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Abstract 
Telling species apart plays a key role in understanding global biodiversity, monitoring 
change, and managing biodiversity. However, species discrimination is often difficult 
due to the sheer volume of species on earth and the complexity of the nature of 
species. This led to the development of DNA barcoding which uses standardised 
regions of DNA for species identification. The standard plant DNA barcodes are based 
on small regions from the plastid genome and ribosomal DNA. The approach works 
well in some plant groups, but does not provide unique species-level resolution in 
many others.  
In this thesis, I explore the potential for using data from the nuclear genome for 
improving and enhancing species discrimination in plants. Access to the nuclear 
genome via high-throughput sequencing now enables the generation of large amounts 
of sequence data from multiple unlinked loci. Such data offer the opportunity for 
designing the next generation of plant barcoding approaches based on a detailed 
understanding of genomic differences between species. Various studies have shown 
the ability of multiple unlinked nuclear markers to provide high discriminatory power in 
many plant groups, separating species, and infra-specific taxa. But there has not yet 
been an overview and synthesis of exactly how powerful these approaches can be, 
and how best to guide future efforts in building plant identification tools.  
In this thesis, I provide a first overview of how nuclear genomes perform in telling 
species apart. Overall I tackled the following questions 1) what is the proportion of 
species that are distinguishable with nuclear markers? 2) what is the nature of the 
inter-specific differences and what are the attributes of loci that are the most 
informative in telling species apart? And 3) how many markers are needed and what 
markers are needed to maximise the species identification success? 
To answer those questions, I first outlined the conceptual issues to address in 
assembling and analysing appropriate multi-locus nuclear sequence datasets. I then 
developed a new pipeline called NucBarcoder which supports workflows and analysis 
using multi-locus nuclear sequence data for species discrimination. I then tested this 
workflow on a case study, consisting of a dataset of sequence data from 810 nuclear 
genes from 453 individuals from 133 Inga species including 69 species which were 
represented by multiple-sampled individuals. Of the 69 species with multiple 
individuals sampled, 45 resolved as monophyletic (65%). The density of species-
specific SNPs for each Inga species ranged from 0 to 1503 per megabase. Compared 
to the full dataset of 810 genes and 205,871 SNPs, subsampling analysis revealed 
that a random selection of 70 genes or 2500 SNPs, or a combination of 9 ‘best 
performing’ genes could achieve levels of species discrimination success similar to 
the full dataset. I found a positive correlation (r = 0.42) between the number of species 
distinguished and the nucleotide diversity of the genes used for species discrimination. 
To search for broader generalisations, I then compiled data from 149 different genera 
to assess the proportion of plant species that resolve as monophyletic. I then selected 
29 genera with suitable available data for further study and calculated the abundance 
and density of species-specific SNPs (SSSNPs), and the proportion of species that 
can be distinguished by different subsets of the data and also by targeting the best-
performing gene regions. Finally, I evaluated the characteristics of the best-performing 
gene regions in terms of levels of nucleotide diversity and density of SSSNPs. In the 
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analysis of 149 genera, overall, of the 1,701 multiple-sampled species evaluated 1,206 
resolved as monophyletic (71%). At the level of individual genera, 37 of the 149 genera 
(25.8%) had 100% of species resolved as monophyletic, and 75 (50.3%) genera had 
at least 75% of the species resolving as monophyletic. Among the 29 genera 
examined in more detail, the density of SSSNPs of all species ranged from 0 to 27,262 
per Mb, with a median density of 323 SSSNPs per Mb (a median density of one 
SSSNP every 3,098 bp). Of the total of 460 species from 29 genera assessed, 411 
species (89.3%) had at least one SSSNP. Resampling of these datasets showed that 
with around 3,000 SNPs, almost all genera have asymptoted in their levels of species 
discrimination, with 21/23 genera (91%) having >85% of their distinguishable species 
(e.g. those told apart in the full data set) distinguished with 3,000 randomly selected 
SNPs. Furthermore, in a detailed investigation of six genera, there are clearly some 
loci that are much better than others in telling species apart. Between one and nine 
pre-selected genes were able to recover equivalent levels of species discrimination 
compared to several hundred genes from the full datasets. A closer investigation of 
the attributes of the best-performing genes showed some positive correlations 
between the number of species resolved as monophyletic and the nucleotide diversity 
of a given gene, although this relationship was not clear cut, and the genes that give 
the highest species resolution are not always the most variable genes. 
These findings provide some key general information on the proportions of plant 
species that are resolvable using multi-locus nuclear sequence data from plants and 
the nature of the sequence variation between plant species. In the final chapter of the 
thesis, I summarise these findings and identify a set of priority research and 
infrastructure needs to take forward the development and use of multi-locus nuclear 
DNA barcoding of plants. 
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Preface  
 
The thesis is structured into six chapters. These consist of  
Chapter 1: A general introduction to the topic of telling plant species apart, the 
strengths and limitations of existing DNA barcodes, and the potential for the use of 
sequence data from the nuclear genome to improve levels of species discrimination. 
Chapter 2: A consideration of some key issues and challenges that need to be 
addressed in developing methods for using multi-locus sequence data for plant 
species discrimination 
Chapter 3: A technical chapter summarising a newly developed pipeline (NucBarcoder) 
for supporting the analysis of telling plant species apart with multi-locus DNA 
sequences 
Chapter 4: A case study focusing on a complex and species rich genus (Inga), utilising 
the NucBarcoder pipeline to test how multi-locus nuclear sequence data can be used 
to tell plant species apart 
Chapter 5: The main analysis in the thesis consisting of a meta-analysis of multiple 
studies, evaluating the extent of plant species monophyly from multi-locus sequence 
data, the distribution of species specific SNPs, and exploring the minimal amount of 
data necessary to give maximal species discrimination. 
Chapter 6: A summary chapter and brief forward looking perspective identifying future 
research priorities.  
From these six chapters I plan to submit three or four papers. These will be:  

1) A technical paper outlining the scripts and protocols used for assessing the 
signal in multi-locus nuclear sequence data from plants for species 
discrimination. This paper is likely to be submitted to a methodological journal 
such as Protocols.io, and will be based heavily on the existing text in Chapter 
3. The co-authors will be Alex Twyford and Pete Hollingsworth 

2) The main meta-analysis paper, giving an overview of the headline findings of 
the proportion of plant species that resolve as monophyletic, the distribution of 
species specific SNPs among plant species, and the minimum amounts of data 
required to tell plant species apart. This paper is based on the analyses 
described in Chapter 5 and is currently at an advanced draft stage with 
submission planned for PNAS. The co-authors will be Alex Twyford and Pete 
Hollingsworth, along with the collaborators who have provided datasets used 
in that paper. A list of collaborators could be found in the acknowledgement. 

3) The next paper(s) will either be a focal paper exploring the issues of species 
discrimination in detail, focusing on the Inga case study, and/or a more general 
perspective, drawing together strands from Chapters 1, 2 and 6 to outline a 
road-map for developing next generation barcodes for plants.  
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Chapter 1 Introduction 
An estimated 25% of species on earth are threatened with extinction due to large-
scale environmental change and human pressures on the natural environment (IPBES, 
2019). To address this global biodiversity crisis, there is a pressing need to enhance 
our understanding of biodiversity and monitor biodiversity change, and to guide 
interventions to address its decline. Species are a fundamental component of 
biodiversity, yet they can be difficult to tell apart due to intrinsic morphological and 
genetic complexities (Mallet et al., 2016). Improved methods of telling plant species 
apart are therefore important to assist efforts to respond to the biodiversity crisis. The 
specific focus of this project is to get a better understanding of the nature of the 
genomic differences between plant species, to guide the improvement of DNA-based 
methods for telling plant species apart.  
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1.1.  Species concept 
At the outset of a thesis aiming to understand the genomic nature of plant species and 
to improve methods of telling species apart, it is important, first of all, to consider and 
define what a species is. There is an extremely rich literature on species concepts (De 
Queiroz, 2007), with many hundreds of papers written, and many ongoing and 
unresolved disagreements. Some examples of different species concepts are outlined 
below. 
The biological species concept is defined as natural mating among groups of 
organisms that produces viable and fertile offspring (Gregor, 1940, Mayr, 1942, 
Dobzhansky, 1950). As one of the oldest, most popular and well-accepted species 
concept, this definition emphasises genetic compatibility rather than morphological 
conformity. The biological species concept focuses on biological interactions and 
natural processes rather than being merely a set of instructions for the demarcation of 
species, and it is on this that a species concept must be based according to Mayr 
(Mayr, 1942). One obvious limitation of this concept is that it does not take into account 
organisms which reproduce by autogamy or asexual reproduction, and in practice 
observing the mating behaviour and reproductive outcomes of many species is 
operationally impractical for many taxonomic groups, especially plants. 
The ecological species concept was introduced based on the occupation of a distinct 
geographical range and ecological niche (Van Valen, 1976). Adapting to a set of 
environmental components offers a good example to answer the Darwinian ‘why’ 
question as to why species exist. Two main challenges to the ecological species 
concept are firstly that widespread species can occupy heterogeneous niches, yet 
clearly represent one species based on other criteria. Another challenge that refutes 
this concept is the opposite to the first point – it is about when a single set of offspring 
from the same parents differentiates and demonstrates the feature as multiple species 
should do. An example for this is the trophic species of cichlids (Meyer, 1990). 
According to Nixon and Wheeler (Nixon et al., 1990) the phylogenetic species concept 
defines a species as “the smallest aggregation of populations (sexual) or lineages 
(asexual) diagnosable by a unique combination of character states in comparable 
individuals”. It was originally based on the clustering of similar morphological 
characters. However, with the availability of multi-locus or even whole-genome 
sequence data, and to suit the purposes of phylogeny reconstruction, cladistic 
classification, and the study of evolutionary process, the phylogenetic species concept 
was then supplemented with several alternative properties with different emphases. 
These properties are: 1) Monophyletic – a species should consist of an ancestor and 
all of its descendants (Donoghue, 1985). This is under the premise that the species 
has been established long enough to accumulate abundant mutations. It also relates 
to the mode of speciation events which will be discussed later. 2) Diagnosable 
(qualitative, fixed differences) – certain loci with critical mutations associated with 
adaptivity, sexual compatibility, and reproductive functions being involved during the 
speciation process, i.e. speciation genes, and fixed post-speciation events (Nixon et 
al., 1990). 3) Hennigian – The ancestor becomes extinct when lineage splits (Hennig, 
1979). 4) Exclusive coalescence of alleles - many alleles within a species should 
coalesce to a single ancestor within that species. 
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In practice, for the vast majority of species, the operational species concept used is a 
typological concept, which is based on taxonomists identifying morphological 
discontinuities. Based on those morphological discontinuities, taxonomists assign a 
species name and develop a description and diagnosis associated with that name, 
and the approach is very much focused on describing biological discontinuities, rather 
than focusing on evolutionary processes that have led to those discontinuities.  
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1.2.  Approaches for telling species apart 
As noted above, the vast majority of species have been delimited and are identified 
using morphological characters. Since Linnaeus’s first treatise on species description 
(Linné, 1753), the long history of this morphology-based identification has drawn on 
(and supports the development of) an abundance of historical records (such as 
herbarium, museum, and garden collections). The well-established standards of 
morphological descriptions, identification keys and guides, and voucher specimens in 
museums and herbaria has created an effective, widely used, and accessible system. 
However, the approach does have limitations. First of all, where the differences 
between species are subtle, recognising diagnostic characters requires high-levels of 
taxonomic expertise and the task of telling species apart is often slow and demanding. 
Secondly, in order to identify species using morphology, it is often necessary to have 
access to adult fertile specimens; e.g. the specimen must be intact and in its full-grown 
adult shape, preferably with flowers and fruits for plants. Thus this method requires 
access to optimal material which is not always available. This is particularly true for 
studies looking at ecological processes (e.g. recruitment/pollination/diet) or for 
forensic/authentication studies where the material available is often juvenile or 
fragmentary or processed (Ogden et al., 2009, Hollingsworth et al., 2016). 
Other popular approaches for telling species apart include various protein-based or 
chemical methods and these continue to be deployed. A recent study successfully 
identified the moth species of origin of wild silk used in antiquity by examining unique 
peptides using protein mass spectrometry (Lee et al., 2022). Another successful study 
examined the peak patterns from gas-liquid chromatography to successfully 
distinguish two honey bee species (Lavine & Carlson, 1987). This use of chemical 
fingerprinting, or ‘chemocoding’ has been promoted as a robust way for distinguishing 
morphologically similar species at a single site and for identifying widespread species 
across continental-scale ranges (Endara et al., 2018). 
Such approaches are widespread, and build on a rich history of using protein 
polymorphism in biosystematics, or secondary compounds in chemotaxonomy (Soltis 
et al., 1989). These protein-based or chemical approaches provide another set of 
characters that are argued to be less susceptible to plastic responses to the 
environment than morphological-based methods (Lee et al., 2022). However, these 
approaches are based on the downstream expression products of genes and they can 
be susceptible to tissue-specific profiles and to environmentally induced variation. The 
resulting data are also fundamentally complex in nature, often consisting of different 
ratios of product presence, or combinations of products, making analysis complex 
across taxa and across analytical platforms.  
Recognising the challenges using morphological or chemical methods of species 
discrimination, there is an enormous opportunity and an enormous globally distributed 
effort to use DNA-based methods to improve species discrimination. DNA is universal 
across eukaryotic organisms and stable enough such that genetic information can be 
recovered from a wide range of specimens and samples, including museum 
specimens and even from fossil specimens. The basic property of a universal genetic 
code, and four discrete character states (A, C, G, T) which do not show developmental 
or environmental plasticity make DNA a prime target for a global species identification 
system (Hebert et al., 2003).  
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1.3.  Speciation modes and mechanisms 
A prerequisite to thinking about how best to deploy DNA-based methods to tell plant 
species apart is considering, firstly, the evolutionary processes that lead to plant 
speciation, and secondly, the genetic and sequence diversity associated with these 
processes. In this section, I summarise some key modes and mechanisms of 
speciation and the expected phylogenetic patterns that arise from these processes 
(i.e., species monophyly, paraphyly, and polyphyly). 
 
1.3.1. Three major geographical scales of speciation 
Speciation categories were originally defined by the proportion of geographic range 
overlap of diverging populations (Fitzpatrick et al., 2009), namely allopatric speciation, 
sympatric speciation, and parapatric speciation.  
Allopatric speciation is the classic speciation by isolation model. For populations that 
are geographically isolated, the physical separation restricts gene flow between 
populations, leading to independent evolutionary trajectories. Over time, genetic 
divergence accumulates due to various evolutionary processes such as genetic drift, 
mutation, and natural selection acting independently in each isolated population.  

 
 

Figure 1.1. Speciation modes with different levels of geographic overlap and gene flow; (a) sympatric 
speciation. (b) parapatric speciation. (c) allopatric speciation. Pink and Blue circles represent two 
diverging populations, with different levels (thickness) of initial gene flow (arrows) displayed. 
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Parapatric speciation refers to divergence across a species range in the face of partial 
restrictions on gene flow. Some level of geographical restriction to gene flow, can 
promote divergence when (semi-isolated) populations experience different ecological 
conditions. Thus differentiation and speciation can occur where selective forces 
promote divergence, and the homogenising influence of gene flow is comparatively 
weak compared to the forces of divergence (Gavrilets, 2004).  
Sympatric speciation is defined as a situation where populations co-occur in their 
range, and previously experienced a high level of reciprocal gene flow (Kondrashov et 
al., 1986, Kawecki, 2004). The divergence of two populations happens due to an initial 
mutation that promotes divergence, and may trigger a cascade of further changes 
which leads to an elimination of gene flow (Kawecki, 2004).  
 

1.3.2. Species diversification mechanisms in relate to patterns of DNA 
divergence 

Within these geographical contexts there are different diversification mechanisms 
including speciation due to reproductive incompatibilities that arise following 
divergence in isolation, and/or due following adaptations to different environmental 
conditions, as well as sometimes more abrupt forms of speciation promoted by 
hybridisation, chromosomal/ploidy changes, and speciation due to mating system 
shifts (Rieseberg et al., 2007). These leads to different patterns of DNA divergence 
which account for the ability to distinguish species. 
Patterns of DNA divergence in allopatric speciation typically involve the accumulation 
of fixed differences or unique alleles in each isolated population. As the populations 
experience different selective pressures and genetic drift, genetic differences 
accumulate, leading to distinctive genomic signatures. The accumulation of fixed 
differences or unique alleles in allopatric populations provides clear genetic 
boundaries between species. These differences can be detected by DNA sequencing 
and genotyping, and can be used to identify and distinguish species. 
In sympatric speciation, genetic divergence occurs despite the absence of physical 
barriers. DNA divergence in sympatric speciation can be more nuanced compared to 
allopatric speciation. It may involve subtle genetic variations, such as allele frequency 
differences or changes in gene expression patterns, rather than fixed differences. This 
can make it challenging to distinguish species solely based on traditional DNA 
sequence analysis. 
In the parapatric speciation mode, populations occupy distinct ecological niches or 
habitats that are adjacent to each other, allowing for some gene exchange, albeit at 
reduced rates compared to sympatric speciation. Patterns of DNA divergence in 
parapatric speciation can exhibit a gradient of genetic variation along the geographic 
range of the species. The ability to distinguish parapatric species based on DNA 
markers can be challenging due to the continuum of genetic variation and the potential 
for shared genetic variants between neighbouring populations. But on the continuum 
genetic variation spectrum, fixed differences or unique alleles can be found which 
could be used for species identification. 
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1.4.  Species and phylogeny 
An alternative way of thinking about the nature of plant species is through the optic of 
phylogenetics. Hennig firstly distinguished two kinds of groups that he called mono- 
and paraphyletic groups, and postulated that ‘only monophyletic groups are natural 
groups’ (Hennig, 1979). The claim was challenged (Nixon et al., 1990), given the wide 
range of mechanisms by which plant species might arise, and in turn lead to species 
that are either monophyletic, paraphyletic, or polyphyletic. These phylogenetic 
relationships among species will be influenced by different modes and timing of 
speciation.  
The classic model of ‘speciation in allopatry’ due to range-splitting vicariance will 
typically generate reciprocally monophyletic daughter species. The amount of time 
required for two species to resolve as monophyletic will depend on (a) the size of the 
populations, with larger populations taking longer to become reciprocally monophyletic 
compared to smaller populations; (b) the region of DNA being examined to test for 
monophyly, the slower the mutation rate of the region concerned, the longer the time 
before sequences will resolve as monophyletic; (c) the generation time of the species 
in question, with longer generation times, leading to longer time to reciprocal 
monophyly, and (d) the extent of residual gene flow between diverging lineages, with 
ongoing gene flow retarding the transition to reciprocal monophyly (Avise, 2004).The 
reciprocally monophyletic daughter species are easy to identify as separate 
monophyletic clades on the phylogenetic trees. 
The circumstances under which we expect species to resolve as paraphyletic include 
when one species ‘buds-off’ from another. This may occur if populations become 
isolated at the margins of a species range, resulting in a derivative species nested 
within the variation of its progenitor species. The state of paraphyly itself may be 
transitory, as overtime gene flow within the progenitor species, and divergence from 
the derivative species should lead to a transition to reciprocal monophyly (Coyne et 
al., 2004) Likewise, when a species is generated from hybridization, the hybrids are 
usually nested between the two parental species, thus rendering both of the parental 
species paraphyletic. In this context, though only the daughter species forms a 
monophyletic clade on the phylogeny, the mother species is also identifiable to be 
resolved as paraphyletic clade immediate close to the daughter species. 
The circumstances under which we expect species to resolve as polyphyletic include 
repeated transitions from the same starting genetic material such as repeated 
allopolyploid hybridisation from the same parental species, or independent ecological 
adaptations giving rise to morphologically and ecologically similar entities (Avise, 
2004). In the case of independent origins of allopolyploidy, many taxonomists will treat 
the resulting polyphyletic entities as members of the same species (as they may in 
practice be indistinguishable). In the case of multiple (parallel) evolution of similar 
morphologies and ecologies, the different monophyletic units within a polyphyletic 
‘species’ complex may in practice be reclassified as different species, reflecting their 
different evolutionary origins. This is the most intricate scenario trying to identify 
species based on the phylogeny. The best hope is one or several genomic regions 
that account for the species boundary, albeit rampant genetic exchanges happening 
at the rest of the genome, could be identified and thus for the use of species 
identification. 
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1.5.  Species identification using DNA sequence 
In light of the aforementioned evolutionary processes and how they relate to the 
genomic patterns of differences between species, I now take a closer look at the 
methods that have been developed for telling species apart using DNA sequences, 
focusing on the widely applied approach of DNA barcoding. 
 
1.5.1. DNA barcoding 
DNA barcoding aims to provide a minimal diagnostic region of the genome and works 
on the principle of using short standardised regions of DNA to tell wild species apart 
(Hebert et al., 2003). There are two major ways to identify species with DNA sequence 
from DNA barcodes – Distance-based and phylogeny-based methods.  
Distance-based methods focus on finding a barcoding gap between the inter-specific 
nucleotide distances and intra-specific nucleotide distances (Čandek et al., 2015). It 
is based on the premise that the nucleotide distances among individuals from the 
same species should be smaller than those between individuals from different species. 
This difference between inter-specific and intra-specific nucleotide distances is called 
the barcoding gap. The barcoding gap has been implemented as a fixed threshold of 
sequence divergence to define species boundaries. In many taxa, there is a clear and 
unambiguous barcoding gap which can be used to assign unknown specimens to 
known species, as demonstrated by the use of DNA barcoding to study North 
American birds (Hebert et al., 2004). In this study, the inter-specific sequence 
distances in the cytochrome oxidase 1 DNA barcode (CO1) was 19–24 times greater 
in magnitude than the intra-specific differences (7.05%–7.93% versus 0.27%–0.43%, 
respectively). With this clear barcode gap, the authors concluded that most North 
American bird species can be discriminated using DNA barcode-based molecular 
diagnosis (Hebert et al., 2004).  
Using a fixed threshold DNA-barcoding gap has been criticised as closely related 
species may have inter-specific genetic distances that fall below a divergence 
threshold that works for more divergent taxa (Moritz et al., 2004). In general, a priori 
determined divergence thresholds are not widely accepted, as even where the target 
species are ‘good’ species, the levels of divergence between species is expected to 
vary in different taxonomic groups, and with different speciation histories (based on 
factors such as effective population sizes and species divergence times (Hickerson et 
al., 2006, Rannala, 2015)). Thus it is often difficult to establish an a priori threshold 
(Goldstein et al., 2000, DeSalle et al., 2005). The establishment of the automated 
barcode gap discovery (ABGD) program (Puillandre et al., 2012) assists the estimation 
of an a priori barcoding gap. he Barcode Index Number System (Ratnasingham et al., 
2013), offers a more sophisticated approach for taxon discrimination based on 
sequence similarities and flexible thresholds, and this has been widely used for 
arthropod DNA barcoding (Hebert et al., 2016). More simple approaches for using 
distance-based methods for barcode identification include firstly checking which 
species are readily distinguishable (e.g. cases where species in a reference library 
have smaller intra-specific sequence distances than they have inter-specific sequence 
distances to any other species), and then comparing the distances of unknown 
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specimens to those in the reference library using approaches such as BLAST (Altschul 
et al., 1990).  
Another widely used approach for DNA barcoding involves tree-based methods. The 
approach involves building phylogenetic trees, and separating species based on their 
assignment into discrete monophyletic groups on the tree. This approach, of course 
assumes that the species in question is monophyletic in the first place, and rapid 
species diagnostics is more problematic for species whose underlying species tree 
does not involve monophyly. A desirable attribute of this approach, however, is its 
simplicity. A set of sequences can be aligned, and a tree computed and the resulting 
clusters examined to see which species any unknown samples cluster with, and hence 
which species it is inferred to belong to.  
 
1.5.2. The DNA regions used as standard DNA barcodes in major eukaryotic 

groups.  
DNA barcoding in animals uses sequence from the mitochondrial cytochrome oxidase 
1 (CO1) gene region (Folmer et al., 1994, Hebert et al., 2003). This c. 650 base pairs 
of a mitochondrial DNA region is maternally inherited, and typically discriminates a 
large proportion of known animal species, with only occasional failure at the species 
level due to closely related species pairs, or a slower mitochondrial evolutionary rate 
in a fraction of animal groups (McFadden et al., 2011, Vargas et al., 2012, DeBiasse 
et al., 2014).  
Compared to animals, studies show that in fungi, CO1 is prone to having multiple 
introns and is difficult to amplify with universal primers (Dentinger et al., 2011). Instead, 
the internal transcribed spacer (ITS) region of nuclear ribosomal DNA was selected 
as the standard DNA barcode marker for fungi and has been widely adopted and used 
by mycologists, and supplemented with clade-specific markers as required (Schoch et 
al., 2012).  
In plants DNA barcoding has proven more challenging. Various regions have been 
proposed with the key features being ease of recovery of the barcode region (e.g. 
universality of primers), the quality of the resulting sequence traces (to avoid ambiguity 
of sequence reads), and the discriminatory power of the barcode region (CBOL, 2009). 
The standard plant barcode consists of two plastid regions rbcL (Chase et al., 1993) 
and matK (Hilu et al., 1997, CBOL, 2009). This combination of loci tells many plant 
species apart, but also in many cases provides resolution only to a group of related 
species instead of unique species identity (Hollingsworth et al., 2011). The standard 
DNA barcode is usually augmented or used in various combinations with plastid 
spacer regions such as trnH-psbA (Pang et al., 2012), or the trnL intron (Taberlet et 
al., 2007). Another core standard DNA barcode for plants is the internal transcribed 
spacer region of nuclear ribosomal DNA (nrDNA ITS) or just a subset of this region 
(namely ITS2) (Yao et al., 2010, China Plant Barcoding Group, 2011, Hollingsworth, 
2011,). These different plant barcoding regions have different strengths and 
weaknesses, and some regions or combination of regions have been proven to be 
successful in some plant groups but not in others, as in the case of Cymbidium, where 
68% of the samples could be correctly assigned to species by rbcL and matK, whereas 
multiple copies of ITS and ITS2 meant they were not useful for species identification 
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in this group (Zhang et al., 2022). An overriding conclusion from the plant barcoding 
literature is that all of the current ‘standard’ DNA barcodes for plants result in 
discrimination success that is in general, lower, compared with that in animals (Blaxter, 
2016, Hollingsworth et al., 2016, Page, 2016). 
 
1.5.3. Application of DNA barcoding.  
The use of DNA barcoding as a tool for species identification, has applications in 
numerous fields. One of the main applications is new species discovery. Thus when a 
well-sampled reference library is available, if DNA barcodes from unknown specimens 
do not group with any specimens of known species, this indicates a potential discovery 
of a new species (Bell et al., 2012). DNA barcoding can also offer a reliable way of 
spotting adulterants in traded natural products such as food, medicine, and timber (Hu 
et al., 2021), and the ability to detect alien invasive species in ecological surveys (Van 
De Wiel et al., 2009, Ghahramanzadeh et al., 2013, Xu et al., 2018, Madden et al., 
2019). A growing interest in DNA barcoding is the use of large-scale reference libraries 
to support biomonitoring studies using bulk sample meta-barcoding to track patterns 
of species diversity and dynamics across time and space (Andersen et al., 2012, 
Sickel et al., 2015, Pandit et al., 2021). 
 
1.5.4. The global DNA barcoding infra-structure 
The Consortium for the Barcode Of Life (CBOL, http://barcoding.si.edu) was launched 
in May 2004 with the aim of supporting global efforts to build a complete barcode 
library of all eukaryotic life. Its role was subsequently overtaken by iBOL, the 
International Barcode of Life (www.iBOL.org). iBOL is a global initiative led from the 
University of Guelph in Canada, and serves to coordinate international DNA barcoding 
efforts. It consists of three temporally phased programs. The first phase, Barcode 
500K was completed in 2015, and established barcode records for 500K taxa. The 
second and current program called BIOSCAN was launched in 2019 and focuses on 
(a) greatly accelerating species discovery and reference specimen barcoding, (b) 
accelerating the study of species interactions, by multi-amplicon barcoding of 
specimens to reveal their associated symbiome, and (c) accelerating studies of 
species dynamics by bulk sample metabarcoding across major ecoregions, all with 
the collective aim of laying the foundations for a global biomonitoring system for the 
final program of iBOL due to launch in 2027 (https://ibol.org/programs/program-
overview/).  
The iBOL program has given rise to a series of associated national and international 
initiatives, such as large-scale projects like Biodiversity Genomics Europe 
(https://biodiversitygenomics.eu) which focuses on building a continental barcoding 
network for Europe, as well as national reference library and biomonitoring projects 
like Barcode UK (Jones et al., 2021), the Norwegian Barcode of Life 
(https://www.norbol.org), Arise-Biodiversity in Netherland (https://www.arise-
biodiversity.nl), and the Panama Barcode of Life (Kress et al., 2009). 
To date, the iBOL associated data repository, Barcode of Life Data System (BOLD), 
has archived 11,587,000 barcodes, representing approximately 339,000 formally 
described species, including 72,000 plant species (accessed online December 2022). 
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As noted previously, in addition to the Linnean binomial nomenclature system, BOLD 
incorporates a Barcode Index Number (BIN) system which automates the delineation 
of molecular operational taxonomic units (OTU) as proxies for animal species. This 
BIN system allows for the classification of species based on sequence data, prior to a 
more taxonomic formal description. The BIN system does not work for plants, 
however, due to the lower resolving power of plant DNA barcodes.  
 

 
Figure 1.2. The growth of DNA barcoding influence (data provided by Paul Hebert, University of Guelph) 
 

1.6. Efforts to improve DNA barcode resolution in plants by 
augmenting the standard DNA barcodes 

An obvious starting point for increasing species discrimination in plants is to add more 
loci. The standard plant barcodes (rbcL, matK, trnH-psbA, trnL, ITS (or ITS2)) can be 
used in combination, and /or further supplemented with additional coding regions (e.g. 
rpoB, rpoC1, ndhH), and/or intergenic spacer regions (atpF-atpH, psbK-psbI, ndhF-
rpl32, rpl32-ccsA, psbK-psbI, petA-psbJ) from the plastid genome (Yan et al., 2015, 
Mu et al., 2021, Zheng et al., 2021, Torke et al., 2022), or going one step further to 
sequence the entire plastome which is referred to by some authors as a ‘super-
barcode’ (Comer et al., 2015, Bohmann et al., 2020, Simmonds et al., 2021, Su et al., 
2021, Fu et al., 2022), or adding additional nuclear ribosomal DNA regions such as 
the external transcribed spacers (ETS, Liu et al., 2022).  
When more plastid or ribosomal data are added, studies have shown different levels 
of improvements in discrimination success, but overall the gains have been modest. 
A small-scale study on a species complex Mukdenia rossii and M. acanthifolia shows 
that the complete plastome resolves individuals from two species, while the ITS + ETS 
combination failed (Liu et al., 2022). In a taxonomical complex genus Corydalis, five 
nuclear and chloroplast DNA regions, ITS, ITS2, matK, rbcL, and psbA‐trnH, were 
preliminarily assessed, and the combination of ITS + matK (69.6%) provided the 
highest species resolution among all single barcodes and their combinations (Ren et 
al., 2019). In a well-studied group Stipa, evaluation of tens of commonly used loci 
shows that no single locus or combination of loci could tell 70% of the species apart. 
The complete plastome sequences, a.k.a. super-barcodes, appeared to be more 
effective with a higher nucleotide variation, but still failed to reach a desired species 
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resolution in this feather grass genus (Krawczyk et al., 2018). An extreme case in 
Schima demonstrated a growth of discrimination success from 0% (using the standard 
DNA barcodes) to 27% when adding the whole plastome sequence to the pool. But 
the final discrimination rate is still too low to be confidently used in future species 
identification (Yu et al., 2022). 
Several other studies have tried to expand from standard DNA barcodes to multiple 
plastid regions or the whole plastome. A phylogeographic analysis on 78 plastid 
protein-coding sequence (CDS) loci, assembled based on whole-plastome data, of the 
genus Polygonatum distributed on the Himalaya-Hengduan Mountains (HHM), 
successfully clustered specimens from the two main subsections (Xia et al., 2022). At 
the species level, the plastome data from the olive genus Olea was reported to be able 
to cluster individuals from the same species together (Dong et al., 2021). The success 
was also demonstrated at a small scale in the genus Catalpa (Dong et al., 2022). 
However, the information from the whole plastid genome provide is not always 
sufficient, as in the case of Lauraceae, where a study sequenced 191 plastid genomes 
from 131 species from 25 genera, and the plastome data overall were only able to 
discriminate ~60% of the species, with this representing a modest improvement from 
40–50% discrimination success with the standard plant DNA barcodes (Liu et al., 
2021). A newly published study sequencing the whole plastome of Cymbidium 
showing that the identification rate increased from 58% to 68% compared to the 
standard DNA barcodes (Zhang et al., 2022). Likewise, in the genus Rhododendron 
(Fu et al., 2022), there was a modest increase in discriminatory power from 33% using 
a combination of the standard barcodes (ITS+matK+rbcL+trnH-psbA) to 55% using 
plastid genome sequences and nrDNA arrays.  
It is thus clear that simply adding more data from standard barcoding regions does not 
solve the challenge of substantially increasing discriminatory power for plant species. 
Expressed another way, sequencing the whole plastome doesn’t tackle the 
fundamental problem. This is because the uniparentally inherited plastid genome of 
plants often doesn’t track species boundaries (Hollingsworth et al., 2016). As a single 
non-recombining entity, the plastid genome is susceptible to incomplete lineage 
sorting (ILS) due to its smaller effective population size (Ne). Lateral transfer (Mallet 
et al., 2016) and plastid capture (du Preez et al., 2018) events also confound species 
inference using plastid genome sequence. In addition, the predominant maternal 
inheritance (e.g. seed dispersal) (du Preez et al., 2018) of plastids in plants is another 
intrinsic limitation, as new mutations can be slow to spread throughout a species range, 
due to the much lower dispersal of seeds compared to pollen in plants (Hollingsworth 
et al., 2011). Thus adding additional plastid sequence data may simply improve the 
precision in the failure for plastid DNA to tell species apart rather than making material 
gains compared to the resolving power of standard plastid barcode regions. 
A similar issue occurs with adding more ribosomal data to ITS, e.g. not just sequencing 
the internal transcribed spacer regions, but instead sequencing the entire 18S-5.8S-
26S array with the internal and external transcribed spacers and the associated 
intergenic spacer. The entire ribosomal repeat array does provide additional 
characters, but the regions are all fundamentally linked together and like the plastid 
genome may not track species boundaries. In addition, nuclear ribosomal DNA is 
present in multiple copies per cell, with the number of copies ranging from a few 
hundred to thousands, with no clear correlation with the genome size (Prokopowich et 
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al., 2003). These ribosomal DNA repeats are subject to concerted evolution, which 
can result in gene tree and species tree discordance, and where concerted evolution 
is incomplete can lead to multiple different variants recovered from a single individual 
adding considerable complexity to interpretation (Hollingsworth et al., 2011).  
Collectively, it is clear that sequencing entire plastid genomes and/or ribosomal arrays 
will not fundamentally result in achieving universal (or near universal) species-level 
discrimination of plants. 
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1.7. The need to develop multi-locus nuclear DNA barcodes for 
plants 

The failure of the existing barcodes (standard barcodes, or entire plastomes/rDNA 
arrays) in telling species apart has been reported in many plant groups. Examples 
include the genus Inga (Dexter et al., 2017), Calligonum (Li et al., 2014), Schima (Yu 
et al., 2022), feature grass Stipa (Krawczyk et al., 2018), European bladderworts 
Utricularia (Astuti et al., 2019), British eyebrights Euphrasia (Yeo, 1968, French et al., 
2007, Wang et al., 2018), and on a broader scale, in the family Bromeliaceae (Maia et 
al., 2012) and Lauraceae (Liu et al., 2021). Similar failure has also been reported 
among distant taxa occurring at specific geographic locations which is the case for a 
range of recently radiating plant groups in Hawaii (Stallman et al., 2019). A particularly 
illustrative example is in the willow shrub genus Salix. Here, in this large genus of 
approximately 450 species, a single widespread identical DNA barcode sequence was 
recovered from 337 individuals representing 53 species, with hybridisation followed by 
selective sweeps identified as a likely mechanism for the barcode sharing (Percy et 
al., 2014). 
These frequent cases where DNA barcoding does not provide species-level resolution 
in plants, have been attributed to several related mechanisms: 1) incomplete lineage 
sorting of ancestral polymorphism. 2) hybridization leading to the transfer of sequence 
variants between species resulting in identical barcode sequences becoming shared 
among species within a genus 3) selective sweeps also resulting in a particular 
barcode sequence becoming abundant in multiple species, or 4) cases where species 
are young and/or mutation rates are slow, where there may not have been enough 
time for species-specific mutations to arise in the barcoding regions (Twyford, 2014).  
To address these limitations of DNA barcodes for plants, accessing multiple 
independent loci is required. To gain as much information from independently inherited 
loci as possible, the exploration of the nuclear genomes is urgently needed, as multiple 
studies have suggested (Hollingsworth et al., 2016, Liu et al., 2021, Zhang et al., 2022). 
Accessing the nuclear genome avoids the vagaries of making biological inference from 
individual linkage groups like plastid or nrDNA. Turning to the nuclear genome will give 
access to large numbers of variable markers (nuclear genomes are larger than plastid 
genomes) and independent data points (individual linkage groups resulting from 
sexual inheritance of the nuclear genomes and recombination) (Hollingsworth et al., 
2016).  
 
1.7.1. Sequencing and bioinformatic advances enable accessing the nuclear 
genome of plants at a large-scale 
Next-generation sequencing (NGS) platforms offer transformative opportunities for 
accessing the nuclear genome in large-scale fashion in plants. Sequencing plant 
nuclear genomes has been hampered by their complexity, e.g., large genome size 
and frequent polyploidy (Levin, 2020), and the resulting costs of achieving appropriate 
sequence coverage and the informatics challenges of assembly, annotation, and 
identification of orthologous loci. However, the shift from Sanger sequencing to the 
new wave of sequencing platforms has led to a significant increase in the tractability 
of studies of complex genomes (Heather et al., 2016). Key developments include a 
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series of massively parallel short-read sequencing machines (Lander et al., 2001, Li 
et al., 2010) (Illumina platform is dominant) and the real-time long-read sequencing 
platforms from Oxford Nanopore (Akeson et al., 2012, Goodwin et al., 2015) (ONT) 
and Pacific Biosystems (Eid et al., 2009, English et al., 2012) (PacBio).  

  

Box1. Overview of major post-Sanger sequencing technologies 
 
Illumina: The platform detects fluorescent signals while synthesizing complementary strands 
of the target DNA templates. By adding only one fluorescently labelled deoxynucleotide (dNTP) 
to the template on each cycle, the imaging system can determine which of the four nucleotides 
was incorporated by the colour released. Reads generated are highly accurate with limited 
length which ranges from 100 bp to 300 bp, but the highly parallel nature of the approach 
generates up to 6000 gigabases of data from a single run on the NovaSeq 6000 machine. 
  
PacBio: This approach detects optical signals emitted by fluorescently labelled nucleotides 
when incorporated into a single DNA molecule guided by an engineered polymerase. The 
single molecule approach bypasses the PCR stage in library production(Levene et al., 2003). 
The reads are relatively long (~15 kb) but originally had a high error rate (10 – 15%). With the 
implementation of circular consensus sequencing (CCS) mode on PacBio long-read systems, 
this produces highly accurate long reads, or HiFi reads (Wenger et al., 2019), which reach an 
accuracy of 99.9%, and are on par with Illumina short reads. The PacBio Sequel II machine 
can produce tens of gigabases of data per run.  
  
ONT: This rapidly progressing method recognizes the electronic patterns of ion flow when a 
single-stranded DNA is driven through a narrow nucleopore protein channel. Sequence read 
length can exceed that of PacBio, with ~ 4 Mb single reads reported recently. However, 
because the molecule movement is hard to control, the data generated reach an error rate as 
high as 30%. Sequencing a higher coverage of the target regions can largely reduce the error, 
i.e. reaching 99.999% accuracy with 100× data. The portable MinION machines produce 50 
gigabases of sequence data per flow cell run (https://nanoporetech.com/products/minion).  
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Aside from the improvement of the sequencing platforms, the dramatic improvement 
of bioinformatics tools has also facilitated the exploration of the nuclear genome. For 
example, clustering millions of reads and assembling them into contigs used to take 
days with heavy computational cost. With a surge of bioinformatics advancement 
during the past 40 years, now assembling a human genome with informatic pipelines 
such as wtdgb2 (Ruan et al., 2020) only takes less than 20 hours on a personal 
affordable machine (32 CPUs).  
 
1.7.2. Feasibility of a systematic evaluation of variation in the nuclear genomes 
of plants to inform the development of multi-locus DNA barcodes 
The reduced sequencing cost and the easy use of the bioinformatics tools allow the 
application of genomics to large-scale evolutionary or ecological studies. Notably, the 
Earth BioGenome Project (Lewin et al., 2018) (https://www.earthbiogenome.org/), 
illustrates a global effort to efficiently sequence the genomes of all known species, and 
to use genomics to help discover the remaining 80 to 90 percent of species that are 
currently hidden from science. The data produced from this giant project could be used 
in various analyses, which include building phylogenetic trees, examining population 
genetic diversity, and understanding functional diversity (e.g. by sequencing 
species/variants with atypical morphologies or ecologies). Other important major 
projects include One Thousand Plant Transcriptomes Initiative (OneKP or 1KP, (One 
Thousand Plant Transcriptomes, 2019) which provided transcriptome data from a 
diverse sample set of 1000 phylogenetically disparate plant species, greatly 
enhancing knowledge of sequence variation among coding regions in plants. Building 
on this resource, the Plant and Fungal Tree of Life Project (PAFTOL) developed the 
Angiosperm 353 target capture probe set (Baker et al., 2021, Baker et al., 2022) which 
is being used to recover data from 353 nuclear loci across a wide diversity of 
angiosperm species. In addition to these large-scale infrastructure projects, there is 
an abundance of interesting small-scale studies targeting finer geographic and 
evolutionary scopes that are benefiting from the advancement of sequencing and 
bioinformatic technologies. In biogeography-centred studies, genomics tools can give 
better understandings of the local biome assemblage, e.g. the rainforest tree 
communities across the Amazon basin (Dexter et al., 2017). For taxonomists whose 
main foci are a certain family, genus, or species, genomic data can improve the 
resolution of phylogenies of these groups of their taxonomic levels. Examples include 
a better resolved phylogeny of the carrot family (Clarkson et al., 2021), a higher-
resolution phylogeny of the genus Salix (Wagner et al., 2018, He et al., 2020, 
Sanderson et al., 2020), or a detailed history of how the varieties of citrus cultivars 
evolved with generations of breeding, selection, and cultivation (Wu et al., 2018). 
Numerous studies that have focused on hybridisation and speciation processes have 
also resulted in a better understanding of which genomic regions might shape 
speciation and species differences such as in the genera Mimulus (Chase et al., 2017) 
and Antirrhinum (Otero et al., 2021, Durán‐Castillo et al., 2022).  
Collectively these large-scale and smaller-scale projects are providing data which 
greatly increase the ease of access and understanding of the sequence complexity of 
the nuclear genomes of plants. This then leads to the prospect of a systematic 
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evaluation of the patterns of sequence variation among plant species by reusing 
and reanalysing the sequence data from various published studies. The 
aforementioned studies, along with others, have produced large quantities of DNA 
sequence data that are available on public data repositories. These data should allow 
an evaluation of the proportion of plant species that resolve as monophyletic using 
large amounts of nuclear sequence data, and also an understanding of the nature of 
genomic differences between species (e.g. the frequency and distribution of taxon-
specific nucleotide substitutions). Such analyses offer the potential to enhance our 
conceptual understanding of what constitutes a plant species. Furthermore, improving 
understanding of the nature of genetic differences between plant species is a critically 
important step in developing improved DNA-based methods for telling plant species 
apart. Thus better understanding of the nature of sequence differences between plant 
species is informative about the nature of plant species themselves, and the type of 
assay that would be required to routinely improve discriminatory power, beyond that 
achieved with standard plastid or nrDNA barcodes, and the extended ‘super-barcode’ 
approach.  
At a technical level any future multi-locus nuclear barcoding approach will need to 
recover sufficient amounts of data to give resolution among closely related species, it 
will need to have sufficient universality to provide comparative data across a wide 
phylogenetic spread of plant diversity enabling the use in floristic applications, and it 
will also have to accommodate the complexity of plant genomes to enable orthologous 
sequences to be compared, minimising problems caused by paralogy and the 
repetitive nature of plant genomes (Fitzek et al., 2018, Sahlin et al., 2021).  
Of the currently used approaches for routine recovery of sequences from the nuclear 
genomes of plants from large sample sets, some methods can be discarded as future 
candidate barcoding approaches. RAD-seq targets orthologues regions via shared 
restriction enzyme cut sites, and it is a very cost-effective method of generating large 
amounts of data. However, the method is notorious for its high levels of missing data 
because whether a locus could be sequenced depends largely on the enzyme digest 
success; furthermore the lack of conserved cut sites across a very broad taxonomic 
scope limits its application only to closely related taxa. Likewise, transcriptome 
sequencing is a widely used tool for the analysis of gene expression, marker discovery 
and comparative evolution (Cloonan et al., 2008, Wang et al., 2009, Stark et al., 2019). 
The main benefit of transcriptomics is that it focuses NGS onto a homologous 
proportion of the genome, which case is also conserved due to selective constraints. 
However, the requirement for high-quality fresh material, and the tissue-specific nature 
of expressed sequences, rules transcriptomics out as a tool for universal plant 
barcoding. 
In contrast, both shotgun sequencing (e.g. genome skims) and target capture offer 
potential for the next-generation of nuclear DNA barcodes in plants (Hollingsworth et 
al., 2016). Target capture involves the designing of baits (short oligonucleotide probes, 
figure 1.3. (a)) to capture homologous DNA regions. The approach can be targeted to 
gene regions with a predisposition to be single copy across wide sample sets, and can 
be tailored to include generic and taxon-specific probes (Baker et al. 2021). It is highly 
scalable as the candidate bait set can be designed one-off with a reasonable cost for 
subsequent multiple re-uses. Genome skimming requires the least pre-sequencing 
effort and cost but also results in the most erratic data recovery. Beyond high copy 
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number regions (e.g. plastome, rDNA), the reads produced by this method are usually 
spread randomly across the whole-genome, thus making it difficult to recover common 
orthologous regions from multiple samples when sequence coverage is shallow. 
However, as sequencing costs continue to fall, it is possible that genome skims can 
routinely have sufficient sequencing depth to allow routine recovery of multiple 
orthologous regions enabling effective species discrimination. Both target capture and 
genome skimming approaches work well with preserved herbarium specimens (Alsos 
et al., 2009, Forrest et al., 2019), giving access to well-identified sample sets, and 
making them well-suited for the development of DNA barcode reference libraries. 
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1.8. Aim of this study 
My project aims to undertake a synthetic evaluation of the genetic differences between 
plant species. The ultimate aim is to better understand plant species, the nature of 
sequence differences between them, and to provide this information to facilitate the 
development of a next-generation of high-resolution plant DNA barcodes. I do not 
focus on the design of a new DNA barcoding system for plants. Rather my focus is 
developing informatic methods and understanding the nature of the differences 
between plant species, as a critical enabling step prior to the design of ‘plant barcoding 
2.0’.  
More specifically, in this thesis I:  

1) Outline the key issues that need consideration in the development of a nuclear 
DNA barcodes for plants, with a particular focus on the types of data and 
analytical steps required (Chapter 2) 

2) Develop scripts and pipelines to analyse nuclear sequence data from plants to 
better understanding the genomic nature of differences between plant species, 
and the efficacy of nuclear sequence data in telling plant species apart (Chapter 
3) 

3) Apply the scripts I have developed to a test case, using nuclear sequence data 
to evaluate the nature of inter-specific differences in the challenging case of the 
highly-diverse and recently-radiated neotropical tree genus Inga (Chapter 4) 

4) Extend the application of my methodology to a meta-analysis, mining the 
available datasets from public repositories and from collaborators to undertake 
a synthetic evaluation of the genomic nature of the differences between plant 
species, based on currently available data (Chapter 5) 

5) I finish with some general conclusions on future prospects for telling plant 
species apart with DNA from the nuclear genome and identify key next steps 
towards the practical development of multi-locus nuclear DNA barcodes for 
plants (Chapter 6).  
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Chapter 2 Conceptual issues that require consideration 
prior to assessing and using nuclear DNA for plant 

barcoding 
 

2.1. Summary 
This chapter is an overview of the issues that need to be worked through in the use of 
nuclear DNA to tell species apart. I firstly briefly outline the strengths and weaknesses 
of the standard DNA barcoding approach in plants to contextualise the pressing need 
for adding nuclear DNA data. I then highlight some conceptual issues associated with 
evaluating nuclear DNA sequence data for DNA barcoding, including taxon and 
genomic sampling, and handling analytical complexity associated with heterozygosity, 
paralogy, and repetitive sequences. Building on these technical considerations for 
evaluating existing datasets to understand discriminatory power and the nature of 
genomic differences between plant species, I then outline a simple research roadmap 
to support the development of a nuclear DNA barcode.   
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2.2.      Introduction 
DNA barcoding involves the sequencing of standardised DNA regions to tell species 
apart (Hebert et al., 2003). The approach works extremely well in animals, but in plants, 
DNA barcoding is more challenging. Although many species can be distinguished 
using standard plant barcodes, there are also many cases where plant barcodes do 
not provide adequate species level discrimination (Hollingsworth et al., 2016).  
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2.3.      Strengths and limitations of the existing approach to plant 
DNA barcoding with plastid regions and nrDNA ITS 
Genomic regions are chosen as DNA barcodes if they fit three essential principles of 
DNA barcoding, i.e., standardisation, minimalism, and scalability (Hebert et al., 2003). 
The most frequently used DNA barcodes for plants, i.e. the core DNA barcodes, are 
the plastid gene regions matK and rbcL, plus the internal transcribed spacer (ITS) and 
ITS2 from nuclear ribosomal DNA (nrDNA) (Hollingsworth et al., 2011). In addition, 
several other regions, typically plastid genes, introns or spacers are often used as 
supplementary barcodes (Table 2.1).  

Table 2.1. A list of frequently used genomic regions for plant DNA barcoding 

Locus 
Med an amp con 
ength (base pa rs) 
of barcode reg on 

Genom c reg on 
 

Reference 

matK 889 P ast d gene (Johnson et a  1994  Ho ngsworth et 
a  2011) 

rbcLa 654 P ast d gene (Be  et a  2017) 

rpoB 548 P ast d gene (Drancourt et a  2002) 

rpoC1 616 P ast d gene (P on et a  2007) 

trnH-psbA 509 P ast d ntergen c spacer (Loera-Sanchez et a  2020) 

atpF atpH 669 P ast d ntergen c spacer (Renaud et a  2008) 

psbK psbI 468 P ast d ntergen c spacer (Suzuk  et a  2014) 

trnL-F 994 P ast d ntron and ntergen c 
spacer 

(Chen et a  2013) 

ITS 705 R bosoma  DNA nterna  
transcr bed spacer 

(CBOL et a  2011) 

ITS2 494 R bosoma  DNA nterna  
transcr bed spacer 

(Yao et a  2010) 
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2.3.1. The strengths of plastid regions and nrDNA as DNA barcodes 
Plastid and nrDNA are technically easy to sequence due to their biological features. 
They both have high copy-number per cell. The number of plastids per cell ranges 
from one in unicellular algae to several hundred in wheat mesophyll cells (Kubinova 
et al., 2014). The number of rDNA copies ranges from a few hundred to thousands in 
plant genomes and does not correlate with the genome size (Prokopowich et al., 2003). 
The multi-copy nature of these regions leads to ease of PCR amplification with ready-
to-use primers. These regions are also well-characterised due to decades of use in 
plant systematic studies.  
Compared to the whole genome, the size of DNA barcodes are in a different order of 
magnitude. The plant genome size ranges from dozens of megabases (~ 63.6 Mb for 
Genlisea aurea) to hundreds of gigabases (~ 150 Gb for Paris japonica) (Pellicer et 
al., 2018). By comparison, DNA barcodes are much smaller, ranging from hundreds 
to a few thousand base pairs, and hence they are well suited for routine recovery and 
simple data analyses, with minimal demands on data storage and analytical computing 
power.  
The core DNA barcodes have well-established reference databases. Abundant 
records can be found in the two most important reference databases for DNA 
barcoding, the Barcode of Life Data Systems (BOLD) (Ratnasingham et al., 2007) and 
NCBI GenBank. To date, the BOLD system encompasses DNA barcodes for over 72K 
plant species (retrieved in December 2022), and there are over 1 million sequences 
for the core plant DNA barcodes collectively in GenBank (255,443 matK, 290,191 rbcL, 
489,472 ITS & ITS2, retrieved 10 Nov 2022). Regional reference libraries are 
emerging across continents (Kress et al., 2009, Xu et al., 2018) and bioinformatics 
pipelines to assist establishing these regional reference libraries are also available 
(Liu et al., 2021). 
The consensus of sequencing core plant barcodes has led to a comparable dataset 
among different working groups through time. Moreover, the data is also compatible 
with the popularity of the next generation sequencing, because these core plant 
barcodes are also recoverable from genome skimming (Dodsworth, 2015, Twyford et 
al., 2017), target capture (Weitemier et al., 2014, Kozarewa et al., 2015, Stephens et 
al., 2015, du Preez et al., 2018), and even RAD-seq data (Lin et al., 2019, Scharmann 
et al., 2021). 
 
2.3.2. The weaknesses of plastid regions and nrDNA as DNA barcodes 
Levels of resolution using standard plant barcodes are too low in many cases to 
discriminate among species and provide adequate discriminatory power. The diversity 
of the plant world reflects a complex set of evolutionary processes including 
polyploidization (Zenil-Ferguson et al., 2019, Debray et al., 2022), frequent 
hybridization and introgression (Soltis et al., 2009, Scharmann et al., 2021), and recent 
diversification of many plant groups (Magallon et al., 2001, Yardeni et al., 2021). The 
standard core plant DNA barcodes gave an average discrimination success of 72% 
based on a study on 907 samples, representing 445 angiosperm, 38 gymnosperm, 
and 67 cryptogam species (CBOL, 2009). However, the literature is replete with 
examples of plants sharing barcodes among related species. For example, species-
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level resolution can be as low as 10 ~ 20 % using standard plant DNA barcodes as 
shown in genera such as Rhododendron (Fu et al., 2022), Salix (Percy et al., 2014), 
and Euphrasia (Wang et al., 2018), or in the floras of specific geographic locations 
such as young, oceanic islands because of rapid speciation, high incidence of 
hybridization and polyploidy (Stallman et al., 2019). Therefore, pilot studies, careful 
project design, and critical use of plant barcoding are essential to avoid disappointing 
and/or uninformative results (Hollingsworth et al., 2016). 
As one of the core plant DNA barcodes, matK can be difficult to PCR amplify using a 
universal primer set due to practical issues such as primer mismatches. Using the best 
currently available ‘universal’ primer pair (472F/1248R) results in PCR amplification 
success of ca. 93.1% in angiosperms (Yu et al., 2011). In gymnosperm, the best 
‘universal’ primer pair (Gym_F1A/Gym_R1A) reaches a 94.7% success PCR 
amplification rate (Li et al., 2011). Other studies, however, have reported lower rates 
of success, promoting the design of complex multiplex PCRs or time consuming taxon-
specific primer approaches (Heckenhauer, Barfuss, & Samuel, 2016; Jones et al., 
2021).Furthermore, matK is still not recoverable from some bryophyte and fern groups 
with available primer sets. Ferns in particular represent a challenge for matK recovery 
as genome rearrangements mean that the gene is not flanked by conserved trnK 
exons in some clades (Kuo et al., 2011), creating additional difficulties in generating 
full-length matK sequences from which to design primers for the barcode region. 
The use of nuclear ITS often increases levels of resolution beyond those of plastid 
markers but within limits. An assessment of species discrimination success and 
sequence quality based on 3,011 individuals representing 765 species shows that ITS 
discriminated 67% of samples, while rbcL only had a discrimination rate of 26% (China 
Plant Barcoding of Life Group et al., 2011). In 7% of individuals and 9% of species of 
all 6286 samples assessed, multiple copies within individuals were detected. The 
polymorphisms between repeats creates challenges in sequencing and/or analyses. 
In addition, interspecific barcode sharing either through lack of divergence or 
hybridization is also not uncommon in ITS datasets (China Plant Barcoding of Life 
Group et al., 2011).  
The intrinsic limitation of using plastid and ITS barcodes for species identification is 
that the organelle genomes and rDNA haplotypes often do not track species 
boundaries, and in plants, numerous studies have reported phylogenetic discordance 
between nrDNA and plastid sequence data (Mu et al., 2020, Stull et al., 2020). These 
basic limitations are common to extended plant barcodes which use genome 
skimming to go beyond standard DNA barcodes and obtain complete plastid genomes 
and complete rDNAs. These approaches can lead to modest gains in resolution but 
do not address the fundamental problem of limited species identification ability of 
plastid and rDNA loci (Fu et al., 2022). On the one hand, the limited size of the plastid 
genome and rDNA constrains the amount of information they carry. This is 
demonstrated by a phylogeny for diploid Helianthus built by using whole plastome data. 
The whole plastome alignments show a low level of polymorphism and result in a large 
polytomy for the majority of species and very little species resolution (Stephens et al., 
2015). Another challenge is that the plastid genome and rDNA do not always track 
species boundaries, and the evolutionary history for these loci can be very different 
from the histories revealed by multiple loci from the nuclear genome. Cytonuclear 
discordance (between plastid and nuclear gene trees) has been well-documented in 
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recent radiated groups, such as southern African Oxalis, where there was cytonuclear 
discordance between the species tree built by using 727 low copy number genes (LCN) 
and the phylogeny built by the whole plastome (du Preez et al., 2018). Likewise 
various studies of allopolyploids have illuminated the complex dynamics of rDNA 
evolution, including complex within individual polymorphism (Devos, Oh, Raspé, 
Jacquemart, & Manos, 2005), or conversely elimination and/or marked asymmetry in 
the maintenance of different rDNA types due to concerted evolution following 
hybridisation (Kovarik et al., 2005). These complex dynamics of rDNA evolution 
hamper its universal utility as a plant barcode.  
Overall, the limitations described above of standard barcodes (from plastid regions 
and/or ITS), or extended barcodes (plastid genomes and rDNA arrays) have triggered 
interest in exploiting the nuclear genome as a source of markers for plant species 
discrimination.   
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2.4.      Rationale for a nuclear DNA barcode for plants 
Various studies have shown the ability of multiple unlinked nuclear markers to provide 
high discriminatory power in many plant groups, separating species, and infra-specific 
taxa (Urbanelli et al., 2007, Gholave et al., 2017, Bi et al., 2021, Hua et al., 2022). This 
includes previous studies using amplified fragment length polymorphisms (AFLPs), 
simple sequence repeats (SSRs), and even allozymes. For example, to produce DNA 
fingerprints for the identification of species used as medicines or in agriculture, multiple 
studies have developed dozens of AFLP and SSR marker primers for genera such as 
Swertia (Lin et al., 2019), Zingiber (Ghosh et al., 2011), Olea (Ercisli et al., 2011), and 
Oryza (Satturu et al., 2018), and dozens of ad hoc primer pairs were selected to 
produce specific fingerprints of each focal species. However, these data are 
intrinsically poorly suited for comparisons and reuse because each study designs 
specific primers to amplify the most suited genomic regions for that specific group, and 
the approaches are too specific to apply to organisms other than their original targets. 
Similar patterns apply to many other unlinked genetic marker studies, most data are 
designed for specific use and are hard to compare and scale across groups. 
Access to the nuclear genome via high-throughput sequencing now enables the 
generation of large amounts of intrinsically more comparable sequence data (as 
opposed to fragment length data) and this is transforming understanding of the nuclear 
genomes of plants. Chapter 1 summarises the major sequencing techniques and 
platforms to sequence entire or partial nuclear genomes at a reasonable cost, 
including genome skimming (Dodsworth, 2015), transcriptome sequencing (Wang et 
al., 2009), and reduced representation sequencing techniques such as RAD 
sequencing (Davey et al., 2010, Davey et al., 2011, Peterson et al., 2012), GBS 
(Elshire et al., 2011, Deschamps et al., 2012) and target capture (Weitemier et al., 
2014). The rapid progress in increasing throughput while decreasing the cost of 
sequencing enables numerous studies to access the nuclear genomes of multiple 
individuals and populations from a diverse set of plant groups. 
With nuclear sequence data increasingly available for individuals and populations, the 
use of nuclear sequence data for species discovery and specimen identification is 
becoming realisable. The increasing density of reference genome availability offers 
the promise of a comprehensive inventory of inter-specific differences. Likewise, the 
widespread availability of reduced representation datasets gives insights into the 
frequency distribution of taxonomically informative characters in the nuclear genome 
(and the patterns of nucleotide variation among species). Such data offer the 
opportunity for designing the next generation of plant barcoding approaches based on 
a detailed understanding of genomic differences between species. In light of high 
density availability of nuclear sequence data, identification of genetic changes 
associated with specialized traits in specific lineages, and searching for variable loci 
which are diagnostic at a family, genus, species, variety, population, and even 
individual levels will become possible. This could ultimately lead to transformative 
gains in discriminatory power, and realisation of the goal of routine and automated 
identification of plants, plant parts and plant products at the species level.  
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2.5.      Technical considerations for evaluating existing datasets to 
understand discriminatory power and the nature of genomic 
differences between plant species 
In this thesis I undertake a series of analyses of patterns of sequence differences 
among plant species (Chapters 4 & 5). Before doing this, it is important to evaluate 
the operational and technical issues which can impact on the analysis and 
understanding of existing datasets. Gaining a better understanding of the extent of 
genomic differences between plant species must be done carefully, considering a 
range of different variables in a given dataset. Here, I consider each of these in turn, 
explaining their potential impacts on the inference made.  
 
2.5.1. Taxon sampling 
Taxon sampling is key to the evaluation of the discriminatory power of species 
identification methods. Where sample density is low (few species sampled, few 
individuals per species sampled), there is a greater likelihood of detecting DNA 
substitutions which appear to be diagnostic, but which are not robust to subsequent 
sampling. 
Sample density per species: Fewer sampled individuals per species increase the 
chances of detecting false positive species-specific SNPs. This is a critical point in the 
evaluation of improved methods for DNA barcoding, and the discriminatory power of 
a given dataset. Adding increased quantities of sequence data will inevitably detect 
variation between samples, but unless multiple individuals are sampled per species, it 
is not clear if this variation is informative for species identification (as opposed to being 
autapomorphic or otherwise uninformative substitutions). For instance, various studies 
have promoted whole plastid genome sequencing as informative for species 
discrimination, but are based on only single individuals sampled per species (Nock et 
al., 2011). Such studies only provide limited insights into species discrimination, as it 
is not clear if the differences detected between the sequenced plastome will actually 
correspond to reliable markers tracking species boundaries. Thus as a bare minimum, 
the presence of at least two sampled individuals per species is necessary to evaluate 
whether a given dataset is informative for species discrimination Intuitively, the more 
individuals sampled per species, and the better the coverage of a species range, the 
more likely the sample is to capture intra-species variation, and hence the greater the 
confidence in the resulting data. A major consideration is therefore how to partition 
effort between sampling of individuals to obtain robust insights. 
Sample density per genus: The fewer the species sampled per genus, the greater the 
likelihood of over-estimating species discrimination power. If only few species are 
sampled per genus, there is a lower likelihood of sampling sister species (which are 
the most difficult taxa to discriminate). Thus a sparse sampling of species per genus 
is likely to result in a failure to capture species that share the same nucleotide 
variations or haplotypes. Where the proportion of species sampled per genus is low, 
then the confidence that the levels of species discrimination detected are robust is 
correspondingly low. Of course, if the aim is floristic sampling, focusing on a 
geographically restricted sample set, then partial sampling of genera may be relevant 
and acceptable. However, it is important to recognise that the discrimination obtained 
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at a local floristic scale may not then scale when additional congeneric samples are 
added.  
 
2.5.2 Taxon attributes 
When the efficacy of different data sets is being compared and figures are reported 
on levels of species discrimination, an important set of variables to consider includes 
the nature of the taxa that were sampled, as some biological situations are intrinsically 
more complicated than others to resolve.  
Genus size: A basic element that might impact the discriminatory power of a given 
dataset is genus size. Larger genera containing more species, increases the number 
of taxa to be distinguished and hence may represent an intrinsically more demanding 
challenge for discrimination. Thus, different target taxa will give different perceptions 
on the scale of the challenge. Simplistically (and for illustrative purposes excluding the 
use of character combinations), a genus of 1000 species will need at least 1000 
nucleotide variants to uniquely distinguish every species, while a genus of 10 species 
will only need 10. A confounding practical factor here is the age / levels of divergence 
of a given genus, and in practice, there may be greater difficulties distinguishing 
species in a small genus that has radiated recently, compared to a large genus that 
has a longer diversification time (and greater time for species to accumulate diagnostic 
divergent sequences).  
Biological complexity: The nature of genetic divergence among species will vary 
depending on their evolutionary history and dynamics. There is an expectation of 
systematic differences in the signal between groups which have radiated recently, 
and/or have a history of hybridisation compared to taxa where species diversity is 
older and hybridisation is infrequent. With a lower frequency of hybridisation and 
genetic recombination, the mutation accumulation is at a steady and relatively slow 
pace, usually resulting in a few new species every few million years (Coyne et al., 
2004). Some plant groups, appear inherently prone to hybridise and thus some 
lineages show highly imbalanced phylogenetic patterns of species richness, e.g Salix 
(Gramlich et al., 2016), Hawaiian silversword alliance (Baldwin et al., 1998), 
Tragopogon goatsbeard flowers (Marques et al., 2019), Helianthus sunflowers 
(Rieseberg et al., 2003), monkey flower Mimulus aurantiacus complex (Stankowski et 
al., 2015), and Rosa (Debray et al., 2022). During the hybridisation process, the 
recombination of old genetic variations from both parental lineages enables rapid 
speciation and adaptive radiation (Marques et al., 2019). This ‘combinatorial 
mechanism’ was proposed when case studies of speciation show conflict with 
standard speciation models. For instance, the monkeyflower Mimulus guttatus 
speciated in the past 150 years as a consequence of a pre-existing hybrid lethality 
mutation hitchhiking to high frequency in a copper mine population by the tight link to 
a novel copper-tolerance allele (Wright et al., 2013). The key point here is that some 
datasets which show poor resolution, may relate to limited power of the sequencing 
approach, or alternatively, a simply very challenging biological situation to resolve.  
 
 
 



 
 

41 

2.5.3. Genome sampling 
The type of data available (target capture, shotgun sequencing, GBS, RAD) will impact 
the level of analysis needed and there are also systematic differences in signal among 
such datatypes. 
Coding versus non-coding data: One of the most prominent differences the data brings 
is whether the sequences are from coding or non-coding regions, with data from 
coding regions tending to be more conserved than that from non-coding regions. 
Reduced representation sequence methods like RAD-Seq and GBS can be designed 
to recover sequences with a bias towards coding regions based on the enzyme choice. 
For example, Sbf1 is a frequently used rare-cutter enzyme, it’s a GC-rich enzyme so 
it tends to cut in coding regions (Cariou et al., 2013, Herrera et al., 2015). But in 
general, the distribution of the enzyme cutting-sites are random (Herrera et al., 2015) 
resulting in frequent recovery of non-coding sequences in enzyme based reduced 
representation studies. Target capture approaches typically focus on genes with 
introns and adjacent regions depending on the purpose of designing the baits 
(Kozarewa et al., 2015). RNA-seq, above all, aiming to sequence the full transcriptome, 
has the highest proportion of coding regions (Wang et al., 2009). Normally, shotgun 
sequencing methods such as genome skimming are less biased toward specific 
regions (although their non-targeted approach naturally leads to the recovery of high-
copy number sequences more readily than low-copy number sequences).  
Inclusion or exclusion of organelle data: Another difference from different types of data 
is the exclusion or inclusion of organelle sequence data. Different patterns of taxon-
specific substitutions are expected between nuclear and organelle genomes, reflecting 
their different modes of inheritance and dynamics of evolution. The genome skimming 
method is prone to capture whole plastome sequences due to their high copy number. 
The target capture method often has a lower chance of capturing organelle sequences 
if not designed to, but nevertheless plastid sequences are common as ‘by-catch’ in 
target capture studies (Baker et al., 2022; Stull et al., 2013). Other sequencing 
methods lie in between in terms of the proportion of organelle sequences recovered.  
The extent of missing data: Recovery success rate varies among different types of 
data, and varied success in recovery will lead to varying levels of missing data which 
may influence species discrimination success. The element of missing data introduced 
by systematic bias should be distinguished from stochastic information loss. Mutation 
disruption for RAD-seq and GBS, due to restriction enzymes failing to digest 
conserved sites, typically happens to samples from a certain collection of taxa, rather 
than random loss. This type of signal is more evident at deeper phylogenetic scales, 
thus the missing data problem for RAD-seq and GBS is more prominent with a broader 
sampling scheme (Harvey et al., 2016). Hybridisation failure for target capture applies 
when baits fail to recognise the target sequence, and the more divergent the groups, 
the bigger the chance of missing data in taxa that are divergent from the reference 
genome on which the baits were designed. Low capture efficiency can be exacerbated 
by degraded DNA in herbarium samples, which typically increase the proportion of 
missing data in a dataset (Villaverde et al., 2018).  
Linkage of loci: Discrimination statistics associated with independent, random loci 
provide representation across the genome. In contrast, regions that are in linkage 
disequilibrium provide correlated information which may influence species 
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discrimination statistics. In comparing the efficacy of different datasets for species 
discrimination, understanding the level of independence across the different 
sequenced loci may be informative in understanding the resulting patterns of species 
discrimination.  
 
2.5.4. Sequence production 
The degree to which species-specific SNPs can be reliably identified is closely 
associated with sequence quality.  
Read length: The lengths of the reads have a direct impact on the accuracy of 
alignment and clustering. Longer reads are preferable as it reduces the chance of 
clustering paralogues into chimeric assemblies, which can lead to miscalls. RAD-seq 
loci are often short, and not always easy to assemble into consensus sequences 
without a high-quality reference genome. Long-read sequencing such as PacBio and 
Nanopore technologies usually produce reads with lengths spanning out from 
repetitive regions and therefore works better when no reference genome is available.  
Sequence depth: Another factor that can have an impact on the accuracy of variant 
calling is sequence depth. Low-coverage sequencing can result in miscalls and 
polymorphic sites appearing uniform, impacting on accurate detection of species-
specific SNPs. It’s particularly true for genome skim data where only one or two fold 
coverage might be obtained for many low copy number nuclear regions. Where 
sample density per species is low, this may give the misleading impression of there 
being large numbers of fixed homozygous species-specific SNPs which are actually 
heterozygous and variable, hence giving a misleading impression of discriminatory 
power.  
 
2.5.5. Analytical complexity 
Heterozygosity: Genome heterozygosity is one of the main complexities in retrieving 
species-specific SNPs. Heterozygosity is pervasive in land plants as a result of 
frequent hybridisation (Soltis et al., 2009) and more generally, the presence of genetic 
variation in populations of outcrossing species (Hamrick & Godt, 1996). Heterozygous 
loci inadvertently scored as homozygotes may impact the accurate detection of 
species-specific SNPs. This is most likely to be an issue in reusing datasets initially 
produced for phylogenetic reconstruction, where heterozygosity is usually masked and 
the most common variant at a given site is called in the consensus sequence. Most of 
the current nucleotide substitution models for ancestor state inference are based on 
homozygotes, with only a few establishing models taking the heterozygosity of given 
sites into consideration (Schrempf et al., 2016, Schrempf et al., 2019, Minh et al., 
2020). With the masked datasets, an SNP could be miscalled as species-specific 
either when the focal species is actually heterozygous, or when the focal species is 
homozygous, but other non-focal species actually have the same nucleotide as the 
focal species but are masked during early analytical steps. In this case, obtaining the 
raw reads will be conducive to recovering the genuine heterozygosity (and hence 
taxonomically informative) information. 
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Orthology and paralogy: Another major challenge for the interpretation of nuclear 
sequence variation in plants is distinguishing orthologous and paralogous loci. 
Incorrect assessments of orthology may lead to loci being merged, potentially 
underestimating the frequency of species-specific SNPs. The pervasiveness of 
paralogy in plants is a combined result of several reasons. One of them is due to 
numerous independent whole genome duplication (WGD) events across land plant 
lineages (Soltis et al., 2015, Levin, 2020, Li et al., 2021). Another is the frequent 
occurrence of more localised gene duplication and gene family expansion events 
mediated by transposable elements (Munoz-Lopez et al., 2010), tandem and 
segmental duplication (Leister, 2004), or other mechanisms (Freeling, 2009). As a 
result, large portions of plant genome regions are present in multiple copies. 
Plant species with large amounts of highly repetitive DNA present in sequence 
datasets may have few species-specific SNPs detected, due to their being a 
proportionately low representation of single-copy loci (and ultimately few independent 
loci being assayed). This is a particular challenge for groups like gymnosperms which 
typically have more than 90% highly repetitive regions (Luo et al., 2022). Random 
reduced representation sequencing techniques such as RAD-seq, GBS, and genome 
skimming might not be suitable in such cases, as the probability of recovering 
low/single copy loci is low.  
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2.6.      Meta-data and data analysis  
The selection of the original standard core organelle barcode markers for plants (rbcL, 
matK) was based on a common evaluation and data handling framework which 
allowed different datasets from different research groups to be co-analysed to inform 
the establishment of community standards (CBOL Plant Working Group, 2009). To 
take forward the development of nuclear DNA barcodes for plants, a similar approach 
needs to be taken which accommodates the additional complexities of working with 
data from the nuclear genome.  
Different datasets of nuclear sequences that are generated for different purposes tend 
to have different types of meta-data and sample processing histories. At a practical 
level, there is a basic requirement for standardised sets of meta-data and accurate 
records of data processing approaches to facilitate use and comparisons among 
datasets, both in terms of guiding the generation and analysis of new datasets, and 
as a set of criteria outlining the requirements for re-use of existing datasets. To this 
end, I have outlined below the key areas to enhance the development of datasets 
which will be informative for understanding the nature of the differences between 
plants species and contributing towards the development of nuclear DNA barcoding 
in plants:  
 
2.6.1. Meta-data 
1) Basic information should be recorded in a systematic fashion that describes each 

dataset including the taxonomy, sampling scheme, a naming record tracking file, 
and sequence alignments. Exemplary files in required formats are provided in 3.3.2. 
And a template for essential files can be found at 
https://github.com/Hazelhuangup/Species specific alleles analysis/tree/main/test
file.  

2) A tracking history of how misidentifications are handled should be included. In 
assessing discriminatory power it is necessary to understand how researchers have 
handled misidentifications that have come to light during a study. This includes 
rectifying obvious errors of identification, but not arbitrarily discarding or renaming 
individual samples just because they don’t form the expected monophyletic species 
clusters. This step is important to avoid under- or over-estimating species 
discrimination success. 

3) A summary of the sample scheme and rationale is important as a guideline to 
assess the confidence level of species discrimination. As we discussed in section 
2.5.1, both the taxon and genome sampling approaches can have an impact on 
levels of species discrimination. Some basic standardised information can help 
considerably in contextualising the results from a given dataset (such as the 
proportion of species in the genus that have been sampled, and the level of 
confidence in the species identifications used in the final dataset). Likewise 
recording the rationale behind any laboratory procedures can also help 
contextualise the findings (e.g. the rationale behind the choice of a certain enzyme 
to digest the genome or the loci selected in a target capture approach).  
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4) A detailed bioinformatics record and pipeline annotation should always be 
connected to the data. This point is a re-emphasis of the FAIR Guiding Principles 
for scientific data management and stewardship (Wilkinson et al., 2016). To be able 
to maximize the impact of research the bioinformatic analytical steps and code and 
software used in the production of the original data should be findable, accessible, 
interoperable and reusable. Having access to such records will promote the reuse 
and interpretation of datasets for meta-analyses.  

5) Sequence alignments are an important resource for assessing the efficacy of 
sequence data for species discrimination. The gold standard for processed data is 
the variant calling format (vcf). A file in vcf format contains but is not limited to 
information including heterozygosity and allele information, variant calling quality, 
base quality, site depth, and haplotype information if a reference genome was 
available. All of the above information can help in understanding the signal in a 
dataset for telling species apart.  
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2.7.      Conclusion 
In this chapter, I have undertaken an evaluation on the range of potential issues to 
consider in using nuclear DNA to tell species apart. highlight some conceptual issues 
associated with the future developments of nuclear DNA barcoding, including taxon 
and genomic sampling density, and handling analytical complexity brought up by 
heterozygosity, paralogy, and repetitive sequences, and meta-data standards that 
promote the reuse of datasets for species discrimination studies.  
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Chapter 3 Bioinformatics methods 
 

3.1. Abstract 
Acquiring sequence data generated for various purposes and repurposing it to 
evaluate the nature of genomic differences between plant species requires thorough 
dataset assessments, efficient data processing, and careful management. In this 
chapter, I summarise the methodology and bioinformatics pipeline I have developed 
for assessing the genomic nature of differences between plant species based on 
datasets mined from multi-repositories and shared by collaborators. The process 
ranges from searching for appropriate datasets, data collection and filtering, to 
calculating the ratio of monophyletic versus non-monophyletic species, extracting 
information on ancestry informative loci, and sub-sampling the data to evaluate the 
minimum amount of data to achieve maximal species discrimination. I provide 
examples of the data formats to guide future downloading and acquiring of the 
datasets, and the links to curated publicly available bioinformatic tools and self-written 
scripts to allow reproduction and reuse of this data processing pipeline. The approach 
I have developed is designed for Linux and Mac OS X, and the modules are self-
functioning to allow them to be easily embedded in other analytical pipelines. 
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3.2. Introduction 
There is now a significant number of studies that have sequenced multiple loci from 
the nuclear genomes of plants and these are available in public databases or in private 
data repositories (if the study hasn’t yet been published). Collectively these datasets 
have great potential for understanding the nature of genomic differences between 
plant species. To harness this existing information I have developed a set of 
workflows, with the logic behind my approach being to 

● Develop key criteria for selecting suitable datasets focusing only on datasets 
which have sampled multiple individuals from multiple congeneric species  

● Search the literature and public data repositories, and contact collaborators for 
datasets that match these criteria 

● Obtain and organise the selected datasets 
● Use these datasets to estimate the proportion of species that resolve as 

monophyletic units as one measure of species discrimination success 
● Establish the frequency distribution of taxonomically informative nucleotide 

substitutions among taxa to better understand the genomic nature of 
differences between plant species  

● Subsample the data to better understand the effectiveness of smaller numbers 
of loci in recovering maximal species discrimination, as well as evaluating the 
attributes of the gene regions that are most effective at telling species apart.  

The following sections summarise the data collection and management methods, and 
the main bioinformatic steps to evaluate the proportion of plant species that are 
distinguishable by nuclear DNA sequence data, to extract the species diagnostic 
signals from the sequence data available, and to assess how much data is needed to 
optimise the discrimination success and to better understand the pattern of sequence 
variation that makes species distinguishable. 
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Figure 3.1. Overview of the data management and the bioinformatic pipeline NucBarcoder. The data 
storage and pipeline execution are performed on both a local computer and a High-Performance 
Computing system via cloud service. The original data from public and private providers is deposited 
and downloaded from Google Drive, Dryad, and Baidu cloud. The data underwent format tidying up and 
filtering locally and was then uploaded to HPC for intensive processing and analytical tasks. The 
Nucbarcoder pipeline comprises three main parts: Monophyletic ratio calculation, Extraction of ancestry 
informative loci, and loci down-sampling simulation (sub-sampling of the data). The scripts and software 
to execute the three steps are synced to GitHub regularly. 
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3.3. Data collection, filtering, and formatting 
3.3.1. Selection of data sets 
To compile data suitable for meta-analysis, I first searched journal publications from 
2013 onwards for studies that sequenced multiple loci from the nuclear genome and 
which sampled multiple individuals of multiple congeneric species. The cut-off of 2013 
was selected as this reflects the initiation of widespread use of next-generation 
sequence platforms for recovery of nuclear sequence data from plants. I used 
ambiguous matching patterns to search in the Web of Science and University of 
Edinburgh literature search engines. The matching patterns are listed in Table 3.1. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
With the full-text publications downloaded, the next step was selecting publications 
manually. I only kept studies if they satisfied the following criteria. 

1) Three or more un-linked nuclear loci were sequenced. 
2) More than two species had multiple individuals successfully sequenced and 

retained. 
3) A phylogeny is available either in visual format or in a machine readable text 

format (newick, phylip, or nexus formats). 
4) The species identities on the phylogeny could be interpreted and related to 

the sampled species.  
In addition to mining the published literature, I contacted potential collaborators to 
request access to unpublished datasets. This involved designing a data request form 

Table 3.1. Advance literature search keywords and matching patterns 

“phy ogen*” AND “RAD*" AND “p ants*” 

“phy ogen*” AND “GBS" AND “p ants*” 

“phy ogen*” AND “genome sk m*" AND “p ants*” 

“phy ogen*” AND “transcr ptome*" AND “p ants*” 

“phy ogen*” AND “target capture" OR "Hyb-seq" AND “p ants*” 

“phy ogen*” AND “WGS" AND “p ants*” 

“*RAD*" AND “p ants*” AND "genus" 

“GBS" AND “p ants*”AND "genus" 

“genome sk m*" AND “p ants*”AND "genus" 

“transcr ptome*" AND “p ants*”AND "genus" 

“target capture" OR "Hyb-seq" AND “p ants*”AND "genus" 

“WGS" AND “p ants*”AND "genus" 

Note: a  of the advance search patterns cou d be merged nto one query techn ca y (comb n ng 
by OR and AND)  but the search eng nes g ve not as comprehens ve a resu t as search ng 
separate y  
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(supplementary file S.3.3) to request standardised metadata and agree a data-sharing 
scheme. The shared data were uploaded to Google Drive 
(https://www.google.co.uk/intl/en-GB/drive/), and then downloaded and managed on 
the UK crop diversity bioinformatics HPC platform (https://www.cropdiversity.ac.uk).  
Three important files were requested from our collaborators or extracted from online 
data repositories:  

1) Metadata. This includes information that corresponds to the sample IDs in the 
consensus sequence files which links sequences of individuals to their scientific 
names (species identities). This information is also useful for tracking changes 
of names wherever this has been applied, as well as monitoring and 
understanding inclusion and exclusion of individuals and loci. 
 

Sample ID  Species name  
FG_186       Inga_poeppigiana 
KD_13        Inga_poeppigiana 
LA_2023      Inga_poeppigiana 

M46A         Inga_poeppigiana 
 
Figure 3.2. Sample IDs corresponding to species’ names. 

2) Sequence alignment file. This alignment covers the sequence variation in all 
individuals per dataset, and depending on how the original raw reads were 
processed, takes the form of either multiple-aligned sequences 
in .fasta, .phylip, or .nex formats, or SNP matrix in .vcf or .fasta format. 
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a) fasta format 
   

 
 

b) phylip format 
Samp e ID 103        CATACATCTTCAGCACTACAGNTATCT 

Samp e ID 1300      CATACATCTTCAGCACTACAGTTATCT 

Samp e ID 32          CATACATCTTCAGCACTACAGTTATCT 

Samp e ID 8577      CATACATCTTCAGCACTACAGTTATCT 

Samp e ID 8578      CATACATCTTCAGCACTACAGTTATCT 

Samp e ID 8579      CATACATCTTCAGCACTACAGTTATCT 

 

c) nexus format 
beg n characters; 

            d mens ons nchar=31; 

            format datatype=dna m ss ng=? gap=-; 

            matr x 

            Samp e ID 1 CCATGACTTGATTAGCATCTGTCAAAATCCC 

            Samp e ID 2 CCATGACTTGATTAGCACCTGTCAAAATCCC 

            Samp e ID 3 CCATGACTTGATTAGCACCTGTCAAAATCCC 

            Samp e ID 4 CCATGACTTGATTAGCACCTGTCAAAATCCC 

; 

end; 

    

d) vcf format 

CHROM POS ID REF ALT QUAL FILTER INFO FORMAT       samp e 1 sorted bam 

Chr1 31150  G A 999   GT:PL:DP:SP:ADF:ADR:AD   / :0 0 0:0:0:0 0:0 0:0 0 

Chr1 31174  A T 70   GT:PL:DP:SP:ADF:ADR:AD   / :0 0 0:0:0:0 0:0 0:0 0 

Chr1 252833  G T A 243   GT:PL:DP:SP:ADF:ADR:AD   0/0:0 9 98 9 98 98:3:0:3 0 0:0 0 0:3 0 0 

 

Figure 3.3. Examples of aligned sequences in a) fasta, b) phylip, and c) nex formats, and SNP matrix 
in d) vcf format. 
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3) Phylogenetic trees. Phylogenetic trees were recovered from each study to enable easy 

estimation of the proportion of species that resolve as monophyletic. The preferred 
format is for this to be a machine readable text format such as the newick format. 
However, where only a graphical representation of the tree was available, this was 
also retained and used, to maximise the number of studies analysed.  
  
 

a) the phylogenies in newick format 
((FG 186:0 0004627773 M46A:0 0003625627)100:0 0002685118 (KD 13:0 0003441657 LA 2023:0 0003470779)1
00:0 0003440200)100:0 0013278046)100:0 0003416399  

 b) visualized phylogeny of a) 

  
Figure 3.4. An exemplar phylogeny in a) newick format and b) visualisation. Four samples and the 
lengths of the branches are included. 

 
The resulting datasets are available on GitHub: 
https://github.com/Hazelhuangup/Species specific alleles analysis/tree/main/test fil
e. 
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3.3.2. Data cleaning and filtering 
Data cleaning and filtering were performed at both the individual and locus levels. 
Upon acquiring each dataset, I examined how taxon re-identifications were performed 
and any ambiguous samples were removed based on information given in the 
metadata of collaborators and in publications. Any individuals with unresolved species 
names (including cf., aff., and other uncategorised naming methods) and hybrids were 
removed from the matrix. Individuals that were outside of the focal genus of each 
dataset were removed except for the purpose of acting as outgroups in phylogenetic 
analyses. In the test run, subspecies were both treated as separate entities and as 
one species. To achieve conform diagnostic signals at species level, multiple varieties 
or subspecies in one species were treated as a single taxon at the species level for 
the main analysis. Individuals with a high proportion of missing data were also 
removed, the threshold ranges from 75 ~ 80% data presence according to the data 
quality after manual checking. The threshold is determined by the data quality for the 
specific genus. If the general data quality is good, samples were removed at a lower 
missing data threshold.  Further details on the removal of individuals and why they 
were removed from each genus are provided in Table 3.2.  
After the filtering of individuals, I undertook locus filtering. For target capture or 
transcriptome data where genomic segment information is available, loci that were 
missing from 80% of all individuals were deleted. This also applies to RAD-seq/GBS 
data where stack or assembly information on each locus was provided. For datasets 
without genomic segment information, such as vcf and concatenated consensus fasta 
files, a nucleotide site was removed when over 40% of the individuals are missing. 
This threshold is determined by the number of individuals with valid data that enables 
informative phylogenetic relationships (a quartet). When the depth and quality 
information was accessible, usually in vcf format, nucleotide sites were retained only 
when the depth is within a reasonable range (lower depth limit of 2 to an upper limit of 
2 to 3 times of the average sequencing depth) according to the sequencing depth 
reported by the collaborators. Higher coverage were treated as repetitive regions and 
so these regions were removed. 
Different clean-up and filtering tools were used for aligned sequence formats and SNP 
matrices. VCFtools (0.1.17) (Danecek et al., 2011) was used to deal with the vcf format 
and self-written scripts were used for parsing the aligned sequences files, including 
format conversion, removing individuals, and removing sites. The main steps are listed 
in Table 3.2.  
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Table 3.2. Tools or scripts used for data clean up and filtering 

Data format Too s or scr pts Usefu  parameters and the r 
funct ons 

Usage and descr pt on 

vcf vcftoo s 

--remove 
--m n-meanDP --max-meanDP --
m nDP --max-m ss ng 
--remove- nde s 
--m n-a e es 

Spec fy nd v dua s to remove 
from the dataset; 

Remove s tes by read depth 
and m ss ng data rate; 

Remove a  nsert ons and 
de et ons; 

Spec fy to nc ude on y b -
a e c s tes  

fasta  phy p  
nex 

rm s te h gn N rate py defau t 

Remove s tes based on 
m ss ng data rate >40% 
(adaptab e); 

 

fa2phy py 
nex2fa py 
phy2fa one ne py 
formatt ng pyrad a e es2fasta py 

defau t 

Convert the f e format for 
spec f c usage  

g ve me mu seq py --seqf e 
--seq st 

 

Run the scr pts w th the 
command 
g ve me mu seq py -f 
nput fasta -  IDs to keep -o 
output fasta  
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substitution models were tested using both IQTREE2 and RAxML NG. Taking the 
availability of constant sites into consideration, ascertainment bias correction was also 
tested for SNP-only datasets. For datasets which retain the alternative allele 
information, the impact of keep ambiguity code was also assessed. The details could 
be found in table S6. The different substitution models do not or only slightly change 
the monophyletic ratio. So the later analyses use the default models for the phylogeny 
building software used. 

Table 3.3. Tools or scripts used for building phylogeny 

Data format Too s or scr pts Parameters Usage and descr pt on  

a gned fasta 

IQTREE2 

--seqtype  
-B  
-m  
-T  
-o 

Spec fy the type of data as nput e g  DNA 
Spec fy the rep cates for u trafast bootstrap e g  1000 
spec fy the subst tut on mode  e g  HKY 
spec fy the number of threads for para e  comput ng 
spec fy the dent f er of the outgroup 

ape dna d st R 
ape d st tree R defau t 

Run the scr pts w th the command  
Rscr pt ape dna d st R Input fasta Output d st  and  

Rscr pt ape d st tree R Input d st Output tree  

 
The test data for evaluating the tree-building pipeline consisted of 393 individuals with 
1,313,489 base pairs per individual. To build a tree using this dataset, IQTREE2 
requires a minimum of 7 Gb RAM and 131 hours CPU time. With 64 CPU for parallel 
computing, it took a total of 2 hours and 34 minutes to finish the task. Building quick 
trees with ape requires less computing power because it doesn’t have a model testing 
and bootstrap stage. Running the whole dataset to build a UPGMA tree took 34 
minutes CPU time. 
 

3.4.3. Calculating the monophyletic ratio 
If a phylogeny is in visualized format only, the identification could only be done by 
manual calculation. Figure 3.6. demonstrates an example where 3 species have 
multiple sampled individuals, 2 of them are monophyletic on the phylogeny. In this 
case, the monophyletic ratio is 2/3 = 0.67. 

 
Figure 3.6. Phylogeny of the 11 individuals from the genus Inga featuring monophyletic and non-
monophyletic taxa. The green highlights individuals from species Inga ilta and I. suaveoolens which 
form monophyletic clades, and yellow highlights individuals from I. puctata that form a non-monophyletic 
clade. 
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With phylogenies provided in newick or other text-based formats, this process could 
be automated using MonoPhy (Schwery et al., 2016), which is a quick and user-
friendly method for assessing the monophyly of taxa in a given phylogeny. MonoPhy 
builds on the existing packages ape 5.0, phytools (Revell, 2012), phangorn, 
RColorBrewer (https://CRAN.R-project.org/package=RColorBrewer) and taxize 
(Chamberlain et al., 2013), and the installation of these packages is also required.  
 

Table 3.4. Tools or scripts used for identifying monophyletic clades 

Data format Too s or scr pts Parameters Usage and package requ rements 

rooted new ck tree 
ID correspond ng f e MonoPhy 

 

defau t 

Rscr pt MonoPhy r Input treef e outgroup 
ID output 

ape  phytoo s  phangorn  Rco orBrewer  
and tax ze packages requ red 

 
The output of MonoPhy indicates taxa are either monophyletic, non-monophyletic or 
monotypic. By counting the number of species that are scored “Yes” for ‘monophyly’, 
divided by the number of species with ‘tips’ > 1 (= species with multiple-samples), 
gives the Monophyletic Ratio. For the example shown in Table 3.5, the monophyletic 
ratio is 6/7 = 0.86. A tutorial on running MonoPhy and how to interpret the results is 
given at https://cran.r-
project.org/web/packages/MonoPhy/vignettes/MonoPhyVignette.html. 
 

Table 3.5. An example of the output of MonoPhy 

Spec es name Monophy y T ps 

Inga acreana Yes 8 

Inga acrocephala Yes 2 

Inga acuminata No 2 

Inga alata Yes 7 

Inga alba Yes 5 

Inga auristellae Yes 8 

Inga bourgonii Yes 7 

 
Running the main analysis command ‘AssessMonophyly’ on 393 individuals using 
standard settings is very rapid, and used only 0.19 seconds on a MacBook Pro with 
2.2 GHz Intel 6-Core i7 and 16 GB RAM. MonoPhy cannot be run in parallel by default.  
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3) Calculate allele frequency for the M_A across all other taxa (aggregated). If less 
than the 10% threshold then proceed to 4). 

4) Calculate allele frequency across other species with multi-sampled populations. 
If the number of individuals in this group is greater than 4 (included), and A_M is 
lower than 12.5% (at most only 1/8 allele belongs to the minor one), then retain 
the site. Otherwise, only if the minor alleles are homogeneous in a taxon would 
this site be retained. 

The pipeline also includes following extra calculations steps: 
5) Count the number of SSSNPs for each species that has multiple sampled 

individuals (e.g. the number of SNPs that are fixed and different compared to 
all other sampled species).  

6) Calculate the density of SSSNPs by dividing the number of SSSNPs by the 
average total nucleotides that do not contain missing data in that species. 

Scripts for extracting ancestry informative SNPs are available in two versions, one is 
for the situation where the input is in vcf format 
(extract_ancestral_informative_SNPs_vcf.py), and one is for fasta, phylip, and nexus 
format (extract_ancestral_informative_SNPs_hete.py). Both of these two versions are 
heterozygous aware, and can accommodate heterozygosity in the designation of 
SSSNP calling. 

Table 3.6. Tools or scripts used for extracting ancestral informative SNPs 

Data format Too s or scr pts Parameters Descr pt on  

vcf 
extract ancestra nfo 

rmat ve SNPs vcf py -f 
--name 
--se ectedspps 
--se ectedsamp e 

Spec fy the nput f e n vcf/fasta format  The vcf f e need GT 
and DP co umns 
Spec fy the samp e ID to spec es names correspond ng f e  
G ve a st of spps names that are mu t p e samp ed 
G ve a st of samp e names that be ongs to target genus (ID) 

fasta  
phy p  and 
nexus 

extract ancestra nfo 

rmat ve SNPs hete py 

 
In very large data sets consisting of many hundreds of thousands of nucleotides, one 
might expect to encounter shared SNPs between any group of samples, purely due to 
random mutations. To distinguish biological signal of SSSNPs from random sampling 
artefacts, I developed an approach to test whether the number of SSSNPs is greater 
than expected due to chance alone based on a random distribution of the data. This 
was implemented by randomising the label of the sequences using the shuf function 
in bash command lines and repeating the same analysis counting the distribution of 
SSSNPs. I then compared the number of SSSNPs extracted from the original datasets 
versus the randomised label datasets using Wilcoxon signed-rank test (Knapp, 2017) 
with wilcox.test in R (parameters: paired = FALSE, alternative = “greater”). 
To visualise and compare the distribution of SSSNPs across all species in available 
datasets, I produced a script plotting the density distribution of SSSNPs from all 
multiple sampled species annotated with whether a given species resolved as 
monophyletic or not, using ggplot2 embedded in the script 
Number_of_SSSNPs_vs_Monophyly.R. 
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Computing requirements for extracting species-specific SNPs and allele-frequency-
different SNPs depended largely on the dataset size, i.e. the number of sites to parse, 
and to some extent on the number of multiple-sampled species. Table 3.7. illustrates 
the run times for data sets involved in this study. 

Table 3.7. The running time for extracting ancestral informative SNPs from different datasets 

Dataset Data s ze (Mb) Input format Number of mu t p e-
samp es spec es Runn ng t me 

Brownea 1 3 vcf 11 42s 

Euphrasia 1 8 vcf 4 22s 

Commiphora 1 9 fasta 22 2m n12s 

Syagrus 3 5 vcf 17 3m n 

Linanthus 4 4 fasta 20 2m n37s 

Bee orchid 6 vcf 4 1m n40s 

Cornus 9 5 fasta 18 4m n32s 

Polemonium 9 9 fasta 12 3m n1s 

Aesculus 17 fasta 15 7m n12s 

Tsuga 38 fasta 8 8m n35s 

Quercus 52 fasta 7 10m n55s 

Vitis 76 vcf 8 38m n10s 

Antirrhinum 119 vcf 21 3h59m n20s 

Capurodendron 148 fasta 20 51m n12s 

Artocarpus 157 fasta 42 2h58m ns 

Salix 190 vcf 23 2h3m n40s 

Linaria 235 fasta 13 54m n12s 

Inga 576 fasta 69 16h8m n30s 

Geonoma 969 fasta 44 16h12m n18s 
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3.6. Genomic region down-sampling and the impact on species 
resolving power 

3.6.1 Performance of each locus in telling species apart 
To assess the range of variation in species discrimination power among loci within 
datasets, I compared the discrimination success of individual loci/genes. This step is 
important in identifying the attributes of loci that are most informative in species 
discrimination which could help inform the choice of markers for future use. To do this, 
I built phylogenetic trees based on each single locus and looked at how many species 
resolved as monophyletic (compared to the equivalent figure using the total dataset). 
Given the scale of this task, tree-building was restricted to building quick UPGMA trees 
using ape_dna_dist.R and ape_dist_tree.R, and then quantifying the species resolved 
as monophyletic using MonoPhy. Descriptions of these scripts can be found in Table 
3.3 and Table 3.4. 
To assess the relationship between nucleotide diversity of individual loci and their 
performance in telling species apart, I calculated the average nucleotide diversity of 
each single locus among all individuals in a genus using nuc.div function in R package 
pegas (Paradis, 2010) (script calculate_pi.R). I then plotted the number of 
monophyletic specie resolved by this locus, against the nucleotide diversity, and the 
density of SSSNPs at this locus, using ggplot2 scripted in 
NucDiv_DensSSSNPs_No_spps_mono_by_each_gene.R. Regression curves were 
then fitted for both the series of nucleotide diversity and the density of SSSNPs against 
the number of species that are resolved as monophyletic using the CORREL function 
in Excel. 
 
3.6.2. Species discrimination success with down-sampled sequence data 
To further explore how much data is needed to tell species apart, I subsampled each 
dataset to reduce the amount of sequence information and assess the consequent 
impact on the species discrimination success.  
Specifically, I developed a pipeline (DS_snp.sh, available on *GitHub page) to down 
sample the data at laddered intervals. To model a reduced amount of sequence 
information, I tested down-sampling in terms of a) the number of SNPs, and b) the 
number of DNA segments (genes, exon, or assembled RAD-tags) where this 
information is available. The steps in both regards are the same:  

1) Select a specified number of SNPs/DNA segments randomly using python 
script.  

2) Build a fast UPGMA tree using R package ape and phangorn.  
3) Identify monophyletic clades using MonoPhy and count the number of 

monophyletic clades with python.  
4) Repeat step 1-3 for 50 times (bootstrap = 50) which is enough to give a clear 

distribution. 
5) Change the number of SNPs/DNA segments specified and repeat steps 1-4.  
6) Visualize the result using ggplot2 (Wickham, 2011).  
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3.7. Code for Data Processing, Storing, and Plotting 
All data used in this study are stored and run at the UK Crop Diversity platform 
(www.cropdiversity.ac.uk). 
Python (version 3+) and bash shell scripts were used to process the data. 
The R Statistical Programing Language (version 4.1.0) and the Rstudio integrated 
development environment (Racine, 2012) were used for most of the plotting along with 
Excel (version 16.58) charts.  
All code scripts, workflow, and an example to run the pipeline are available at 
https://github.com/Hazelhuangup/Species specific alleles analysis.   



 
 

72 

3.8. Reference 
Chamberlain, S. A., & Szöcs, E. (2013). taxize: taxonomic search and retrieval in R. F1000 

research, 2, 191. doi:10.12688/f1000research.2-191.v1 
Danecek, P., Auton, A., Abecasis, G., Albers, C. A., Banks, E., DePristo, M. A., Durbin, R. 

(2011). The variant call format and VCFtools. Bioinformatics, 27(15), 2156-2158. 
doi:10.1093/bioinformatics/btr330 

Eaton, D. A., & Ree, R. H. (2013). Inferring phylogeny and introgression using RADseq data: 
an example from flowering plants (Pedicularis: Orobanchaceae). Systematic Biology, 
62(5), 689-706. doi:10.1093/sysbio/syt032 

Knapp, H. (2017). Wilcoxon test. United Kingdom: SAGE Publications Ltd. 
Minh, B. Q., Schmidt, H. A., Chernomor, O., Schrempf, D., Woodhams, M. D., von Haeseler, 

A., & Lanfear, R. (2020). IQ-TREE 2: new models and efficient methods for 
phylogenetic inference in the genomic era. Molecular Biology and Evolution, 37(5), 
1530-1534. doi:10.1093/molbev/msaa015 

Nguyen, L.-T., Schmidt, H. A., von Haeseler, A., & Minh, B. Q. (2015). IQ-TREE: a fast and 
effective stochastic algorithm for estimating maximum-likelihood phylogenies. 
Molecular Biology and Evolution, 32(1), 268-274. doi:10.1093/molbev/msu300 

Paradis, E. (2010). pegas: an R package for population genetics with an integrated–modular 
approach. Bioinformatics, 26(3), 419-420. doi:10.1093/bioinformatics/btp696 

Paradis, E., & Schliep, K. (2019). ape 5.0: an environment for modern phylogenetics and 
evolutionary analyses in R. Bioinformatics, 35(3), 526-528. 
doi:10.1093/bioinformatics/bty633 

Racine, J. S. (2012). RStudio: A platform-independent IDE for R and Sweave. Journal of 
Applied Econometrics, 27(1), 167-172. doi:10.1002/jae.1278 

Revell, L. J. (2012). phytools: an R package for phylogenetic comparative biology. Methods in 
Ecology and Evolution, 3(2), 217-223. doi:10.1111/j.2041-210X.2011.00169.x 

Schliep, K. P. (2011). phangorn: phylogenetic analysis in R. Bioinformatics, 27(4), 592-593. 
doi:10.1093/bioinformatics/btq706 

Schrempf, D., Minh, B. Q., De Maio, N., von Haeseler, A., & Kosiol, C. (2016). Reversible 
polymorphism-aware phylogenetic models and their application to tree inference. 
Journal of Theoretical Biology, 407, 362-370. doi:10.1016/j.jtbi.2016.07.042 

Schwery, O., & O’Meara, B. C. (2016). MonoPhy: a simple R package to find and visualize 
monophyly issues. PeerJ Computer Science, 2. doi:10.7717/peerj-cs.56 

Web of science. In WOS. Philadelphia, Pa: Institute for Scientific Information. 
Wickham, H. (2011). ggplot2. Wiley Interdisciplinary Reviews: Computational Statistics, 3(2), 

180-185. doi:10.1002/wics.147 
 

  



 
 

73 

Chapter 4 Characterising the Genetic Bases of Species 
Differences in the Genus Inga 

 

4.1. Abstract 
To establish a test case to evaluate the genomic basis of species differences, I have 
explored the levels of species discrimination, and the underlying signals behind this, 
in the neotropical genus Inga. This dataset consists of target capture sequences from 
453 individuals from 133 Inga species and an individual from Zygia mediana as the 
outgroup. Among all the species, 69 of them are represented by multiple-sampled 
individuals. The target capture panel involves sequence data from 810 genes. 
Following file formatting, I then carried out a unified set of analyses to address the 
questions 1) what is the proportion of Inga species distinguishable with nuclear 
markers? 2) what is the nature of the inter-specific differences and what are the 
attributes of loci that are the most informative in telling species apart? And 3) how 
many markers are needed and what markers are needed to maximise the species 
identification success? Of the 69 species with multiple individuals sampled, 45 
resolved as monophyletic (65%). The density of species-specific SNPs for each Inga 
species ranged from 0 to 1,503 per megabase. Compared to the full dataset of 810 
genes and 205,871 SNPs, subsampling analysis revealed that a random selection of 
70 genes or 2500 SNPs, or a combination of 9 ‘best performing’ genes could achieve 
levels of species discrimination success similar to the full dataset. I found a positive 
correlation (r = 0.42) between the number of species distinguished and the nucleotide 
diversity of the genes used for species discrimination.  
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4.2. Introduction 
Inga is a species-rich (>300 species) neotropical tree genus with a crown age of 2–10 
myr (Pennington et al., 1997). The main distribution of this genus is in central and 
south America centred around Amazonia. Inga lineages have radiated rapidly and the 
genus consists of many closely-related species showing mixed morphological 
characters (Lavin, 2006). The complexity of morphological characters thus poses 
many difficulties in morphological identifications, and a recent study showed a 40% 
error rate of specimen identification in Inga using leaf and fruit morphology (Baker et 
al., 2017). An early DNA barcoding study of Inga using seven barcoding loci (rpoC1, 
rpoB, rbcL, matK, trnH-psbA, atpF-atpH, psbK-psbI) resulted in low levels of species 
discrimination, with many species sharing identical barcodes, and the few multiple 
sampled species routinely failing to resolve as monophyletic (Hollingsworth et al., 
2009). A more recent study sequenced over 6 kb from seven plastid regions and 
nuclear ITS sequence for 210 individuals from 124 species, and here the whole 
dataset give around 41% species resolution on phylogeny (Dexter et al., 2017). 
Chemocoding has been evaluated as an alternative method but does not solve the 
issue completely (Endara et al., 2018). There is thus a pressing need to explore new 
approaches to assist Inga species identification.  
One potential approach for improving levels of species discrimination in Inga is to 
utilise a large-scale targeted enrichment array of nuclear genes that has been 
designed from transcriptome data from three Inga species (Nicholls et al., 2015). Since 
the publication of this array, a large sample set has been assembled and sequenced 
by Pennington et al. (Royal Botanic Garden Edinburgh, unpublished data). This 
dataset includes several hundred nuclear genes targeted from dozens of species with 
multiple individuals sampled per species, and it includes a low rate of missing data, 
and careful bioinformatics analysis to produce the consensus sequences for each 
individual. This dataset from Inga serves as a perfect test case for exploring patterns 
of species discrimination, and road-testing analytical pipelines prior to a more 
comprehensive meta-analysis.  
The aims of this chapter are to use this exemplar dataset from Inga to evaluate the 
proportion of plant species that are distinguishable by nuclear DNA markers, and to 
evaluate the minimal amount of data needed to tell the maximum number of species 
apart, and also to explore the underlying signals behind species identification success.  
To achieve these aims, I calculated the monophyletic ratio (MR) of Inga species in the 
phylogeny. I then examined the density and frequency distribution of species-specific 
SNPs (SSSNPs) and compared the density of SSSNPs to species that resolved as 
monophyletic. I then subsampled the data to evaluate the amount of data required to 
achieve maximum species discrimination. Finally, I examined the attributes of genes 
that were particularly useful at species identification, and assessed whether 
identification success is correlated with a particular level of sequence diversity.  
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4.3. Materials and Methods 
4.3.1. Assembling the target capture dataset for Inga 
The Inga target capture dataset for this study was provided by the Inga Working Group 
in the spring of 2019, and the essential information is presented in Table 4.1. The 
number of loci retained is that after screening out loci that had poor coverage or that 
failed the quality tests that are outlined in the original paper (Nicholls et al., 2015). 

Table 4.1. Characteristics of the Inga target capture dataset  

Genus Inga 

Number of accepted spec es n th s genus 380 

Number of samp ed spec es ( nc udes spec es n rev ew) 133 

Number of mu t p e samp ed spec es  69 

Sequenc ng method Target Capture 

Number of genes targeted 810 

Average gene ength (bp) 1622 

Tota  ength of the a gned sequences (bp) 1 313 489 

 
Three primary data files were produced. Firstly, a name tracking file that consists of a 
table with the accession identifier, the species identifier, (and optionally, and not used 
in this case, a sequence label if it is different to the accession identifier). Second, the 
sequences themselves consisted of a multi-aligned fasta file. The consensus 
sequences were derived (i.e, only A, T, C, and Gs left) by choosing the major allele 
where heterozygosity was detected, and the software MAFFT (Katoh et al., 2002) was 
used to align the consensus sequences for all individuals and output in aligned format. 
Thirdly, the phylogeny was present in a newick format. An example of the structures 
of these files is given below. 
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a) 
FG 186   Inga poeppigiana 

KD 13    Inga poeppigiana 

LA 2023   Inga poeppigiana 

M46A    Inga poeppigiana  

 
b)  

 
 

c)  
((FG 186:0 0004627773 M46A:0 0003625627)100:0 0002685118 (KD 13:0 0003441657 LA 2023:0 0003470779)100:0 0003
440200)100:0 0013278046)100:0 0003416399  

 

  
Figure 4.1. An example of the structure of three primary data files. a) name tracking records (in txt 
format); b) Aligned sequence of the four samples in fasta format; and c) A subset of Inga phylogeny in 
newick format and visualised version. Four samples and the lengths of the branches are included. 

 
4.3.2. Data analysis 
The methodology used for analysing the data is described in detail in Chapter 3. In 
summary:  
To estimate the Monophyly Ratio (MR), I recorded the number of species represented 
by more than one sampled individual that resolved as monophyletic, as a proportion 
of the total number of species in the dataset with more than one sampled individual.  
To estimate the density and abundance of species-specific SNPs, the number (and 
density per Mb) of species-specific SNPs (SSSNPs) was extracted from the total 
dataset with an SSSNP defined as an SNP that had a character state that was fixed 
present in one species, and which was not present in any other species. I also 
extracted the number of SNPs that showed a major difference in allele frequencies 
(variants present at >87.5% frequency in the focal species; present at < 12.5 % in any 
other species).  
To assess the relationship between SSSNP density and species monophyly, species 
were plotted in order of the number of species-specific SNPs each contained, and this 
was mapped onto whether the species resolved as monophyletic or not.  
To evaluate the minimum amount of data needed for species discrimination (e.g. to 
assess how efficient the data could be in telling species apart), the data was 
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subsampled to estimate the minimum number of randomly selected genes or SNPs 
that recovered the maximum number of separable species. This involved running 50 
replicates of 10 genes or 200 SNPs selected at random and generating a UPGMA tree 
for each replicate and recording the proportion of species that resolved as 
monophyletic using Monophy (Schwery et al., 2016). This process was repeated by 
incrementally adding more data. For the dataset consisting of genes as the focal until, 
this involved increasing the amount of data in steps of 10 genes at each step until 100 
genes were reached, then adding 40 genes at each step until 300 genes were 
reached, and after this, adding 100 genes at each further step. For SNPs, the 
incremental steps involved a further 200 SNPs at each step until 2000 SNPs, then 
adding 1000 SNPs at each further step. The analyses were terminated when 
asymptote in discrimination was reached.  
To assess whether a small number of carefully selected loci could result in species 
discrimination that was equivalent to a large random selection of loci, all loci were 
placed in rank order of the number of species they successfully resolved, and I 
recorded the cumulative number of best-performing genes that was required to 
recover the same species discrimination success as the total dataset.  
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4.4. Results 
4.4.1. Assessing the overall discriminatory power of the target capture array for 

Inga 
Of the 69 species with multiple individuals sampled, 45 resolved as monophyletic 
(65%). The remaining 24 species resolved as either polyphyletic (21 species, 31%), 
with individuals clearly scattered on the tree, or as paraphyletic (3 species, 4%), with 
individuals of another species nested within the variation encompassed by the species 
(Table S8).  
 
4.4.2. Assessing the distribution of taxonomically important SNPs among Inga 

species  
The number of SSSNPs for Inga ranges from 0 to 1,627 for each species (Figure 4.2), 
which translates to a density of 0 to 1,503 SSSNPs per megabase (median = 97), 
which in turn translates to a maximum density of one SSSNP every 665 bp, with a 
median across all species of one SSSNP every 10,309 bp. The number of SNPs that 
were not species-specific, but showed a marked frequency difference ranging from 0 
to 3,828 for each species, which translates to 0 to 3,635 SNPs per megabase (median 
= 26). There are thus SNPs showing marked allele frequency differences at a 
maximum density of one every 275 bp, with a median occurrence across all species 
of one SNP every 38,461 bp. Figure 4.2 shows the relationship between the 
abundance of SSSNPs in each species with multiple individuals sampled, and whether 
that species resolves as monophyletic or not. There is the expected association that 
species that resolve as monophyletic have a greater number of SSSNPs. However, 
there are multiple species that do not resolve as monophyletic that still show the 
presence of SSSNPs. 



 
 

79 

 
Figure 4.2. Distribution of the number of Species-Specific SNPs for multi-sampled Inga species. Red 
dots represent the species that resolve as non-monophyletic on the phylogeny and blue dots the 
species that resolve as monophyletic. The size of the dots represents the number of individuals sampled 
for a given species (the bigger the dot the more sampled individuals) 
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4.4.3. Assessing the impacts of sub-sampling the data on species 
discrimination  

To explore how reducing the number of genes impacts the species identification 
success, random subsets of the data were drawn at stepwise intervals, with 50 
replicates per interval and the levels of species monophyly recorded. When the 
analysis was carried out with the resampling unit being at the gene level, there is a 
marked decrease in levels of discrimination when only 10 genes were sampled (Figure 
4.3). As the number of genes increased, there was a steep rise in the number of 
species discriminated, with an asymptote developing with a median number of 38 
species resolved with a randomly selected 70 genes (8% of the 810 gene total data 
set). The maximum median number of species resolved in random draws from the 810 
genes set up to a total of 600 genes, is 39 species (compared to 45 species resolving 
as monophyletic from the full gene set).  
When the resampling analysis was undertaken using randomly selected SNPs, very 
few species are recovered as monophyletic using 100 randomly selected SNPs 
(median 10 species), but there is a steep rise in the number of species recovered up 
until around 1,000 SNPs, with a clear asymptote in species discrimination at around 
2,500 SNPs (1.2 % of the total 205,871 SNPs in the dataset) where a median of 43-
44 species are resolved as monophyletic (Figure 4.3).  
a)                                       b) 

 
 

Figure 4.3. The number of species being discriminated with subsets of Inga target capture sequence 
data. The unit for subsampling for a) is the gene, and the size of the subset starts from 10 genes with 
10 genes as the step until 100 genes, with 40 genes as the step until 300, and with 100 genes as the 
step after 300 genes; The unit for subsampling for b) is SNP, and the size of the subset starting from 
200 SNPs with 200 SNPs as the step until 2,000 SNPs, then with 1,000 SNPs as the step until 10,000 
SNPs. Each boxplot shows the distribution of the number of species being discriminated by a random 
draw of each number of SNPs/genes with 50 replicates with the median represented by a solid 
horizontal line. 
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4.5. Discussion 
4.5.1. Overall patterns of species discrimination 
Inga is a challenging test case for species discrimination. Its recent radiation 
(Richardson et al., 2001) results in a species-rich assemblage of tree species with 
recent common ancestry, and overall, low levels of genetic divergence among 
species. In addition, the genus contains some species that are widespread and 
variable with large population sizes, and other species that are more locally distributed 
and that may have evolved by new taxa, budding off from the range margins of 
widespread taxa. Collectively these attributes might be predicted to lead to many 
species resolving as non-monophyletic (Pennington et al., 2016). The Monophyly 
Ratio from this Inga data set is 65%. This is a much greater level of species resolution 
for multi-sampled species than was detected by (Hollingsworth et al., 2009) using 
plastid barcoding loci (2/7). It is also much higher than the overall success of species 
discrimination reported by (Dexter et al., 2017) who recovered 18 species as 
monophyletic from 44 species (41%) with multiple sampled individuals using seven 
plastid regions (total 5,916 bp) and ITS sequences (572 bp).  
The analyses revealed the expected association between the abundance of species-
specific SNPs and species that resolve as monophyletic, with more SSSNPs in 
species that resolve as monophyletic, than in those that do not. Perhaps more 
interestingly, are the cases where there are species that do not resolve as 
monophyletic, which nevertheless possess species-specific SNPs. Examples of this 
include Inga cinnamomea where the species does not resolve as monophyletic, yet 
the 3 sampled individuals had 137 SSSNPs (130 SSSNPs / Mb). Likewise, Inga 
marginata also did not resolve as monophyletic, and its 13 sample individuals had 61 
SSSNPs (57 SSSNPs / Mb). These SNPs can arise due to several reasons. The 
leading reason could be that the species is newly formed so that monophyly hasn’t 
been achieved on a whole genome scale. These SSSNPs in non-monophyletic 
species, may be SNPs linked to regions of the genome under selection and thus 
linked to the cohesiveness of a species (Burri, 2017, Wu, 2001). Alternatively, they 
may just reflect a stochastic process of allele fixation during the history of species 
divergence (Kimura, 1962), and the SSSNPs consisting of loci that happen to have 
become fixed at an earlier stage in the history of the species divergence than many 
other loci in the genome.  
Likewise, the lack of SSSNPs in monophyletic species could be explained from 
multiple perspectives. Firstly, it is possible that the genomic regions containing 
SSSNPs are not under strong selective pressure or are not linked to traits that 
contribute to the cohesiveness of the species (Burri, 2017). In such cases, the genetic 
variation among the species may be sparsely distributed across the genome, resulting 
in a lack of distinct SNPs specific to that species with the reduced-representative 
dataset. Additionally, the lack of SSSNPs in monophyletic species may be a 
consequence of the formation process of the species, e.g. through combinatorial 
mechanism (Marques et al., 2019). During combinatorial speciation, genetic variation 
is derived from the ancestral population through recombination and genetic exchange. 
Through various mechanisms such as hybridization, introgression, or horizontal gene 
transfer, species arise through the recombination and reshuffling of existing genetic 
variation rather than the accumulation of de novo mutations. In this mechanism, new 
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species can form without the fixation of unique alleles or SNPs specific to those 
species. Finally, it is important to note that the absence of SSSNPs may also due to a 
high within-species genetic diversity. There could be variations among different 
populations so that SNPs identified are not distinctive for the species. The last reason 
could be addressed by a more developed bioinformatic algorithm which is not touched 
at the moment. 
This presence of species-specific SNPs in species that do not resolve as monophyletic 
is potentially important from a practical identification perspective. Clearly, monophyly 
is a somewhat restrictive criterion for ‘successful’ species discrimination, given a priori 
expectations that not all ‘good’ species will resolve as monophyletic (Pennington et 
al., 2016, Rieseberg et al., 2019). Being able to identify and quantify the abundance 
of SSSNP in non-monophyletic taxa thus has potential use for increasing the 
proportion of species that can be identified using sequence data, above and beyond 
those that resolve as monophyletic.  
Of the 69 species from which multiple individuals were sampled, only three species 
did not resolve as monophyletic, or possess any SSSNPs. These species have no 
SNPs that showed significant allele frequency differences either. In this case, the 
complexity of the species is beyond the scope and extra innovative methods are 
required which could go beyond DNA-based identification.  
 
4.5.2. Establishing the minimal amount of data for species recovery 
SSSNPs were present at a variable density in Inga species, with a median presence 
of one SSSNP every 10,309 bp in the 69 multiple sampled species. The sub-sampling 
analyses conducted show that a random panel of 2500 SNP loci would give as good 
a level of species discrimination (43/44 species) as the full panel of 810 genes (= 
205,871 SNPs in this dataset). When considered at the gene level, the analysis shows 
that c 70 randomly selected genes give almost as good a level of discrimination as the 
full data set (recovering on average 38 species as monophyletic). There is an 
interesting subtle difference in the discrimination power of the individual genes versus 
the SNP subsampling, with the subsampling asymptoting at slightly high levels of 
discrimination for SNPs. The cause of this is not immediately obvious, but it may 
simply be caused by the greater genomic coverage of the subsampled SNP data 
(which will be distributed across all loci, and hence more independent loci should be 
included in each replicate), whereas any of the sub-sampled gene replicates will leave 
entire loci out which could have a stronger disruptive effect on monophyly. 
When the best-performing loci were selected (those genes that resolved the maximum 
amount of species as monophyletic), high levels of species discrimination can be 
achieved with small amounts of data, with only five loci resolving >>90% of the species 
as monophyletic compared to the total sample of 810 genes, with 100% monophyly 
recovery (of the species resolving as monophyletic using 810 genes) being reached 
with nine loci. Clearly these regions contain strong signals for species discrimination 
and in Inga, would represent prime targets for the development of diagnostic assays.  
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4.5.3. Characteristics of the loci that showed greatest species discrimination 
There is a statistically significant positive correlation between the proportion of species 
that a given gene resolves as monophyletic and its levels of nucleotide diversity. 
However, there is considerable variation in the data, and it is clear that many of the 
most variable loci and not necessarily the most informative or useful loci for species 
discrimination. What is clear from the analysis (Figure 4.5) is that the genes that show 
very low levels of diversity, and generally not effective at recovering species as 
monophyletic, whereas the converse is not necessarily true. This guards against an 
overly strong focus on simply finding the most variable nuclear regions for targeting 
for species identification purposes.  
It is worthwhile to notify that the nucleotide diversity is a within-species measure 
originally, and when measured within species, it is correlated with effective population 
size (Ne) (Nei et al., 1979) and might therefore not be predictive of the most 
informative genes, because the probability of incomplete lineage sorting (ILS) 
increases with Ne (Maddison, 1997). In this thesis scenario, the nucleotide diversity is 
a within-genus measurement. Similarly, the correlation with Ne also applies to this 
extended definition, i.e. the size of the genus. The lack of predictive ability of the most 
informative genes could be caused by (ILS). 
 
4.5.4. Implications for developing a nuclear DNA barcoding system for Inga 
The aim of this study was to gain a general picture of the patterns of variation between 
species in the genus Inga and to road-test analytical pipelines for more general 
analyses on other datasets. The aim was not to design a barcoding / diagnostic 
identification panel for Inga. Nevertheless, it is worth reflecting on the findings of this 
chapter on the implications for the design of species identification systems.  
At the outset it is worth outlining some caveats. Firstly, although extensive, the dataset 
used here is not comprehensive for Inga species, and any conclusions should be 
borne with that in mind. Secondly - the future success of DNA-based identification 
methods for plants will be dependent on their universality. Thus developing an 
identification system for a given genus does not address the larger challenge of 
developing routine methodologies for telling all plant species apart. Thirdly, in this 
particular dataset, heterozygosity was masked during the dataset production stage. 
This may impact on the resolving power of the data.  
With the above caveats in mind, the analyses conducted here are informative about 
the types of nuclear data that will be required to tell species apart in challenging groups.  
Many Inga species are not monophyletic: One simple observation is that only 65% of 
species resolved as monophyletic. The corollary of this is that 35% of species did not. 
Thus for genera like Inga, a monophyly-based diagnostic approach will leave many 
species unidentified. This contrasts strongly with the signature of DNA barcode 
sequences in animal groups such as Lepidoptera where genuine non-monophyly is 
uncommon (Mutanen et al., 2016). A further qualifier that needs adding is that some 
non-monophyletic species of Inga may be the result of species misidentifications or 
imperfect taxonomy. As noted by (Mutanen et al., 2016) in their evaluation of this issue 
in a well-studied sample set of European butterflies, some cases of non-monophyly 
may be attributable to operational taxonomic problems as opposed to underlying 
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species biology. On the other hand, there are good theoretical reasons to assume that 
non-monophyletic species are not uncommon in plants (Rieseberg et al., 2019), and 
especially in groups like Inga (Pennington et al., 2016). 
Most examined species had taxon-specific SNPs: The distribution and density of 
species-specific SNPs is informative for the design of species discrimination assays 
for Inga. The positive observation is that 66/69 species have at least one SSSNP 
(based on the sample set examined here). This type of information could be used to 
design an SNP panel to screen for the presence of these SNPs in a cost-effective 
fashion.  
Large numbers of randomly selected nuclear loci are required to tell Inga apart: While 
the widespread presence of SSSNPs is a positive finding, what is less encouraging in 
more general terms, considering extrapolation to other groups where there is no a 
priori data, is the overall density of these SSSNPs. Recovering maximum levels of 
species discrimination in Inga could be done with only a small portion of the 810 genes 
and 1,313,489 bp of the total data set, but this nevertheless still required 2500 
randomly selected SNPs, or c70 different genes. This is a substantial increase in data 
requirements beyond conventional barcodes of hundreds or a few thousand bps, and 
such assays would require extensive resources (consumables, informatics, data 
processing) to operate at scale. This observation is in accord with some previous 
smaller scale studies, such as that by Ruhsam et al. (2015) who showed that 
sequencing a small number (11) of randomly selected nuclear genes did not provide 
high levels of resolution in the Araucaria species of New Caledonia.  
Some loci are much better than others at species discrimination: One of the most 
striking findings of this analysis is that there are some gene regions that are particularly 
good at species discrimination. These are not the most variable loci in the target 
capture bait set, and instead have intermediate levels of nucleotide variation (with the 
top five genes for species discrimination having levels of nucleotide diversity of 0.11 – 
0.48% (mean 0.27%). In the case of Inga, the use of 5-10 best-performing genes for 
species identification would result in equivalent levels of recovery of monophyletic 
species as the full panel of 810 genes.  
 
4.5.5. An appraisal of the practical implementation steps required to 

operationalise a nuclear DNA barcode for Inga 
In this final section I continue the thought exercise outlined in section 4.5.4. to work 
through some of the practicalities of moving from knowledge of the patterns of 
sequence variation among species to how that might translate into a practical assay.  
Current advancements in NGS DNA sequencing platforms allow a variety of 
approaches to routinely recover multi-locus DNA data. Taking the resource availability 
into consideration, such as access to lab equipment, regionally available sequencing 
services, and the budget constraints, I have worked through a set of five different 
potential approaches Table 4.2. The prominent challenges are different for each of the 
methods. For example, herbarium specimens are usually used in botanical taxonomic 
studies. The feature of the dried specimens is fragmented and contaminations, making 
the PCR-based amplicon sequencing and further genome digestion methods (RAD-
seq/GBS) challenging. The genome skimming method requires no probe or bait 
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design, but it does involve library construction. Furthermore, although the reported 
genome size of Inga in the Kew C-value database is relatively compact (one species 
has been recorded, Inga dulcis, 1C = 0.49 pg ≈ 0.49 Gbp 
(https://cvalues.science.kew.org/search/angiosperm; accessed 29/12/2022) the cost 
for obtaining adequate coverage of the nuclear genome is non-trivial when scaled over 
multiple samples. The SNP array and Hyb-seq methods are designed to handle 
fragmented DNA, and the loci to sequence are predetermined so the cost is not 
sensitive to genome size variation. The initial laboratory costs of these methods are 
high including the one-time synthesis of a new set of custom probes (for SNP array) 
or biotinylated baits (for Hyb-seq). With the service provider, a customized probe set 
for SNP array costs ~$70 per sample, and ~$99 per sample for Hyb-seq. However, 
the cost could be reduced by advanced experimental design such as integrating SNPs 
for multiple species on one array, and pooling libraries of selected 'good' genes for 
multiple genera. For example, a study successfully reduced the overall cost for Hyb-
seq to $22.66 per sample with bulk purchase and frugal experimental design (Hale 
et.al., 2020).  

Table 4.2. Appraisal of implementation approaches and steps to multi-locus DNA barcoding 

Multi locus 
DNA 

barcoding 
candidate 
methods 

Minimum 
information 

required 

Maximum number 
of species 

distinguished 

Requires high 
quality starting 

material 

Genome 
assembly 
required 

nitial 
laboratory 

cost 

Bioinformatic 
analytical 

complexity 

Sequencing 
cost 

SNP 
microarray 

random 2000 
SNPs / ~188 

SSSNPs 
44 ± 2 / 66* No No High § Low Not applicable 

GBS/RAD
seq 

random 2000 
SNPs / ~188 

SSSNPs 
44 ± 2 / 66* 

High molecular 
weight DNA 

preferred 
Yes Medium High Medium 

Genome 
skimming 

random 2000 
SNPs / ~188 

SSSNPs 
44 ± 2 / 66* No Yes Low High Medium to 

high® 

PCR based 
Amplicon 

Sequencing 

random 70 
genes $ / 9 
good  genes 

39 ± 2 / 44 
High molecular 

weight DNA 
preferred 

No Medium Medium Low 

Hyb
seq/Target 
enrichment 

random 70 
genes /  

9 good  genes 
39 ± 2 / 44 No No High § Medium Low 

 
* The confidence in the diagnostic capability of the SSSNPs should be considered and evaluated. 
® depending on the genome size. 
$ Might incur multiple amplicon probe sets for each sample because commercially viable target 
regions for amplicon sequencing are usually < 50 genes. (Recommendation from Illumina:  
https://emea.illumina.com/techniques/sequencing/dna-sequencing/targeted-resequencing/targeted-
panels.html ). 
§ Cost could be reduced to medium by advanced experimental design. 
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4.6. Conclusion 
This chapter assessed the potential of using nuclear sequence data to tell Inga 
species apart, and also road-tested analytical pipelines for a more general 
comparison among species. Based on a dataset of 810 genes across 453 individuals 
from 133 Inga species. Among the 69 multiple-sampled species, around 45 of these 
species resolve as monophyletic on the phylogeny and 66 species have at least one 
diagnostic SNP. Distinguishing among Inga species with randomly selected genes or 
SNPs can be done using a much smaller fraction of data than the 810 gene set, but 
it is still a relatively data-intensive task (e.g. 2500 SNPs or 70 different genes). Pre-
selecting the best-performing genes in the case of Inga leads to substantial 
improvements in the efficiency of telling species apart, with 5-9 genes giving 
equivalent levels of species discrimination to the full dataset.  
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Chapter 5 A meta-analysis on the use of nuclear sequence 
data for plant species discrimination 

 

5.1. Abstract 
The recent accumulation of nuclear DNA sequence data for plants offers the potential 
to explore the signal in these data for species identification. In this chapter I undertake 
a meta-analysis using available data to evaluate the patterns of sequence differences 
between species, and the ease with which species can be discriminated using data 
from the nuclear genome. I compiled data from 149 different genera to assess the 
proportion of plant species that resolve as monophyletic. I then selected 29 genera 
with suitable available data for more detailed analysis. Overall I tackled the following 
questions (1) what is the proportion of species are distinguishable with nuclear 
markers? (2) what is the nature of the inter-specific differences and what are the 
attributes of loci that are the most informative in telling species apart? And (3) how 
many markers are needed and what markers are needed to maximise the species 
identification success? In the analysis of 149 genera, overall, of the 1,701 multiple-
sampled species evaluated 1,206 resolved as monophyletic (71%). At the level of 
individual genera, 37 of the 149 genera (25.8%) had 100% of species resolved as 
monophyletic, and 75 (50.3%) genera had at least 75% of the species resolving as 
monophyletic. The median percentage of species resolved as monophyletic across all 
genera was 75%.  
To understand the genetic basis of species differences, the abundance of species-
specific SNPs (SSSNPs) was characterised in 29 datasets representing 21 plant 
families scattered across the land plant tree of life. Among these genera, the density 
of SSSNPs of all species ranges from 0 to 27,262 per Mb, with a median density of 
323 SSSNPs per Mb (a median density of one SSSNP every 3,098 bp). In species 
that resolve as monophyletic, the density of SSSNPs in 90% of monophyletic species 
ranges from 20 – 5,624 per Mb; in those that do not resolve as monophyletic, 90% of 
non-monophyletic species have SSSNPs at a density between 0 – 648 SSSNPs per 
Mb. Of the total of 460 species from 29 genera assessed, 411 species (89.3%) had at 
least one SSSNP.  
When the data were subsampled to evaluate the minimum amounts of data required 
for species discrimination, there was an asymptote at around 2,500 – 3,000 randomly 
selected SNPs by which almost all of the species resolved in the full datasets (which 
ranged from 6,061 – 1,534,400 total number of SNPs) could be distinguished. When 
the loci were placed in rank order within a selection of six genera to further evaluate 
the characteristics of the best-performing loci, the single best-performing locus was 
able to resolve as many or almost as many species as the full dataset (consisting on 
average of 663 genes, range 360-881) in four of the six genera, with seven and nine 
genes required respectively in the other two datasets. When I assessed the attributes 
of these best-performing loci, there is a statistically significant correlation between the 
density of SSSNPs and the species recovered as monophyletic from different gene 
regions, and a positive (but weaker) correlation between sequence diversity and 
discriminatory power of the best-performing loci in four of the six datasets. These 
findings give a first quantitative assessment using multiple independent nuclear loci 
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across a wide range of plant groups of the number of species that resolve as 
monophyletic, the distribution of SSSNPs, and the implications of these data for 
selecting minimal amounts of sequence data for telling the maximum number of plant 
species apart.  
 

5.2. Introduction 
Since the Linnaean initiation of cataloging the names of over 5,940 plant species 
during the 18th century (Linné, 1753), and despite over two centuries’ endeavours of 
numerous taxonomists, the volume of species awaiting identification and description 
remains prodigious -- recent estimates suggest that around 70,000 flowering-plant 
species await discovery (Bebber et al., 2010). And even for the species that have 
already been described, it can be difficult to reliably identify plant species, particularly 
if the material available for identification is sub-optimal in one way or another.  
With a growing volume of genomic studies and an expanding repository of DNA 
sequences, the idea of exploiting the DNA sequence information of standardised 
genomic regions to represent each species, namely ‘DNA barcoding’, has gained wide 
acceptance for species identification. The plastid genes rbcL and matK were accepted 
as the standard plant barcode combination for plants (CBOL, 2009). This two marker 
combination includes a portion of the highly conserved rbcL gene that is easy to 
recover (barcode region length ~ 600 bp) (Chase et al., 1993) along with a more 
variable portion of the matK gene (barcode region length ~ 800 bp) (Dunning et al., 
2010). Although these regions have been widely deployed, and augmented with other 
plastid loci (Hollingsworth et al., 2016), they do not always provide species-level 
resolution, and there are multiple cases where species can share the same barcodes. 
Potential reasons for the shared barcodes among species include (a) incomplete 
lineage sorting of ancestral polymorphism, (b) hybridization leading to the widespread 
distribution of a certain allele, (c) new mutations followed by selective sweeps (d) the 
lineage is young and went through a recent rapid radiation (Twyford, 2014).  
One drawback of the standard plant DNA barcodes is that both rbcL and matK are 
from organelle genomes, and organelle genomes do not necessarily track species 
boundaries. This is exemplified by the phylogenetic incongruence between nuclear 
and plastid genes (Stephens et al., 2015, Stephens et al., 2015, Schmickl et al., 2016, 
Gernandt et al., 2018, Lin et al., 2019, Mu et al., 2020, Scharmann et al., 2021). 
The internal transcribed spacers of nuclear ribosomal DNA ITS, or just one of the 
spacer regions (ITS2) has also been widely used in plant barcoding due to its ability 
to identify more closely related species than the plastid barcodes (Yao et al., 2010, 
China Plant BOL Group et al., 2011), and as such it is routinely incorporated into 
standard barcoding approaches for plants (Hebert et al., 2016). It can often lead to a 
10~20% gain in resolution in tested plant groups. However, it can occur in multiple 
copies in many plant genera that hampers its fully universal use, due to challenges in 
obtaining clean sequences, and/or difficulties in interpreting the signal from 
paralogous copies (Hollingsworth, 2011). 
The decreasing cost and increasing throughput of the next-generation sequencing 
techniques has resulted in a large volume of studies obtaining sequences from the 
nuclear genome of multiple species across different plant families to recover the 
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evolutionary histories of target groups (Eaton et al., 2013, Nicholls et al., 2015, Kates 
et al., 2018). Sequencing techniques have been developed to enable sequencing of 
the entire, or subsets of the nuclear genome in an affordable fashion such as genome 
skimming (Dodsworth, 2015), RAD-Seq (Miller et al., 2007, Peterson et al., 2012), 
GBS (Elshire et al., 2011), and target capture (Mamanova et al., 2010, Kozarewa et 
al., 2015, Hale et al., 2020) 
Multiple independent nuclear loci should (conceptually) improve levels of species 
discrimination, and individual studies have shown this. A recent study in Oak combined 
the RAD-seq and MassARRAY approaches, and developed an efficient multispecies 
barcode for this complex tree genus (Fitzek et al., 2018). Another study in Anacyclus 
addressing global medicinal trade routes demonstrated that the target capture data 
could outperform standard plant barcodes in terms of species resolution (Manzanilla 
et al., 2022). These examples provide a proof-of-principle for the efficacy of using 
multiple nuclear regions to assign plant samples to the right species. However, what 
is lacking is an overview and synthesis of exactly how powerful these approaches can 
be, and how best to guide future efforts in building plant identification tools.  
Outstanding questions include 1) what is the proportion of species distinguishable with 
nuclear markers? 2) what is the nature of inter-specific genomic differences between 
plant species and what are the attributes of loci that are the most informative? 3) how 
many markers and what markers are needed to maximise the species identification 
success? 
The prediction that the proportion of species distinguishable with nuclear markers 
varies depending on the genetic complexity of species. Species with lower biological 
complexity are more likely to be distinguishable using nuclear markers. Due to the 
reason that woody plants have a longer lifespan and are more prone to hybridisation 
and introgression, the hypotheses of question one is the proportion of species 
distinguishable is higher in herbaceous than woody plant groups. An additional 
prediction is that the regions of the genome being sequenced has a significant impact 
on the proportion of species distinguishable. This leads to the hypothesis that a 
different level of the proportion of species distinguishable varies among different 
sequencing methods. 
Of the species that are distinguishable with nuclear markers – why are they 
distinguishable? The predictions are 1)  they have lots of fixed nucleotide substitutions 
which are diagnostic for different species, or 2) they lack fixed differences, but 
genome-wise they have a high nucleotide diversity so they can be told apart 
genetically overall – even though there is a shortage of individual gene regions which 
are uniquely diagnostic. The hypotheses of question two then could be described as 
species that have more fixed differences (species-specific SNP), have a higher 
nucleotide diversity, and are prone to be monophyletic. 
How many markers and what markers are needed to maximize species identification 
success? The prediction is that the number of markers required for successful species 
identification will depend on the level of genetic diversity and the number of species 
under consideration. A larger number of markers, particularly those with high species-
specificity, will increase the accuracy and success of species identification. So the 
hypothesis for question three is increasing the number of markers will increase the 
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species identification success, and there are loci that tell more species apart than 
others. 
In this chapter, I compiled nuclear genomic sequences from public repositories and 
collaborative projects and assessed the proportion of plant species distinguishable by 
nuclear markers. I undertake a synthetic evaluation of the genetic differences that 
drive discrimination success and failure. I compare the performances of data from 
different sequencing techniques and explore the minimum amount of sequence data 
needed to give an optimal species resolution success.  
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5.3. Materials and Methods 
5.3.1. Assembling published studies for an overview of the extent of plant 

species monophyly (Dataset 1)  
To assemble data for this analysis I searched for publications (from 2013) that 
sequenced three or more unlinked nuclear loci from at least three individuals from 
multiple congeneric species. I used the matching pattern “phylogeny*” AND “RAD*” 
OR “target capture/hyb-seq” OR “genome skimming” OR “Transcript*” on the Web of 
Science, and selected publications manually. I also obtained unpublished datasets 
from collaborators. A total of 149 plant groups (Table S1) matched these sampling and 
sequencing criteria and also included access to a phylogenetic tree where species 
monophyly could be inferred. They are from a wide range of taxa including 2 moss 
genera, 3 fern genera, 6 gymnosperms genera, and 138 angiosperm groups. Studies 
were categorised by sequencing techniques, into 1) Restriction site‐associated DNA 
sequencing (RAD‐seq (Baird et al., 2008)) and its derivatives, (e.g., GBS (Elshire et 
al., 2011), ddRAD‐seq (Peterson et al., 2012), 2b‐RAD (Wang et al., 2012)); 2) Target 
Capture (Mamanova et al., 2010, Kozarewa et al., 2015); 3) Genome skimming 
(Dodsworth, 2015); 4) Transcriptome/exon sequencing (Wang et al., 2009, One 
Thousand Plant Transcriptomes, 2019).  
 
5.3.2. Assembling datasets to assess genomic differences between plant 

species  

Of the 149 individual datasets used for assessing patterns of monophyly, 29 were 
suitable for more detailed analysis (Dataset 2). These were selected on the criteria of 
having (1) Consensus sequences for each individual (either multiple-aligned sequence 
file in .phylip, .fasta, or .nex formats, or SNP matrix in .vcf or .fasta format), (2) 
Metadata, including records of changes of names if provided, and the inclusion or 
exclusion of individuals and loci, (3) a phylogeny. The individual datasets selected are 
from 21 different families, and also represent a wide range across the tree of life 
(Figure S5.1). 

 

Table 5.1. Six individual datasets analysed to assess the performance of individual loci for species 
discrimination (Dataset 4) 

Genus Tota  number of oc  n 
the dataset 

Locus ength ower 
quart e (bp) 

Locus ength on 
average (bp) 

Locus ength upper 
quart e (bp) 

Artocarpus 517 1755 2302 2615 

Capurodendron 615 648 1100 1189 

Geonoma 795 2845 3932 4588 

Inga 810 1018 1622 1946 

Polemonium 360 614 706 750 

Tsuga 881 729 1103 1374 
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Of these 29 individual datasets, a final round of analyses was undertaken on six 
individual datasets (Dataset 4) to further investigate species discrimination at the level 
of individual loci. Assessing the performance of each locus in telling species apart is 
only possible for datasets that have full sequence data on each locus with a low rate 
of missing data. With these requirements, datasets with only SNP information were 
excluded, as were those based on RAD sequencing methods as these approaches 
result in high levels of missing data. The six retained individual datasets (Table 5.1) 
are from the genera Inga, Geonoma, Artocarpus, Polemonium, and Capurodendron 
that were sequenced by target capture, and Tsuga based on transcriptome 
sequencing.  
 
5.3.3. Assembling data sets to evaluate the minimum amounts of data that can 

recover the maximum amount of species discriminated 
Starting with the Dataset 2 described in Section 5.3.2, I retained datasets that were 
amenable to subsampling SNPs or genes/DNA segments. A total of 23 datasets 
(Dataset 3) were used for this analysis, and these were selected on the grounds of 
having enough species that could be told apart by the full dataset, as it is less 
meaningful to down-sample a dataset that can only tell none or a few species apart in 
the first place. The list of the 23 genera for Dataset 3 retained for this analysis and 
their properties can be found in Table 5.4. 
A random subset of SNPs/DNA segments was drawn from the whole dataset, 
repeating the random draw 50 times, and the size of the subset varies from genus to 
genus according to the data type and single loci length. Normally it starts from 100 
SNPs and ends with 10,000 SNPs, or starts from 10 genes until 600 genes. 
To evaluate whether there are any genes that give more species resolution information 
than others I focused on evaluating the individual and cumulative performance of the 
genes showing highest resolution. To do this, I built a quick tree for every single gene 
and calculated the number of species each of them can tell apart. To evaluate why 
some genes/DNA segments are better than others in telling species apart, I then 
evaluated the nucleotide diversity of each gene to assess the relationship between 
discriminatory power and nucleotide diversity. 
 
5.3.4. Data analyses summary 
The data analyses followed the methods outlined in detail in Chapters 3 and 4. In 
summary, the analysis aims are to: 

● Estimate the proportion of plant species that resolve as monophyletic (the 
Monophyly Ratio, MR) (Dataset 1, Table S1) 

● Calculate the abundance and density of species-specific SNPs (SSSNPs) 
(Dataset 2, Table S2) 

● Assess what proportion of species can be distinguished by subsets of the data 
by random resampling (Dataset 3, Table 5.4) and also by targeting the best-
performing gene regions (Dataset 4, Table 5.3) 
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● Evaluate the characteristics of the best-performing gene regions in terms of 
levels of nucleotide diversity and density of SSSNPs (Dataset 4, Table 5.3) 
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5.4. Results 
5.4.1. How often are plant species monophyletic? 
I calculated the Monophyletic Ratio (MR), defined as the proportion of monophyletic 
species out of the total number of species with multiple samples, for a total of 149 
plant genera (Table S1). This included 138 angiosperm genera as well as 2 mosses, 
3 ferns, and 6 gymnosperm genera. The MR here indicates how well the sequence 
data distinguish species, i.e., a high MR indicates that the sequence data used to build 
the phylogeny has a high species diagnostic power. Among the 149 genera, 37 (25.8%) 
resolve 100% of species as monophyletic, while 75 (50.3%) have a MR higher than 
75% (Figure 5.1.A). No significant difference in MR was observed between plant 
groups with different growth strategies (p = 0.84, woody vs. herbaceous, Table 5.2, 
Figure 5.1.B) or between studies using different sequencing techniques such as target 
capture, genome skimming, transcriptome sequencing, and RAD/GBS (p-values all > 
0.1, Table 5.2, Figure 5.1.C); tests conducted using Welch’s t-test (Knapp, 2017).  

 
Table 5.2. P-values of the Welsh’s t-test between the monophyletic ratio and 
growth form or sequencing approach 

Var ab e pa rs for compar son P-va ue 

Herbaceous vs Woody 0 843 

Genome sk mm ng vs RAD GBS 1 

Genome sk mm ng vs Target Capture 0 238 

Genome sk mm ng vs Transcr ptome 0 397 

RAD GBS vs Target Capture 0 238 

RAD GBS vs Transcr ptome 0 397 

Target Capture vs Transcr ptome 0 543 
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Table 5.3. Number of species told apart by full dataset and whether to keep the dataset in down-
sampling. N means the dataset is excluded from the analysis, Y means included in this analysis. 

Genus Sequenc ng method 

Number of 
mu t p e-
samp ed 
spec es 

Number of 
monophy et c 
spec es us ng 
fu  dataset 

Se ected 
for down 
samp ng? 

Note 

Leptosiphon Target Capture 23 14 YES 
 

Polemonium Target Capture 12 7 YES 
 

Artocarpus Target Capture 42 34 YES 
 

Capurodendron Target Capture 20 13 YES 
 

Geonoma Target Capture 44 30 YES 
 

Inga Target Capture 69 45 YES 
 

Tsuga Transcr ptome 8 7 YES 
 

Aesculus RAD seq/GBS 13 11 YES 
 

Antirrhinum RAD seq/GBS 21 11 YES 
 

Attalea Target Capture 15 9 YES 
 

Camellia RAD seq/GBS 11 7 YES 
 

Commiphora Target Capture 22 11 YES 
 

Cornus RAD seq/GBS 18 10 YES 
 

Dicerandra Target Capture 10 4 YES 
 

Linanthus Target Capture 20 14 YES 
 

Linaria RAD seq/GBS 14 11 YES 
 

Mimulus RAD seq/GBS 11 5 YES 
 

Quercus sub Virentes RAD seq/GBS 7 4 YES 
 

Salix RAD seq/GBS 23 23 YES 
 

Sarracenia Target Capture 8 6 YES 
 

Syagrus Target Capture 18 8 YES 
 

Taxus RAD seq/GBS 4 3 YES 
 

Vitis RAD seq/GBS 7 6 YES 
 

Brownea Target Capture 11 1 No no spec es cou d be down-
samp ed 

Diapensiaceae Target Capture 10 5 No fam y- eve  study 

Euphrasia RAD seq/GBS 4 1 No no spec es cou d be down-
samp ed 

Euphrasia WGS WGS 3 0 No no spec es cou d be 
d st ngu shed 

Lupinus RAD seq/GBS 15 10 No h gh m ss ng data 

Ophrys RAD seq/GBS 4 0 No no spec es cou d be 
d st ngu shed 
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Resampling of these datasets (Figure 5.4, Figure 5.5) showed that the number of 
species discriminated increases sharply at the start when 100~500 random SNPs are 
provided. The numbers then reach a plateau when the number of SNPs increases 
from 500-1,300. At around 3,000 SNPs almost all genera have asymptoted in their 
levels of species discrimination, and 21/23 genera (91%) have >85% of their 
distinguishable species distinguished with 3,000 randomly selected SNPs (Table S7). 
Genera with a small number of multiple-sampled species (such as Taxus, Mimulus, 
and Tsuga) hit the maximum species discrimination at an earlier stage, i.e., increasing 
the data volume beyond c. 300 randomly selected SNPs does not increase the number 
of species resolved as monophyletic. Genera with more than 20 multiple-sampled 
species, such as Salix, Artocarpus, Geonoma, and Inga, show a continued but slower 
increase from 500-1,000 SNPs. Some genera like Geonoma, Linaria, and Quercus 
continued to slowly increase even after 7,000 SNPs were sampled. The subsampling 
curve of the individual genera is shown in supplementary Figure S5.2 – S5.24. The 
comparison of subsampling results between sequencing techniques shows no 
difference (Figure S5.63). 

 
Figure 5.4. The proportion of species discriminated using different numbers of sub-sampled SNPs in 
each genus. The curve is fitted using the median of each data point (based on 50 replicates per stepwise 
addition of SNPs). The y-axis is standardised to the maximum number of species that are resolved as 
monophyletic in each individual dataset using the full original sequence data. The curves thus plot the 
proportion of the originally discriminated species that are discriminated at increasing random 
subsamples of SNPs in each genus.  
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5.4.4. Do some individual genes show exceptional performance in species 
discrimination 

To assess the performance of single loci in telling species apart, the frequency 
distribution of the number of species resolved by individual genes was plotted in the 
six genera from Dataset 4 (Figure 5.6). In five of the six genera, there is an 
approximation of a normal distribution in the spread of performance of individual loci. 
In the remaining genus, Polemonium, most loci showed low levels of species 
discrimination with only a few loci being individually able to distinguish more than one 
species. In all datasets, there are clearly some loci that are much better than others in 
telling species apart. For example, in the genus Geonoma, the locus LOC105045005 
alone resolves 30 species as monophyletic (Table S5. Genes_diagnosability). This is 
actually bigger a number than that being resolved using all 795 loci (which gave 28 
species resolving as monophyletic). In four of the genera, the best single locus can 
tell a similar amount of species apart as the full dataset Figure 5.6; Table 5.4). Only in 
Inga and Capurodendron is there a bigger discrepancy between the efficacy of the 
best-performing gene and the total dataset. In Inga, the best-performing gene 
distinguished 31 species compared to 45 species from the full dataset; In 
Capurodendron, the best-performing locus distinguished 13 species, compared to 20 
species with the full dataset.  
 

Table 5.4. The least number of best performing loci required to match the species discrimination 
success of the full dataset 

Genus 
M n mum numbers of 

good genes for 
max mum spec es 

reso ut on 

Tota  number of oc  n 
the dataset 

Tota  number of 
spec es d st ngu shed 
by severa  good oc  

Tota  number of 
spec es d st ngu shed 
by a  data (rap d tree) 

Artocarpus 1 517 27 29 

Capurodendron 7 615 14 13 

Geonoma 1 795 30 28 

Inga 9 810 44 45 

Polemonium 1 360 7 8 

Tsuga 1 881 7 7 

 
 
 
 
 
 
 







 
 

108 

5.5. Discussion 
This study has provided the first synthetic quantification of the species discrimination 
signal in plant multi-locus nuclear DNA sequence datasets. Although the vast majority 
of the studies analysed here were not gathered with this purpose in mind, the synthesis 
is nevertheless informative about general patterns and the nature of differences in the 
nuclear genome among groups of congeneric plant species.  
 
5.5.1. Monophyly - what proportion of plant species resolve as monophyletic 

based on multi-locus sequence data? 
Of the 1,701 species, evaluated from 149 genera a total of 1,206 species overall 
resolved as monophyletic (71%). The median percentage of species resolved as 
monophyletic across all genera was 75%. At the level of individual genera, 37 of the 
149 genera (25.8%) had 100% of species resolved as monophyletic, and 75 (50.3%) 
genera had at least 75% of the species resolving as monophyletic, whereas 14 genera 
(9.4%) had a monophyly ratio < 25%. There are clearly (and not surprisingly) 
substantial differences between genera in the proportion of species that resolve as 
monophyletic. But a key emergent finding from this study is this first quantitative 
estimate of the proportion of species that do, and do not, resolve as monophyletic 
based on large amounts of sequence data, over multiple plant genera.  
In the future, with increases in sample density compared to this current study, the 
proportion of species resolving as monophyletic may decrease (e.g. sampling further 
individuals from further species within these genera may disrupt the monophyly of 
species compared to these existing sample sets). Likewise, sampling other genera 
may lead to the monophyly ratio increasing or decreasing depending on the 
divergence among species in any subsequently sampled genera. However, the 
current study represents an important starting point, and the sample size of 1701 
species from 149 genera is substantial.  
Our study did not detect any significant association between growth form, or 
sequencing technique, with the levels of species monophyly. The results refute the 
hypotheses that the proportion of species distinguishable is higher in herbaceous than 
woody plant groups, and that a different level of the proportion of species 
distinguishable varies among different sequencing methods.  However, this 
observation should be qualified by noting the heterogeneity of study types, and the 
absence of a balanced sampling design for testing this directly. Direct comparisons of 
multiple methods, on the same set of samples, across different growth forms would 
be a much more powerful approach for testing for such associations.  
Contextualising the levels of monophyly detected here more widely is difficult given 
this is the first study to attempt it, and the lack of comparative studies using multi-locus 
nuclear sequence data to assess plant species monophyly. As noted by Lavin & 
Pennington (2022), the availability of datasets with multiple individuals per species 
sampled for large numbers of loci has been a rate-limiting step; an issue which the 
current chapter has aimed to address. In terms of other data types, based on 
morphological data, Chrisp & Chandler (1996) noted from a partial survey of two 
angiosperm families (Fabaceae, Proteaceae) that c 20% of plant species resolved as 
paraphyletic. Likewise, Rieseberg & Brouillet (1994) (responding to advocates of a 
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monophyletic species concept), also argued that non-monophyletic species are likely 
to be common. Several other authors have reviewed the likely circumstances and 
reasons behind a predicted frequent recovery of non-monophyly among plant species 
(e.g. Naciri & Linder, 2015; Lavin & Pennington, 2022). Various authors have identified 
high levels of monophyly from standard barcoding regions (e.g. Fazekas et al., 2009; 
Hollingsworth et al., 2011) but it is difficult to know whether this relates to the attributes 
of barcoding loci, versus a more general point about the nature of the monophyly of 
plant species. There are few, if any, direct comparisons between multi-locus nuclear 
datasets and standard barcoding datasets. In the case of Inga, there is a substantial 
increase in monophyly from 41% standard barcodes (Dexter et al., 2017) to the 65% 
detected here (Chapters 4,5) using multi-locus nuclear markers (although the sample 
sets were not the same).  
 
5.5.2. The nature of inter-specific differences among plant species 
a) How common are SSSNPs?  
In the 29 datasets assessed in detail in this study, SSSNPs were found even in 
complex groups such as Salix (Figure 5.1). 17 genera (58.6% of all) had at least one 
SSSNP in all studied species. Of the 460 species examined in total, 411 had at least 
one SSSNP (89.3%). This is an encouragingly high recovery of taxon-specific 
substitutions, which indicates the potential for further development of molecular 
diagnostic assays. However, as stressed in Chapter 2, the distribution of these 
SSSNPs is a relative function of the other samples in each data set, and with 
subsequent sampling, some SSSNPs may turn out not to be fixed inter-specific 
differences.  
The density of SSSNPs from the meta-analysis conducted here is a noteworthy finding. 
The overall median density of one SSSNP every 3,098 bp gives a first approximation 
of how often taxonomically diagnostic SNPs might be encountered (although the range 
of densities of 0 to 27,262 SSSNPs per Mb is substantial). Understanding the 
frequency distribution of SSSNPs is interesting in that it provides information on how 
much random sequence data needs to be generated before encountering a putatively 
diagnostic SNP (assuming a comprehensive reference database existed). It is also of 
interest, as a first approximation of what proportion of the genome shows fixed 
differences between species and how this relates to wider patterns of variation 
(Malinsky et al., 2015). In the current meta-analysis, the ratio of the median number of 
SSSNPs per species per genus (222), against the median total number of SNPs per 
genus (78,719) was 0.3%.  
b) How does the presence of SSSNPs relate to species monophyly? 
The comparison of SSSNP occurrence mapped against the species that resolved as 
monophyletic gives the intuitively expected outcome, namely that there is a tendency 
for monophyletic species to show a high density of SSSNPs (Figure 5.3). This result 
endorses the hypotheses that species with more fixed differences (species-specific 
SNP) are prone to be monophyletic. However, what was less intuitive at the outset of 
this study, was the repeated recovery of SSSNPs in taxa that do not resolve as 
monophyletic. These occur frequently in the dataset, with a total of 116 species (25.2%) 
not resolving as monophyletic, but nevertheless containing at least one SSSNP. 
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These SSSNPs in non-monophyletic species, may be SNPs linked to regions of the 
genome under selection and thus linked to the cohesiveness of a species (Malinsky 
et al., 2015). Alternatively, they may just reflect a stochastic process of allele fixation 
during the history of species divergence (Kimura, 1962), and the SSSNPs consisting 
of loci that happen to have become fixed at an earlier stage in the history of the species 
divergence than many other loci in the genome.  
 
5.5.3. How much data are needed to tell plant species apart? 
The amount of data required to tell species apart can be evaluated based on either 
random generation of data, or using targeted knowledge on informative gene regions. 
Starting from the perspective of randomly gathering multi-locus nuclear sequence data, 
the current study identified an asymptote in the number of species discriminated at 
around 2,500 - 3,000 randomly selected SNPs. This is a small fraction of the diversity 
of the total datasets assessed here (ranging from 0.2 – 49 % of the total number of 
SNPs in each dataset). Likewise, when the analysis was conducted at the level of 
individual gene, there was an asymptote at c 50 - 100 loci. This indicates that species 
can be maximally discriminated with fewer loci than are currently used in many multi-
locus plant systematic/evolutionary biology studies. And it is noteworthy that this early 
asymptote was obtained, as opposed to a slow progressive gain of more species being 
discriminated when more and more data are added.  
The alternative perspective on the ‘how much data is needed’ question, can be 
addressed by considering how many ‘best-performing’ loci are needed to achieve 
maximal discrimination among species. Here, in four of the six genera evaluated, a 
single best-performing locus was able to achieve approximately the same level of 
discriminatory power as the full data (see Table 5.4). In the ‘worst’ case (e.g. Inga) 
sequencing only 9/810 loci were still able to recover the maximum discriminatory 
power of the entire dataset (again a very small proportion of the total original data). 
These results support the hypothesis of increasing the number of markers will increase 
the species identification success, and there are loci that tell more species apart than 
others. It also highlights the efficiency benefits of targeting genomic regions of known 
discriminatory power when the discrimination of species in a particular taxonomic 
group is of interest.  
However, the challenge here is that both the down-sampling of the datasets and the 
assessment of individual genes’ performance in telling species apart are objective to 
the sequencing techniques. For example, the genomic regions being recovered are 
usually short for RAD-seq and GBS, and more dispersed and evenly distributed on 
the genome when compared to full transcriptome sequencing and target capture 
method. In the scenario of down-sampling by SNPs, the genomic representation of 
RAD-seq/GBS datasets is effectively reduced while not as effective for full 
transcriptome sequencing and target capture method, because the selected SNPs still 
represent similar genomic regions as the full datasets. The sequencing techniques 
also decide whether the assessment of the ‘best-performing’ loci could be done or not. 
With the production of short segments, data from RAD- seq or GBS are naturally not 
suitable for this analysis because the variation on each segment is too limited to be 
ranked. There is of course a wider challenge, in that the genomic regions that are 
maximally efficient in one genus, may not be the same as those in another (Osada et 
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al., 2005), and until this is further characterised, this has impacts on the development 
of a universally useful identification system.  
 
5.5.4. Do loci that perform well for telling plant species apart have predictable 

attributes? 
To assess whether there are any attributes of ‘the best-performing loci’ that are 
common across different plant groups that might better help understand the selection 
of nuclear DNA barcoding loci, I examined patterns of diversity across loci. These loci 
are expected to be or linked to genes that contribute to reproductive isolation (RI) in 
plants (Rieseberg et al., 2010, Wu, 2001), so they diverge at an early speciation stage 
when the new sister population started to diverge. The assessment of the genetic 
diversity of each locus shows that in four out of six tested genera, there is a higher 
density of SSSNPs/greater recovery of monophyletic species from gene regions with 
higher genetic diversity.  
This trend reflects the correctness of the hypotheses of species that have more fixed 
differences (species-specific SNP), have a higher nucleotide diversity, and are prone 
to be monophyletic. However, the relationship is complex, and even in the four 
datasets with significant correlations, there is a substantial spread in the data (Table 
5.5). The most variable genes do not have the most SSSNPs, nor do the most variable 
genes always tell most of the species apart. Some studies argued that multiple 
genomic divergence driven factors, such as natural selection, recombination (Pease 
et al., 2013), and hitchhiking (Fay et al., 2000), are accountable for the imperfect 
correlation of the genetic diversity and the frequency of fixed variations in a species 
(Nosil et al., 2012). Further studies are required to evaluate the diversity and the nature 
of the best-performing gene regions from other plant groups and to increase the 
sample size for comparison, to better evaluate and understand whether 
predictions/generalities can be developed about which types of nuclear genes have a 
predisposition for being useful for telling species apart.  
  



 
 

112 

5.6. Conclusions 
This meta-analysis provides an initial quantification of the efficacy of mult-locus 
sequence data from the nuclear genome for plant species discrimination. Of 1,701 
species from 149 genera, 71% resolved as monophyletic. This provides the first 
quantitative assessment of the proportion of plant species that resolve as 
monophyletic using large scale sequence datasets. Likewise, the study provides the 
first insights into the frequency distribution of species specific SNPs, and a study of 
29 datasets from 21 plant families showed a density of SSSNPs ranging from 0-27,262 
per Mb, with a median density of 323 SSSNPs per Mb (a median density of one 
SSSNP every 3,098 bp). When the data were subsampled to evaluate the minimum 
amounts of data required for species discrimination, there was an asymptote detected 
at around 2,500-3,000 randomly selected SNPs from which almost all of the species 
resolved in the full datasets could be distinguished. Focusing on a selection of six 
genera, by further selecting just a few best-performing genes from each dataset (<<10), 
almost all species distinguished using a full complement of genes could be separated, 
but further work is required to better understand the attributes of loci that are of the 
maximum value for plant species discrimination.  
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Chapter 6 Conclusions and Future Directions 
 

6.1. Summary of findings 
In this thesis, I have explored the challenge of improving the resolution of plant DNA 
barcoding approaches by assessing some of the practical challenges and potential 
benefits of accessing data from the nuclear genome to support plant species 
identification.  
I first assessed the existing landscape of standard DNA barcoding approaches in 
plants, and the reasons why standard DNA barcodes often fail to provide species 
resolution in some groups. I also reviewed why extending DNA barcoding approaches 
to entire plastomes and complete rDNA sequencing may not lead to materially solving 
the problem of limited species resolution (Chapters 1 and 2). A key factor limiting 
progress here is that plastid genomes and rDNA sequence data represent a small 
number of independent loci, and they themselves have atypical modes of inheritance 
and dynamics of evolution. Given these limitations, Chapters 1 and 2 highlight the 
potential and importance of assessing the nuclear genome as a source of multiple 
independent characters to improve levels of species discrimination in plants 
I secondly evaluated some of the key issues to consider in utilizing the nuclear genome 
for plant species identification (Chapter 2). These include noting how different 
sampling strategies of taxa can influence measures of species discrimination, and 
stressing the importance of studies that generate sequence data from multiple nuclear 
loci, from multiple individuals of multiple congeneric species. Such sample sets are of 
critical importance in evaluating the resolving power of different approaches. I also 
noted the expected heterogeneity in species discrimination success depending on the 
biological attributes of different plant groups, and noted the added complexities when 
dealing with large recently radiated genera, and also with biologically complex groups 
in general. Chapter 2 also briefly explored the potential for different genome sampling 
strategies (e.g. genome skimming, target capture, RAD-sequencing, genotyping by 
sequencing, transcriptome sequencing) to recover different proportions of coding 
versus non-coding, and single-copy versus repetitive DNA regions, as well as varying 
levels of overlap in the loci recovered from different samples. Other technical factors 
that have the potential to influence recovered patterns of sequence variation within 
and among species include sequence quality and coverage, and how this impacts the 
assembly of raw sequencing reads into reliable files for analysis. Another variable that 
may impact on downstream use of sequence data is how heterozygosity has been 
treated, as some studies (and associated datasets) mask out potential heterozygosity, 
and instead call the most common variant in the consensus sequence. Some of these 
issues are easy to address and accommodate in meta-analyses (for instance by 
selecting datasets to include or exclude based on the sampling criteria they used). 
Others, particularly those which involve how other researchers have generated and 
assembled sequence files are more difficult to standardise, and at least for the 
analyses involved in this thesis, there is an unavoidable set of variations among 
studies which is likely to have added some noise to the overall findings.  
In Chapter 3, I outlined a new pipeline for handling and analysing nuclear sequence 
data to tell plant species apart. This pipeline (named NucBarcoder), supports the 
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searching and selection of datasets for evaluation, the generation of phylogenetic 
trees and extraction of the proportion of species that resolve as monophyletic, and the 
distribution of species-specific SNPs and SNPs which show significant frequency 
differences among species. The pipeline also supports random subsampling of full 
species datasets, to enable a bootstrap resampling of subsets of loci, at user-specified 
intervals, followed by phylogenetic tree reconstruction and recording levels of species 
monophyly at each sub-sampled interval. This enables an assessment of the minimum 
number of randomly selected loci required to achieve the same levels of resolution as 
the full datasets. The final stages of the pipeline focus on characterising the best-
performing gene regions from each data-set, and evaluating the sequence diversity 
and characteristics of these loci. All code scripts, workflows, and an example to run 
the pipeline are available at  
https://github.com/Hazelhuangup/Species specific alleles analysis.  
In Chapter 4, the scripts developed in Chapter 3, were applied to the legume genus 
Inga. This classic ‘difficult test case’ for plant DNA barcoding, showed that when using 
810 genes and 205,871 SNPs from a target capture dataset, 65% of the 69 species 
with multiple sampled individuals resolved as monophyletic (a substantial 
improvement in resolution compared to previous plastid barcoding studies). When 
these data were subsampled, a random selection of 70 genes or 2500 SNPs, or a 
combination of nine ‘best-performing’ genes could achieve levels of species 
discrimination similar to the full dataset.  
The scripts and approaches described in Chapter 3, and applied in Chapter 4, were 
then utilised in a large-scale meta-analysis in Chapter 5. In this synthesis, a total of 
71% of the investigated species from a sample of 149 genera and 1,701 multiple-
sampled species resolved as monophyletic. An investigation into the distribution of 
species-specific SNPs (SSSNPs) from 29 datasets representing 21 plant families 
revealed a density of SSSNPs from 0 to 27,262 per Mb, with a median density of 323 
SSSNPs per Mb. This meta-analysis provides a striking figure of a median density of 
one SSSNP every 3,098 bp across these 29 different plant datasets. As found for Inga 
in Chapter 4, smaller subsets of the data could be used to resolve similar amounts of 
species as the full datasets, and this translated to an asymptote in species 
discrimination at around 2,500-3,000 randomly selected SNPs. Furthermore, in a 
detailed investigation of six genera, between one and nine pre-selected genes were 
able to recover equivalent levels of species discrimination compared to several 
hundred genes from the full datasets.  
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6.2. Caveats and additional desirable work 
A strength of the work undertaken in this thesis is the efficient use of existing data to 
tackle the highly topical question of telling plant species apart with DNA, and this has 
enabled some broad generalisations and summaries to be made in terms of the 
number of species that resolve as monophyletic, and the nature of the data that 
underlie the plant species differences. However, one compromise that this has 
involved, has been that the analyses have been dependent on the strengths and 
weaknesses of the original data that were available for analysis.  
 
6.2.1. Weaknesses of available data and limitations of the analyses 
A general challenge for the reuse of data from the published literature is uncertainty 
around some steps taken by researchers in the process leading up to the published 
datasets. For assessing levels of species discrimination with genetic data, one very 
practical challenge is how ‘misplaced’ specimens are dealt with. In this thesis, I 
checked the datasets for inclusion against circularity (e.g. not including studies for 
assessing the discriminatory power of datasets for telling species apart, if the data 
themselves were used to identify the samples in the first place). This is a conceptually 
straightforward issue, but in practice, the implementation may be more complex. Most 
studies start with an a priori set of sample identifications, which may then be updated 
if the sequencing detects major discrepancies which highlight obvious errors. This is 
sensible routine practice. However, what should be avoided is an a priori assumption 
that multiple samples per species ‘should’ group together, and hence the identity of 
any ‘misplaced’ samples being wrong, and hence needing to be ‘cleaned up’ to match 
their phylogenetic placement. I did not include any datasets where there was evidence 
of this practice occurring, but given the large-scale nature of the datasets assessed, I 
was unable check directly with all corresponding authors how any sample 
reidentifications were handled.  
Another general weakness/challenge is the lack of all datasets being available in 
standardised, easy-to-analysis format, or in some cases, the primary data not being 
available at all. This results in the discrepancy between the number of datasets (149) 
that were analysed for species monophyly, and those that were assessed for the 
distribution of SSSNPs (29). Likewise, even where datasets were available for re-
analyses, it was not always clear what steps had been taken in the assembly of 
datasets, and for instance, how issues such as heterozygosity had been handled. To 
explore the implications of this particular issue (heterozygosity), I undertook some 
sensitivity analyses where I compared the levels of species discrimination for datasets 
in which heterozygosity information was retained, and where I then in turn masked the 
heterozygosity to the most common variant. The findings of this were the number of 
monophyletic clades doesn’t change much, if any, when including or excluding the 
heterozygosity information (Table S6). 
Additional sensitivity analyses I undertook included the testing impact of different 
nucleotide substitution models and phylogeny-building software (iqtree2 and RAxML 
NG) on the number of monophyletic clades. No obvious impact was found (Table S6). 
A final, and important limitation of the meta-analysis, is that the scale of the available 
data remains the major rate-limiting step. As noted here and by others (e.g. Lavin & 
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Pennington 2022), there is a pressing need to increase the number of datasets that 
sample multiple individuals from multiple congeneric species for multiple unlinked 
nuclear markers.  
 
6.2.2. Additional desirable work 
At the outset of this thesis, my work plan included a combination of meta-
analysis/synthesis of existing data, as well as the generation of new data. In terms of 
planning new data production, I planned to target sampling of multiple individuals from 
multiple species from the genus Salix in the UK, and to use these data as a direct 
comparison with the good document evidence for sharing of standard DNA barcodes 
among species in the genus (Percy et al., 2014; Twyford, 2014). After undertaking 
desk-based research on the genus in the UK, and preliminary fieldwork, I selected a 
set of six diploid willow species (S. lapponum, S. lanata, S. reticulata, S. herbacea, S. 
myrsinites, S. arbuscula) that occur at montane sites in Scotland. I selected 10 
individuals per species, including samples from populations where the species grows 
in relative allopatry (spatially separating from other Salix species they may hybridise 
with), as well as populations where the species grow in sympatry with other hybridising 
willows. This sample set was designed to test the nature of species boundaries among 
a group of Salix species that were subject to different likelihoods of contemporary 
hybridisation and inter-specific gene flow. The selected populations and species were 
sampled from existing tissue collections at the Royal Botanic Garden Edinburgh, their 
DNA extracted by Dr. Michelle Hart, and the samples were sent for whole genome 
sequencing at the Wellcome Sanger Institute as part of the Darwin Tree of Life Project 
(https://www.darwintreeoflife.org/). However, a combination of restricted laboratory 
access due to the COVID-19 pandemic, and then further restrictions to building access 
due to a major flood in 2021, meant that there were delays in being able to ship and 
process the samples. By the time the samples were shipped, and then sequenced, it 
was not possible to analyse the data in time for submission in this thesis. Clearly, the 
incorporation of sample sets that were explicitly designed to address the questions 
tackled in this thesis would strengthen the meta-analysis further.  
An additional area of desirable additional work includes extending the range of 
analytical methods that are deployed for assessing the discriminatory power of multi-
locus nuclear DNA sequence data for plant species discrimination. In this thesis, I 
focused on monophyly (a widely used, and well-understood mechanism of 
distinguishing among species with genetic data), and the distribution of taxonomically 
informative SNPs as a highly automated unit of data. One obvious area of future work 
would be to evaluate other methods for telling plant species apart with multi-locus 
sequence data. Potential areas to explore include model-based approaches such as 
the multispecies coalescent (MSC) models which are designed to accommodate 
incongruent information from multiple gene trees and bypass the constraints of a 
concatenation of multiple alignments, where all genes from a sample set are assumed 
to follow a single common genealogy (Quatela and Oxelman, 2022). However, the 
MSC approach remains computationally intensive to apply (Rannala et al., 2020), and 
as such difficult to scale to a large-scale meta-analysis. An alternative approach that 
is easier to scale is the use of alignment-free approaches such as k-mer analyses, 
which can be used for computationally efficient repeated comparisons and matches of 
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sequences of a given length (k-mer) to the best match in a reference database (Wood 
et al., 2014, V. Bhange, 2018, Sarmashghi et al., 2019, Bohmann et al., 2020). Of 
particular interest here is the recent development of tools such as the assembly-free 
and alignment-free tool, Skmer, which can be used to treat a set of samples as both 
reference samples and query samples, and to compute genomic distances between 
samples to identify their closest match and hence taxonomic assignment. Such 
approaches offer great opportunities for effectively evaluating the species 
discrimination potential in multi-locus nuclear barcode datasets (Sarmashghi et al., 
2019).   
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6.3. Outstanding priorities for developing nuclear DNA barcoding 
approaches for plants 

To further develop the concept of nuclear DNA barcoding in plants, I finish by 
identifying a set of future priority actions, and research topics. The need to develop 
improved methods of telling plant species apart is strong, and hence there is a 
pressing need for community collaboration to address outstanding data and 
infrastructure needs. 
Priority areas include: 

● Targeted studies aiming to generate multi-locus sequence data from multiple 
individuals from multiple congeneric species, ideally with comprehensive 
sampling of all known species in a genus. 
○ These studies will provide sample sets suitable for robust insights into 

absolute levels of discriminatory power in individual genera, and also 
provide a sample set for comparing gains in discriminatory power with 
standard barcodes and extended plant barcodes (plastomes/rDNA 
arrays) 

● Generation of high quality reference genomes, and whole genome 
resequencing studies providing comprehensive coverage of inter-specific 
sequence differences for phylogenetically disparate genera of conservation, 
ecological or socioeconomic importance. 
○ Having comprehensive genome coverage as well as sample coverage 

in a range of targeted phylogenetically disparate genera allows the 
nature of inter-specific differences to be directly measured (rather than 
estimated). Complete genome sequences will also allow in silico 
assessments of how subsamples of the genome would differ from the 
full sequences, informing the types of an assay that are likely to be most 
appropriate. This could include in silico assessments for instance, of the 
difference in the performance of universal baits (such as the angiosperm 
353 kit) against the use of genome skimming approaches at variable 
levels of coverage, and/or the use of taxon-specific baits. Reporting of 
standardised meta-data, and archiving of data and meta-data in a 
fashion explicitly designed to allow the reanalysis and meta-analysis of 
the use of multi-locus sequence datasets for plant species discrimination 

○ There is a pressing need to enable synergies among individual studies 
to maximise the efficiency of (re)use of multi-locus sequence data from 
plants. The curve of data generation is currently at an early stage, and it 
is likely there will be a rapid growth in the production of relevant datasets 
in the next few years. Effectively guiding the formatting and meta-data 
standards for such data could result in significant scientific benefits (in 
terms of plant species identification) at minimal additional cost, based on 
highly efficient reuse of data. 

● Further optimisation of pipelines and analytical methods for routinely and 
robustly quantifying the degree to which multi-locus nuclear sequence data tell 
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plant species apart, and which subsets of the data give rise to the most effective 
diagnostic assays 
○ As the volume of data continue to grow, there is an increased need for 

highly effective data evaluation and analysis methods. The optimisation 
of the BOLD database for analysis of CO1 DNA barcodes has been 
instrumental in understanding the distribution of barcode data among 
animal taxa. Likewise, the Plant and Fungal Tree of Life Data Explorer 
(Baker et al., 2022), is an example of a data portal designed to house 
complex multi-locus data for plants, that is well suited for regular 
updating of data, and reanalysis of data in light of additional data 
depositions. This portal focuses on phylogenomic analyses, and a 
similar informatics framework/portal for plant species discrimination 
would be extremely useful. 

● Development of efficient multi-locus assays using nuclear sequence data, to 
start trialling how such assays can be used in routine species identification 
applications. 
○ In parallel with efforts to develop a new standardised approach for ‘plant 

DNA barcoding 2.0’, it is important to already pursue the development of 
workable taxon-specific multi-locus barcoding assays, to begin the 
process now, of identifying and overcoming practical challenges to 
implementation. This could include developing optimal assays for 
efficient specimen sample screening (e.g. as was recently done for 
Anopheles species by Makunin et al. (Makunin et al., 2021)). Another 
key priority is to start the process of considering how multi-locus 
reference datasets could be used to support environmental DNA (eDNA) 
and mixed sample meta-barcoding studies (Taberlet et al., 2018), which 
brings the additional challenge of simultaneously handling the resulting 
mixture of data from multiple loci from multiple species, and as such 
represents an interface between meta-barcoding and meta-genomic 
studies.  

This list of priorities is not intended to be exhaustive, but rather to identify some of the 
key high-level priorities to take forward the development and use of multi-locus nuclear 
DNA barcoding of plants. A key factor that will accelerate the success of such an 
approach is a collaboration among research groups. This thesis has benefited greatly 
from data sharing and research collaborations. Major breakthroughs around 
standardised approaches for using DNA for species identification in DNA barcoding 
have in the past come from consortia working together to assemble and co-analyses 
large datasets to understand and refine optimal solutions for species discrimination 
(China Plant Working Group et al., 2011; Plant Working Group CBOL, 2009; 
Pawlowski et al., 2012, Schoch et al., 2012). Such an approach would be desirable for 
developing the next wave of plant DNA barcoding tools and ultimately a standardise 
version of plant DNA barcode 2.0. 
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Appendices 
 

The excel file appended contains supplementary tables, Full description of the data 
is included in each file.  
S1. Dataset_1_for_MR: 149 plant groups included for Monophyletic Ratio calculation 
(Dataset 1) 
S2. Dataset_2_for_SSSNPs: 29 plant groups included for Calculating the abundance 
and density of species-specific SNPs (SSSNPs) (Dataset 2) 
S3. SSSNPs_density_all_spps: All multiple-sampled species list and their density of 
SSSNPs and Monophyletic status (with full dataset) 
S4. Random_label_p-value: p-value of the number of SSSNPs comparison between 
the orginal label and random label 
S5. Genes_diagnosability-Geonom: The number of multiple-sampled species 
discriminated by individual gene for Inga dataset 
S6. Sensitivity_test: The impact of nucleotide substitution models, including 
heterozygosity information, and phylogeny building software on the number of 
multiple-sampled species being told apart 
S7. All_genera_subsampling: The number of multiple-sampled species discriminated 
by different size of subsamples for 23 genera (Dataset 4) 
S8. Results_for_Inga: Detailed results for Inga analysis 
 
The pdf file appended contains supplementary figures: 
Figure S5.1. Families the 29 genera (Dataset 2) belong to on the Angiosperm tree of 
life (highlighted in red). One Gymnosperm genera Taxus is drawn on top.  
Figure S5.2 – S5.24. The subsampling curve of the individual genera by SNPs. The 
name of each individual dataset is on the top of each figure.  
Figure S5.25 – S5.33. The subsampling curves of the individual genera by 
genes/DNA segments. The name of each individual dataset is on the top of each 
figure.  
Figure S5.34 – S5.62. Distribution of the number of Species-Specific SNPs for multi-
sampled species for all genera analysed (Dataset 2)  
 
 
 



Figure S5.1. Families the 29 genera (Dataset 2) belong to on the Angiosperm tree of life (highlighted in red). 
One Gymnosperm genera Taxus is drawn on top.
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Figure S5.2 – S5.24. The subsampling curve of the individual genera by SNPs. The name of 
each individual dataset is on the top of each figure.









Figure S5.25 – S5.33. The subsampling curves of the individual genera by genes/DNA segments. 
The name of each individual dataset is on the top of each figure.





Figure S5.34 – S5.62. Distribution of the number of Species-Specific SNPs for multi-sampled 
species for all genera analysed (Dataset 2)
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Figure S5.63. The proportion of species discriminated using different numbers of sub-sampled 
SNPs for genera in different sequencing methods.
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