10

11

12

13

14

15

16

17

18

Using molecular markers to investigate genetic diversity, mating system and gene flow

of Neotropical trees

Authors: Vinson C. C.*,Mangaravite, E.2, Sebbenn, A. M.2, Lander, T. A.*

Addresses:

! Departamento de Botanica, Universidade de Brasilia, 70910-900, Brasilia, DF, Brazil

2Departamento de Microbiologia, Universidade Federal de Vicosa, Vicosa. MG, Brazil

3 Instituto Florestal de S&o Paulo, C.P. 1322, CEP 01059-970 S&o Paulo, SP, Brazil

4 Department of Plant Sciences, University of Oxford, Oxford OX1 3RB, UK

“Corresponding author: Christina Vinson, Departamento de Boténica, Universidade de

Brasilia, Brasilia, DF, Brazil. E-mail: ccvison@gmail.com

Word count for main text: words: 8670

Keywords: genetic structure; pollen dispersal; seed dispersal; microsatellites; SNPs; DNA

sequencing



10

11

12

13

Abstract

Genetic analysis provides a robust method for understanding the ways in which human
interventions in ecosystems may affect genetic diversity and species survival, providing an
empirical basis for evidence-based conservation and management planning. This review aims
to (1) describe the most informative and widely-used molecular markers for genotype
analysis, and describe the methods for using that genotype data to understand (2) genetic
diversity and structure; and (3) mating system, pollen and seed dispersal. For each area of
investigation we discuss the types of analyses that can be performed, the software available
for the analyses, what the analyses indicate, and provide examples from the literature of
studies using these approaches. The review focuses on Neotropical tree species because
Neotropical forests are highly diverse, are under particular threat from anthropogenic land-
use change, and trees are useful model organisms to investigate patterns over evolutionary

time and across geographical space.
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Introduction

Species diversity underpins ecosystem function (Balvanera et al. 2006), and, in turn, individual
species depend upon ecosystems for their survival (Chapin et al. 2000). The Neotropical forests
are among the most biologically diverse ecosystems on Earth and are under particular threat
from anthropogenic land-use change. Between 2000 and 2012, 2.3 million km? of forest were
lost globally, and 0.8 million km? of new forest was established. Of this, tropical rainforest
ecozones totalled 32% of global forest cover loss, nearly half of which was in South America
(Hansen et al. 2013). These losses and changes to forest ecosystems are contributing to global
species declines (see Chapin et al. 2000; Sala et al. 2000), and to loss of genetic diversity among
the species that remain (Lowe et al. 2005. but see Lander et al. 2010). Loss of alleles and
erosion of heterozygosity can reduce resilience and adaptive potential of individual species in
the face of abiotic and biotic environment change (Reed and Frankham 2003), which, as noted
above, threatens continued ecosystem function. Many human interventions in the environment,
such as logging, forest fragmentation and climate change, may affect genetic diversity and
survival of forest organisms (e.g. Leal et al. 2016), and therefore genetic analyses are valuable
in conservation and management planning for both individual species and whole ecosystems

(Allendorf 2017).

The aims of this review are to (1) describe the most informative and widely-used molecular
markers for genotype analysis, and describe the methods for using that genotype data to
understand (2) genetic diversity and structure; and (3) mating system, pollen and seed dispersal,
processes which can be directly affected by human activity. We discuss the main challenges in
the use of these molecular markers, sampling strategies to maximize the value of the genetic
data that can be produced, and key directions for future work in this area. This review focuses

on Neotropical tree species because Neotropical forests are highly diverse and are under



10

11

12

13

14

15

16

17

18

19

20

21

22

23

particular threat from anthropogenic land-use change, and trees are useful model organisms to
investigate patterns over evolutionary time and across geographical space. This is because trees
can maintain high levels of diversity and accumulate new mutations slowly, but can also
display rapid local adaptation (Petit and Hampe 2006). Thus Neotropical tree species preserve

an imprint of Neotropical evolutionary history (Cavers and Dick 2013).

Molecular markers

Molecular markers allow us to determine the genotypes of individuals, and are a powerful
means of investigating and quantifying genetic diversity, spatial genetic structure, tree mating
systems, gene flow, and breeding patterns of tree species. These markers can be divided into
two groups based on the pattern of inheritance: dominant and codominant markers. Dominant
markers (Randomly Amplified Polymorphic DNAs, Inter-Simple-Sequence-Repeats,
Amplified Fragment Length Polymorphisms, minisatellites) can be used to identify two
genotype classes: the homozygous recessive genotype (aa), and genotypes containing a
dominant allele (AA or Aa). Dominant markers do not allow the user to distinguish the
homozygous dominant genotype from the heterozygous genotype. In contrast, co-dominant
markers (Allozymes, Restriction Fragment Length Polymorphism, Microsatellites, Single

Nucleotide Polymorphisms) can be used to identify all three genotype classes (AA, Aa and aa).

Allozymes were the first molecular markers used to distinguish individuals (Lewontin
and Hubby 1966). Genotypes are based on enzyme size, which can be identified by charge
separation of different sized products in an electrophoresis gel. In tree species, allozyme
variation has been widely used to estimate genetic and taxonomic relationships among different
populations, and also has been applied in conservation genetic analysis (e.g. Hamrick et al.

1992).
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The ability to study DNA variation directly began with the discovery of restriction
enzymes by Arber, Smith and Nathans during the 1960s (Schlétterer 2004). Restriction
enzymes have been used for Restriction Fragment Length Polymorphism (RFLP; Kerem et al.
1989) and minisatellite (Gill et al. 1985; Jeffreys et al. 1990) analysis. RFLPs are variations of
one or more bases within 4 to 8 base pairs (bp) at a given locus, which the enzyme will
recognize, and have been used for genetic diversity studies ( Winsch and Hormaza 2002).
Minisatellites are length variations at loci with at least 6 bp length tandem repeats. These length
variations can occur due to unequal crossing over between sister chromatids or replication
slippage (Jeffreys et al. 1990). Minisatellite data provide such high variability that they were
the first data to be called ‘DNA fingerprints’ (Gill et al. 1985), and they have also been used to
distinguish tree species (e.g. Besse et al. 1993). Nevertheless, this marker is a dominant multi

locus, thus, not well suited for mapping or association studies.

The development of the polymerase chain reaction (PCR, Saiki et al. 1985) facilitated
the proliferation of new molecular marker methods during the 1990s. Markers such as PCR-
RFLP (Rasmussen 2012), Randomly Amplified Polymorphic DNAs (RAPDs; Williams et al.
1990), Inter-Simple-Sequence-Repeats (ISSRs; Zietkiewicz et al. 1994); and Amplified
Fragment Length Polymorphisms (AFLPs; Vos et al. 1995) were developed and have allowed
analysis of species with no or little prior genetic information available. For tree species, which
are generally non-model organisms, these new markers allowed estimations of gene dispersal
(e.g. Hardy et al. 2006), and genetic structure and diversity. These data were often generated
with a view to genetic conservation (e.g. Feyissa et al. 2007; Jump and Pefiuelas 2007), or with
a focus on neutral and adaptive drivers of genetic divergence (Brousseau et al. 2015). However,
these markers can give low reproducibility and, apart from PCR-RFLP, they are dominant multi

locus markers (Newton et al. 1999).
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Currently, the three approaches most frequently used to analyze genetic variation of
populations and individuals are microsatellites or Simple Sequence Repeats (SSRs), Single
Nucleotide Polymorphisms (SNPs), and Restriction Site-Associated DNA Sequencing
(RADseq). Similar to minisatellites, SSRs are sequences of a repeat motif, ranging from 1 to 6
bp, and varying in length between individuals (Tautz 1984). In addition to the facility of this
PCR-based method, several characteristics of SSRs, such as high mutation rates and high levels
of polymorphism, codominance, and random distribution across the genome (Zane et al. 2002),
make them a more sensitive tool for revealing population genetic structure and gene flow than
the markers described previously. SSR analysis requires the development of a specific primer
pair flanking the individual SSR site. The primers are developed through a number of methods
(see reviews Zane et al. 2002; Kalia et al. 2011), and may be unique to the species or
transferable between closely related species (Barbara et al. 2007). The ability of at least some
SSRs to be transferred across species has facilitated their use in Neotropical tree studies (e.g.
Lander et al. 2007; Sebbenn et al. 2011; Caetano et al. 2012; Scotti-Saintagne et al. 2013;

Vinson et al. 2015; Mangaravite et al. 2016; Tambarussi et al. 2017).

It is unclear when SNPs were first mentioned as markers for identification of
polymorphism, but they rose to prominence with their use in the study of the human genome
(e.g. Wang et al. 1998). These markers consist of a substitution in a single nucleotide in either
coding or non-coding sequences, and exist genome-wide. They are a useful tool for mapping
disease loci and for candidate gene association studies (Wang et al. 1998; Chen and Sullivan
2003). SNPs have also been used in studies of genetic and population demographics with a
conservation aim (Allendorf 2017). However, this type of marker is of limited utility for non-
model species because it requires prior genome information, which is expensive and time-

consuming to obtain. For this reason SNPs have generally been applied in studies of animals
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(Vignal et al. 2002) and crop plant species (Ganal et al. 2009; Inghelandt et al. 2010) rather

than Neotropical tree species (Olsson et al. 2017).

Genetic studies based on RADseq (Davey and Blaxter 2011; Davey et al. 2011) arose
from the development of Next Generation Sequencing (NGS) tools. The RADseq technique
uses restriction endonucleases to randomly shear sample DNA at restriction sites. DNA
fragments from regions next to the restriction sites, and within a chosen length range, are
sequenced, and variation in these sequences is the basis for distinguishing individuals (Davey
et al. 2011). RADseq targets a random subset of the genome instead of sequencing the whole
genome. This approach reduces the cost of having high depth of coverage per locus, potentially
allowing the researcher to process a larger number of samples (Andrews et al. 2016). Because
RADseq analysis does not require prior genomic information for the species, this approach has
been widely used for SNP discovery and in ecological and evolutionary studies of non-model
organisms (Andrews et al. 2016). To date, this approach has not been widely used for plant
species in general (Barnard-Kubow and Galloway 2015; Fernandez-Mazuecos et al. 2017;

Maguilla et al. 2017), or tree species in particular (Hipp et al. 2018).

DNA sequencing technology was first developed in 1977 by Frederick Sanger and colleagues
using a dideoxyribonucleotide (ddNTP) termination method. Sequencing of nuclear DNA,
mitochondrial DNA (mtDNA) and chloroplast DNA (cpDNA) has been used extensively in
population genetic studies, giving rise to the area of research now known as molecular
phylogeography. Molecular phylogeography deals with the principles and processes that affect
the geographical distributions of genealogical lineages, especially those within and among
closely related species, providing information on genetic diversity not only in the spatial
dimension, but also in the temporal dimension (Avise 2000). With the emergence of the

coalescing theory, population genetics analyses have shifted focus, from the allelic frequency
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of future generations to using sample alleles to model the genealogies of genes under almost
any complex demographic history, in order to estimate phylogenetic parameters such as
population sizes, divergence times, and migration rates (Wakeley 2008). In the case of
neotropical trees, several DNA regions have been identified that show variation over a wide
range of taxa, for cpDNA such as psbA-trnH, trnS-trnG, (Shaw et al.2005), matK (Dunning &
Savolainen 2010) and the intron trnL-trnF (Taberlet et al. 1991) and the nuclear DNA region
ITS (Internal Transcribed Spacer, White et al. 1990). In early phylogeography studies,
chloroplast markers were chosen because of their low recombination rates, putative neutrality,
and smaller effective population size (Hickerson et al. 2010). However, phylogeography
studies have also made use of markers such as SSRs and SNPs because they are more useful
for detecting gene flow or genetic structure between intra-specific populations. In addition, in
the last eight years the technique of NGS (Next Generation Sequencing) has been applied to
tree species (see Mccormack et al. 2013), and recently the first assembly of a neotropical tree

species genome was carried out (Pink Ipe, Silva-Junior et al. 2018).

Genetic diversity and structure

Genetic diversity

b

Among its many important roles in species function, genetic diversity underpins a species
ability to respond to disease threats, population bottlenecks, and environmental change.
Moreover, analysis of genetic diversity can be used to understand the effects of population
size, mating patterns, spatial distribution of individuals, mutation, migration and natural
selection on individual populations and a species as a whole. Thus, knowledge of the amount
of genetic diversity is considered critical for analysing the status of, threats to, and genetic

viability of whole species and individual populations (Escudero et al. 2003).
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Genetic diversity, at its most basic, can be equated with genetic polymorphism, which
is the idea that at a given locus there is a greater than 99% probability of observing more than
one allele. Genetic polymorphism can be quantified in terms of allele frequencies. The
convention for expressing the frequencies of alleles A and a at a given locus, represented by

p and g, respectively, where the numbers of AA, Aa and aa genotypes are expressed as
Npas Nap @nd N, is: p=(2n,, +n,,)/2n and g=1-p. Allele frequencies and allele

frequency-based analyses, including F statistics, population assignment, relatedness, and
probabilities of identity (the probability that two randomly chosen individuals will have the
same genotype when using a given set of makers (see reviews Luikart and England 1999;
Waits et al. 2001)) can be analysed in Arlequin (Excoffier et al. 2005), GenAlEx (Peakall and

Smouse 2006), and FSTAT (Goudet 2001).

In addition to the measures of allelic diversity described above, genetic diversity can
be measured at the scale of single base pairs, nucleotide diversity, or groups of alleles,
haplotype diversity. Nucleotide diversity (z) is the average number of nucleotide differences
per site in pairwise comparisons among DNA sequences (Nei 1987). A haplotype is defined
as a group of alleles in an individual organism. This group of alleles is further defined as
being contained on a single chromosome and/or tightly linked such that there is a high
probability of the alleles being inherited together. Haplotype diversity (H) is usually
measured as the probability that two randomly chosen haplotypes are different (Nei 1987).
However, haplotype diversity can also be measured as the total number of haplotypes, or the
number of unique or ‘private' haplotypes in a population. Haplotype diversity is frequently
used in phylogeographical and demographic analyses of Neotropical trees (e.g. Scotti-
Saintagne et al. 2013, Collevatti et al. 2015). Nucleotide diversity and several measures of
haplotype diversity are standard statistics in programs such as DnaSP (Librado and Rozas

2009).
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For selectively neutral loci, the number and frequency distribution of alleles are the
result of an equilibrium between mutations and genetic drift, which is a function of mutation
rate and effective population size (Cornuet and Luikart 1996). When effective population size
is reduced, it can cause a reduction in allele number and heterozygosity. Importantly, allele
number is expected to decrease faster than heterozygosity following a bottleneck, creating a
potential window of time during which the observed number of alleles is less than expected at
mutation drift equilibrium. In this case, a significant heterozygosity excess would indicate a
recent genetic bottleneck. According to Cornuet and Luikart (1996), the allele deficiency is a
function of the time since the beginning of the bottleneck, effective population size, and the
mutation rate. A distinction must be made between ‘heterozygosity excess’ compared to
expectations under mutation-drift equilibrium and ‘excess of heterozygotes’ compared to
expectations under Hardy-Weinberg Equilibrium. Cornuet and Luikart (1996) suggest that a
test of the difference between observed heterozygosity and expected heterozygosity provides
a robust means of testing for population bottlenecks. Tests of observed and expected
heterozygosity can be implemented in GenAIEx (Peakall and Smouse 2006), Genepop

(Raymond and Rousset 1995), and FSTAT (Goudet 2001).

Given knowledge of current allele frequencies in a population (p and g above), expected
allele and genotype frequencies in successive generations is generally modelled via
estimation of expected genotype frequencies under Hardy-Weinberg Equilibrium (HWE)
(Hartl and Clark 2007). There are a number of assumptions inherent in the calculation of
HWE genotype frequencies; specifically HWE assumes the study organism is diploid,
reproduces sexually, generations are non-overlapping, and there is no migration, mutation,
natural selection, or assortative mating (Hartl and Clark 2007). These assumptions may

appear strict and over-simplistic, but the HWE has been shown to provide a useful first

10
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approximation, valuable in suggesting key experiments or observations and as a guide for

interpreting data.

Deviations from HWE are thought to indicate inbreeding or population stratification, but may
also be used to check for errors in genotyping (Hosking et al. 2004). HWE is commonly
tested using the y? goodness-of-fit test, however Wigginton et al. (2005) suggests that the

2 test can have inflated type | error rates, even in large samples. Alternative exact tests, and
computational methods for their implementation, are provided in their review (Wigginton et
al. 2005). Deviations from HWE can be calculated in FSTAT (Goudet 2001) and Arlequin

(Excoffier et al. 2005), followed by Bonferroni correction of the p-values (Rice 1989).

Phylogeography and population expansion and contraction can also be estimated
using tests of neutrality. Specifically, Tajima's D (Tajima 1989), a test for non-random
evolution, Fu and Li’s F~ and D* (Fu and Li 1993), tests for gene selection or demographic
changes in population based on the coalescent, and Fu's Fs, based on haplotype distribution
(e.g. Turchetto-Zolet et al. 2012), are suitable statistics. Tests of Tajima's D, Fu and Li’s
F"and D", and Fu's Fs can be implemented in DnaSP (Librado and Rozas 2009). In addition
to the analyses above, demographic history can be studied using a suite of nonparametric and
semi-parametric approaches based on coalescent theory. Coalescent theory quantifies the
relationship between the genealogy of the sequences and the demographic history of the
population, and allows the use of more complex models of population history beyond
traditional exponential or logistic growth or decline. This group of approaches includes
skyline-plot methods (reviewed in Ho and Shapiro 2011), and other Bayesian demographic
methods (reviewed in Bijak and Bryant 2016). Skyline analyses can be implemented using

BEAST (Drummond and Rambaut 2007) and GENIE (Pybus and Rambaut 2002), and other

11
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Bayesian approaches can be implemented in a range of packages, including DIYABC

(Cornuet et al. 2008).

Genetic structure

Biological organisms generally exhibit some degree of spatial/geographical structure.
Population subdivision in particular generally occurs in response to either environmental
heterogeneity or social behavior, in the case of mobile organisms (Manel et al. 2003). Analysis
of population genetic structure is generally used to estimate differences or relationships
between populations, and then infer evolutionary process such as gene flow, migration,
mutation or drift. A number of statistics have been developed to describe spatial genetic
structure, the most common being the F-statistics (Wright 1976) and R-statistics (Slatkin 1995).
The F-statistic is described as the genetic correlation or inbreeding coefficient or the coefficient
of differentiation. Because allelic differentiation can occur at different hierarchical levels, three
coefficients, or F-statistics have been defined: (1) F; , mean reduction in heterozygosity of an
individual relative to the total population, also described as deviation from Hardy-Weinberg
expectations in the total population; (2) F, the mean reduction in heterozygosity of an
individual due to non-random mating in a subpopulation, also described as deviation from
Hardy-Weinberg expectations in the subpopulation (often due to inbreeding); (3) F;, the

mean reduction in heterozygosity of a subpopulation due to genetic drift, also described as
genetic differentiation between subpopulations of the total sampled population. Large
populations with high migration between them are expected to show little genetic

differentiation and a small F¢; value, whereas populations with little migration between them
are expected to be more genetically differentiated and have a high Fy; value (Holsinger and

Weir 2009). Similarly, if there are a large number of allelic differences between populations

12
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this will produce a high Rg; index (Slatkin 1995). Holsinger and Weir (2009) suggest that
when using SSR markers, Rg; provides greater insight into the relationships among

populations because it is based on differences in the actual number of repeats between alleles
at each SSR locus. If SSR mutation is assumed to conform to the Stepwise Mutation Model
(SMM, Valdes et al. 1993; but see Jarne and Lagoda 1996), differences in the number of SSR
motif repeats indicate something about the genetic distance between samples, rather than
simply indicating that one population is different from the other. In contrast, SNP markers are
expected to conform to the Infinite Sites Model of mutation (Vignal et al. 2002; Morin et al.

2004), in which there is no measure of genetic distance between samples and F¢; is a more

suitable statistic. F and R statistic analyses may be conducted in a number of software packages,
including FSTAT (Goudet 2001), GDA (Lewis and Zaykin 2001), and Genepop (Raymond

and Rousset 1995).

Population genetic structure may also be quantified using a hierarchical Analysis of
Molecular Variance (AMOVA, Excoffier et al. 1992). AMOVA is based on conventional
analysis of variance (Excoffier and Heckel 2006), and provides a statistical framework for
testing patterns of genetic variance within and among populations and subpopulations. Because
genetic variation is partitioned into hierarchical levels, AMOVA, like F-statistics, provides a
means of detecting inbreeding, genetic drift and gene flow. Whereas Wright’s F-statistics are
based on allelic variation, AMOVA can be used with a variety of molecular data (e.g. genetic
sequences, SSRs, or SNPs). An AMOVA analysis can be conducted in Arlequin (Excoffier et

al. 2005).

Analysis of the genetic structure of naturally occurring populations frequently involves
the parallel analysis of spatial data. Possibly the most common and direct method of evaluating

the relationship between genetic data and spatial data is the Mantel Test. The normalised
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Mantel statistic is interpreted as a Pearson correlation coefficient between a matrix of genetic
distance and a matrix of spatial distance. The statistic is tested by iterative randomization in
one of the two matrices. For this analysis spatial distance can be measured as Euclidean
distance, non-Euclidean metric distance, or ranked distance (Escudero et al. 2003). Mantel tests
can be implemented using the ade4, vegan or ecodist libraries in R (R Core Team 2017). There
has been discussion in the literature about the statistical performance of the Mantel test,
however Diniz-Filho (2013) found that alternative approaches, including Spatial Eigenfunction
Analysis, resulted in similar estimates of the magnitude of spatial structure in their study of

genetic structure in Dipteryx alata VVogel in the Brazilian Cerrado.

There are a number of traditional statistical alternatives to the Mantel Test for
analyzing spatial genetic structure. Spatial Autocorrelation Analysis (SAA) is useful for
analysis of multiallelic, codominant, multilocus arrays, and can incorporate differential
weighting of low-frequency alleles (Smouse and Peakall 1999). An Allelic Aggregation
Index Analysis (AAIA) tests for non-random spatial patterns of genetic diversity. Both SAA

and AAIA can be conducted in the Alleles In Space software (Miller 2005).

In addition to traditional statistical approaches, there are a number of methods for
investigating spatial genetic structure based on Bayesian approaches. STRUCTURE (Pritchard
et al. 2000) is possibly the most widely used Bayesian approach to population genetic structure
analysis. The popularity of this approach is indicated by the fact that the original STRUCTURE
paper has been cited more than 20,000 times (Google Scholar accessed in October 2017).
Pritchard et al. (2000) implement a model-based clustering method for multilocus genotype
data to infer population structure in which each individual in each population is characterized
by a set of alleles at each locus. An important advance of this approach compared to the F and

R statistics or the ANOVA approach is that a single individual may be probabilistically

14
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assigned to two or more populations in a. ‘admixture inference’ model (Pritchard et al. 2000).
This model does not assume a particular mutation process, and it can be applied to most of the

commonly used genetic markers including SSR, SNPs and RFLPs (Pritchard et al. 2000).

Null alleles present a challenge for genotyping, and therefore estimation of genetic
structure. SSR loci in particular suffer from the presence of null alleles and variable mutation
patterns (see review Dakin and Avise 2004), which can introduce ambiguity into analyses
(Morin et al. 2004). The STRUCTURE software can be run on a dataset which includes null
alleles (Falush et al. 2007) although the software does not produce an estimate of their
frequency. However, there is software available, such as MICROCHECKER (Van
Oosterhout et al. 2004), CERVUS (Kalinowski et al. 2007) and INEST 2.0 (Chybicki and

Burczyk, 2009), which can estimate and correct null allele frequencies.

The Bayesian Analysis of Population Structure (BAPS) software (Corander et al.
2008) can be used to infer spatial genetic structure while treating both the allele or nucleotide
frequencies and the number of genetically diverged groups as random variables or by using a
fixed number of groups. Geneland (Guillot et al. 2012) uses a Bayesian approach plus
geographic information to estimate null allele frequencies, and also estimates the population
genetic structure of each individual. Finally, Genetic Landscape Shape interpolations are a
visualization technique implemented in The Alleles In Space software (Miller 2005) which

allows researchers to visually explore spatial genetic structure.

An interesting point of discussion is that frequently individuals are assigned to
‘populations’ by the researcher when in fact highly mobile organisms, organisms that exist as
large groups occupying large continuous habitats, and species in marine or aquatic systems
may not be objectively assigned to a particular population. The Alleles In Space software

(Miller 2005) allows researchers to avoid arbitrary groupings of individuals, and instead

15
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performs joint analyses of inter-individual spatial and genetic information. Similarly,

SAMOVA (Spatial Analysis of Molecular Variance; http://cmpg.unibe.ch/software

/samova2/) partitions samples into groups by maximizing the genetic differentiation among

the groups while also taking into account the geographical coordinates of the samples.

Conclusions drawn from analyses of spatial genetic structure can be used to provide
valuable guidelines for conservation strategies and management of the genetic diversity of tree
species (Hamrick et al. 1992, see Table 1 in Ratnam et al. 2014), and a number of studies with
an emphasis on conservation have employed molecular marker-based approaches. One such
study was the evaluation of the genetic structure of ten populations of the endangered tropical
tree species Caryocar brasiliense Cambess. (Caryocaraceae), located in the Brazilian Savanna,
using ten SSR loci (Collevatti et al. 2001). This study showed that although habitat
fragmentation can potentially reduce genetic variability, its effects on C. brasiliense
populations were difficult to detect because disturbed populations were probably already
present prior to fragmentation. Sebbenn et al. (2011), in a study evaluating eight SSR markers
in populations of the tropical tree Copaifera langsdorffii Desf. (Caesalpinioideae) found that
habitat fragmentation leads to the spatial isolation of populations and can increase genetic
structure, even when adult plants exhibit high genetic diversity. In contrast, eight SSR loci
revealed low genetic diversity in the threatened tropical tree species Dipteryx alata Vogel
(Fabaceae) from the Brazilian Neotropical savannas, even though structured and divergent
populations were also detected (Collevatti et al. 2013). Finally, seven SSR markers indicated
that populations of a critically endangered tree of the Brazilian Savanna, Dimorphandra
wilsonii Rizzini (Caesalpinioideae), display low levels of genetic diversity. The authors
suggested that monitoring dispersion in order to maintain the genetic diversity and structure

are strategies that may ensure the continued survival of this species (Vinson et al. 2015).
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In addition to concerns regarding conservation, our understanding of the evolutionary
forces shaping the origins and maintenance of Neotropical tree diversity is still limited (Hipp
et al. 2018). Thus, molecular markers developed for Neotropical tree species have found
significant use in studies of phylogeography. One example is in the use of six SSRs to better
understand the recent colonization of the Galapagos islands from the Peruvian mainland by the
tree Geoffroea spinosa Jacg. (Leguminosae). This study revealed two possibilities: recent
natural dispersal or human introduction (Caetano et al. 2012). Another dispersal pattern was
revealed using chloroplast SSR variation in the widespread species Cordia alliodora (Ruiz &
Pav.) Cham. (Boraginaceae), to investigate phylogeographic structure in Central and South
America, and the West Indies (Rymer et al. 2013). SSR markers were also effective in
indicating the phylogeography of a species complex from lowland Neotropical rain forests
(Carapa guianensis Aubl., Meliaceae), which pointed to the Amazon as a center of origin and
diversification, with subsequent migration to the Pacific coast of South America and Central
America (Scotti-Saintagne et al. 2013). Here, two genetic clusters were detected and show
apparent gene flow among them. Similarly, Mangaravite et al. (2016) identified two genetic
groups by using ten SSR loci to genotype populations of Cedrela fissilis Vell. (Meliaceae). The
genetic diversity detected using this approach indicated structure in accordance with
geography: the Atlantic range and the Chiquitano range, in South America, and an admixture
of recent origin, resulting from population expansion. For more details on phylogeography

studies of neotropical trees see Orlando et al in this special issue.

The study of evolution, diversification, phylogenetics and phyogeography in non-
model organisms is often restricted by a lack of genetic data, which limits access to the newest
and most powerful analytical techniques. Neotropical trees are not used as model organisms
for a number of reasons, including size and generation time, and so, to date, studies of

Neotropical trees have largely relied on SSR markers because they are highly variable,
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codominant and relatively inexpensive to develop for non-model species. However, low-
coverage draft genome sequencing, ddRAD, and RADseq data is increasingly within reach,
even for small projects, and this flood of new data will facilitate exciting new avenues of study
for non-model organisms (Ekblom and Wolf 2014). Apart from facilitating the development of
molecular markers, including SSRs, and facilitating the identification of candidate genes
(Weitemier et al. 2014), genome sequence data itself can be used in studies of evolutionary
history and phylogenetics. Genome sequence data can be used in programs such as SIMCOAL
and SIMCOAL2 (Excoffier et al. 2000), which use a coalescent approach to investigate
population demography, and DIYABC (Cornuet et al. 2008) and PopABC (Lopes et al. 2009)
which use inference-based approximate Bayesian computation to model population history (see
review Lopes and Beaumont 2010). A few studies have used these approaches for Neotropical
trees; for example, Olsson et al. (2017), where RADseq data are used to investigate the
evolutionary and phylogenetic history of a widespread tropical tree, Symphonia globulifera L.f.
(Clusiaceae) and Hipp et al (2018) where RADseq data is used to investigate the diversification
of Mexican oaks. These powerful new tools are making it increasingly possible to use RADseq

to identify the complex and interacting forces that shape the evolution of tree biodiversity.

Mating system, pollen and seed dispersal

The basic processes of reproductive biology are the sexual system, incompatibility
mechanisms, flowering patterns and pollination processes (Boshier 2000). The integration of
these reproductive processes with the spatial structure of a species influences the levels and

dynamics of genetic diversity (Boshier 2000).
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Mating system

A key step in understanding a species’ mating system is defining its sexual system. The range
of sexual systems found in trees can be broadly classified into three major groups: (1) dioecious
individuals that are male or female; (2) monoecious individuals that are hermaphrodites, but
with individual flowers that are female or male; and (3) monoecious individuals that present
individual hermaphrodite flowers with both male and female organs (Boshier 2000). The sexual
system is one of the main determinants of a species’ current mating patterns. In addition, as
current mating patterns determine how genes are transferred from one generation to the next,
and how genes are recombined in the next generation, the sexual system also determines the

relatedness and, to some extent, the levels of inbreeding in following generations.

In addition to being influenced by the sexual system, levels of inbreeding are also
determined by levels of self-pollination and degree of self-incompatibility. Flowers can be self-
pollinated and/or cross-pollinated (Sedgley and Griffin 1989). Self-pollination (selfing)
involves the transfer of pollen from the anther to the stigma of either the same flower or another
flower of the same tree, whereas, cross-pollination involves the transfer of pollen from one
plant to the stigma or micropyle of another plant by a pollination agent (Sedgley and Griffin
1989). Self-incompatibility, which can be pre or post-zygotic is the inability of fertile plants to
reproduce upon selfing, and is a genetically-controlled mechanism which reduces the
prevalence of inbreeding in a population (Boshier 2000). In self-compatible trees, inbreeding
(the inbreeding coefficient, F, defined as the probability that two alleles at a locus are identical
by descent) can be caused by self-fertilization (s =1—-t,,) and mating among related
individuals (t,, — t,). Selfing produces an inbreeding value of at least 50% (F, = 0.5(1 + E,,),
where E,, is the inbreeding value of the mother) and mating among related individuals (t,, —

ts) produces inbreeding values (F.) at the same level as coancestry (6,) between the parents
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(E. = 6,). For example, mating among two half-sibs (6,,= 0.125) will produce 12.5% inbreeding
and mating among two full-sibs (6,= 0.25) will produce 25% inbreeding. Mating among related
individuals occurs if populations present intra-population genetic structure (SGS) and pairwise
near-neighbours are more likely to be related than pairwise trees separated by longer distances

(See next section, Cavers and Dick 2013).

By definition, in dioecious species self-fertilization is prevented (Boshier 2000) and
seeds are only produced by outcrossing. Thus in an open-pollinated progeny array from a
dioecious species there may be two kinds of relatedness: half-siblings and full-siblings. Half-
siblings are the result of two ovules from the same mother being fertilized by pollen from
different pollen donors. Full-siblings are the result of two ovules from the same mother being
fertilized by pollen from the same pollen donor. Inbreeding only occurs in a dioecious species
through mating between related individuals. The breeding success of dioecious species depends
upon the frequency of sexual forms in the population, the spatial distribution of individuals,
and the abundance and behaviour of pollinators (Barrett and Thomson 1982). For example,
Silva et al. (2008) found biparental inbreeding (6.7%) in dioecious Bagassa guianensis Aubl.
(Moraceae), which the authors suggested was the result of the behaviour of pollinators that visit
few trees together paired with short range seed dispersal and significant genetic structure.
Studies using molecular markers for dioecious species show high estimates of outcrossing rate
(t,n), ranging from 0.97-1.00 for populations of Araucaria angustifolia Bertol. (Bittencourt and
Sebbenn 2007; Medina-Macedo et al. 2015), Bagassa guianensis (Silva et al. 2008; Arruda et

al. 2015), and Myracrodruon urundeuva Allemé&o (Gaino et al. 2010).

Monoecious species are generally classified as outcrossing, mixed mating system or
selfing. According to Goodwillie et al. (2005), an outcrossed species is one that has an

outcrossing rate (t,,,) higher than 0.8, a species with a mixed mating system has an t,,, between
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0.2 and 0.8, and a species is selfing when t,, is lower than 0.2. In self-compatible monoecious
species, mating may involve self-fertilization and outcrossing, thus within an open-pollinated
progeny array there may be four different kinds of relatedness: self-siblings, half-siblings, full-
siblings, and self-half-siblings. Self-siblings are the result of self-fertilization by the mother
tree. Self-half-siblings are the description of the relatedness between two seeds from the same
mother tree, one of which is the result of self-fertilization and one of which is the result of
outcrossing. Inbreeding occurs in monoecious species through self-fertilization or mating
between related individuals. Factors such as asynchronous flowering of male and female
flowers and an unequal sex ratio in the population may contribute to inbreeding. 60-70% of
Neotropical tree species are hermaphroditic, and variable values for t,, have been reported in
the literature (i.e. t,,= 0.99 for Dipteryx odorata Aublet but as low as 0.45 to 0.90 for Dipteryx
alata VVogel, Tarazi et al. 2010; Vinson et al. 2014b; Tambarussi et al. 2017). Furthermore, the
amount of selfing occurring in a hermaphroditic species depends on factors such as the density
of neighbouring flowering trees, density and efficiency of pollinators, flowering time and

frequency, and the impact of the area surrounding the study plot.

Patterns of breeding are influenced not only by the sexual and mating systems of the
species, but also by the species’ flowering pattern. Flowering pattern analysis involves the
study of the variation in timing, duration, synchrony and frequency of flowering at the
population level over a number of flowering seasons (Bawa 1983). The factors that promote
flowering are: (1) competition for pollinators and interspecific gene flow, where habitat
segregation appears to be at least as important as temporal segregation; (2) pollinator
availability and nature of floral rewards; and (3) selection for the optimization of life history
traits other than flowering. Most Neotropical trees flower annually, however, some do not, such
as the endemic Manilkara huberi Ducke which only flowers every 3 to 5 years (Azevedo et al.

2007). A species’ flowering can range from an extended flowering period where individuals
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produce a few flowers per day for a long period, to mass flowering where individuals produce
a large number of flowers per day for a few days. Most neotropical trees have an extended
flowering period, which has the advantages of adjusting the number of flowers to the resources
available, as well as increasing the chance of reproduction with a large number of mates and
thereby increasing diversity of mating and decreasing the risk of reproductive failure. Whilst
mass flowering reduces the chances of herbivory there is a risk of no pollinators being present
during the flowering event. For example Tabebuia roseoalba (Ridl.) Sandwith (Bignoniaceae),
known as “Ipé branco”, flowers on average three days a year and has a late-acting self-
incompatibility system (LSI) (Gandolphi and Bittencourt Jr 2010), therefore if pollinators are
not efficient during this short flowering period there will be no viable fruits for that year. In
addition, asynchronous flowering among individuals can reduce the effective population size
and limit the diversity of mating, though under other circumstances asynchronous flowering
may actually increase the diversity of mating and avoid intraspecific competition for pollinators
(Bawa 1983). In Dipteryx odorata strong asynchrony in flowering is likely to reduce effective
population size, with a maximum of 34% of the trees flowering per event in this population
(Maués 2006). This asynchrony, in extreme, may result in trees in small fragments having no
available breeding partners (Vinson et al. 2014a, b). Finally, the variation in timing, duration,
synchrony and frequency of flowering of a population, together with the interaction of
pollinators, can affect the outcrossing rate and, consequently, population-level genetic

diversity.

To undertake molecular analysis of mating systems, open-pollinated seeds, mother trees
and, optionally, other potential pollen-donor trees must be sampled and genotyped using a set
of molecular markers. The mating system of populations can be investigated using molecular
marker data and models such as the mixed mating model (Ritland and Jain 1981), correlated

mating model (Ritland 1989), neighbourhood mating model (see next section, Burczyk et al.
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2006), and paternity analysis (see next section, Meagher 1986). The mixed mating model
assumes that seeds within families may originate from a mixture of selfing and outcrossing,
whereas the correlated mating model allows for the possibility that outcrossed seeds may
originate from successive matings between the mother and the same father and the seeds may
therefore be full-siblings. These two models are implemented in the MLTR software (Ritland
2002), which provides an estimate of the pollen and ovule gene frequencies, fixation index of
mother trees (F,,), multilocus outcrossing rate (t,,), single-locus outcrossing rate (ts), mating
among related individuals (t,, —t;), selfing correlation (r;), single-locus correlation of
paternity (r,s)), multilocus correlation of paternity (r,,) and rate of crossing between pollen
donor trees that are related () — 7p(s))- From these indices, many other indices may be
estimated. For example, the selfing rate (s = 1 — t,,,), effective number of pollen donors (N, =
1/7,my, Ritland 1989), the co-ancestry coefficient within families (0 = 0.125(1 + F,,)[4s +

(2 + stm7:)(1 + rpamy )|, Sebbenn 2006), the variance effective size (N, =0.5/© , Sebbenn

2006), and the number of seed trees for seed collection (m = N,(,-/N,, wWhere N, is the
effective population size the collector aims to retain in the progeny array sampled, Sebbenn
2006). The estimate of m is based on the following assumptions: (1) seed trees are not related,;
(2) seed trees do not receive an overlapping pollen pool (each seed tree mates with a different
set of pollen donors); and (3) seed trees do not mate with each other. If the assumptions are

met, in the whole progeny sample related seeds should only occur within family groups.

Pollen and seed dispersal

Understanding pollen and seed dispersal is key to understanding the impacts of anthropogenic

land-use change on population and species viability (see Table 1 in Ratnam et al. 2014).
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Genetic markers can be used to study the pollen-flow and seed dispersal patterns using (1)
direct paternity analysis, (2) neighbourhood mating model or (3) the TWO-GENER method.
Direct paternity analysis methods implemented in CERVUS (Marshall et al. 1998; Kalinovski
et al. 2007) and Famoz (Gerber et al. 2003) use the exclusion and likelihood method approach.
For paternity analysis open-pollinated seeds, mother trees and all of the other adult trees with
a study area must be sampled and genotyped. Direct paternity analysis aims to identify the
pollen donor for each sampled seed. This data, paired with the location of the pollen donor,
allows the researcher to investigate the minimum, average and maximum distance of pollen
dispersal, the number of pollen donors for each seed tree, and percentage of different pollen
donors for each seed tree. If there is a pollen donor that is contributing disproportionately to
the pollen pool, these data allow the researcher to investigate which factors may be important
for pollination success, for example diameter of the pollen donor, wind, and distance from the
pollen recipients. Pollen dispersal can be investigated using the Neighbourhood mating model
(Burczyk et al. 2006), which is a paternity analysis approach that assumes that seeds of a seed-
tree (mother-tree) may results from selfing (s), outcrossing with pollen donors located within
a pre-defined circular neighbour area (t,,), and outcrossing with pollen donors located outside
of the pre-defined circular neighbour area (t,). This model is implemented in the NM+ software
(Chybicki and Burczyk 2010) and provides an estimate of pollen flow (m,) from outside of the
sample area, the effective number of pollen donors (N,,), and the mean distance of pollen
dispersal (§). For this analysis, open-pollinated seeds, mother trees, and other adult trees must
be sampled and genotyped within a defined area (Neighbor area), and other trees may be
sampled outside of the area. Pollen dispersal can also be indirectly investigated, using the
TWO-GENER method (Smouse et al. 2001), implemented in the POLDIST software
(Robledo-Arnuncio et al. 2007). The principle of the TWO-GENER method is to estimate the

differentiation of allele frequencies among the pollen pools sampled by several mother trees in
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a population. The parameter is calculated by an analysis of molecular variance (AMOVA,
Excoffier et al. 1992). For this analysis, open-pollinated seeds and mother trees and, optionally,

other potential pollen-donor trees, are sampled and genotyped.

Parentage analysis based on nuclear microsatellite loci may permit us to identify both
parents of a progeny, but does not distinguish which is the female and which is the male parent.
Pollen dispersal distance is the distance between the both assigned parents, and the
identification of which parent is the mother and which is the father is not relevant. However,
in order to determine seed dispersal distance, we must know which parent is the mother, since
seed dispersal distance is calculated as the linear distance between the seedling and the mother
tree. Many studies have assumed that the closest assigned parent for progeny is the mother and
the most distant assigned parent is the father based on the maximum locomotion distance
capacity of pollen and seed dispersal vectors (Sebbenn et al. 2011; Baldauf et al. 2014). For
dioecious species, putative parents can be sexed visually by observation of female and male
flowers, as well as by the presence and absence of fruits. Cytoplasmatic gene markers can be
especially helpful in this case if their pattern of inheritance is known, as is the case for
coniferous trees, where mtDNA is inherited maternally whilst coDNA is inherited paternally.
For angiosperm trees the situation is more complicated as mtDNA and cpDNA may not be

uniquely heritable from the mother and father, respectively.

Biotic pollinator-mediated pollen dispersal depends largely on pollinator foraging
behaviour. Trees use odour and visual attraction and offer compensation for the visit of the
pollinator, including pollen, nectar and oils, protection and brood locations (Sedgley and
Griffin 1989). Different animal pollinators, such as bees, beetles, lepidopterans and syrphid
flies, birds and bats, have different minimum and maximum flying distances and different

visiting behaviours. This interaction between plants and pollinators has been modelled based
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on food-gathering and predator-prey models (Waddington 1983). The ideal pollinator is
rewarded for making regular visits at the time of pollen shed, visits many flowers of many
trees, carries significant loads of viable pollen and makes frequent contact with stigmas to
produce effective pollination. An ideal tree has high effective population size, a high proportion
of trees flowering in synchrony, a large quantity of pollen produced, and is attractive to

pollinators (Maués 2006).

Here we present two case studies, both of which employed SSR markers for direct
paternity assignment, which produced contrasting results. Jacaranda copaia (Aubl.) D. Don
(Bignoniaceae) pollen disperses over long distances, and individual trees generally mate with
a large number of other trees. The species does not have a specific pollinator, and can be
pollinated by small and medium sized bees and occasionally butterflies and humming birds. In
contrast, within the same forest, the pollinators (Thysanoptera) of Bagassa guianensis form
"thrip clouds’ and visit the nearest trees, therefore studies of pollen dispersal found only three
pollen donors per mother tree among narrowly distributed trees (Silva et al. 2008). In general,
in canopy and emergent species, outbreeding and self-incompatibility is common, some
pollinators apparently travel long distances, gene flow may be extensive and seeds are largely
or completely outcrossed. Therefore, tropical tree populations have extensive gene flow and

seem to exist as large and genetically connected populations (Loveless 2002).

Intra-population spatial genetic structure (SGS) depends largely on seed dispersal
(Vekemans and Hardy 2004; Azevedo et al. 2007; Bittencourt and Sebbenn 2007; Carneiro et
al. 2007; Cloutier et al. 2007; Eduardo et al. 2008; Silva et al. 2008; Degen and Sebbenn 2014;
Vinson et al. 2014b). Species whose seeds are dispersed near the maternal plant (e.g. gravity
dispersal) or species whose seeds are deposited in clumps or patches should have more fine-

scale genetic structure than species whose seeds are dispersed singly by mobile animals.
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Furthermore, due to the overlap of seed shadows, species with high adult densities should have
less genetic structure than species with lower densities (Vekemans and Hardy 2004). Mating
among related individuals occurs if populations present intra-population genetic structure
(SGS) and pairwise near-neighbours are more likely to be related than pairwise trees separated
by longer distances (Cavers et al. 2005). SGS can be determined using an estimation of the
coancestry coefficient (6,,) between pairwise trees within different distance classes, an analysis
which can be implemented in the SPAGEDI software (Hardy and Vekemans 2002). It can also
be compared between different generations, populations and species by the statistic Sp-statistic
(Vekemans and Hardy 2004): Sp = —b,. /(1 — 6,) Where 6, is the average coancestry coefficient
calculated between all pairwise individuals within the first distance class and by is the slope of
the regression of the coancestry coefficient against the logarithm of spatial distance.
Populations of tropical trees generally exhibit SGS (Degen and Sebbenn 2014), but small
populations that have been isolated for a long time are expected to exhibit the highest SGS
(Wright 1976). There are four main SGS patterns generally observed: (1) Short seed dispersal
distance leads to a population with genetic structure, trees surrounded by related trees (Table
1, species A,B, E, F, I and J). If pollen dispersal is short, pollinators only visit neighbouring
trees, related trees will cross, and there is a high probability of selfing (Table 1, species E and
I) and inbreeding (Table 1, species A, E and 1). (2) Short seed dispersal but long median pollen
dispersal, that is, pollen dispersal is longer than seed dispersal: In this case the probability of
selfing and inbreeding is moderate, as some pollinators will visit close trees (related) and some
pollinators will travel further and visit unrelated trees (Table 1, species B, F, J). (3) Long-
distance seed dispersal results in little or no genetic structure in the population and in
association to short pollen dispersal there is a low probability of mating among related trees
and, consequently of seeds present inbreeding (Table 1, species C, G, K). (4) Long-distance

seed dispersal and long-distance pollen dispersal results in very low probability of selfing and
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inbreeding (Table 1, species D, H, L). (5) If species have a self-incompatibility system, such
as species A, B, E, F, I and J in Table 1, this will probably lead to abortion of seeds resulting
from selfing and inbreeding and will produce a reduced number of seeds capable of

germinating.

Conclusions and sampling strategies for genetic studies

Sampling seeds is an important step in a genetic study. Depending on the question, and in order
to avoid bias, trees from the centre and corners of the study area should be selected. If clumps
are present in the study area, one tree per clump may be selected. Ideally one seed per fruit
should be collected, together with fruits from different positions on the tree (different heights
and different cardinal directions) since there may be pollinators that pollinate only flowers at
the top of the tree, whilst other pollinators visit the flowers below, or on the north or south side
of the tree. These measures aim to guarantee representative sampling of each tree. DNA can be
extracted from the embryo, or seeds can be germinated and when seedlings have at least two
leaflets, DNA can be extracted. However, the second approach can cause early selection against

inbred individuals leading to an underestimation of inbreeding.

In addition, for studies of genetic diversity and structure we suggest the sampling of at least 50
trees per site due to the fact that these analyses are dependent on robust estimates of gene
frequencies (Sebbenn 2002). When sampling 50 trees per site we are likely to obtain a robust
representation of gene frequencies within populations (Sebbenn 2002). However, in cases
where population size is lower than 50 trees, we suggest sampling all trees available at the
study sites. For mating system analysis, we suggest the collection of at least 200 open-

pollinated seeds from at least 20 trees (10 seeds per tree) in order to investigate the individual
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variation in outcrossing rate, mating among related trees and correlated mating. If the species
under study produces more than one seed per fruit, we suggest collecting more than one seed
per fruit and increasing the sampling of seeds to at least 20 seeds per tree (total of 400 seeds)
in order to investigate the hierarchical paternity correlation within and among fruits (Sebbenn
2006). For parentage analysis, when aiming to investigate pollen and seed dispersal, we suggest
sampling all reproductive trees in a forest fragment or in the case of continuous forest or species
with a high population density (>10 trees per hectare), establish experimental plots where all
reproductive trees must be sampled and open pollinated seeds must be collected mainly from
trees located in the centre of the plot to try to maximize pollen donor assignment. Moreover, if
possible, regenerants (saplings, seedlings or juveniles) must also be sampled, mainly in the
centre of the plots, to try to maximise the assignment of mothers and fathers and investigate

the pollen flow and seed dispersal distances.

Finally, a key goal for future studies of population genetics of tropical trees is to
investigate the effects of inbreeding originating from both selfing and mating among relatives.
At present there are a small number of studies of this subject in tropical trees ( Ismail et al.
2012; Rymer et al. 2015; Duminil et al. 2016; Tambarussi et al. 2017), even though tree
diversity is very high in tropical biomes. To do this, in studies based on paternity analysis, we
suggest the parallel investigation of seed germination rate, seedling growth rate, plant height
and diameter. Paternity analysis based on samples of open-pollinated seeds permits the
determination of which individuals (germinated seeds) originated from selfing and mating
among related trees, and the germination rate and growth characteristics of these seeds can then
be compared with seeds originating from mating among unrelated trees (Ismail et al. 2012;
Rymer et al. 2015; Tambarussi et al. 2017). This will provide important information regarding
the effects of inbreeding originating from selfing or mating among related trees, as well as

different seed and seedling traits.
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