SRS3532000
SRS3532056
SRS3532020
SRS3532010
SRS3532110
SRS3532126
SRS3532144
SRS3531959

7403774
5064654
123520
12901010
6348348
2876290
11676386
14815126
14633024
17010252
3741878
11936188
5605808
8317058
6741748
5953122
8062754
6425120
4457842
6009668
903420
523606
320664
46870398
8933440
8566138
119210
27885716
1720394
1303156
2747542
32625292
6494914
2213902
803932
5933114
9042626

2785191
1382620
13168
4883778
2173076
945606
4540162
5928825
5698387
6421528
1345642
3974307
883191
2922632
2407956
2099350
3029637
2606946
1686519
2237841
240455
14889
21549
17223258
3504340
3284959
45517
10763538
632271
510193
1019898
12727203
2294133
577691
237866
2249149
3355823

37.6
27.3
10.7
37.9
34.2
32.9
38.9
40.0
38.9
37.8
36.0
33.3
15.8
35.1
35.7
35.3
37.6
40.6
37.8
37.2
26.6
2.8
6.7
36.7
39.2
38.3
38.2
38.6
36.8
39.2
37.1
39.0
35.3
26.1
29.6
37.9
37.1

35.1
30.8
0.8
65.5
42.7
17.9
53.6
72.6
71.1
78.9
26.1
80.0
19.6
56.4
44.3
41.0
40.7
46.1
20.2
44.9
6.4
0.9
1.2
182.2
56.5
52.6
2.1
116.7
13.4
11.4
23.1
137.6
42.8
13.6
7.0
39.8
38.2
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Table B3. DNA sequencing yield for C. odorata 300 after quality filtering, de novo assembly, and
identity filtering to remove contigs with organelle identity and retain contigs containing the hybridization
probe sequences. All lengths are in base pairs (bp).

Number of
sequences

Minimum
length

Raw Sequence Reads
Read pairs
13,942,858
101
Read Trimming and Quality Filtering via bbduk.sh
Read 1
11,920,286
80
Read 2
11,920,286
80
Sequences removed
2,022,572
Sequences removed
14.5
(%)
Nucleotides removed 422,549,558
Nucleotides removed
15.0
(%)
Read Extension via bbmerge.sh
Unextended read 1
8,607,829
80
Unextended read 2
8,607,829
80
Super reads
3,312,457
35
Super reads (%)
16.1
De novo Assembly via SPAdes
C.
odorata
300
17,546
90
Nuclear Sequence
Redundancy reduction via CD-Hit-est
C.
odorata
300
16,673
126
Nuclear Sequence
Sequences removed
873
Organelle Depletion with USEARCH
Chloroplast identity
16,672
126
Sequences removed
1
Mitochondrial
16,594
126
identity
Sequences removed
78
Retain Contigs with Probe Identity via USEARCH
C.
odorata
300
9,139
156
Nuclear Sequence
Sequences removed
7,455

Maximum
length

Total length

Average
Length

101

2,816,457,316

101

101
101

1,201,383,383
1,192,524,375

100.8
100.0

101
101
193

867350645
858,885,122
508,794,645

100.8
99.8
153.6

11,528

14,281,528

813.9

11,528

13,697,958

821.6

11,528

13,687,665

821.0

11,528

13,626,215

821.2

4,053

8,979,258

982.5
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Figure B1. Map shows locations where the Cedrela specimens originated. Specimens are color coded by
species. Labels show relevant country codes: NIC (Nicaragua), CR (Costa Rica), PAN (Panama), COL
(Colombia), VEN (Venezuela), ECU (Ecuador), PER (Peru), BOL (Bolivia), and BRA (Brazil).
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Figure B2. Density plot showing depth of coverage (log2 scale) distribution across enriched targets
(contigs from the C. odorata 300 nuclear reference) for each species.
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Figure B3. Violin plot showing depth of coverage (log2 scale) across enriched targets (contigs from the C.
odorata 300 nuclear reference) for each species. Mean depth of coverage for each species is indicated by
a diamond.
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Appendix C. Additional Methods and Results for Chapter 3: additional
chloroplast region sequencing.

Additional Materials and Methods
CEOD-NYBG was collected by Joseph Beitel in 1988 from Monte Albán, Oaxaca,
Mexico for the New York Botanical Garden (Appendix A, Table A1; Finch et al. 2019). After
observing unexpected placement of CEOD-NYBG across nuclear (Chapter 3, Fig. 3.1) and
chloroplast phylogenies (Chapter 2, Fig. 2.5; Chapter 3, Fig. 3.3), we further investigated the
taxonomic identity of the specimen by sequencing the chloroplast genes trnC-ycf6 and trnHpsbA from additional species. Sequencing primers followed (Cavers et al. 2013) such that
resulting sequences could join those currently available for the genus. Custom primers were
selected using the PrimerQuest tool (Integrated DNA Technologies, Inc., Coralville, IA, USA;
Owczarzy et al. 2008). We first searched for the forward and reverse primer sequences (Cavers
et al. 2013) within the multiple chloroplast alignment (Chapter 3, Methods), and extracted each
region including 100 bp flanking each primer sequence from a single individual. We selected C.
odorata 300 for this procedure since we used it as a reference taxon for other analyses (Chapter
3, Methods). We submitted the trnC-ycf6 and trnH-psbA regions to PrimerQuest, and in both
cases selected the previously published forward primer sequences for Cedrela (Cavers et al.
2013), and allowed the program to select the optimal reverse primer with the following criteria:
(i) low complementarity to the forward primer, (ii) similar annealing temperature as the forward
primer, (iii) similar and stable GC content as that of the forward primer. Additionally, we
avoided primers with multi-base runs of A and T bases that were not flanked by G and C bases,
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and selected suitable amplicon lengths: 630 bases for trnC-ycf6 and 593 bases for trnH-psbA
(Table C1). Primers were diluted to 100nM before use.
Samples sequenced for this analysis were collected from herbarium fragment packets at
the Missouri Botanical Garden Herbarium (MO; Table C2). Specimens included species endemic
to Central America: Cedrela dugesii S.Watson, C. oaxacensis C.DC. & Rose , C. salvadorensis
Standl., C. tonduzii C.DC. (Pennington and Muellner 2010), and specimens identified as C.
odorata L. originating in Mexico. We also included specimens identified as C. balansae C.DC.,
a species that does not occur in Central America, and specimens in the closely related genus
Toona: T. ciliata M.Roem. and T. sinensis (Juss.) M.Roem.. DNA was extracted from
herbarium-derived dry leaf tissue (150-200 mg from fragment packets) using a modified CTAB
procedure (AG-Biotech LLC, Monterey, CA, USA). DNAs were treated with Nucleon
PhytoPure resin (GE Healthcare Bio-Sciences, Marlborough, MA, USA) to remove
polysaccharides that might inhibit PCR amplification. PCR amplification of target regions was
performed with input DNA masses ranging from 50 to 155 ng and Phusion High-Fidelity PCR
Master Mix (New England Biolabs Inc., Ipswich, MA, USA) following the manufacturer
instructions for preparation and with the addition of 1 uL of bovine serum albumin (BSA,
Thermo Fisher Scientific, Waltham, MA, USA; Farell and Alexandre 2012). Primer
concentration was 0.5 uM per reaction for this procedure. Target regions were amplified by
applying the following program: initial denaturation for 30 seconds (s) at 98º C, followed by 30
cycles of denaturation at 98º C for 10 s, annealing at (55º for trnC-ycf6 and 52º C for trnH-psbA)
for 30 s, extension for 30 s at 72º C, and the final extension was for 5 min at 70º C. Product
concentration was quantified with fluorometry (Qubit, Thermo Fisher Scientific, Waltham, MA,
USA), and products were visually assessed for successful amplification with gel electrophoresis.
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PCR products were cleaned (AMPure XP, New England Biolabs Inc., Ipswich, MA, USA),
diluted to 30 ng, and combined with 12 pmol of each primer pair. Big Dye (Thermo Fisher
Scientific, Waltham, MA, USA) application and Sanger sequencing were performed on an ABI
3730 capillary sequence machine (Applied Biosystems, Foster City, CA, USA) at the Center for
Genome Research and Biocomputing (CGRB) of Oregon State University. Consensus sequences
were prepared with Geneious v. 7 (Kearse et al. 2012).
In addition to sequences prepared for this study, we gathered the trnC-ycf6 and trnHpsbA regions from three publicly available chloroplast genome assemblies: C. odorata
NC_037251.1 from Cuba (Mader et al. 2018) and T. ciliata NC_039592.1 (Xin et al. 2018).
McPherson et al. (2013) published 80 DNA contiguous sequences from several T. ciliata
individuals. We aligned these 80 contigs to the full sequence of T. ciliata NC_039592.1,
removed poorly assembled contigs, and generated a consensus sequence in Mesquite v. 3.31
[build 859] (Maddison and Maddison 2017). We labeled this sequence T. ciliata JX445410
(Table C2) and used the trnC-ycf6 and trnH-psbA regions for this analysis.
TrnC-ycf6 and trnH-psbA gene regions from herbarium specimens and online resources
were concatenated by individual and combined with target sequences extracted from draft
chloroplast genome assemblies (Chapter 3, Methods). We then used the “FFT-NS-i” method and
default parameters implemented in MAFFT (Katoh et al. 2017) to align trnC-ycf6 and trnH-psbA
across individuals. Phylogenetic relationships were inferred with maximum likelihood and 1,000
bootstrap replicates using with RAxML v. 8.2.10 (Stamatakis 2014) via the CIPRES online
server (Miller et al. 2011). For this analysis, the default secondary structure substitution model
was selected (16-state general time reversible [GTR]), and Swietenia mahagoni (L.) Jacq.
individuals were designated as the outgroup. All other parameters were default. A bootstrap
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majority rule consensus tree was generated with Mesquite with the required frequency of clades
set to 0.5. Bootstrap support values (converted to percent) were superimposed over the RAxML
best tree obtained from CIPRES. For reference, we also included the RAxML best tree showing
all bootstrap values (i.e., 0-100%). We used phytools, ggtree, and treeio in R to prepare trees.

Additional Results and Discussion
The phylogenetic tree based on concatenated chloroplast genes trnC-ycf6 and trnH-psbA
further support our suspicions that CEOD-NYBG is not C. odorata, but is another species of
Cedrela (log likelihood [lnL] = -2918.42; Fig. C1). CEOD-NYBG resolved within Clade B
among Central American endemic Cedrela species. Taxon relationships within Clade B were
highly supported across bootstrap replicates (Figs. C1 & C2). Unfortunately, we were only able
to include one specimen each from C. dugesii, C. oaxacensis, and C. salvadorensis. Due to low
resolution of CEOD-NYBG and other taxa in Clade B, the taxonomic identity of CEOD-NYBG
is uncertain. Target capture of nuclear genes (Finch et al. 2019) for these specimens would likely
better resolve relationships among these taxa. We specifically included three C. odorata from
Mexico in case CEOD-NYBG was a C. odorata with increased variation due to physical distance
from the rest of the data set, but these three individuals (C. odorata 332, 333, 334) resolved in
area C (Fig. C1). Because of their close phylogenetic relationship to C. odorata NC_037251.1
from Cuba, it is possible these individuals belong to C. odorata sensu stricto (presented in
Muellner et al. 2010 and Pennington and Muellner 2010; discussed in Chapter 3).
C. odorata 179 from Nicaragua was also positioned in Clade B among Central American
endemic taxa and near CEOD-NYBG. This result is consistent with nuclear and chloroplast
phylogenies presenting in Chapter 3 (Fig. 3.1). Again, it is uncertain the true taxonomic identity

206

of this specimen and the phylogenetic resolution provided by these markers, but it may not be a
C. odorata.
The Toona species included in this analysis form a highly supported clade (Fig. C1,
Clade A), and according to these markers, Toona was not nested within Cedrela as we saw with
full chloroplast genomes (Chapter 3, Fig. 3.3). The tree generated with chloroplast genome
sequences could suggest that the genus Cedrela may be the New World progenitor of Old World
Toona, and if confirmed by nuclear genes or SNPs, this would suggest a very different lineage
history for these sister genera than previously thought (Muellner et al. 2010; Koenen et al. 2015).
Alternatively, the chloroplast lineage present in Toona may be in conflict with its nuclear
phylogeny, which we show is possible in this plant group (Chapter 3, Results). Further analysis
with more robust genomic sampling is necessary to better understand the relationship of Toona
and Cedrela and resolve these conflicting topologies.
Cedrela balansae included in this analysis were present within the weakly supported
Clade E, and were among C. fissilis, C. nebulosa, C. odorata, and C. saltensis. Many individuals
in Clade E were present in Clade D in the nuclear phylogeny (Chapter 3, Fig. 3.1), and we
concluded this group includes misidentified C. fissilis (e.g., C. fissilis 44, 96, 254, 264, and 281;
Chapter 3, Figs. 3.1 & 3.6). This placement of C. balansae among C. saltensis and C. nebulosa
individuals was unexpected because C. balansae is thought to be a close relative of C. fissilis
(Pennington and Muellner 2010). However, with trnC-ycf6 and trnH-psbA the majority of C.
fissilis resolve areas G and H. Little was conclusive about the placement of C. balansae due to
the lack of resolution provided by this phylogeny, but further phylogenetic exploration for C.
balansae is warranted.
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Phylogenetic relationships among individuals included in Clades C, D, E, F, and G were
discussed in more detail in Chapter 3. These markers showed the same general trend as whole
chloroplast genomes: specimens tended to be resolved into Clades on the basis of geography
rather than taxonomic identification. Where species were resolved as closely related via these
markers, few phylogenetic relationships across the tree were supported in greater than 50% of
bootstrap replicates (Fig. C1). The bootstrap support tree showed that very few topologies were
consistent across replicates (Fig. C2).
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Appendix C. Tables and Figures

Table C1. Primer sequences selected for the amplification of trnC-ycf6 and trnH-psbA chloroplast gene
sequences.

Target
trnC-ycf6 Forward
trnC-ycf6 Reverse
trnH-psbA Forward
trnH-psbA Reverse

Primer sequence
5’-TTC CCC AGT TCA AAT CTG GG-3’
5’-CTC CGA CAC CCT TTC CAA TAA-3’
5’-GCA TGG TGG ATT CAC AAT C-3’
5’-GCT ACC CTT GGT ATG GAA GT-3’
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Table C2. Specimen source and collection information. Source abbreviations: Missouri Botanical Garden
Herbarium (MO), New York Botanical Garden (NYBG), and, National Center for Biotechnology
Information (NCBI).

Specimen ID
Cedrela balansae 354
C. balansae 355
C. balansae 359
C. balansae 360
C. dugesii 326
C. oaxacensis 330
C. odorata
C. odorata 332
C. odorata 333
C. odorata 334
C. salvadorensis 335
C. tonduzii 338
C. tonduzii 339
C. tonduzii 340

Source
MO
MO
MO
MO
MO
MO
NCBI
MO
MO
MO
MO
MO
MO
MO

Country
Bolivia
Paraguay
Paraguay
Paraguay
Mexico
Mexico
Cuba
Mexico
Mexico
Mexico
Mexico
Mexico
Mexico
Costa Rica

Latitude
-17.33
-25.75
-25.15
-25.90
19.55
17.46
20.16
16.93
17.01
16.72
16.74
17.88
15.33
9.96

Longitude
-60.75
-57.53
-57.23
-57.15
-101.37
-99.47
-76.68
-94.68
-95.82
-94.75
-97.63
-96.77
-92.25
-83.96

Composite Toona ciliata
T. ciliata
T. ciliata 315
T. ciliata 317
T. ciliata 319
T. microcarpa (syn. ciliata) 313
T. sinensis 308
T. sinensis 309
T. sinensis 310
T. sinensis 322
T. sinensis 323
T. sinensis 324

NCBI
NCBI
MO
MO
MO
MO
MO
MO
MO via NYBG
MO
MO
MO

Australia
China
Tanzania
Malawi
USA
Thailand
Asia
China
Uncertain
Asia
Asia
Asia

Multiple
26.05
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

Multiple
119.27
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

Accession
4826705
3818879
6580326
6580327
6428891
5846670
NC_037251.1
3876955
5807947
6728027
5807948
3863755
5807912
5850554
JX445406,10,11,
16,28,32,33,36,
43,49,50,51,53,
55,57,69,75,77,78,
82
NC_039592.1
4281724
2956659
3221948
4300667
4547179
5995598
4366741
4509253
4518428
3012242
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Figure C1. Maximum likelihood species tree inferred from chloroplast genes trnC-ycf6 and trnH-psbA.
Tips are color coded by latitude listed on the herbarium specimen label. The map shows the geographic
positions of all specimens included in the species tree. The colors in the column labeled “Spp” indicate

211

the species identification listed on the herbarium specimen label and correspond to the “Spp” legend.
Numbers at nodes indicate RAxML bootstrap support values for 1,000 replicates.
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Figure C2. RAxML best tree showing bootstrap support values for 1,000 bootstrap replicates (%).
Support values are color coded to indicate the level of support and correspond to the gradient legend. The
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colors in the column labeled “Spp” indicate the species identification listed on the herbarium specimen
label and correspond to the legend labeled “Spp”.

214

Appendix D. Additional Methods and Results for Chapter 4: vcf generation
and filtering.

Additional Materials and Methods
Our main objective for this research was to identify SNPs that may be useful to validate
specimen origin for C. odorata originating in South America. To assess variation across C.
odorata and identify putatively useful variations for origin assignment, we generated a variant
call format file (vcf; Danecek et al. 2011) with a protocol combining SAMtools v. 1.9 (Li et al.
2009) and the Genome Analysis Toolkit v. 3.7 (GATK; McKenna et al. 2010) that we have
previously described (Finch et al. 2019). Here, we began by aligning sequence reads from 97
individuals in the diversity panel baring the species determination, C. odorata, with BWA-MEM
v. 0.7.12-r1039 (Li and Durbin 2010; Li 2013) using the C. odorata 300 reduced-representation
nuclear genome sequence as the reference (Chapter 3, Methods). We then used SAMtools to
convert and sort alignment files, GATK to define and realign insertions and deletions, and
SAMtools mpileup to prepare a vcf.
Variant filtering was performed with VCFtools v. 0.1.17 (Danecek et al. 2011). We
homed in on putatively spatially informative SNPs for C. odorata from South America by
focusing on 54 individuals from Ecuador, Peru, and Bolivia (Chapter 4, Fig. 4.1). We then
filtered variants based on type removing insertion/deletion (indel) variants and multiallelic
variants. Next, SNPs with greater that 85% missing information were removed, and SNPs with a
minor allele frequency (MAF) less than 5% were removed to avoid rare variants. Finally,
individuals with greater than 15% missing information across SNP genotypes were removed. By
applying these stringent filtering parameters, we sought to provide a set of ‘high confidence’
SNPs for further analysis and eventual candidate selection for inclusion on a genotyping array.
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Additional Results
Our vcf contained information for 1.6×106 variants, and before performing variant
filtering, we removed genotypes from specimens outside of Ecuador, Peru, and Bolivia (Chapter
4, Fig. 4.1). We began filtering variants by removing 9.4×104 indels. Indels accounted for 5.9%
of total detected variants. Next, we removed 1.2×105 multi-allelic variants (7.8%) and retained
1.4×106 (86.3%) biallelic variants. At this point, mean percent missing information per SNP was
estimated to be 30.4% (range: 0 - 100%), and we removed SNPs with greater than 85% missing
information and 6.4×105 SNPs remained (40.2% of variants detected). Lastly, to avoid rare
variants we removed SNPs with a MAF less than 5%, and 144,083 SNPs remained (9.0% of
variants detected). Across these SNPs, missing information at the individual level was on
average 8.0% (range: 0-71.5%), and we removed individuals with greater than 15% missing
information. We used this set of genotypes and individuals (n = 46) as the basis for SNP
selection and genotyping array development.
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Appendix E. Chapter 4 Supplementary Tables and Figures
Table E1. Screening panel specimen accession and origin information (Latitude [Lat]; Longitude [Long]).
We include the genotyping call rate (CR; proportion of successful loci to total loci), the tissue type
category (Herbarium indicates dry leaf tissue; Leaf and Cambium indicate fresh tissues), and the source of
the material (Missouri Botanical Garden Herbarium [MO], Servicio Nacional Forestal y de Fauna
Silvestre [SERFOR], Universidad Nacional Agraria La Molina [UNALM], and Johann Heinrich von
Thünen Institute [VTI]). Country codes are: NIC (Nicaragua), CR (Costa Rica), PAN (Panama), COL
(Colombia), VEN (Venezuela), ECU (Ecuador), PER (Peru), BOL (Bolivia), Argentina (ARG), and BRA
(Brazil).

Specimen ID
C. odorata 1
C. odorata 2
C. odorata 3
C. odorata 4
C. odorata 5
C. odorata 6
C. nebulosa 8
C. fissilis 9
C. odorata 10
C. nebulosa 12
C. odorata 13
C. angustifolia 14
C. odorata 15
C. odorata 18
C. fissilis 19
C. saltensis 20
C. odorata 21
C. odorata 24
C. odorata 25
C. odorata 26
C. montana 27
C. odorata 29
C. fissilis 31
C. fissilis 35
C. odorata 36
C. angustifolia 37
C. nebulosa 39
C. angustifolia 40
C. saltensis 41
C. odorata 42
C. nebulosa 43
C. fissilis 44
C. odorata 46
C. odorata 47
C. odorata 49
C. odorata 52
C. fissilis 53
C. montana 55
C. odorata 57
C. odorata 59

Country
NIC
ECU
BOL
PER
PAN
ECU
ECU
BOL
NIC
PER
NIC
BOL
PER
ECU
BRA
PER
NIC
PER
ECU
ECU
ECU
ECU
ARG
PER
NIC
BOL
ECU
BOL
BOL
PER
ECU
BOL
BOL
ECU
ECU
CR
PER
ECU
CR
NIC

Lat
11.73
-0.37
-15.21
-3.85
7.49
-0.72
-1.97
-14.67
11.43
-5.08
12.94
-18.52
-3.75
-0.02
-12.42
-12.98
11.48
-12.58
-1.07
-0.02
-4.39
-0.92
-23.75
-4.15
12.42
-17.87
-0.63
-19.73
-22.37
-12.65
-2.98
-15.21
-14.92
-1.97
-1.50
10.53
-12.78
0.33
10.04
12.77

Long
-85.82
-76.55
-68.65
-73.41
-81.19
-77.67
-77.82
-62.60
-85.55
-78.88
-85.41
-64.09
-73.25
-77.50
-64.23
-72.34
-85.48
-69.05
-77.60
-77.50
-79.13
-75.37
-64.52
-80.62
-86.88
-64.25
-77.85
-63.92
-64.48
-72.92
-78.38
-68.70
-67.08
-77.82
-78.50
-85.30
-72.67
-78.43
-84.75
-85.52

CR
0.1
0.93
0
0.86
0.86
0.79
0.93
0.88
0.8
0.9
0.27
0.83
0.66
0.79
0.82
0.11
0.84
0.31
0.91
0.94
0.8
0.16
0.88
0.1
0.83
0.71
0.86
0.1
0.86
0.89
0.89
0.9
0.91
0.67
0.91
0.84
0.89
0.7
0.84
0.54

Tissue
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium

Source; Accession
MO; 5879201
MO; 6223559
MO; 5861950 & 5861951
MO; 2668729
MO; 6751006
MO; 4637842
MO; 5010751
MO; 4780122
MO; 5807855
MO; 6617015
MO; 6438578
MO; 4403692
MO; 6640602
MO; 4827967
MO; 5969966
MO; 6636909 & 6636908
MO; 5807860
MO; 5946309
MO; 3757857
MO; 5811248
MO; 6024222
MO; 6148082
MO; 5969972
MO; 3474260 & 3520045
MO; 5684118
MO; 4909285
MO; 4640271
MO; 2155472 & 6048320
MO; 3442034
MO; 6617027
MO; 4664824
MO; 5861952
MO; 4977761
MO; 5010752
MO; 4640261
MO; 4311630
MO; 4393381
MO; 5010756
MO; 5755191
MO; 5879178
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C. angustifolia 60
C. fissilis 61
C. angustifolia 64
C. odorata 65
C. odorata 66
C. angustifolia 67
C. montana 68
C. fissilis 70
C. fissilis 71
C. odorata 73
C. odorata 74
C. saltensis 75
C. montana 77
C. fissilis 78
C. odorata 80
C. odorata 81
C. odorata 82
C. odorata 83
C. fissilis 84
C. odorata 85
C. angustifolia 87
C. angustifolia 88
C. odorata 90
C. odorata 91
C. montana 92
C. odorata 93
C. fissilis 94
C. odorata 95
C. fissilis 96
C. angustifolia 97
C. odorata 99
C. odorata 101
C. saltensis 102
C. odorata 103
C. odorata 104
C. odorata 106
C. odorata 107
C. montana 108
C. montana 109
C. odorata 110
C. odorata 111
C. odorata 113
C. fissilis 115
C. odorata 116
C. odorata 117
C. odorata 118
C. odorata 120
C. odorata 122
C. odorata 123
C. fissilis 124
C. fissilis 125
C. odorata 126
C. odorata 127
C. odorata 128
C. nebulosa 129

BOL
PER
PER
ECU
ECU
BOL
ECU
BOL
BOL
ECU
PAN
BOL
ECU
PER
BOL
ECU
NIC
ECU
BOL
NIC
PER
BOL
NIC
PER
PER
PER
BOL
PER
BOL
BOL
NIC
PAN
BOL
COL
NIC
BOL
ECU
ECU
ECU
ECU
PAN
BOL
BOL
PAN
PER
PER
NIC
VEN
NIC
BRA
PER
PER
NIC
COL
ECU

-19.04
-2.92
-5.68
-3.43
-1.07
-19.15
-0.38
-13.60
-18.35
-0.72
9.11
-21.12
-0.60
-12.76
-9.83
-0.75
11.30
-1.26
-16.17
13.51
-13.39
-21.42
12.73
-10.60
-13.42
-2.50
-14.47
-3.33
-21.07
-18.07
13.35
8.33
-20.40
6.57
13.35
-14.45
-0.43
-0.22
-0.45
-0.45
9.38
-21.04
-14.61
9.16
-3.25
-3.83
11.47
7.58
11.53
-13.55
-13.00
-4.17
13.20
4.88
-0.67

-64.26
-76.25
-79.27
-78.58
-77.62
-65.26
-78.02
-61.55
-59.62
-77.65
-79.69
-64.24
-78.45
-72.58
-65.67
-76.47
-85.70
-77.89
-62.12
-85.51
-72.86
-64.27
-85.74
-75.38
-72.72
-75.83
-68.54
-71.82
-64.26
-63.93
-86.53
-82.98
-63.93
-76.32
-86.52
-68.20
-76.52
-78.80
-77.92
-77.00
-82.27
-63.37
-61.49
-79.82
-75.83
-73.33
-85.52
-63.12
-85.68
-61.00
-72.05
-73.50
-86.30
-75.83
-77.67

0.1
0.27
0.58
0.4
0.82
0.51
0.75
0.46
0.43
0.88
0.88
0.91
0.56
0.26
0.11
0.1
0.6
0.82
0.33
0.78
0.29
0.33
0.86
0.89
0.87
0.92
0.91
0.86
0.84
0.1
0.77
0.76
0.95
0.41
0.82
0.9
0.86
0.17
0.79
0.29
0.88
0.76
0.81
0.87
0.11
0.6
0.22
0.49
0.86
0.86
0.86
0.76
0.66
0.89
0.81

Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium

MO; 6403693
MO; 6297159
MO; 6640606
MO; 4838158
MO; 4640062
MO; 6389820
MO; 4639261 & 4639262
MO; 5025564
MO; 4360002
MO; 5727817
MO; 2151540
MO; 6403805
MO; 4065977
MO; 6440154
MO; 4280169
MO; 4659518
MO; 3248215
MO; 6672217 & 6672218
MO; 5863141
MO; 5879183
MO; 6636912
MO; 3446491
MO; 6570415
MO; 3422417
MO; 6617021
MO; 6240056 & 6240055
MO; 5799963
MO; 3506430
MO; 6268701
MO; 6048264
MO; 5879198
MO; 2205491
MO; 5894370
MO; 4249794
MO; 3286381
MO; 5836195
MO; 5854791
MO; 4914295
MO; 4637845
MO; 4953298
MO; 6425571
MO; 5931953
MO; 5025107
MO; 2072569
MO; 6240051
MO; 4393379
MO; 5807859
MO; 5077934
MO; 5879187
MO; 5004109
MO; 6640601
MO; 6074068
MO; 5684119
MO; 5034649
MO; 3773603
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C. fissilis 130
C. nebulosa 132
C. montana 133
C. odorata 137
C. odorata 139
C. fissilis 140
C. odorata 141
C. odorata 142
C. angustifolia 143
C. odorata 145
C. odorata 146
C. odorata 149
C. montana 150
C. odorata 151
C. angustifolia 153
C. odorata 154
C. odorata 155
C. fissilis 156
C. odorata 157
C. fissilis 158
C. fissilis 159
C. angustifolia 160
C. odorata 161
C. odorata 162
C. odorata 163
C. odorata 164
C. odorata 165
C. odorata 167
C. odorata 168
C. odorata 171
C. odorata 172
C. odorata 173
C. odorata 174
C. fissilis 175
C. odorata 176
C. odorata 178
C. odorata 179
C. odorata 181
C. odorata 182
C. odorata 185
C. saltensis 186
C. montana 187
C. odorata 188
C. odorata 189
C. saltensis 190
C. angustifolia 191
C. odorata 193
C. odorata 194
C. montana 197
C. nebulosa 199
C. angustifolia 200
C. fissilis 201
C. odorata 202
C. fissilis 203
C. odorata 204

BOL
PER
ECU
VEN
PER
BOL
ECU
PER
BOL
NIC
PER
NIC
PER
ECU
BOL
PER
BOL
PER
PER
PER
BOL
BOL
PAN
NIC
NIC
ECU
PER
NIC
ECU
CR
PER
ECU
CR
BOL
NIC
NIC
NIC
NIC
NIC
PAN
BOL
PER
ECU
PER
BOL
BOL
PAN
CR
PER
ECU
BOL
PER
VEN
PER
PER

-15.06
-5.17
0.08
7.58
-12.54
-14.76
-1.25
-3.83
-21.09
11.20
-3.75
11.85
-13.05
-2.17
-18.07
-12.66
-16.58
-13.00
-3.92
-12.43
-14.83
-19.58
8.70
13.00
12.89
-0.92
-3.80
13.42
-1.97
10.34
-5.16
-1.48
9.92
-14.61
12.17
11.18
13.23
11.90
11.77
8.52
-22.27
-5.83
-1.97
-3.67
-17.70
-16.50
9.16
9.45
-10.57
-0.37
-13.58
-12.83
9.60
-12.78
-12.48

-61.80
-78.57
-78.50
-63.12
-69.05
-61.04
-76.92
-73.33
-64.27
-85.72
-73.25
-85.95
-73.08
-80.13
-63.92
-68.74
-64.52
-72.63
-73.58
-72.50
-67.08
-63.90
-79.90
-86.27
-85.71
-75.37
-73.42
-86.58
-77.82
-85.36
-78.29
-77.45
-84.26
-61.49
-86.05
-84.98
-86.23
-84.40
-85.97
-82.70
-64.50
-77.83
-77.82
-72.92
-64.69
-68.12
-79.84
-83.83
-75.37
-78.87
-68.77
-69.28
-72.92
-72.67
-69.05

0.88
0.31
0.78
0
0.92
0.26
0.69
0.24
0.75
0.83
0.92
0.81
0.74
0.79
0.78
0.84
0.72
0.92
0.91
0.87
0.81
0.82
0.88
0.83
0.79
0.86
0.89
0.74
0.95
0.85
0.89
0.91
0.71
0.81
0.82
0.68
0.79
0.78
0.32
0.16
0.84
0.67
0.61
0.88
0.81
0.81
0.16
0.43
0.89
0.94
0.91
0.86
0.26
0.86
0.88

Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium

MO; 4910184
MO; 6638071
MO; 4953300
MO; 4628901
MO; 6346010
MO; 5004112
MO; 3757827
MO; 3325653
MO; 6268702
MO; 5879200
MO; 4393375
MO; 5879180
MO; 6617023
MO; 5301762
MO; 4801311
MO; 6065736
MO; 3807904
MO; 6614959
MO; 4393382
MO; 6346014
MO; 4008255
MO; 6268580
MO; 2151539
MO; 5879192
MO; 6570416
MO; 6148083
MO; 3756344
MO; 5879199
MO; 5010755
MO; 4622529
MO; 4393380
MO; 4566845
MO; 5850572
MO; 4916036
MO; 5879195
MO; 5879197
MO; 6449267
MO; 3158060
MO; 5807857
MO; 5807888
MO; 3446492
MO; 3635757
MO; 5010757
MO; 2833612
MO; 5894359
MO; 3854501
MO; 2211542
MO; 5807903
MO; 3422449
MO; 5003840
MO; 3849395
MO; 3520044 & 3474257
MO; 5000626
MO; 3781847
MO; 4262688
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C. fissilis 205
C. odorata 207
C. angustifolia 208
C. nebulosa 209
C. montana 210
C. fissilis 211
C. odorata 212
C. angustifolia 213
C. angustifolia 214
C. montana 215
C. montana 216
C. nebulosa 218
C. odorata 221
C. odorata 222
C. montana 225
C. odorata 226
C. odorata 228
C. odorata 229
C. fissilis 230
C. montana 231
C. montana 232
C. saltensis 233
C. angustifolia 234
C. angustifolia 235
C. fissilis 236
C. angustifolia 238
C. montana 239
C. odorata 241
C. odorata 242
C. angustifolia 243
C. odorata 245
C. odorata 246
C. odorata 247
C. montana 248
C. fissilis 249
C. fissilis 250
C. nebulosa 251
C. fissilis 252
C. fissilis 254
C. odorata 255
C. angustifolia 256

BOL
COL
ECU
ECU
PER
BOL
BRA
BOL
BOL
ECU
COL
PER
ECU
PAN
ECU
ECU
NIC
CR
BOL
ECU
ECU
PER
BOL
BOL
PER
PER
ECU
ECU
COL
BOL
NIC
NIC
PAN
ECU
PER
BOL
PER
BOL
BOL
ECU
BOL

-17.70
6.53
-3.83
-0.30
-10.57
-15.25
-10.85
-21.06
-19.75
0.22
7.50
-5.02
-0.65
9.16
-0.25
0.03
12.20
10.43
-14.60
0.42
-0.33
-12.66
-20.34
-19.01
-12.77
-12.48
-3.61
-3.42
3.63
-17.88
12.18
11.70
8.33
-0.23
-10.07
-15.21
-5.25
-14.76
-19.81
-0.50
-13.54

-63.39
-76.32
-79.42
-77.78
-75.37
-61.24
-68.80
-64.34
-64.48
-78.25
-73.08
-78.90
-79.08
-79.82
-78.50
-76.70
-85.18
-84.01
-61.49
-77.75
-78.50
-72.28
-64.04
-64.33
-72.62
-72.33
-79.70
-78.58
-76.72
-64.43
-85.32
-84.95
-82.98
-78.80
-71.10
-68.62
-78.63
-61.05
-64.10
-77.83
-61.88

0.88
0.47
0.77
0.89
0.6
0.81
0.91
0.83
0.81
0.53
0.86
0.94
0.81
0.92
0.81
0.52
0.89
0.85
0.88
0.81
0.76
0.87
0.73
0.68
0.85
0.87
0.74
0.9
0.93
0.39
0.76
0.89
0.8
0.81
0.83
0.81
0.91
0.67
0.92
0.91
0.75

Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium

C. angustifolia 257
C. fissilis 258
C. fissilis 259
C. odorata 260
C. odorata 261
C. montana 263
C. fissilis 264
C. odorata 265
C. fissilis 268
C. odorata 269
C. odorata 270
C. odorata 271
C. odorata 272

BOL
BOL
PER
ECU
ECU
ECU
BOL
PER
BOL
NIC
COL
ECU
PER

-18.81
-14.72
-13.08
-2.33
-1.57
-0.03
-19.77
-11.88
-17.70
12.35
1.03
-0.22
-11.92

-63.89
-63.97
-72.39
-76.33
-77.42
-78.62
-63.98
-71.40
-63.40
-85.22
-77.82
-78.80
-71.30

0.81
0.9
0.91
0
0.88
0.26
0.81
0.24
0.83
0.83
0.46
0.84
0.79

Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium

MO; 6387595
MO; 5027865
MO; 4827968
MO; 4837966
MO; 3422448
MO; 4826710
MO; 5965245
MO; 6403751
MO; 6089805
MO; 5068387
MO; 6407975
MO; 6617022
MO; 6150205
MO; 2029287
MO; 4063208
MO; 3494675
MO; 6438947
MO; 2593116
MO; 5863117
MO; 3773604
MO; 4896703
MO; 6346009
MO; 6268579
MO; 5946807
MO; 6346015 & 6346016
MO; 6617026
MO; 5958220
MO; 3496514
MO; 3201191
MO; 5863134
MO; 6564293
MO; 5879182
MO; 2151052
MO; 4817585
MO; 5874615
MO; 5861757
MO; 6638069 & 6638068
MO; 5863137
MO; 6050066
MO; 4639401
MO; 6036319
MO; 04826714 &
5894375
MO; 4886011
MO; 6636910
MO; 6240053
MO; 3907256
MO; 4826562
MO; 6032798
MO; 5757819
MO; 4826706
MO; 6359891
MO; 4887012
MO; 4817573
MO; 4261750
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C. fissilis 273
C. odorata 274
C. fissilis 275
C. saltensis 276
C. odorata 277
C. odorata 278
C. angustifolia 279
C. nebulosa 280
C. fissilis 281
C. odorata 282
C. odorata 283
C. odorata 284
C. odorata 285
C. fissilis 286
C. fissilis 289

PER
BOL
PER
BOL
CR
ECU
BOL
ECU
BOL
PER
CR
CR
ECU
PER
BRA

-11.83
-18.54
-13.22
-17.77
9.90
-4.15
-17.85
-4.18
-20.71
-5.75
10.33
9.95
-1.50
-11.87
-2.88

-71.42
-63.96
-72.52
-64.67
-84.27
-79.12
-64.55
-78.92
-64.05
-77.67
-84.08
-84.17
-77.95
-71.37
-59.97

0.74
0.83
0.86
0.9
0.8
0.86
0.11
0.96
0.9
0.92
0.86
0.83
0.92
0.91
0.62

Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium

C. odorata 291
C. fissilis 292
C. angustifolia 293
C. angustifolia 294
C. odorata 295
C. odorata 296
C. odorata 297
C. odorata 298
C. odorata 299
C. odorata 300
C. odorata 301
C. odorata 302
C. montana 303
C. montana 304
C. nebulosa 306
C. longipetiolulata CLOSF1-07
C. longipetiolulata CLOSF1-08
Cedrela sp. CLOSF2-01
Cedrela sp. CLOSF2-02
Cedrela sp. CLOSF2-03
Cedrela sp. CLOSF1-02
Cedrela sp. CLOSF1-03
Cedrela sp. CLOSF1-01
Cedrela sp. CLOSF3-03
Cedrela sp. CLOSF3-01
C. nebulosa CPAUA1-11
Cedrela sp. CPAUA1-10
C. nebulosa CPAUA1-12
C. nebulosa CPAUA1-09
C. odorata CPAUA1-08
Cedrela sp. CPAUA1-07
C. saltensis CPAUA1-14
C. saltensis CPAUA1-13
C. nebulosa CPAUA1-16
C. nebulosa CPAUA1-15
C. fissilis CJUUA1-02
Cedrela sp. CMDSF2-04
Cedrela sp. CMDSF2-05
Cedrela sp. CMDSF2-07

ECU
BOL
BOL
BOL
ECU
COL
ECU
ECU
PAN
PER
PER
ECU
PER
COL
ECU
BRA
BRA
BRA
BRA
BRA
BRA
BRA
BRA
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER

-2.00
-16.62
-17.83
-19.04
-0.50
6.92
-0.43
-2.10
8.52
-10.60
-4.92
-0.42
-11.42
4.32
-4.72
-2.53
-2.53
-4.01
-4.02
-4.04
-4.23
-4.23
-4.23
-4.24
-4.26
-10.28
-10.38
-10.40
-10.41
-10.49
-10.54
-10.62
-10.63
-10.65
-10.67
-10.95
-11.02
-11.06
-11.06

-79.97
-67.50
-64.67
-64.26
-76.83
-75.07
-76.52
-78.18
-82.62
-75.38
-78.32
-76.62
-75.77
-74.30
-78.96
-68.07
-68.07
-66.13
-66.14
-66.16
-66.09
-66.08
-66.09
-77.77
-71.76
-75.54
-75.53
-75.54
-75.51
-75.46
-75.44
-75.42
-75.42
-75.35
-75.39
-75.24
-69.98
-69.99
-69.98

0.77
0.89
0.69
0.75
0.92
0.88
0.86
0.88
0.89
0.92
0.93
0
0.89
0.81
0.32
0.87
0.9
0.86
0.89
0.86
0.89
0.89
0.9
0.84
0.89
0.94
0.96
0.94
0.94
0.9
0.94
0.94
0.93
0.95
0.91
0.88
0.91
0.9
0.86

Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Herbarium
Leaf
Leaf
Leaf
Leaf
Leaf
Cambium
Cambium
Leaf
Cambium
Leaf
Leaf
Cambium
Cambium
Cambium
Cambium
Leaf
Cambium
Leaf
Cambium
Cambium
Leaf
Cambium
Cambium
Leaf

MO; 3782395
MO; 4794124
MO; 6617031
MO; 6395936
MO; 4914056
MO; 3893406
MO; 4838994
MO; 5301769
MO; 6279527
MO; 3276881 & 3276882
MO; 5807889
MO; 4336095
MO; 5009416
MO; 3219182
MO; 4827971
MO; 3530622, 3427512
& 3385473
MO; 4989468
MO; 4801299
MO; 6403675
MO; 4640057
MO; 4565043
MO; 6223549
MO; 6028460 & 6028461
MO; 2204638
MO; 3422423
MO; 5207050
MO; 4659510
MO; 3466596
MO; 4007762
MO; 5955027
SERFOR
SERFOR
SERFOR
SERFOR
SERFOR
SERFOR
SERFOR
SERFOR
SERFOR
SERFOR
UNALM
UNALM
UNALM
UNALM
UNALM
UNALM
UNALM
UNALM
UNALM
UNALM
UNALM
SERFOR
SERFOR
SERFOR
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Cedrela sp. CMDSF2-06
C. fissilis CJUUA1-01
C. odorata CJUUA1-03
C. odorata CJUUA1-06
C. odorata CJUUA1-04
Cedrela sp. CMDSF1-06
Cedrela sp. CMDSF1-04
Cedrela sp. CMDSF1-05
C. angustifolia CHVUA01-002
C. weberbaueri CHVUA01-001
C. angustifolia CHVUA01-004
C. weberbaueri CHVUA01-003
C. odorata 740
C. fissilis 66
C. odorata 759
C. odorata 782
C. odorata 742
C. fissilis 64
C. odorata 927
C. fissilis 126
C. fissilis 76
C. odorata 947
C. odorata 1002
C. odorata 999
C. fissilis 129
C. fissilis 271
C. odorata 1022
C. fissilis 262
C. fissilis 28
C. fissilis 58
C. fissilis 291
C. fissilis 289
C. fissilis 302
C. odorata 346
C. odorata 455
C. odorata 347
C. odorata 401
C. odorata 447
C. odorata 444
C. odorata 123
C. odorata 124
C. odorata 412
C. odorata 417
C. odorata 438
C. odorata 136
C. odorata 137
C. odorata 1106
C. odorata 1574
C. odorata 1437
C. odorata 1179
C. odorata 1177
C. odorata 1362
C. odorata 1374
C. odorata 1570
C. odorata 1571

PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
BOL
BOL
BOL
BOL
BOL
BOL
BOL
BOL
BOL
BOL
BOL
BOL
BOL
BOL
BOL
BOL
BOL
BOL
BOL
BOL
BOL
ECU
ECU
ECU
ECU
ECU
ECU
ECU
ECU
ECU
ECU
ECU
ECU
ECU
PER
PER
PER
PER
PER
PER
PER
PER
PER

-11.06
-11.09
-11.10
-11.10
-11.10
-11.19
-11.20
-11.20
-12.07
-12.08
-12.34
-12.36
-10.30
-10.35
-10.49
-10.98
-10.98
-11.06
-11.10
-11.11
-11.13
-11.15
-14.10
-14.16
-14.30
-15.42
-15.53
-15.62
-16.25
-17.46
-17.84
-17.87
-18.34
0.36
0.34
0.24
0.24
0.17
0.17
0.00
0.00
-0.10
-0.13
-0.94
-4.00
-4.00
-2.50
-3.31
-3.62
-3.78
-3.80
-3.96
-3.98
-4.84
-4.86

-69.99
-75.35
-75.35
-75.35
-75.35
-70.32
-70.33
-70.34
-74.89
-74.74
-74.63
-74.63
-65.39
-65.40
-65.53
-65.72
-65.72
-66.05
-69.10
-68.89
-68.40
-68.03
-67.85
-67.90
-67.73
-63.19
-67.27
-63.11
-62.28
-63.65
-63.30
-63.33
-59.60
-79.72
-79.73
-79.86
-79.85
-79.05
-79.05
-79.81
-79.81
-79.00
-79.00
-79.76
-79.20
-79.20
-73.79
-73.21
-72.26
-73.56
-73.57
-70.85
-70.86
-75.13
-75.14

0.89
0.88
0.81
0.81
0.91
0.87
0.91
0.91
0.77
0.89
0.81
0.88
0.9
0.88
0.89
0.89
0.89
0.84
0.84
0.89
0.88
0.74
0.89
0.84
0.86
0.89
0.85
0.86
0.58
0.87
0.79
0.86
0.88
0.81
0.84
0.92
0.93
0.82
0.81
0.93
0.79
0.79
0.8
0.91
0.81
0.82
0.83
0.88
0.89
0.91
0.89
0.88
0.88
0.89
0.87

Cambium
Cambium
Leaf
Leaf
Leaf
Leaf
Cambium
Leaf
Leaf
Leaf
Cambium
Leaf
Cambium
Leaf
Leaf
Cambium
Cambium
Leaf
Cambium
Leaf
Leaf
Cambium
Cambium
Leaf
Leaf
Cambium
Cambium
Leaf
Leaf
Leaf
Cambium
Cambium
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf

SERFOR
UNALM
UNALM
UNALM
UNALM
SERFOR
SERFOR
SERFOR
UNALM
UNALM
UNALM
UNALM
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
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C. odorata 1537
C. odorata 1534
C. odorata 1535
C. odorata 1117
C. odorata 1116
C. odorata 1623
C. odorata 1613
C. odorata 1467
C. odorata 1462
C. odorata 1480
C. odorata 1474
C. odorata 1559
C. fissilis 344
C. odorata 1557
C. odorata 1358
C. odorata 1339
C. odorata 1344
C. odorata 1346
C. fissilis 227
C. odorata 1288
C. odorata 1279
C. odorata 1291
C. odorata 1226
C. odorata 1315
C. fissilis 236
C. odorata 1322
C. odorata 1260
C. fissilis 157
C. fissilis 175
C. odorata 1204
C. odorata 1203
C. odorata 1221
C. odorata 1205
C. odorata 1539
C. fissilis 207
C. odorata 1258
C. odorata 1231
C. odorata 1404
C. odorata 1401
C. odorata 1483
C. odorata 1481
C. odorata 1489
C. odorata 1493

PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER
PER

-4.86
-4.86
-4.86
-4.90
-4.91
-5.05
-5.06
-5.17
-5.19
-5.22
-5.23
-5.98
-6.00
-6.01
-6.41
-6.43
-6.44
-6.45
-7.22
-7.22
-7.28
-7.34
-9.37
-9.48
-9.48
-9.50
-9.98
-10.16
-10.55
-10.55
-10.56
-10.57
-10.58
-10.60
-11.11
-11.12
-11.19
-11.84
-11.90
-12.57
-12.57
-12.83
-12.84

-73.69
-73.70
-73.70
-73.74
-73.74
-74.56
-74.55
-76.11
-76.10
-76.30
-76.31
-75.83
-75.84
-75.81
-74.80
-74.80
-74.79
-74.79
-74.95
-74.95
-75.00
-75.01
-74.18
-72.73
-72.72
-72.70
-73.75
-70.99
-73.05
-73.05
-73.07
-72.99
-73.07
-73.07
-69.77
-69.80
-69.78
-71.39
-71.40
-70.10
-70.08
-69.29
-69.29

0.88
0.89
0.89
0.91
0.92
0.88
0.86
0.86
0.29
0.86
0.87
0.86
0.79
0.85
0.89
0.91
0.92
0.89
0.84
0.94
0.93
0.91
0.86
0.83
0.6
0.84
0.65
0.13
0.72
0.83
0.88
0.87
0.85
0.81
0.81
0.91
0.86
0.91
0.87
0.81
0.86
0.9
0.86

Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf

VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
VTI
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Table E2. SPASIBA K-fold cross-validation results for observed genotypes and random genotypes with
and without imputation of missing data. All values are in kilometers (km) and were calculated by
estimating the distance between the sampling location and the predicted origin for C. odorata s.l.
specimens.

Data Type
Imputed
Unimputed

Randomized Genotypes
(Estimated Mean, Median, Range)
1034.8, 919.2, 7.0 - 3033.8
1009.7, 895.2, 9.7 - 3033.6

Observed Genotypes
(Estimated Mean, Median, Range)
487.8, 268.4, 9.3 - 2490.1
503.1, 252.5, 6.7 - 2540.8
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Figure E1. Correlation matrix for mean annual temperature (MAT), annual precipitation (mm), and
latitude (LAT; here reciprocal values transformed with log2). Values were obtained via WorldClim2 for
46 C. odorata specimens from the diversity panel used for SNP selection (Appendix B, Table B1).
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Figure E2. Map shows locations for Cedrela specimens screened with the MassARRAY iPLEX® 140
SNP assay (n = 356). Specimens are color coded by species. Labels show relevant country codes: NIC
(Nicaragua), CR (Costa Rica), PAN (Panama), COL (Colombia), VEN (Venezuela), ECU (Ecuador),
PER (Peru), BOL (Bolivia), and BRA (Brazil).

226

Figure E3. We genotyped a set of 10 replicates from two individuals to evaluate the influence of DNA
mass input (50 ng, 75 ng,100 ng, 200 ng, 300 ng) on the resulting call rate. Input DNAs shown were
extracted from dry herbarium specimen leaf tissue. Dots show the average call rate for two input
replicates from the same individual. The gold dots and line correspond to C. odorata 83 replicates and the
blue dots and line correspond to C. odorata 291 replicates. The red dashed line shows the MassARRAYrecommended input DNA amount for genotyping.
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Figure E4. Genotyping call rate by source tissue type. Cambium (brown) and fresh leaf (green) genotypes
derived from DNA extracted from fresh tissues. Herbarium (grey) indicates DNA derived from dry leaf
tissue sampled from herbarium specimens at a range of ages (since 1970). The red dashed line indicates a
call rate of 0.75 or the call rate threshold we established for filtering genotypes for further analysis.
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Figure E5. Genotyping call rate by species and source tissue type. Boxplots show a summary of the call
rate distribution for each species. Points show call rate for each individual. Points were colored to indicate
source tissue type (brown = fresh cambium, grey = dry herbarium leaf, green = fresh leaf). The red dashed
line indicates a call rate of 0.75, or the call rate threshold we established for filtering genotypes for further
analysis.
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Figure E6. SPASIBA K-fold cross-validation results for observed genotypes and random genotypes with
and without imputation of missing data.
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Figure E7. Map showing the distribution of C. odorata s. l. specimens used for spatial assignment with
SPASIBA. Points are colored according the prediction error from the leave-one-out cross-validation
analysis (minimum distance between the sampling location and the predicted origin [km] across
replicates); blues are low error estimates, yellows are intermediate estimates, and reds are high error
estimates. Labels show relevant country codes: COL (Colombia), ECU (Ecuador), PER (Peru), BOL
(Bolivia), and BRA (Brazil).
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Appendix F. Additional Methods and Results for Chapter 4: assessing the
effect of sample density on SPASIBA origin prediction error.

Additional Materials and Methods
SPASIBA documentation (Guillot et al. 2016) describes a relationship between sample
density on prediction error such that samples originating in areas of higher sample density show
lower prediction error. We wanted to determine if this relationship was detectable in the leaveone-out cross-validation (LOOCV) results for each sampled specimen. To assess sample density,
we estimated the mean pairwise distance for each specimen and its ten closest neighboring
specimens. We used a linear model to assess the relationship between sample density (estimated
mean distances for specimen neighborhoods) and LOOCV prediction error for each specimen.
Sample density and prediction error were Log10 transformed to meet the assumptions of a linear
model. These analyses were performed in R.

Additional Results
We found no relationship between mean pairwise distance between a specimen and its
ten closest neighbors and its LOOCV prediction error via SPASIBA (slope estimate = 0.135;
adjusted r2 = 0.009).
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Appendix G. Additional Methods and Results for Chapter 4: Mantel tests.

Additional Materials and Methods
We were concerned that we had violated the SPASIBA assumption that spatial autocovariance of allele frequencies diminishes with geographic distance (Guillot et al. 2016)
because we selected SNPs differentiated on spatial gradients and environmental gradients. SNPs
selected for this assay showed stronger differentiation (FST) by climatic gradients (precipitation
and temperature) than to gradients in geographic distance (latitude; Chapter 4, Fig. 4.1 G). It is
possible that we selected SNPs that are strongly differentiated at minimal geographic distance
especially for geographic areas where geographically proximate samples originated from
multiple FST test categories (Chapter 4, Figs. 4.1B & C).
We used Mantel tests (Goslee and Urban 2007) to investigate the strength of associations
between matrices of individual pairwise genetic distance and: (i) pairwise geographic distance,
(ii) pairwise mean annual temperature (MAT) distance, and (iii) pairwise annual precipitation
distance. This analysis was performed for C. odorata s. l. specimens (n = 148) and the 118 SNPs
used for the SPASIBA analysis. We generated pairwise geographic distances in kilometers as
described for calculating prediction error for the SPASIBA analyses (Chapter 4, Materials and
Methods, Continuous Spatial Assignment with SPASIBA). We calculated pairwise genetic
distances from scaled allele frequencies via package adegenet function scaleGen (Jombart and
Ahmed 2011). To generate pairwise MAT and AP distance matrices, we associated sampling
locations for all specimens to MAT and AP environmental variables via WorldClim 2 (Fick and
Hijmans 2017). The genetic, MAT, and AP distance matrices were generated with Euclidean
distances via R package ecodist (Goslee and Urban 2007). Mantel tests were performed with the
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mantel function (ecodist) and 1,000,000 permutations. Ranked Mantel tests are recommended for
geographic distances (Goslee and Urban 2007); we performed both ranked and unranked Mantel
tests for each pair of matrices.

Additional Results
We observed that pairwise genetic distance was more strongly associated with pairwise
MAT and AP distances than pairwise geographic distance (Table G1). Due to the strength of the
MAT and AP correlations, our allele frequency surfaces for SPASIBA may have been irregular
or lacking a dominant cline leading to reduced assignment accuracy.

234

Appendix G. Tables and Figures

Table G1. Results from Mantel tests assessing associations between matrices of individual pairwise
genetic distance and: (i) pairwise geographic distance (Genetic  Geographic), (ii) pairwise mean annual
temperature distance (Genetic  MAT), and (iii) pairwise annual precipitation distance (Genetic  AP).

Matrices

Ranked

Mantel’s r

Mantel’s r 97.5% C. I.

p-value 1

Genetic  Geographic

FALSE
TRUE
FALSE
TRUE
FALSE
TRUE

0.072
0.078
0.417
0.416
0.230
0.262

0.056-0.091
0.059-0.101
0.390-0.462
0.393-0.444
0.202-0.271
0.228-0.302

0.00057400
0.00016300
0.0000010
0.0000010
0.0000010
0.0000010

Genetic  MAT
Genetic  AP
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Appendix H. R packages and citations.
Table H1. R packages used for Chapter 2 analysis. Also see Finch (2018). Citations provided via R
function citation().

Package
dplyr

Version
0.7.6

ggplot2

3.0.0

ggrepel

0.8.0

gridBase

0.4-7

maps

3.3.0

maptools

0.9-4

reshape

0.8-7

rgdal

1.3-4

rgeos

0.3-28

scales

1.0.0

stringr

1.3.1

Citation
Hadley Wickham, Romain François, Lionel Henry and Kirill Müller (2018). dplyr:
A Grammar of Data Manipulation. R package version 0.7.6. https://CRAN.Rproject.org/package=dplyr
H. Wickham. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New
York, 2016.
Kamil Slowikowski (2019). ggrepel: Automatically Position Non-Overlapping Text
Labels with 'ggplot2'. R package version 0.8.0. https://CRAN.Rproject.org/package=ggrepel
Paul Murrell (2014). gridBase: Integration of base and grid graphics. R package
version 0.4-7. https://CRAN.R-project.org/package=gridBase
Original S code by Richard A. Becker, Allan R. Wilks. R version by Ray Brownrigg.
Enhancements by Thomas P Minka and Alex Deckmyn. (2018). maps: Draw
Geographical
Maps.
R
package
version
3.3.0.
https://CRAN.Rproject.org/package=maps
Roger Bivand and Nicholas Lewin-Koh (2019). maptools: Tools for Handling
Spatial
Objects.
R
package
version
0.9-4.
https://CRAN.Rproject.org/package=maptools
H. Wickham. Reshaping data with the reshape package. Journal of Statistical
Software, 21(12), 2007.
Roger Bivand, Tim Keitt and Barry Rowlingson (2019). rgdal: Bindings for the
'Geospatial' Data Abstraction Library. R package version 1.3-4. https://CRAN.Rproject.org/package=rgdal
Roger Bivand and Colin Rundel (2018). rgeos: Interface to Geometry Engine - Open
Source
('GEOS').
R
package
version
0.3-28.
https://CRAN.Rproject.org/package=rgeos
Hadley Wickham (2018). scales: Scale Functions for Visualization. R package
version 1.0.0. https://CRAN.R-project.org/package=scales
Hadley Wickham (2018). stringr: Simple, Consistent Wrappers for Common String
Operations. R package version 1.3.1. https://CRAN.R-project.org/package=stringr
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Table H2. R packages used for Chapter 3 analysis. Analyses performed for sequencing yield, on-target
yield, and target capture efficiency used packages listed in Table H3 below. Also see Finch (2019).
Citations provided via R function citation().

Package
ape

dplyr
ggplot2

ggrepel

ggstance

ggtree

Version Citation
Paradis E. & Schliep K. 2018. ape 5.0: an environment for modern phylogenetics and
evolutionary analyses in R. Bioinformatics 35: 526-528.
5.3
Hadley Wickham, Romain François, Lionel Henry and Kirill Müller (2019). dplyr: A
Grammar of Data Manipulation. R package version 0.8.3. https://CRAN.Rproject.org/package=dplyr
0.8.3
H. Wickham. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New
York, 2016.
3.2.1
Kamil Slowikowski (2019). ggrepel: Automatically Position Non-Overlapping Text
Labels with 'ggplot2'. R package version 0.8.1. https://CRAN.Rproject.org/package=ggrepel
0.8.1
Lionel Henry, Hadley Wickham and Winston Chang (2019). ggstance: Horizontal
'ggplot2' Components. R package version 0.3.3. https://CRAN.Rproject.org/package=ggstance
0.3.3
Guangchuang Yu, David Smith, Huachen Zhu, Yi Guan, Tommy Tsan-Yuk Lam.
ggtree: an R package for visualization and annotation of phylogenetic trees with their
covariates and other associated data. Methods in Ecology and Evolution 2017,
8(1):28-36

1.14.6

gridExtra

maps

maptools

phytools
raster
reshape2

rgdal

2.3

3.3.0

0.9-5

0.6-99
3.0-2
1.4.3

1.4-4

Guangchuang Yu, Tommy Tsan-Yuk Lam, Huachen Zhu, Yi Guan. Two methods
for mapping and visualizing associated data on phylogeny using ggtree. Molecular
Biology and Evolution 2018, 35(2):3041-3043. doi: 10.1093/molbev/msy194
Baptiste Auguie (2017). gridExtra: Miscellaneous Functions for "Grid" Graphics. R
package version 2.3. https://CRAN.R-project.org/package=gridExtra
Original S code by Richard A. Becker, Allan R. Wilks. R version by Ray Brownrigg.
Enhancements by Thomas P Minka and Alex Deckmyn. (2018). maps: Draw
Geographical Maps. R package version 3.3.0. https://CRAN.Rproject.org/package=maps
Roger Bivand and Nicholas Lewin-Koh (2019). maptools: Tools for Handling
Spatial Objects. R package version 0.9-5. https://CRAN.Rproject.org/package=maptools
Revell, L. J. (2012) phytools: An R package for phylogenetic comparative biology
(and other things). Methods Ecol. Evol. 3 217-223. doi:10.1111/j.2041210X.2011.00169.x
Robert J. Hijmans (2019). raster: Geographic Data Analysis and Modeling. R
package version 3.0-2. https://CRAN.R-project.org/package=raster
Hadley Wickham (2007). Reshaping Data with the reshape Package. Journal of
Statistical Software, 21(12), 1-20. URL http://www.jstatsoft.org/v21/i12/.
Roger Bivand, Tim Keitt and Barry Rowlingson (2019). rgdal: Bindings for the
'Geospatial' Data Abstraction Library. R package version 1.4-4. https://CRAN.Rproject.org/package=rgdal
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rgeos

0.5-1

scales

1.0.0

scatterpie

0.1.3

Roger Bivand and Colin Rundel (2019). rgeos: Interface to Geometry Engine - Open
Source ('GEOS'). R package version 0.5-1. https://CRAN.Rproject.org/package=rgeos
Hadley Wickham (2018). scales: Scale Functions for Visualization. R package
version 1.0.0. https://CRAN.R-project.org/package=scales
Guangchuang Yu (2019). scatterpie: Scatter Pie Plot. R package version 0.1.3.
Pebesma, E.J., R.S. Bivand, 2005. Classes and methods for spatial data in R. R News
5 (2), https://cran.r-project.org/doc/Rnews/.

sp

treeio

1.3-1

1.9.2

Roger S. Bivand, Edzer Pebesma, Virgilio Gomez-Rubio, 2013. Applied spatial data
analysis with R, Second edition. Springer, NY. http://www.asdar-book.org/
Guangchuang Yu (2019). treeio: Base Classes and Functions for Phylogenetic Tree
Input and Output. R package version 1.9.2. https://yulab-smu.github.io/treedatabook/
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Table H3. R packages used for Chapter 4 analysis. Also see Finch (2019). Citations provided via R
function citation().

Package

Version Citation
Dray S, Dufour A (2007). “The ade4 Package: Implementing the Duality Diagram
for Ecologists.” Journal of Statistical Software, 22(4), 1-20.
https://doi.org/10.18637/jss.v022.i04
Bougeard S, Dray S (2018). “Supervised Multiblock Analysis in R with the ade4
Package.” Journal of Statistical Software, 86(1), 1-17.
https://doi.org/10.18637/jss.v086.i01
Chessel D, Dufour A, Thioulouse J (2004). “The ade4 Package – I One-Table
Methods.” R News, 4(1), 5-10. https://cran.r-project.org/doc/Rnews/

ade4

1.7-13

Dray S, Dufour A, Chessel D (2007). “The ade4 Package - II: Two-Table and KTable Methods.” R News, 7(2), 47-52. https://cran.r-project.org/doc/Rnews/
Jombart, T. (2008) adegenet: a R package for the multivariate analysis of genetic
markers. Bioinformatics 24: 1403-1405. doi:10.1093/bioinformatics/btn129

adegenet
data.table

devtools

dplyr
ecodist
geosphere
ggplot2
ggpubr
grid
gridBase

2.1.1
1.11.8

1.13.6

0.7.6
2.0.1
1.5-7
3.0.0
0.1.8
NA
0.4-7

Jombart T. and Ahmed I. (2011) adegenet 1.3-1: new tools for the analysis of
genome-wide SNP data. Bioinformatics. doi:10.1093/bioinformatics/btr521
Matt Dowle and Arun Srinivasan (2018). data.table: Extension of `data.frame`. R
package version 1.11.8. https://CRAN.R-project.org/package=data.table
Hadley Wickham, Jim Hester and Winston Chang (2018). devtools: Tools to Make
Developing R Packages Easier. R package version 1.13.6. https://CRAN.Rproject.org/package=devtools
Hadley Wickham, Romain François, Lionel Henry and Kirill Müller (2018). dplyr: A
Grammar of Data Manipulation. R package version 0.7.6. https://CRAN.Rproject.org/package=dplyr
Goslee, S.C. and Urban, D.L. 2007. The ecodist package for dissimilarity-based
analysis of ecological data. Journal of Statistical Software 22(7):1-19.
Robert J. Hijmans (2017). geosphere: Spherical Trigonometry. R package version
1.5-7. https://CRAN.R-project.org/package=geosphere
H. Wickham. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New
York, 2016.
Alboukadel Kassambara (2018). ggpubr: 'ggplot2' Based Publication Ready Plots. R
package version 0.1.8. https://CRAN.R-project.org/package=ggpubr
R Core Team (2018). R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/.
Paul Murrell (2014). gridBase: Integration of base and grid graphics. R package
version 0.4-7. https://CRAN.R-project.org/package=gridBase
Jerome Goudet and Thibaut Jombart (2015). hierfstat: Estimation and Tests of
Hierarchical F-Statistics. R package version 0.04-22. https://CRAN.Rproject.org/package=hierfstat

hierfstat

0.04-22

INLA

Havard Rue, Sara Martino, and Nicholas Chopin (2009), Approximate Bayesian
18.07.12 Inference for Latent Gaussian Models Using Integrated Nested Laplace
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Approximations (with discussion), Journal of the Royal Statistical Society B, 71,
319-392.
Thiago G. Martins, Daniel Simpson, Finn Lindgren and Havard Rue (2013),
Bayesian computing with INLA: New features, Computational Statistics and Data
Analysis, 67(2013) 68-83.
Finn Lindgren, Havard Rue, and Johan Lindstrom (2011). An Explicit Link Between
Gaussian Fields and Gaussian Markov Random Fields: The Stochastic Partial
Differential Equation Approach (with discussion), Journal of the Royal Statistical
Society B, 73(4), 423-498.
Finn Lindgren, Havard Rue (2015). Bayesian Spatial Modelling with R-INLA.
Journal of Statistical Software, 63(19), 1-25. http://www.jstatsoft.org/v63/i19/.
H. Rue, A. Riebler, S. H. Sorbye, J. B. Illian, D. P. Simpson, and F. K. Lindgren.
Bayesian computing with INLA: A review. Annual Reviews of Statistics and Its
Applications, 4(March):395-421, 2017. http://arxiv.org/abs/1604.00860
H. Bakka, H. Rue, G. A. Fuglstad, A. Riebler, D. Bolin, E. Krainski, D. Simpson,
and F. Lindgren. Spatial modelling with R-INLA: A review. Invited extended
review, arxiv:1802.06350, 2018.
A. De Coninck, B. De Baets, D. Kourounis, F. Verbosio, O. Schenk, S. Maenhout,
and J. Fostier, Needles: Toward large-scale genomic prediction with marker-byenvironment interaction, Genetics, vol. 203, no. 1, pp. 543-555, 2016.
F. Verbosio, A. D. Coninck, D. Kourounis, and O. Schenk, Enhancing the scalability
of selected inversion factorization algorithms in genomic predictions, Journal of
Computational Science, vol. 22, no. Supplement C, pp. 99-108, 2017.
D. Kourounis, A. Fuchs, and O. Schenk, Towards the next generation of multiperiod
optimal power flow solvers, IEEE Transactions on Power Systems, vol. PP, no. 99,
pp. 1-10, 2018.

lemon

maps

maptools
pegas

0.4.1

3.3.0

0.9-4
0.11

PerformanceAnalytics 1.5.2

poppr

2.8.1

Stefan McKinnon Edwards (2018). lemon: Freshing Up your 'ggplot2' Plots. R
package version 0.4.1. https://CRAN.R-project.org/package=lemon
Original S code by Richard A. Becker, Allan R. Wilks. R version by Ray Brownrigg.
Enhancements by Thomas P Minka and Alex Deckmyn. (2018). maps: Draw
Geographical Maps. R package version 3.3.0. https://CRAN.Rproject.org/package=maps
Roger Bivand and Nicholas Lewin-Koh (2018). maptools: Tools for Handling
Spatial Objects. R package version 0.9-4. https://CRAN.Rproject.org/package=maptools
Paradis E. 2010. pegas: an R package for population genetics with an integratedmodular approach. Bioinformatics 26: 419-420.
Brian G. Peterson and Peter Carl (2018). PerformanceAnalytics: Econometric Tools
for Performance and Risk Analysis. R package version 1.5.2. https://CRAN.Rproject.org/package=PerformanceAnalytics
Kamvar ZN, Tabima JF, Grünwald NJ. (2014) Poppr: an R package for genetic
analysis of populations with clonal, partially clonal, and/or sexual reproduction.
PeerJ 2:e281. doi: 10.7717/peerj.281
Kamvar ZN, Brooks JC and Grünwald NJ (2015) Novel R tools for analysis of
genome-wide population genetic data with emphasis on clonality. Front. Genet.
6:208. doi: 10.3389/fgene.2015.00208
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RandomFields
randomForest
raster
reshape2

rgdal

rgeos
scales

3.1.50
4.6-14
2.6-7
1.4.3

1.3-4

0.3-28
1.0.0

Martin Schlather, Alexander Malinowski, Peter J. Menck, Marco Oesting, Kirstin
Strokorb (2015). Analysis, Simulation and Prediction of Multivariate Random Fields
with Package RandomFields. Journal of Statistical Software, 63(8), 1-25.
http://www.jstatsoft.org/v63/i08/.
A. Liaw and M. Wiener (2002). Classification and Regression by randomForest. R
News 2(3), 18--22.
Robert J. Hijmans (2019). raster: Geographic Data Analysis and Modeling. R
package version 2.6-7. https://CRAN.R-project.org/package=raster
Hadley Wickham (2007). Reshaping Data with the reshape Package. Journal of
Statistical Software, 21(12), 1-20. http://www.jstatsoft.org/v21/i12/.
Roger Bivand, Tim Keitt and Barry Rowlingson (2018). rgdal: Bindings for the
'Geospatial' Data Abstraction Library. R package version 1.3-4. https://CRAN.Rproject.org/package=rgdal
Roger Bivand and Colin Rundel (2018). rgeos: Interface to Geometry Engine - Open
Source ('GEOS'). R package version 0.3-28. https://CRAN.Rproject.org/package=rgeos
Hadley Wickham (2018). scales: Scale Functions for Visualization. R package
version 1.0.0. https://CRAN.R-project.org/package=scales
Pebesma, E.J., R.S. Bivand, 2005. Classes and methods for spatial data in R. R News
5 (2), https://cran.r-project.org/doc/Rnews/.

sp

1.3-1

Roger S. Bivand, Edzer Pebesma, Virgilio Gomez-Rubio, 2013. Applied spatial data
analysis with R, Second edition. Springer, NY. http://www.asdar-book.org/
Rue, Martino, Chopin, Approximate Bayesian inference for latent Gaussian models
by using integrated nested Laplace approximations, JRSSB, 71, 1-35, 2009

SPASIBA
stringi

0.0.2
1.2.4

stringr

1.3.1

synbreed

0.12-9

tidyr

0.8.1

Lindgren, Rue, Lindstr{"o}m, An explicit link between Gaussian fields and Gaussian
Markov random fields: the stochastic partial differential equation approach, JRSSB,
73, 2011
Gagolewski M. and others (2018). R package stringi: Character string processing
facilities. http://www.gagolewski.com/software/stringi/.
Hadley Wickham (2018). stringr: Simple, Consistent Wrappers for Common String
Operations. R package version 1.3.1. https://CRAN.R-project.org/package=stringr
Wimmer V, Albrecht T, Auinger HJ and Schoen CC (2012) synbreed a framework
for the analysis of genomic prediction data using R. Bioinformatics, 28: 2086-2087
Hadley Wickham and Lionel Henry (2018). tidyr: Easily Tidy Data with 'spread()'
and 'gather()' Functions. R package version 0.8.1. https://CRAN.Rproject.org/package=tidyr
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