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1. Introduction

The community of biologists has been eager to realize the promise of DNA barcodes
since the concept of a rapid method for genetic identification of species was first proposed
in 2003. As we approach twenty years of DNA barcoding, the application of these short,
but highly variable sequences continue to increase and methods continue to be developed
that utilize this ever-expanding resource for multiple fields of biology. The nearly ten
million DNA barcodes for life on Earth available today provide a database that is especially
useful for ecology and evolutionary biology. In particular, DNA barcodes provide a rapid
resource to identify taxa; to quantify and understand species richness; and to determine
community interactions in primary and secondary habitats. Many ecologists, who are
concerned with the assembly and maintenance of species richness at local and regional
scales, have driven empirical and conceptual advances in the field of community ecology.
At the same time evolutionary biologists have focused on the description and classification
of species diversity, factors controlling the origin and ancestry of biodiversity, and the
network of interactions that connect evolutionary units through time and space.

Today, thanks to the ever-expanding and well-curated DNA barcoding resources now
available, fundamental biological questions can be more rigorously addressed regarding
community evolution, assembly, productivity, and species interactions across and among
diverse habitats and organisms, including plants, animals, fungi, and microorganisms.
DNA barcodes are now routinely used to discover new species, to determine phylogenetic
patterns of community diversity, and to uncover the complexities of interactions in almost
all domains of life to understand diets, symbioses, pollinator networks, and historically
challenging biomes, such as below-ground soil and deep-water marine communities. This
Special Issue of Diversity addresses the wide variety of applications of DNA barcodes,
especially in plants. The eleven papers included in this Special Issue illustrate how the
DNA barcode library continues to be expanded, the range of ecological and evolutionary
questions that can be answered with DNA barcodes, and how plant-human interactions
are better understood using DNA barcodes as a research tool.

2. Building the Plant DNA Barcode Library

The diversity of gene regions that serve as DNA barcodes continues to expand from
the original cytochrome oxidase 1 mitochondrial sequences applied to many groups of
animals. To date, no single gene region fits all lineages of life as a universal DNA barcode.
For that reason, researchers continue to experiment and search for the most effective DNA
barcode for specific clades on the Tree of Life and particular type or condition of tissues
within organisms. In this Special Issue Dal Forno et al. [1] explored the application of DNA
barcodes in both fresh and historical collections of lichen-forming basidiomycetes. Their

Diversity 2022, 14, 453. https://doi.org/10.3390/d14060453 https://www.mdpi.com/journal/diversity1
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results demonstrate that barcode sequences can effectively be generated from both fresh
and historical collections more than 100 years old and that fungal ITS barcode sequences
provide powerful resources for species delimitation in an integrative taxonomic framework.,
Omelchenko and colleagues [2] continued the quest to identify the most efficient regions
for metabarcoding members of the grass family and suggest additional spacer regions from
nuclear ribosomal DNA (e.g., ITS1 and ETS in addition to the more common ITS2 barcode)
provide enhanced discriminatory power for species identification in mixed pollen samples
of grass species. In a third paper Kenfack, Abiem and Chapman [3] tested the effectiveness
and efficiency of applying the standard plastid plant barcode regions (rbcLa, matK and
trnH-psbA) to over one hundred species of trees in a montane forest in Nigeria and
concluded that the combination of rbcLa and matK is sufficient for species discrimination.
As part of the Global Genome Initiative for Gardens, Gostel et al. [4] release in the Special
Issue 2722 DNA barcode sequences from 174 families and 702 genera of land plants that
represent taxa without previous barcode sequences in GenBank. Each of these papers
represents a significant contribution to building the DNA barcode library for plants.

3. Using Plant DNA Barcodes to Understand Ecological Patterns and
Evolutionary Processes

With the advancement of DNA barcodes as a reliable source for genetic species iden-
tification, biologists increasingly use this tool to track species interactions. Such studies
are now being conducted across the globe in both temperate and tropical environments.
The review by Gostel and Kress [5] in this Special Issue outlines the recent progress that
has been made in these investigations as a result of novel computational and sequencing
capacities, high-throughput barcoding methodologies, and the expansion of the global
DNA barcode database.

Three additional papers in the Issue highlight how DNA barcodes help to uncover
previously obscure interactions, e.g., mate location in highly complex tropical forests; the
abundance and diversity of large mammalian herbivores and their woody plant food
sources; and in plant-insect pollinator communities. In an attempt to uncover how Or-
thopterans (crickets, katydids, and grasshoppers) use acoustic cues to find mates, Palmer
and colleagues [6] turned to plant DNA barcodes to test the specificity of food plants that
could facilitate mate location in katydids on Barro Colorado Island in Panama. Their results
showed that most katydids are generalist herbivores and food choice would most likely
not facilitate mate location. In a semi-arid African savanna Freeman et al. [7] demonstrated
the important role of megaherbivores in shaping vegetation across landscapes. Using data
from plant DNA barcodes, they were able to ascertain that some habitats, which deter large
mammalian herbivores, serve as refuges for plant species that otherwise are quite palatable
to these animals. Finally, a comparison between plant metabarcoding and non-molecular
methods of tracking plant-pollinator interactions demonstrated the advantages of a DNA
barcode approach in determining the complexity of these communities [8].

4. Plant DNA Barcodes and Human Interactions

It should not be forgotten that one of the most important plant-animal interactions on
the planet is between plants and humans. Three final papers in the Special Issue address
the application of DNA barcodes to tracking medicinal plants, invasive species, and habitat
conservation. Jamdade et al. [9] demonstrate that as the DNA barcode library is built for the
flora of the United Arab Emirates the current plant DNA barcode regions provide sufficient
markers for the safe usage, prevention of adulteration, and the regulation of medicinal
plant trading. DNA barcode sequence data were employed by Yessoufou and Ambini [10]
to build a molecular phylogeny of the 210 known naturalized alien woody plants in South
Africa. Based on this phylogeny they demonstrated that the benefits humans obtain from
an alien species had significant evolutionary signal, but that non-invasive species exhibited
more benefits to humans than their introduced, invasive counterparts. Such phylogenetic
metrics can also contribute to plant conservation. Pearl et al. [11] generated DNA barcodes
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for 366 species of plants in the heathland ecosystems in Queensland, Australia. The result-
ing measures of phylogenetic diversity found in these communities combined with other
patterns of diversity suggested contrasting conservation and management implications for
these historical “refugial environments”.

This Special Issue of Diversity on “Plant DNA Barcodes, Community Ecology, and
Species Interactions” provides a taste of the current variety of investigations and publica-
tions that are a result of the expansion of DNA barcodes in the biological sciences. It is
hoped that the papers contained herein will inspire and encourage future applications of
DNA barcoding to the exploration of ecological and evolutionary systems across the globe.

Author Contributions: W.J.K. and M.R.G. contributed equally to this publication. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
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DNA Barcoding to Enhance Conservation of Sunshine
Coast Heathlands

Hilary Pearl 1,*, Tim Ryan 2, Marion Howard 1, Yoko Shimizu 1 and Alison Shapcott 1

1 School of Science, Technology and Engineering, University of the Sunshine Coast,
Sippy Downs 4556, Australia; marion.howard@research.usc.edu.au (M.H.);
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2 Queensland Herbarium, Mount Coot-Tha Rd, Toowong 4066, Australia; tim.ryan@des.qld.gov.au
* Correspondence: h_p051@student.usc.edu.au

Abstract: Conservation priorities and decisions can be informed by understanding diversity patterns
and the evolutionary history of ecosystems, and phylogenetic metrics can contribute to this. This
project used a range of diversity metrics in concert to examine diversity patterns in the Sunshine
Coast heathlands, an ecosystem under intense pressure. The species richness and composition of
80 heathland sites over nine regional ecosystems of heathland on the Sunshine Coast were enhanced
with phylogenetic metrics, determined by barcoding 366 heath species of the region. The resulting
data were added to an existing phylogeny of regional rainforest species. The diversity metrics for sites
and regional ecosystems were compared using univariate and multivariate statistics. The phylogeny
from this study, and the low phylogenetic diversity of the heathlands, is consistent with the theory
that heath species evolved on the fringes on a wider Australian rainforest flora. Distinctive heathland
communities were highlighted, and the existence of geographically scattered, but compositionally
similar, phylogenetically even sites points to a possible “refugial environment”, characterised by
moisture and instability. This suggests contrasting conservation implications: the protection of
distinctive communities but also the management of the dynamic processes in other wet and alluvial
“refugial environments”. The potential for more focused conservation priorities is enhanced.

Keywords: heathlands; phylogenetic diversity; barcoding; phylogeny; conservation; refugia

1. Introduction

Conservation obligations are an imperative with the Convention on Biological Di-
versity calling for the 30% of land and sea areas of signatory countries to be protected
by 2030 [1]. Overall, Australia has achieved the Aichi target of 17% of land area con-
served [2]. However, conservation based on area alone is insufficient to reduce biodiversity
loss, with calls for the consideration of factors, including ecological representation, ge-
netic diversity, connectivity, endangered ecosystems, and species [2–6]. We need to know
more about diversity patterns in ecosystems we are aiming to protect in order to inform
conservation decisions.

Species richness (SR) is a standard measure of diversity, but incorporating metrics,
such as genetic diversity, species composition, centres of endemism, and phylogenetic
diversity, are advocated for identifying priority areas of biodiversity now and into the
future [7–14]. Species composition patterns can identify areas of distinctiveness [15–17].
Phylogenetic diversity has been considered a useful surrogate for a diversity of traits, which
provide ongoing material for evolutionary processes [14,18,19]. Phylogenetic diversity
metrics have also been used in determining centres of diversity and distinctiveness [20]
and in planning for conservation gains [21,22].

In addition, broader diversity measures may provide insight into community assembly
processes, contributing to conservation prioritization. Areas of distantly related species, or
“phylogenetic evenness”, may indicate refugial areas of conservation significance, whilst

Diversity 2022, 14, 436. https://doi.org/10.3390/d14060436 https://www.mdpi.com/journal/diversity5
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areas of “phylogenetic clustering” could represent locations where species had been subject
to environmental filtering, such as recently expanded communities [23,24]. Deep-past
and biogeographical origins may impact on the observed phylogenetic structuring of
communities [21,25–27].

However, phylogenetic metrics used in understanding community assembly may
be used differently in conservation [14]. For example, low diversity “phylogenetically
clustered” areas may suggest compelling and distinctive community assembly patterns,
but these areas may then be viewed as unimportant for conservation. However, when
considered together, patterns of diversity, including species richness and composition, along
with phylogenetic diversity and structuring, could all contribute to understanding local
ecological processes and history [28]. Can diversity metrics be used in concert to contribute
to an understanding of the floristic history of a region and so inform the prioritization of
conservation areas in a region? This study aimed to explore this question in a system under
pressure in the south-east corner of Queensland, Australia.

For millennia, the heathlands of the Sunshine Coast have been a source of sustenance
for indigenous people [29], as reflected in the many place names and indigenous words,
such as “wallum” to describe Banksia aemula and associated plant communities [30,31]. The
area is under development pressure as one of the fastest growing regions in Australia [32–34].
The heathlands are threatened by land clearing, forestry, urbanisation, inappropriate fire
regimes, and climate change [35,36]. In the 1960s it was recognized that the heathland
grew on low-nutrient soils, with terminology such as “depauperate” heath and sedge
communities used to describe the “poverty” of these lowlands [36]. Indeed, it is theorised
the Australian heath evolved in infertile, seasonally waterlogged soils on the fringes
of rainforest, with sclerophylly being an adaptation to low nutrients [37–40]. Thus, it
is predicted that the heathlands should have a lower phylogenetic diversity than the
surrounding rainforest, but is this so? Previous phylogenetic work in the surrounding
rainforests offers an opportunity to explore this [15–17,41].

Almost all heathland species in Australia are endemic to this continent and many are
localised [35], including in the heaths of the south-east corner of Queensland [36,37,42].
A major centre of endemism and floristic distinctiveness, corresponding to the “wallum”
landscapes, has been identified along this coastal fringe north of Brisbane [43]. This is
echoed in the occurrences of other significant biota in these heaths, including the eastern
ground parrot and the acid frogs [44,45]. These coastal heaths lie on a complex landscape
of coastal sand plains and dunes (Holocene and Pleistocene), alluvium, decomposed
sandstones, and volcanic basalts on hills and ranges [46,47]. Are the montane areas with
heterogenous environments “phylogenetically even”, reflecting local genetic studies [48]
and the broader ecological findings of increased diversity in topographical heterogenous
areas [49–51]?

There remain areas of heathlands that still reflect the pre-European, or “pre-clearing”
conditions. In Queensland, vegetation communities are classified into “regional ecosystems”
(RE). This framework, instigated in 1999, is used by private and government land managers
for biodiversity and conservation assessment and management [52]. On the Sunshine Coast,
the variation in the heath communities is reflected in nine heathland regional ecosystems.
All have a predominant sclerophyllous shrub layer with a restiad or sedge ground-layer,
growing either on wet and waterlogged substrates or on dry sands or rocky peaks [53]. The
regional ecosystem classification, along with the beginnings of a barcode library for the local
heath flora, provides an opportunity to assess the patterns of diversity and distinctiveness
and the conservation significance of the heathland types.

Aims of This Study

With a goal towards exploring conservation priorities, this research plans to quantify
the diversity and the distinctiveness of the Sunshine coast heathlands and to specifically
address the questions:

6
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1. Is there variation in species richness, phylogenetic diversity, and composition among
heath regional ecosystems of the Sunshine Coast, which may be important for assess-
ing conservation priorities?

2. Is there any evidence in the diversity metrics to inform on the ecological and evolu-
tionary history of the heaths on the Sunshine Coast?

3. Do the species composition and phylogenetic metrics provide insights into the com-
munity assembly dynamics of the heath; are the regional ecosystems operating as
distinct and discreet communities or is there overlap in species composition?

4. Is there evidence of sites of “refugia” or centres of diversity where are these located,
and do they warrant consideration of enhanced protection?

2. Materials and Methods

2.1. Design and Data Collection

For this study, the Sunshine Coast heathlands were defined as extending from Cooloola
in the north, 150 km south to Bribie Island, and west up to 30 km to Mapleton and the
Glasshouse Mountains. These heathlands fall within the council areas of Gympie, Noosa,
Sunshine Coast, and Moreton Bay (Figure 1). The current extent and protection status of
the heathlands is shown in Supplementary Figure S1.

The Queensland regional ecosystem framework is based on bioregions (broadscale
landscape patterns), land zones (based on geology, soils and landforms), and vegetation (de-
scribed in terms of structure and floristics) and are locally mapped at a scale of 1:50,000 [52].
To capture the diversity across the heath and to ensure the representativeness of heath types,
sampling was undertaken of the mapped nine regional ecosystem (RE) heath types [53].
The Queensland Herbarium CORVEG database contained an existing dataset of thirteen
sites from five regional ecosystems [54]. This dataset was expanded so that each regional
ecosystem was sampled over at least six sites, although the limited extent of RE 12.12.10
meant that only three sites were sampled (Table 1). Sites were chosen which had been
unaffected by fire for at least 12 months to reduce this confounding factor. There are also
areas along the coast with special significance or were sites of “conservation battles” in
the past [34], and some of these “iconic” areas were included to assess their diversity.
To address the stratified sampling for other aspects of this project, a further 67 sites were
sampled from across the Sunshine Coast study area, resulting in data for a total of 80 sites
over nine regional ecosystems.

Site were selected using ArcGis 10.5: [55]: shape files of the Regional Ecosystem
mapping of remnant vegetation for south-east Queensland [56] were overlaid with the
Protected Area Status [57] to enable selection of sites within the Protected Area Estate.
As site data were being added to the CORVEG database, collection methods were consistent
with the Queensland Herbarium CORVEG techniques with a standard proforma and plot
size of 1000 m2 [58]. Data collection occurred during late winter, spring, and early summer,
from July 2016 to December 2018. At each site, GPS bearings (10 m accuracy) were taken,
and a complete native species list was recorded. The comprehensiveness of species lists
was maximised by visiting each site twice, with at least one site visit aimed to be during
the spring flowering peak [59]. Orchids were noted but not included in species lists, as
their cryptic nature meant they were unable to be recorded consistently; likewise, ferns and
bryophytes were noted but their inclusion was beyond the scope of this study. Species were
identified on site using a field herbarium prepared and developed by comparing samples
with Queensland Herbarium samples and by using field handbooks and keys [60,61]. Any
species not clearly identified on site were collected for later verification by Queensland
Herbarium botanists.
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Table 1. Description and diversity metrics of the heathland regional ecosystems on the Sunshine
Coast, Queensland.

Regional
Ecosystem

Short Description
Biodiversity

Status
No.

Sites
SR PD MPD MNTD NRI NTI

12.2.9

Banksia aemula low open
woodland on dunes and sand

plains, usually deeply
leached soils

No concern
at present 12 121 3632.73 *L 208.48 32.94 0.63 2.91 *H

12.2.12 Closed heath on seasonally
waterlogged sand plains Of concern 22 151 4258.21 *L 209.17 33.10 0.09 2.24 *H

12.2.13 Open or dry heath on dunes
and beaches Endangered 6 61 2376.66 *L 203.59 45.79 2.41 *C 1.80 *H

12.3.13
Closed heathland on seasonally

waterlogged alluvial plains
usually near coast

No concern
at present 7 89 3004.52 *L 210.71 38.66 −0.76 2.36 *H

12.3.14
Banksia aemula low woodland

on alluvial plains usually
near coast

Of concern 7 95 3153.69 *L 209.56 39.56 −0.16 1.94 *H

12.5.9

Sedgeland to heathland in low
lying areas on complex of

remnant Tertiary surface and
Tertiary sedimentary rocks

Of concern 6 114 3564.05 *L 208.40 39.14 0.60 1.50

12.8.19

Heath and rock pavement with
scattered shrubs or open
woodland on Cainozoic

igneous hills and mountains

Of concern 9 106 3295.21 *L 207.88 36.92 0.88 2.36 *H

12.9-10.22
Closed sedgeland/shrubland

on sedimentary rocks,
generally coastal

Of concern 8 123 3849.04 *L 208.68 38.48 0.41 1.49

12.12.10
Shrubland of rocky peaks on

Mesozoic to Proterozoic
igneous rocks

Of concern 3 61 2743.24 205.66 63.85 1.52 −0.88

Regional Ecosystem, the species richness (SR), phylogenetic diversity (PD), mean phylogenetic distance (MPD),
mean nearest taxon distance (MNTD), net relatedness index (NRI), and nearest taxon index (NTI) are given.
Values that were significantly different from random (p = 0.05) are indicated with an asterisk. Superscript letters
indicate whether these values are higher (*H) or lower (*L) than expected or whether they are significantly or
clustered (*C). No Regional Ecosystems were significantly even. Biodiversity status is that given by Queensland
Herbarium assessments in 2018 [53].

For each species, a herbarium voucher and DNA sample in silica consisting of approxi-
mately 5 g of healthy, fresh, clean leaf material (permit numbers WITK 17429716 and WITK
18628117) were collected with vouchers lodged at Queensland Herbarium or the University
of the Sunshine Coast Herbarium. Taxonomy used was the same as for the Queensland
Flora Census [62]. A total of 255 vouched DNA samples was collected.

A complete list of Sunshine Coast heath plants comprising 366 species was compiled
for later analysis, which included the species encountered on site, along with other species
listed in local guidebooks [60,61,63,64] and confirmed through the Australian Virtual
Herbarium [65].
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Figure 1. Map of Queensland [66], Australia indicating the Sunshine Coast study area. In the
expanded box, the Sunshine Coast area showing the location of the 80 sites. Sites are marked by their
NRI results: phylogenetically clustered, random, or even.
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2.2. DNA Barcoding and Sequence Alignment

The set of silica dried samples used for this study comprised 255 samples and 130 sam-
ples from other collections made from a variety of previous collections undertaken by the
Shapcott lab and held at the University the Sunshine Coast [16,17,67]. DNA was extracted
from 385 samples following the methods used by Shapcott [17]. The PCR amplification and
sequencing of three accepted plastid DNA barcode markers, rbcL, matK, and psbA-trnH,
used established methods [68]. The PCR product was purified with exosap, and forward
and reverse primers were used along with the Big Dye Terminator v3.1 cycle sequencing
kit (ThermosFisher Scientific, Waltham, MA, USA) in a cycle sequence reaction to attach
dyes in preparation for sequencing [68]. This was followed by a sephadex purification and
rehydration with HiDi formamide to prepare samples for sequencing on an AB3500 Genetic
Analyser (Applied Biosystems, Foster City, CA, USA) at the University of the Sunshine
Coast. Any unsuccessful samples were reprocessed. Contigs were made using the forward
and reverse sequences in Geneious version 10.2.6 (Biomatters, Auckland, New Zealand)
(https://www.geneious.com (accessed on 27 March 2022) and were edited for accuracy and
checked for quality and length. Contigs were exported to consensus sequences under the
following quality control guidelines: a HQ score of a minimum of 65%, a sequence length of
a minimum of 300 base pairs, and a minimal number of ambiguous base calls. Alignments
of rbcL were completed using MUSCLE and the matK alignment was performed using
MAFFT, in Geneious. The psbA-trnH makers were aligned using SATe [69]. All alignments
were examined and manually adjusted to correct for homologies. Preliminary Trees were
constructed in Geneious 10.2.6 for each marker to check the phylogenetic placement of
species and any species that were clearly incorrectly placed on the tree were discarded,
either as being contaminated DNA or a misidentification. In rare instances, sequences of
less than HQ 65%, or less than 300 base pairs, were kept where they were placed correctly
on the phylogenetic tree and there was no alternative sequence to use. Some samples were
sequenced again for one or more loci to improve quality. For each plant species, at least
two makers were used to construct the “barcode”. Missing sequences were retrieved from
the public database GENBANK (www.ncbi.nlm.nih.gov/genbank/ (accessed on 27 March
2022)). In the few instances where no markers were procured for the species, a congener
was used.

To further improve the robustness of the phylogeny, the data for the 366 heath species
were aligned with an existing dataset of south-east and central Queensland rainforest
species using the same three gene markers [16]. The final alignments for rbcL, matK, and
psbA-trnH were trimmed and concatenated to create a three gene alignment for the heath
and rainforest species of south-east Queensland, resulting in a dataset for 1576 species.

2.3. Phylogenetic Reconstruction

To enforce taxonomic relationships based on the global dataset from the Angiosperm
Phylogeny Group III [70], a constraint tree using the R20120829 tree was built in Phylomatic
version 3 [71]. In Mesquite [72], the tree was edited so each family was a polytomy and
that the barcode data could then be used to infer the relationships of the species below the
level of family, consistent with the methods of Shapcott [17].

The 3-marker alignment for the 1576 heath and rainforest species and constraint tree
were uploaded to the CIPRES portal [73], and the RAxML-HPC2onXSEDE tool was used
with a mixed partition model to search for the best scoring ML tree. This was repeated for
eight runs and the best tree with the smallest likelihood score was selected. This tree was
rooted in Geneious and dated in PATHd8 [74], with the ages of nine orders found using
fossil dates and an age for angiosperms of 250 mya after the methods of Shapcott [16,17] to
produce a final dated tree with calibrated molecular branch lengths for the 1576 heath and
rainforest species. This tree was pruned in PICANTE in R to produce a dated tree for the
366 regional heath species of the Sunshine Coast [75].
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2.4. Diversity Measures and Analyses

Summary data of the numbers of species (SR), genera (GR), and families (FR) were
generated for the Sunshine Coast heath community of 366 species. Each of the species from
the Sunshine Coast heath taxa was represented by a barcode identifier displayed on the
dated heath phylogeny and these were used to create community lists of species found
in each regional ecosystem, based on the field work data. Species were assigned to each
of the nine regional ecosystems on a presence or absence basis, to be able to make broad
comparisons of the heath regional ecosystems in terms of diversity measures. Additionally,
community lists were developed for each of the 80 sites on a presence or absence basis to
enable diversity measures to be generated for each site, to be used to statistically investigate
variation between sites grouped by Regional Ecosystems.

The dated phylogeny, the complete Sunshine Coast heath community file, the commu-
nity lists for individual sites and the individual regional ecosystems were used to derive
phylogenetic metrics, and all analyses used R software [76]. Phylogenetic diversity (PD),
mean phylogenetic distance (MPD), and mean nearest taxon (MNTD) were calculated for
each regional ecosystem, as well as for each site using PICANTE [24,75]. A randomised
null model, using the whole Sunshine Coast heath taxa and shuffling the taxa labels across
the tips of the phylogeny, was used to calculate the probability of the phylogenetic diver-
sity measures deviating significantly from random distributions. PICANTE calculates a
standardised size effect (ses) and this figure multiplied by −1 gives the net relatedness ness
index (NRI) for MPD and a nearest taxon index (NTI) for MNTD. A NRI has a value of 0
for a completely random community, increases as the community becomes more clustered,
and decreases as a community becomes more even, with the NTI following a similar pat-
tern [23]. The NRI and NTI were tested for significance using a randomised null model in
PICANTE [75]. All these diversity measures were obtained for each of the nine regional
ecosystems and for each of the 80 sites.

Individual site diversity measures were used to test for differences in PD, SR, FR, GR,
MNTD, MPD, NRI, and NTI as well as between structural data (maximum and minimum
heights and percentage cover of vegetation layers) between sites grouped by regional
ecosystems, using the Kruskal–Wallis test followed by a Dunn’s post hoc test with a
Bonferroni correction in the “stats” package and PMCNR packages [77]. Relationships
between SR, GR, FR, and PD were tested using Spearman’s rank correlation tests in the
“stats” package [76]. The significance of the observed frequency of phylogenetically even
and phylogenetically clustered sites in each regional ecosystem was tested using Pearson’s
chi-squared test in the gmodels package [78].

To investigate patterns and similarities among site communities, the presence/absence
matrices of species composition were used to calculate pairwise dissimilarity matrices
using Vegdist and the Bray-Curtis method in the Vegan package [79]. A dissimilarity
matrix between sites was calculated based on PD using Unifrac, a measure of phylogenetic
distance between sites, within PICANTE [80,81].

These distance matrices were used in non-metric multidimensional scaling (NMDS) to
visualise relationships among sites using Vegan [79]. Northings and eastings data for each
site were used to calculate geographic distance matrices using Vegdist and the euclidian
method in Vegan. All the dissimilarity matrices were tested for correlation using the Mantel
test and the Spearman method in Vegan [82].

To visualise and assist the interpretation of the regional ecosystem data, labelled
phylogenetic trees were produced using the iTOL program [83].

3. Results

3.1. Phylogenetic Position

The Sunshine Coast heath taxa list comprised 366 species, excluding ferns and orchids,
covering 26 orders, 73 families, and 201 genera. Ten of these families contained 10 or more
species, and included Myrtaceae (42 species), Cyperaceae (34 species), Poaceae (29 species),
Fabaceae (27 species), Ericacae (22 species), Mimosaceae and Proteaceae (19 species each),
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Restionaceae and Rutaceae (12 species each), and Laxmanniaceae (10 species). Over the
80 sites of data collection, 280 species were encountered, which represented 76.6% of
the Sunshine coast heath taxa of 366 species. These 280 species came from 157 genera
and 56 families, with some of the families more frequently encountered on sites than
others; Myrtaceae, Cyperaceae, Proteaceae, Xanthorrhoeaceae, and Fabaceae were each
encountered on more than 70 of the 80 sites.

Whilst the south-east and central Queensland rainforest and heath species share some
orders, the heath species are not represented by any unique orders. The heath taxa of
366 species are grouped within the larger south-east Queensland and central Queensland
rainforest and heath phylogeny (Figure 2). Some orders, such as the Magnoliales, Pan-
danales, and Piperales, are not represented within the heath, many orders were poorly
represented, including the Laurales, Solanales, and the Sapindales, whilst orders such
as the Poales (including the families Restionaceae and Cyperaceae) and the Ericales are
richly represented.

Figure 2. Phylogenetic position of the Sunshine Coast heath species (indicated in red) within the
wider south-east Queensland and central Queensland rainforest phylogeny.
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3.2. Species Richness and Phylogenetic Diversity Metrics

While the total combined species richness of the regional ecosystems ranged from 61
for RE 12.12.10 (3 sites) to 151 species for RE 12.2.12 (22 sites in total), reflecting in part
the differential sampling across regional ecosystems, the mean species richness per site for
each regional ecosystem varied from 28.7 to 43.3 species/1000 m2 and was not significantly
different (Table 2). The phylogenetic diversity of the individual nine regional ecosystems
ranged from 2376 to 4258, with a total PD for the Sunshine Coast heath taxa of 8156 (Table 1).
All regional ecosystems had a lower PD than expected in the context of the Sunshine Coast
heath regional species pool (p < 0.05), except for the shrublands of rocky peaks, RE 12.12.10
(Table 1). The endangered dry open heath on dunes, RE 12.2.13 was the only heath type
identified as “phylogenetically clustered” with a significant NRI (p < 0.05), with all other
regional ecosystems identified as “phylogenetically random” (Table 1, Figure 3). Six of the
nine regional ecosystems had a mean nearest taxon index (NTI) higher than expected by
chance (p < 0.05), meaning that the species in these communities are more closely related at
the terminal nodes (Table 1). Furthermore, when sites were grouped by regional ecosystems
and compared, the NRI was found to be significantly higher (more clustered) in the heaths
of the dunes compared to the alluvial closed heath: the NRI in RE 12.2.9 and in RE 12.2.13
were higher compared with RE 12.3.13 (Kruskal Wallis chi-squared = 20.912, p = 0.0074)
(Table 2). There were no other significant differences in PD, MPD, MNTD and NTI, SR, GR,
or FR between sites grouped by regional ecosystem (Table 2).

Table 2. Summary of mean diversity values of the Sunshine Coast heath sites grouped by re-
gional ecosystem.

RE
No.
Site

SR GR FR PD MPD MNTD NRI NTI

12.12.10 3 30.3 (4.2) 27.0 (3.7) 18.3 (3.1) 1616.9 (126.7) 206.8 (0.7) 72.3 (7.5) 0.61 (0.20) ab 0.48 (0.51)
12.2.12 22 34.5 (12.1) 30.7 (10.0) 17.5 (5.0) 1754.6 (402.0) 211.1 (3.8) 68.7 (14.5) −0.45 (0.94) ab 0.67 (0.64)
12.2.13 6 36.3 (2.7) 32.0 (1.4) 17.8 (1.0) 1771.3 (71.7) 206.0 (2.2) 56.1 (6.5) 0.87 (0.60) a 1.48 (0.52)
12.2.9 12 30.1 (11.2) 26.1 (9.2) 15.5 (4.3) 1570.0 (390.6) 205.5 (6.9) 70.8 (25.9) 0.92 (1.29) a 0.99 (0.77)

12.3.13 7 31.0 (7.9) 27.7 (6.7) 17.0 (3.7) 1652.2 (344.6) 213.5 (2.6) 66.2 (9.3) −1.08 (0.74) b 0.90 (0.89)
12.3.14 7 28.7 (4.3 26.4 (4.0) 14.9 (2.9) 1464.3 (251.3) 208.3 (8.4) 60.4 (15.5) 0.09 (1.79) ab 1.47 (1.15)
12.5.9 6 43.3 (7.0) 37.3 (5.8) 21.2 (3.8) 1923.3 (302.0) 208.2 (5.2) 55.2 (5.8) 0.41 (1.62) ab 1.28 (0.79)

12.8.19 9 31.2 (16.5) 27.9 (14.2) 16.7 (8.7) 1564.9 (756.5) 206.6 (9.6) 61.9 (9.3) −0.09 (1.34) ab 1.24 (1.10)
12.9-10.22 8 42.5 (12.3) 37.1 (11.2) 21.0 (5.9) 1991.1 (514.2) 208.9 (5.1) 62.9 (10.2) −0.12 (1.05) ab 0.48 (1.16)

NS NS NS NS NS NS KW = 20.9
p = 0.007 NS

For each regional ecosystem (RE), the species richness (SR), genus richness (GR), family richness (FR), phylogenetic
diversity (PD), mean phylogenetic distance (MPD), mean nearest taxon distance (MNTD), net relatedness index
(NRI), and nearest taxon index (NTI) are given. Values that were significantly different in Kruskal–Wallis tests
(p < 0.05) are indicated with letters. Means sharing the same letter are not significantly different. Please note, the
higher the NRI or NTI, the more closely the taxa in the community are related. Standard deviations are shown
in brackets.

Across the 80 sites, diversity, as measured by species richness, varied widely, from
6–58 species per 1000 m2, whilst genus richness ranged from 6–51 genera per 1000 m2,
suggesting few instances of congenic species in each site (Table 3). Indeed, species richness
was positively correlated with genus richness (Spearman rho = 0.986, p < 0.001) and
family richness (Spearman rho = 0.9256, p < 0.001) as well as PD (Spearman rho = 0.994,
p < 0.001). Moreover, 19 of the individual sites had a lower PD than expected by chance:
across the individual 80 sites, PD ranged from 443 to 2585, with no sites having a higher
PD than expected (p < 0.05) (Table 3). The NTI showed that 17 sites contained species
significantly more clustered on the terminal nodes than expected by chance (p < 0.05)
(Table 3). Based on the NRI, seven of the 80 sites were “phylogenetically even” (p < 0.05),
and these sites were found in RE 12.2.12, 12.3.13, and 12.3.14, ecosystems of alluvial
or seasonally waterlogged areas (Table 3). Six sites were “phylogenetically clustered”
(p < 0.05), and both these “clustered” and “even” sites were scattered across the Sunshine
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Coast (Figure 1). Phylogenetically clustered sites were found in regional ecosystems 12.2.9,
12.3.14, 12.8.19, and 12.5.9, with the Banksia aemula heath of the dunes (12.2.9) found
to have more phylogenetically clustered sites than expected by chance, and the closed
heathland on alluvial plains (12.3.13) found to contain more phylogenetically even sites
than expected (χ2 = 28.76, p = 0.026).

Figure 3. Phylogenetic position of the Regional Ecosystems represented against the phylogenetic tree
of the Sunshine Coast heath site taxa.

Table 3. Phylogenetic metrics of each of the 80 study sites, grouped by regional ecosystem.

Regional Ecosystem Site SR GR FR PD MPD MNTD NRI NTI

RE 12.2.9
Banksia aemula, low open
woodland on dunes and

sand plains, usually deeply
leached soils

15248 34 32 19 1866.9 212.0 69.1 −0.72 0.41
15250 9 9 8 824.5 214.5 143.7 −0.41 −0.7
15621 20 17 9 1061.0 *L 189.5 60.9 3.56 *C 1.90 *H

16488 28 25 16 1687.7 207.2 76.7 0.42 0.27
16491 25 22 13 1433.6 211.8 75.0 −0.49 0.65

BI29-63 37 33 18 1774.9 208.9 58.9 0.13 1.12
BI29-65 16 15 11 1122.2 197.5 91.2 1.8 0.51
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Table 3. Cont.

Regional Ecosystem Site SR GR FR PD MPD MNTD NRI NTI

COO29-44 40 34 19 1817.0 *L 200.9 52.7 2.54 *C 1.68
COO29-62 47 40 20 2081.9 205.9 49.9 1.11 1.69 *H

LCOO29-43 40 34 19 1881.3 204.5 56.3 1.46 1.25
MCNP29-60 28 23 15 1458.6 207.4 61.0 0.5 1.49
NNP29-61 37 29 19 1830.7 205.7 54.2 1.13 1.63 *H

RE 12.2.12
Closed heath on seasonally

waterlogged sand plains

15228 28 26 12 1449.0 205.7 66.9 0.8 0.97
15252 29 27 19 1827.5 212.9 80.4 −0.87 −0.14
16443 17 16 11 1262.6 213.2 101.2 −0.59 −0.15
16450 23 21 12 1264.4 205.6 65.0 0.74 1.49
16493 24 22 14 1514.1 216.2 91.2 −1.3 −0.46

BI212-50 38 34 16 1778.2 *L 204.5 58.4 1.38 1.15
BI212-51 28 24 17 1648.7 215.5 76.3 −1.4 0.32
BI212-53 45 37 21 1878.1 *L 207.7 51.3 0.57 1.61

COO212-24 44 39 21 2052.1 209.1 64.5 0.12 0.17
COO212-45 22 19 12 1341.1 214.1 78.7 −0.9 0.61
COO212-46 57 47 25 2585.6 213.0 57.2 −1.43 0.29

ES212-10 17 17 11 1160.5 215.8 94.5 −0.94 0.26
ES212-5 39 35 21 2045.6 212.1 70.7 −0.79 −0.12
ES59-40 23 22 13 1467.9 213.2 83.9 −0.71 0.22

KMCP212-31 48 41 21 2053.3 *L 209.7 51.7 −0.13 1.45
KMCP212-7 58 51 28 2528.4 213.5 51.6 −1.66 *E 1.04

MCNP212-39 41 39 24 2243.9 217.2 65.5 −2.38 *E 0.2
MCNP212-42 27 23 12 1359.7 *L 208.3 59.4 0.18 1.73 *H

ME212-2 27 24 16 1445.6 205.1 70.4 0.85 0.84
NNS212-33 41 38 19 1930.6 212.0 59.2 −0.8 0.9
PEP212-27 36 33 18 1793.7 209.6 61.1 −0.11 0.99
PEP212-49 47 40 22 1969.6 *L 211.0 52.7 −0.57 1.3

RE 12.2.13
Open or dry heath on dunes

and beaches

MHD213-3 32 30 17 1761.5 208.8 64.0 0.09 0.98
MHD213-35 38 34 19 1846.3 208.8 54.6 0.14 1.51
NNP213-13 38 32 17 1686.3 *L 205.4 45.9 1.04 2.35 *H

NNP213-14 38 33 18 1764.1 204.1 52.6 1.43 1.78 *H

NNP213-32 34 32 17 1706.3 203.8 60.9 1.34 1.15
NNP213-47 38 31 19 1863.2 205.0 58.6 1.19 1.1

12.3.13
Closed heathland on

seasonally waterlogged
alluvial plains, usually

near coast

16454 22 22 14 1316.3 211.3 69.1 −0.38 1.32
BSA313-4 29 26 17 1588.2 214.9 73.3 −1.25 0.43

COO313-17 25 21 13 1277.7 *L 208.6 53.8 0.19 2.22 *H

MRNP313-16 35 33 21 1939.0 215.3 74.0 −1.63 *E −0.14
MRNP313-59 26 22 13 1380.0 213.8 66.4 −1.03 1.17

PV313-37 35 32 21 1959.8 215.3 74.1 −1.60 *E −0.15
TNP313-36 45 38 20 2104.3 215.2 52.8 −1.85 *E 1.49

12.3.14
Banksia aemula, low

woodland on alluvial plains,
usually near coast

15622 24 22 12 1405.8 196.6 81.7 2.65 *C 0.21
BSA314-38 28 28 17 1610.3 215.9 76.0 −1.53 *E 0.27
BSA314-6 31 29 17 1702.5 215.6 66.0 −1.54 *E 0.9
BSA314-8 28 24 14 1385.5 *L 215.2 48.0 −1.37 2.38 *H

MRNP314-15 23 21 10 962.8 *L 197.3 38.0 2.27 *C 3.34 *H

MRNP314-57 35 31 17 1530.9 *L 206.7 52.5 0.63 1.89 *H

MRNP314-58 32 30 17 1652.0 211.1 60.9 −0.45 1.28
12.5.9

Sedgeland to heathland in
low lying areas on complex
of remnant Tertiary surface

and Tertiary
sedimentary rocks

COO59-19 46 40 23 2094.7 209.3 57.7 0.05 0.89
COO59-25 39 36 20 1891.7 212.6 59.9 −0.97 1.01
COO59-26 32 28 16 1499.8 *L 212.1 54.4 −0.69 1.89 *H

COO59-56 51 45 26 2264.9 208.7 59.0 0.19 0.37
LC59-37 49 40 24 2147.3 208.1 55.7 0.34 0.96
LC59-48 43 36 18 1641.3 *L 198.3 44.2 3.55 *C 2.54 *H

15



Diversity 2022, 14, 436

Table 3. Cont.

Regional Ecosystem Site SR GR FR PD MPD MNTD NRI NTI

12.8.19
Heath and rock pavement
with scattered shrubs or

open woodland on Cainozoic
igneous hills and mountains

13962 6 6 4 443.7 *L 203.2 66.1 0.34 2.46 *H

MB819-12 12 11 7 721.5 *L 197.7 74.0 1.22 1.73 *H

MCNP819-40 44 38 23 2234.2 213.6 68.9 −1.35 −0.32
MCNP819-41 38 33 20 1916.6 213.4 62.2 −1.14 0.73

ME212-29 45 41 24 2121.7 211.6 58.4 −0.76 0.84
ME819-1 34 31 21 1824.7 213.4 72.1 −1.07 0.13
ME819-11 42 37 21 1961.2 212.5 52.4 −1 1.66
ME819-30 48 42 25 2286.6 208.2 56.6 0.35 0.84

WHM819-9 12 12 5 573.8 *L 185.4 46.4 2.60 *C 3.11 *H

12.9-10.22
Closed sedgeland/shrubland

on sedimentary rocks,
generally coastal

COO910-20 49 45 20 1975.0 *L 210.7 46.9 −0.48 1.97 *H

COO910-54 45 40 23 2087.8 205.2 64.8 1.32 0.03
COO910-55 50 44 26 2458.4 211.8 69.3 −0.94 −0.88
COO910-70 44 41 22 2025.4 210.1 60.0 −0.3 0.67

ES910-33 53 41 27 2402.4 210.2 60.5 −0.4 0.08
ES910-71 50 44 23 2255.8 210.9 59.8 −0.59 0.37

NNS910-34 16 12 8 818.2 *L 198.1 59.6 1.67 2.34 *H

NNS910-72 33 30 19 1906.3 214.5 82.6 −1.29 −0.74

12.12.10
Shrubland of rocky peaks on

Mesozoic to Proterozoic
igneous rocks

MNP1210-30 27 25 15 1483.3 206.2 69.9 0.69 0.91

MNP1210-66 29 25 19 1632.1 207.7 80.7 0.38 −0.08

SP1210-31 35 30 21 1735.4 206.6 66.3 0.76 0.61

For each site, the species richness (SR), genus richness (GR), family richness (FR), phylogenetic diversity (PD),
mean phylogenetic distance (MPD), mean nearest taxon distance (MNTD), net relatedness index (NRI), and
nearest taxon index (NTI) are given. Values that were significantly different from random (p = 0.05) are indicated
with an asterisk. Letters indicate whether these values are higher (*H) or lower (*L) than expected or whether they
are significantly even (*E) or clustered (*C).

3.3. Species and Phylogenetic Composition

Sunshine Coast heath sites varied in their species composition with some groupings
based on regional ecosystems apparent in the NMDS analysis (Figure 4). The heaths of
the old volcanic, Mesozoic to Proterozoic rocky peaks (RE 12.12.10) displayed similarities
in species composition between sites. In contrast, the heaths of the rocky pavements of
Cainzoic igneous rocks, RE 12.8.19, were divided in two, with the Glasshouse Mountains
clustering as a group and the sites further north on Mt Coolum and Mt Emu forming
a separate grouping (Figure 4). There were strong similarities in species composition
between the heaths of the dry dunes, RE 12.2.13, and RE12.2.9, whilst the remainder of
the heath types, which are heathlands of alluvial or seasonally waterlogged areas, showed
considerable overlap in species composition (Figure 4). Phylogenetic composition showed
a similar patterning to the vegetation composition, but it is striking that the heath of the
dry dunes, RE 12.2.13 and 12.2.9, appears more phylogenetically similar to the heaths of
the dry rocky peaks, 12.12.10 and 12.8.19, than do the other heath types (Figure 4). Mantel
tests indicated a significant strong and positive correlation (r = 0.8563, p < 0.001) between
species composition and phylogenetic distance, whereas geographic distance between sites
was very weakly correlated with phylogenetic distance (r = 0.1319, p = 0.006) and species
composition (r = 0.1284, p = 0.006).

Whilst the “even” and “clustered” sites were scattered across the region (Figure 1), the
even sites showed distinct similarities in terms of species composition and phylogenetic
distance (Figure 4).
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Figure 4. Comparison of non-metric multidimensional scaling (NMDS) analyses for comparing
relationships among 80 Sunshine Coast heathland sites. Vegetation composition using Bray–Curtis
dissimilarity is shown on the (left) and phylogenetic Unifrac dissimilarity is on the (right). Sites have
been coloured by their regional ecosystems (above) and by their NRI significance (below).

4. Discussion

4.1. Value of a Range of Diversity Metrics

Phylogenetic and species composition metrics from this study have provided deeper
insight into the diversity and composition of the Sunshine Coast heathlands than species
richness alone. This has resulted in a more nuanced characterization of community dis-
tinctiveness and ongoing ecological processes [84]. In this study, no regional ecosystem on
the Sunshine Coast was significantly different in terms of species richness, family richness,
genus richness, or phylogenetic diversity. It was expected from earlier studies in heath
over south-eastern Australia that the wetter alluvial regional ecosystems of heath would be
significantly lower in species richness than the drier heath regional ecosystems [37,85,86],
raising the contention that these wetter systems are not a priority for conservation. How-
ever, in some coastal heath regions of New South Wales, no species richness differences
were found between wet and dry heaths but, as was found in this study, compositional
differences were apparent [87]. So, what do the compositional and phylogenetic data from
this study suggest?

4.2. Data Consistent with Theory of Evolutionary History of Heath Flora

The phylogenetic tree from this study, and the lack of unique orders within the heath,
is consistent with the theory that sclerophyll and heath vegetation evolved in the low
nutrient and/or waterlogged areas within the extensive Australian Mesozoic rainforest [37].
Phylogenetic data in other studies, as well as the fossil record, have provided support for
rainforest being the ancestral state of Australian flora, with the sclerophyllous component
becoming more common after the Oligocene, with increasing climatic variability, seasonal-
ity, and aridity [38,88,89]. This resulted in the radiation of sclerophyll flora, including the
Myrtaceae, Proteaceace, Ericaceae, and Casuarinaceae [90,91], all typical components of
the heath flora. The overall phylogenetic diversity of the heath is considerably lower than
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found in studies of corresponding rainforest areas [16,17,41]. All the heath ecosystems, ex-
cept one, had a low phylogenetic diversity, yet they also contained ancient lineages such as
Proteaceae and Restionaceae. These data support the possible impact of deep-past processes
on the phylogenetic patterns seen in the heath; it may not only be a result of present-day
assembly processes, such as environmental filtering [26]. The NTI for each regional ecosys-
tem showed a stronger (higher) clustering than the NRI, which has been suggested as
indicating more recent diversification events [92], further supporting recent speciation in
the heath. This has implications in terms of conservation, as maximizing phylogenetic
diversity alone, without historical interpretation, can have negative outcomes [27].

4.3. Phylogenetic Clustering

The Sunshine Cast heath data found phylogenetic clustering (a high NRI) on one of
the nine regional ecosystems, in the dry, high, wind-buffeted, leached sand dunes, and
along with a high NTI (clustered), which provides evidence for single clusters of taxa on
the species pools, as opposed to several clusters evenly distributed around the tree [93].
This clustering, also found in global dune plant communities, leads to the conclusion that
environmental filtering is at play [92]. This is supported by this regional ecosystem (RE
12.2.13) having a distinct community composition but overlapping in composition with a
structurally taller system (RE 12.2.9), both growing in highly nutrient leached sands [94]. No
other heath regional ecosystems were found to have a clustered NRI, but six had a clustered
NTI, suggesting several clusters evenly distributed around the tree [93]. Phylogenetic
clustering, due to the presence of closely related species, could indicate environmental
filtering [23] and may be disadvantageous in terms of species competition. Yet, in long term
heath studies in New South Wales, phylogenetic clustering became more pronounced over
time since fire, in contrast to the expectation that increased competition would inhibit the
coexistence of species with high niche overlap [95]. Furthermore, it is argued that closely
related species may not necessarily compete more closely than distantly related ones, that
filtering may not be the dominant mechanism, and that facultative interactions may play a
part in this [14,96,97]. The co-occurrence of closely related species may be beneficial, for
example, when facilitated by mutualistic exchange, such as through mycorrhizal symbiosis
shared by co-occurring members of a clade, increasing the host’s tolerance to environmental
change [98]. Mycorrhizal strategies have been suggested as drivers of heath assemblages
in Western Australia and Brazil, with well-known strategies used by the distinctive heath
families Ericaceae, Orchidaceae, and Myrtaceae [99,100]. For the Sunshine Coast heaths,
whose phylogeny is consistent with the general theory of sclerophyll and heath derivation,
there are indicators that environmental filtering is a driver of their assembly but hints that
facilitation and mutualism may be factors contributing to their community assembly and
their general pattern of phylogenetic clustering.

4.4. Community Assembly

The diversity and composition patterns of the Sunshine Coast heaths are also intrigu-
ing against the background of contrasting theories of communities moving towards a
climax assemblage [101], as opposed to random, temporary, and fluctuating assemblages
of individual species responding to stochastic events [102]. Furthermore, this is a rejection
of these two extreme views: ecosystem constraints and individual variability constantly
interact, with the relative importance of each unsolved [103]. In the Sunshine Coast heaths
this study found some distinct compositional communities as in the Glasshouse Mountains
(RE 12.8.19), the montane heaths of the old volcanics (RE 12.12.10), and the dry sands
(RE 12.2.9 and RE 12.2.13), with each of these communities also having their own unique
species. However, this study also found the overlapping composition of the other five
ecosystems, all found on the wetter sands, sediments, and alluviums. In this context, the
observations of an early ecologist ring true—that the “wallum” vegetation of the coastal
lowlands are a dynamic ecosystem with no climax and are subject to continual disturbance
in the form of fire, wind, cyclones, periodic drought, storms, and flooding [36]. The vegeta-
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tion was described as a continuum, as an oscillation of ecotones between floristic reservoirs,
and consisting of flora of predominantly wide potential environment, with an infusion
of species with much narrower environmental requirements [36]. Likewise, heaths of the
Sydney sandstones have been described as dynamic “mosaics” over time [104] and that for
Australian heathlands in general it is difficult to designate any one species as dominant,
with proportions changing with microhabitat [105]. This mix of overlapping regional
ecosystems in the wet and alluvial areas appears to be a dynamic system, where there is
movement of species within the constantly changing environment, subject to extremes of
moisture, fire, wind, and drainage. In terms of long-term conservation, it suggests the
facilitation of this movement may be essential, and connectivity between these protected
areas needs to be considered.

4.5. A Refugial Environment?

The phylogenetically even sites were all located in the wet and alluvial ecosystems, and
despite being scattered across the coast, were similar in terms of species composition and
phylogenetic distance. Conservation priorities have focused on refugial areas, which have
facilitated survival of biota for millennia and are likely to do so into the future [106–109].
Phylogenetically even sites may be indicative of refugial areas [17,110], although it is
essential to be mindful of historical evolutionary processes [12,27]. Moisture has been a
factor that contributes to sites acting as refugia, with dated core samples from the wetlands
of nearby Stradbroke Island suggesting the wetlands have acted as refugia from regional
drying for over the last 100,000 years [111]. Waterways, mesic habitats, and riparian
areas have been linked to relictual taxa [49,89,112–114]. Refugia act as buffers to extreme
conditions, and it is important to understand the evolutionary history of sites and the
processes being protected by them. It could be argued that these wet and alluvial heath
areas, with overlapping composition, are dynamic “refugial environments” and conserving
these areas is protecting these ongoing processes of change. It is possible that they are
not so much fixed in space as reflecting the concept of “shifting refuges”, driven partly by
stochastic events [115].

5. Conclusions

The Sunshine Coast heathlands are ecosystems under pressure from development, and
this study aimed to use diversity measures, in concert, to inform conservation priorities. The
phylogeny from this study is consistent with the theory that heath evolved on the fringes of
a wider Australian rainforest flora, with the phylogenetic diversity being low in comparison
with the surrounding rainforest flora. Whilst the heath regional ecosystems on the Sunshine
Coast could not be discriminated by SR, GR, FR, or PD, composition and NRI highlighted
the distinctive heath communities of the coastal high dunes and the montane areas. The wet
and alluvial heaths of the coastal lowlands displayed an overlapping composition but also
contained the phylogenetically even sites, possibly pointing to a “refugial environment”
characterised by stochastic events and instability. This suggests contrasting conservation
implications: the conservation of distinctive communities but also conservation of the
dynamic processes in the wet and alluvial “refugial environments”. With this enhanced
understanding, further examination of the remnant extent and protection status of each
regional ecosystem of heath is warranted.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/d14060436/s1. Figure S1: Map of the study area showing the areas of heath that have
been cleared (in black), the areas of heath currently protected in National Parks (in green), and the
remaining areas of heath (in red) tenured privately, or in lower levels of protection. The large area of
National Park at the top of the map is the Cooloola section of the Great Sandy National Park. The
major population centers are in the mid to southern coastal sections of the map.
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Abstract: Lichens collected worldwide for centuries have resulted in millions of specimens deposited
in herbaria that offer the potential to assess species boundaries, phenotypic diversification, ecology,
and distribution. The application of molecular approaches to historical collections has been limited
due to DNA fragmentation, but high-throughput sequencing offers an opportunity to overcome this
barrier. Here, we combined a large dataset of ITS sequences from recently collected material and
historical collections, obtained through Sanger, 454, or Illumina Sequencing, to test the performance of
ITS barcoding in two genera of lichenized Basidiomycota: Cora and Corella. We attempted to generate
new sequence data for 62 fresh specimens (from 2016) and 274 historical collections (collected
between 1888 and 1998), for a final dataset of 1325 sequences. We compared various quantitative
approaches to delimit species (GMYC, bPTP, ASAP, ABGD) and tested the resolution and accuracy of
the ITS fungal barcoding marker by comparison with a six-marker dataset. Finally, we quantitatively
compared phylogenetic and phenotypic species delimitation for 87 selected Cora species that have
been formally described. Our HTS approach successfully generated ITS sequences for 76% of the
historical collections, and our results show that an integrative approach is the gold-standard for
understanding diversity in this group.

Keywords: ASTRAL; biological collections; cryptic species; diversification; fungal barcoding; fungarium;
historical specimens; natural history collections; phenotype

1. Introduction

Natural history collections are invaluable resources for assessing biodiversity and
studying the evolution, biology, ecology, morphology, anatomy, chemistry, and genetics of
species [1–3]. They have primarily been used for biodiversity, taxonomy, and evolutionary
research, but recent efforts, including those employing machine learning, have substantially
broadened their use, allowing, for example, the evaluation of shifts associated with climate
change [1,4–6]. In mycology, historical records have been used, for instance, to analyze
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changes in the fruiting date of mushrooms and how that relates to climate change [7], and
to track phytopathogenic fungi (review by [8]). For lichenology in particular, a unique
use of herbarium specimens has been to compare concentrations of different minerals in
contemporary versus historical samples to assess how these levels may have changed
over time [9–11].

High-throughput sequencing (HTS) has revolutionized collections-based research, as
the commonly fragmented nature of DNA from historical (archival) specimens generally
poses a challenge in Sanger sequencing [12,13]. This problem can be overcome by HTS
approaches, not only allowing amplicon sequencing from less-degraded samples but also
the assembly of partial or whole genomes in many cases [14,15].

Historical lichen collections, a term utilized here to describe material of at least two
decades, have only been used in a limited number of genetic studies. Sohrabi et al. [16]
were the first to successfully obtain a sequence acquired from a 75-year-old herbarium
specimen of Aspicilia aschabadensis (J. Steiner) Mereschk. Subsequently, Redchenko et al. [17]
sequenced multiple archival Caloplaca specimens, including the current record for oldest
lichen specimen sequenced (a material from 1859) and Bendiksby et al. [18] sequenced spec-
imens of Staurolemma omphalarioides (Anzi) P.M. Jørg. and Henssen of up to 100 years old.
More recently, studies have started to utilize HTS to obtain DNA sequences from historical
lichen collections. With two-step PCR and multiple primer combinations, Kistenich et al. [19]
aimed to amplify a 900 base-pair mtSSU fragment from 56 specimens of eight different
species, varying in age up to 125 years-old. They showed that consensus Ion Torrent
sequences presented overall better quality than those generated by Sanger sequencing.
Gueidan et al. [20] utilized PacBio amplicon sequencing and successfully recovered target
sequence data from 89 of 96 samples (88.5%), with the studied samples being up to 25 years
old. More recently, Gueidan and Li [21] furthered their studies to include 384 specimens
collected between 1966 and 2020, quadrupling their sampling and including older samples
with equivalent success rates (86.5%).

The first molecular study involving a historical basidiolichen collection was that of
Schmull et al. [22], who successfully sequence the ITS1 region of a 30-year-old specimen
of Dictyonema, describing a new, potentially hallucinogenic lichen, Dictyonema huaorani
Dal Forno, Schmull, Lücking, and Lawrey. The first application of HTS for basidiolichen
collections has been relatively recent: Lücking et al. [23] described the new species Cora
timucua Dal Forno, Kaminsky, and Lücking, known only from archival specimens collected
in Florida. The authors were able to generate sequences with both Sanger and Illumina
sequencing from a sample from 1901, demonstrating that even Sanger sequencing can still
be a valuable tool in attempting to acquire DNA sequences from archival specimens, as also
shown by other studies [16,18,19]. Indeed, Sanger sequencing has been used successfully
to obtain sequence data from historical collections of non-lichenized Basidiomycota [24,25].

The lichenized basidiomycete genus Cora Fr. presents a notable example of the use-
fulness of ITS in fungal barcoding for delimiting species and assessing biodiversity, as
proposed by Schoch et al. [26]. Cora forms part of the Dictyonematinae subtribe, a lichenized
lineage of five genera with different morphologies related to the non-lichenized mushroom
genus Arrhenia Fr. [27–29]. Within this subtribe, Cora and the related genus Corella Vain.
are distinguished by a foliose thallus with a compact surface, whereas the other genera
(Acantholichen P.M. Jørg., Cyphellostereum D.A. Reid, Dictyonema C. Agardh ex Kunth) are
filamentous or microsquamulose [28]. The taxonomy of foliose basidiolichens has suffered
from the typical problems of traditional revisions based largely on herbarium collections
that fail to recognize important field characters, such as consistency, lobe arrangement,
color, and substrate (Figure 1). In addition, emphasis was historically placed on myco-
logical characters, such as hymenophore anatomy and basidiospores, to establish species
boundaries [30]. As a result, for a long time, only a single foliose species was recognized,
named Dictyonema pavonium (Sw.) Parmasto and subsequently D. glabratum (Spreng.) D.
Hawksw. [31], with all other previously proposed taxa, including those in the genus Corella,
as synonyms [30].
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Figure 1. Comparison of fresh samples in their natural habitat (a,b) versus dried and deposited in
the herbarium (c,d)—(a,c): Cora spec-023 (Dal Forno 2042), (b,d): Cora cyphellifera (Dal Forno 1808).

Molecular approaches led to the realization that these foliose lichens represented more
than one species and also supported the separation of the genera Cora and Corella [27,28].
A first broad sampling using the ITS barcoding locus resulted in an estimated 116 species
of Cora and ten of Corella [32]. Although constituting a dramatic increase in species count,
this estimate was still considered conservative: quantitative species recognition methods
suggested up to 170 species based on the same data, and a novel prediction method,
which takes into account unsampled regions and habitat suitability, estimated more than
450 species [32]. Soon after, with much increased sampling, Lücking et al. [33] distinguished
189 species. It is possible to challenge these findings based on potential problems in
ITS barcoding, such as improper assessment of intragenomic variation or the occurrence
of multiple ITS copies in the genome as a result of hybridization and introgression or
gene duplication, possibly leading to taxonomic inflation or the recognition of artifactual
taxa [34,35]. On the other hand, ITS has also been shown to lack resolution in recently
evolving species complexes, including both non-lichenized and lichenized fungi [35–39],
potentially counterbalancing issues with wrongly assessed ITS variation in terms of species
counts but introducing additional inaccuracy.

In the genera Cora and Corella and in subtribe Dictyonematinae in general, the topology
of ITS-based phylogenies has been found to be highly congruent with those of other mark-
ers, such as nuLSU and RPB2 [28,40], suggesting that ITS resolves these lineages accurately.
Analysis of intragenomic variation of the ITS in Cora inversa Lücking and B. Moncada
using a 454 pyrosequencing approach, did not demonstrate potential gene duplication or
hybrid ITS arrays; instead, the variation detected stemmed almost entirely from sequenc-
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ing errors and had no effect on accurate species delimitation when using a phylogenetic
approach [41]. A similar result has been reported for the Rhizoplaca melanophthalma species
complex, in which the observed ITS variation did not interfere with species discrimination
in that group [42].

Phenotypes in phylogenetically delimited species of Cora are highly consistent with
the underlying molecular data [33] and even photobiont haplotypes showed a high level of
congruence with the ITS-based phylogeny of the associated mycobionts [43]. Therefore,
in these lichenized Basidiomycota, ITS barcoding appears to provide highly accurate
assessments of species richness.

Unfortunately, these earlier studies were biased towards geographic areas from which
fresh material could be readily sampled. Natural history collections provide access not
only to a much broader geographic range, but also to specimens that may have been
sampled in regions that are now heavily altered or with their original habitats destroyed, as
shown by the example of the possibly extinct Cora timucua [23,44]. Inserted within a broad
phylogenetic and phenotypic framework, herbarium collections of Cora and Corella can thus
provide unique opportunities to expand taxon and specimen sampling for these genera,
to extend our understanding of their biology, and to test assumptions about geographical
distributions of species currently only documented by recently collected material. The
utility of historical collections in this regard is, however, dependent on the quality of the
sequences obtained from these samples.

The United States National Herbarium (USA) at the Smithsonian National Museum of
Natural History (SI-NMNH) is home to one of the largest lichen collections worldwide, with
over 250,000 specimens. It contains one of the largest and most diverse collections globally
of the subtribe Dictyonematinae, with over 400 specimens having broad geographical and
temporal representation and unique morphologies. From these collections, we analyzed
all Cora and Corella specimens, for a total of 274 samples with collection dates ranging
from 1888 to 1998, complementing our already large dataset of 856 recently collected
specimens from 18 countries (Figure 2) and representing the largest study of historical
lichen collections using molecular approaches including HTS to date focusing on a single
genus (most samples belong to Cora).

Our objectives for this study included: (1) testing the success rate of ITS barcoding
from historical samples of Cora and Corella and comparing Sanger versus Illumina se-
quencing success; (2) expanding the existing ITS-based phylogeny with newly generated
sequences and assessing the number of phylogenetically delimited species using various
quantitative approaches (GMYC, bPTP, ABGD, ASAP) to test our earlier prediction of more
than 450 species in this group; (3) further assessing potential intragenomic ITS variation by
comparing Sanger and Illumina data from the same specimens; (4) testing the performance
of ITS relative to a six-marker dataset using a subset of terminals; and (5) exploring the
level of potential cryptic speciation in Cora and Corella by testing for consistency between
molecular and morphological data.
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Figure 2. Map showing country-based availability of sequenced contemporaneous (fresh) and histori-
cal (herbarium) samples of Cora (and Corella) throughout the Americas (generated with mapchart.net).

2. Materials and Methods

2.1. Newly Generated Sequence Data from Fresh and Historical Collections
2.1.1. Sampling

Our entire dataset included 1130 unique samples (Table S1), 62 were new for this study
(or “fresh specimens” from 2016) and 274 represented “historical specimens” (collected
between 1888 and 1998, i.e., at least more than two decades ago). The majority of the
contemporary samples (remaining 794 samples in the dataset) were collected during field
trips between 2007 and 2018 throughout Mexico, Central and South America, and the
Caribbean. The historical samples analyzed here are all deposited at the US Herbarium
of the Smithsonian National Museum of Natural History. Contemporary samples are
deposited at multiple herbaria (mainly B, CDS, CR, F, GMUF, UDBC, US; but also at CUVC,
EB-BUAP, FAUC, KRAM, LPB, QCNE, UPR).

2.1.2. DNA Extractions

DNA was isolated from lichen fragments of approximately 1 cm2 using the PowerSoil®-
htp 96 Well Soil DNA Isolation Kit (MO BIO, USA, now the DNeasy® PowerSoil® HTP 96 kit,
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Qiagen, Germantown, MD, USA) following Marotz et al. [45]. Prior to DNA extraction, each
individual lichen fragment was cleaned in 0.85% NaCl and subsequently in sterile water.

2.1.3. PCR, ITS Sanger Sequencing and Assembly

PCR amplification and Sanger sequencing followed the protocols established by
Dal Forno et al. [28,40]. Newly generated sequences were organized and assembled in
Geneious Prime 2 January 2020. We considered as an “accepted sequence” any piece longer
than 100 bp (before any trimming) that matched the target genus.

2.1.4. PCR, ITS Illumina Sequencing and Bioinformatic Analyses

Foliose members of Dictyonematinae (Cora and Corella) were processed with protocols
from the Earth Microbiome Project (EMP, https://earthmicrobiome.org/protocols-and-
standards/ accessed on 5 July 2017). For the ITS Illumina Amplicon Protocol, primers
ITS1F [46] and ITS2 [47] were ordered with Illumina constructs, so there is no need for
additional PCR steps to attach Illumina barcodes, following Caporaso et al. [48]. Each
sample was amplified with PCR in triplicate [49], with reactions combined after gel elec-
trophoresis. DNA concentrations were measured with QubitTM dsDNA Broad Range
Assay Kit (InvitrogenTM, Waltham, MA, USA) and 240 ng of each PCR product was pooled
into a single tube for each plate (amplicon pool). Each pool contained 96 samples plus
two negatives. The quantity of negative sample added to each amplicon pool was the
average used volume per plate (ranging from 11 μL to 30 μL). The post-PCR DNA yields
from fresh specimens ranged from 16.7 to 54.4 ng/μL and from 1.9 to 50.48 ng/μL for
historical samples. Amplicon pools were then cleaned with UltraClean PCR Clean-Up
Kit (MO BIO, Carlsbad, CA, USA) following the manufacturer’s protocol, but followed
by one or more additional pool clean ups with AMPure XP beads (Beckman Coulter,
Brea, CA, USA; modification from EMP protocol needed, given that only utilizing the
suggested clean up kit would not be sufficient to remove primer dimers, unincorporated
DNTPs, etc. when visualized in a 1% gel). The two pools (one for each plate) were then
combined and a qPCR with a KAPA Library Quantification Kit for Illumina® platforms
was performed (Kapa Biosystems, Wilmington, MA, USA). A 2-nM dilution was made
and finally sequenced in a MiSeq Kit v2 500 cycles (paired end 2 × 250 bp; Illumina,
Inc., San Diego, CA, USA) in house at the Laboratories of Analytical Biology (LAB) of the
SI-NMNH (Washington, DC, USA).

Samples were de-multiplexed and processed bioinformatically using QIIME2 [50].
Sequences were de-noised using DADA2 [51]. Taxonomy was assigned with the UNITE
dynamic fungal classifier [52] with the “feature-classifier classify-sklearn” option in QI-
IME2. Newly generated tables were compiled into a single file with Amplicon Sequence
Variation (ASV) reads, number of reads per ASV and per sample, number of times that ASV
was observed across samples, and taxonomy. All analyses were run on the Smithsonian
Institution High Performance Computing Cluster [53] or locally.

2.1.5. Microfluidics PCR, Multi-Marker Illumina Sequencing and Bioinformatic Analyses

For a subset of samples, a microfluidics PCR followed by Illumina sequencing method-
ology was performed following Gostel et al. [54,55], but adapted to commonly used primer
combinations in lichens. This approach and its application in lichenology will be fully
treated in a separate publication; but, in summary, this is a PCR-based target enrichment
procedure that allows a large number of samples and primer combinations (including ge-
netic markers for both myco- and photobionts and associated microbiome) to be amplified
in a single step due to a series of microtubes that intersect, forming a central matrix of
thousands of reaction chambers [55]. It is here applied for the first time in lichens. For
this current study, five fungi markers were selected (EF3, mitLSU, ITS, nuLSU, nuSSU),
amplified with a Microfluidic PCR on a Fluidigm Access Array at the Center for Conser-
vation Genomics (CCG) at the Smithsonian’s National Zoo (Washington, DC, USA) and
sequenced on an Illumina MiSeq Kit v3 (600 cycles) at the LAB (SI-NMNH). Samples were
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de-multiplexed and de-noised using QIIME2 [50], and then assigned taxonomy with a
custom database with reference sequences for each of the loci sequenced.

2.2. Phylogenetic Analyses
2.2.1. ITS-Based Phylogeny

A total of 1325 ITS sequences were assembled to infer relationships within the Acan-
tholichen-Corella-Cora clade (Table S1). Acantholichen was included as it represents the
sister clade of Corella, with Acantholichen and Corella together sister to Cora [28]. Of the
1325 sequences, 28 represented Acantholichen, 54 Corella, and the remaining 1243 the genus
Cora. We used a previously published alignment focusing on the genus Cora [33] as template
and added further and newly generated sequences with MAFFT 7 “–add” [56] using the
online server [https://mafft.cbrc.jp/alignment/server/add_sequences.html]. The result-
ing alignment was manually inspected and, after running an initial phylogenetic analysis
(see below for settings), terminals were sorted in a phylogenetic order and the alignment
reinspected. This approach was repeated several times, until no further alignment incon-
sistencies were detected. Ambiguously aligned regions were found to be short and were
detected only in a broader context between distantly related taxa, whereas closely related
taxa within supported subclades did not show notable alignment ambiguities, as assessed
through the Guidance2 Server [57] (http://guidance.tau.ac.il/) for smaller subsets of the
data. Therefore, ambiguously aligned regions were not removed. The final alignment
contained 1325 sequences and was 916 bases long after terminal trimming (File S1). Of
these 1325 sequences, 965 were generated with Sanger, 330 with Illumina, and 30 with
454-pyrosequencing approaches. Sequence length (after trimming) varied between 86 and
724 bases (File S1). Short sequences generally corresponded to the ITS1 region obtained
through Illumina and 454 pyrosequencing, but some short Sanger sequences covered only
the ITS2 region.

We employed RAxML 8 [58] on the CIPRES Science Gateway [59] to reconstruct a
maximum likelihood phylogeny based on the ITS data, using the universal GTRGAMMA
model and bootstrap pseudo-replicates automatically determined through the RAxML
Black Box on the CIPRES server. The resulting tree was visualized in FigTree 1.44 (http:
//tree.bio.ed.ac.uk/software/figtree/). Using this tree, species-level clades (i.e., species
hypotheses) were delimited ad hoc using a combination of stem branch length, support,
ecology (substrate, habitat) and distribution of the corresponding terminals, without taking
into consideration their morphology.

2.2.2. Six-Marker Phylogeny

Six genetic markers (EF3, mtLSU, ITS, nuLSU, nuSSU, and RPB2) were utilized to
infer a species (coalescent) tree in ASTRAL (Accurate Species TRee ALgorithm) III [60]
that encompassed a total of 147 terminals representing 83 species (File S2). Each of these
loci had the following number of samples and alignment length: EF3 (33 taxa, 421 bp);
mtLSU (62 taxa, 649 bp); ITS (147 taxa, 816 bp); nuLSU (139 taxa, 1471 bp); nuSSU (69 taxa,
1268 bp); and RPB2 (11 taxa, 1033 bp). The ITS alignment was separately subjected to ML
analysis as described above for the full dataset (File S3).

To compare the resulting ITS-based ML tree with the six-marker ASTRAL tree, gen-
eralized Robinson–Foulds distances were calculated between the ASTRAL and the ITS
tree in R Studio with the TreeDist package [61,62], following the tutorial by Smith (https:
//ms609.github.io/TreeDist/articles/Generalized-RF.html accessed on 1 July 2021).

2.3. Quantitative Species Delimitation
2.3.1. Single-Locus Tree-Based Methods

We predicted species limits utilizing the Generalized Mixed Yule Coalescent (GMYC)
approach as described by Fujisawa and Barraclough [63] using the R package splits (default
settings, including single threshold). We first generated an ultrametric tree in BEAST
v1.10.4 [64–66], using the following settings according to Lücking et al. [32]: (a) strict
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molecular clock; (b) GTR substitution model with base frequencies estimated and Gamma
and invariant sites with six Gamma categories; (c) speciation through a Yule process with
the “yule.birthRate” prior set to an exponential distribution with 4.0 as mean; (d) the
“ucld.mean” prior set to an exponential distribution with 0.001 as mean and all other priors
with default values; and (e) 100,000,000 MCMC generations.

We also inferred putative species boundaries applying the Poisson Tree Process (PTP),
including its Bayesian implementation (bPTP) [67] on the bPTP Web Server (https://species.
h-its.org/ptp/ accessed on 15 January 2022), with the following settings: 500,000 MCMC
generations, 100 Thinning, and 0.25 Burn-in.

2.3.2. Distance-Based Methods and Barcoding Gap Analyses

For the barcoding gap analysis, we used a subset of the ITS sequence data limited to
the genus Cora, retaining only terminals with less than 30% missing data, spanning most
or all of the ITS1 and ITS2 region (716 terminals; File S4). This subset corresponded to
175 species-level taxa plus one subspecies delimited ad hoc (see above). We computed a
distance matrix using the Kimura 2-parameter model implemented in BioEdit 7 through
DNADIST 3.5 [68,69]. Within-species and between-species distances were then assessed by
arranging the terminals according to the ITS-based ML phylogeny (see above) and compar-
ing the distances between subsequent terminals, using our ad hoc species hypotheses as
grouping variables. We computed a threshold distance value by comparing within-species
and between-species distances, selecting the value that best discriminated between the
two, retaining a maximum of within-species and a minimum of between-species pairs. The
resulting threshold was then used to visualize distance patterns in the full two-dimensional
distance matrix between all terminals, enabling the assessment of the predefined species-
level clades into three categories: (1) species-level clades well-delimited by the threshold
distance; (2) species-level clades with internal variation frequently greater than the thresh-
old distance; and (3) species-complexes in which hypothesized species-level clades were
not well-resolved by the threshold distance.

We further employed Automatic Barcode Gap Discovery (ABGD) [70] and Assem-
ble Species by Automatic Partitioning (ASAP) [71] on the same dataset of 716 Cora ter-
minals (File S4), using the corresponding web servers [https://bioinfo.mnhn.fr/abi/
public/abgd/abgdweb.html; https://bioinfo.mnhn.fr/abi/public/asap/asapweb.html
accessed on 15 January 2022]. For ABDG, we used the following settings: Kimura (K80)
2-parameter model, Pmin = 0.001, Pmax = 0.1, Steps = 10, X (relative gap width) = 1.5,
1.0. 0.5, 0.1 (stepwise), Nbins = 20. For ASAP, we used settings as follows: Kimura (K80)
2-parameter model, Split groups below this probability = 0.01, Keep 10 best scores, Use
fixed seed value = −1, Highlights results between the genetic distances = 0.05 and 0.05.

2.3.3. ITS-Based BLAST Performance

We used a subset of 758 terminals with (near) complete ITS sequences as reference
(File S5, “BLAST reference subset”), similar to the aforementioned Cora subset but also
including Acantholichen and Corella, to assess BLAST performance of four datasets: (1) the
ITS1 region only (298 bases, individual length (173–)200–220 bp) of the Cora species in the
BLAST reference subset (716 terminals; File S6); (2) the ITS region of all original terminals
with less than 10% gaps (including Illumina ASVs, 1217 terminals; File S7); (3) the ITS2
region only (344 bases, individual length 231–263 bp) of this BLAST reference subset
(File S8); and (4) a short, subterminal (49 bp from the end of the ITS4 primer) piece of the
ITS2 region (85 bases, individual length (43–)50–64 bp) of this BLAST reference subset
(File S9). The analysis was performed using the local BLAST function in BioEdit 7 [69,72]
with the following settings: E value = 1.0, maximum number of hits to report = 50, gap
opening/extending penalty = 0, mismatch penalty = −3, match reward = 1 (see also [73,74]).

BLAST results for each of the scenarios were evaluated as follows. First, we computed
the variation of total scores for hits (same species-level clade), self-hits (same terminal), and
misses (different species-level clade) for each scenario. Then, we computed the minimum
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score for hits versus the maximum score for misses for each query, determining to what
level a “BLAST gap” existed for each scenario. Finally, we computed the ratio of minimum
hit score versus maximum miss score to calculate the proportion of three ratios per query:
(1) >1.25, minimum hit score at least 25% higher than maximum miss score; (2) >1.10,
minimum hit score at least 10% higher than maximum miss score; and (3) >1.00, minimum
hit score higher than maximum miss score.

2.4. Phenotypic Assessment

In order to test the hypothesis that phylogenetically defined taxa in Cora are pheno-
typically undifferentiated and may reflect taxonomic inflation, we analyzed 87 formally
described and sequenced species of Cora [33], plus two outgroup taxa in the genus Corella
(Table S2). We established a one-sequence-per-taxon ITS tree, selecting the type sequence for
each species when available and using the alignment from Lücking et al. [33] as a template
(Table S2). After deleting the non-relevant sequences and keeping only the 89 target se-
quences (File S10), the alignment was subjected to RAxML 8.2.0 [58] analysis on a local CPU
to reconstruct the best-scoring maximum likelihood tree under the universal GTRGAMMA
model; bootstrapping was performed with 1000 pseudo-replicates.

For the 87 selected Cora species (and the two Corella), we assembled a matrix for
a total of 20 characters, including one ecological character (preferred substrate; row 1),
11 morphological, anatomical, and chemical characters (rows 2–12, based on largely on
previous studies [32,33,40], onward simply referred as “phenotypical characters”), and
eight chorological characters, defined as biogeographic regions (rows 13–20; Table 1; scores
on Table S3). We then defined phenotypes by combining the character scores for the
11 phenotypical characters (columns 2–12 in Table S3) into a character state string for each
species. Phenotypes were considered identical if they agreed in the complete string between
two species. The number of phenotype characters was kept intentionally low and limited
to those that were constant within a lineage to avoid false positives in terms of different
phenotypes (the number of potential phenotypes increases exponentially with the number
of characters). Our aim was to test if even a very low number of characters would result in
a sizable number of distinct phenotypes. A high level of cryptic speciation (or potential
taxonomic inflation) could be expected if the number of distinct phenotypes resulting from
the combination of these 11 characters was substantially lower than the number of lineages
distinguished (87).

For each possible pair of species, we computed molecular phylogenetic distance using
the Kimura 2-parameter model implemented in BioEdit 7 through DNADIST 3.5 [68,69]. In
parallel, we computed phenotypic distance by calculating total character state difference
over all 11 phenotypical characters (columns 2–12 in Table S3).

To assess potentially cryptic speciation, we defined four types of crypticity (Table 2).
To avoid confusion with the use of the terms “cryptic” and “crypsis” in zoology, here we
propose to add the prefix “phylo-” before cryptic when referring to a phylogeny-based
phenetic context. We defined “same” phenotype as total phenotype character distance = 0
(identical) and “similar” phenotype as total phenotype character distance = 1 (low). Taxa
differing in more than one character or with a total character distance >1 were considered
distinct.
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Table 1. Ecological (1), phenotypical (11), and chorological (8) characters and states scored for the
selected 87 species in the genus Cora (plus two Corella). Only the 11 phenotypical characters (Size
through Bleeding pigment) were utilized for generating the character strings.

Character\State 0 1 2 3 4 5 ?

1 Substrate a — rock soil ground epiphytic — —

2 Size —
small

(lobes > 1
cm)

10édium
(lobes 1–3

cm)

large
(lobes >

3cm)
— — —

3 Sutures b absent short long — — — —

4 Color c — grey (grey-)
brown

olive
(-green) green aeruginous —

5 Surface even granular-
rugose pitted broadly

undulate
narrowly
undulate — —

6 Trichomes d absent present
(felty)

present
(setose)

present
(strigose) — — —

7 Margin glabrous pilose granular granular-
pilose — — —

8 Soredia absent present — — — — —

9 Cortex absent viaduct-
shaped collapsed compacted

prosoplecten-

chymatous

paraplecten-

chymatous
—

10 Papillae absent present — — — — —

11 Hymenophore — rounded-
confluent concentric resupinate-

cyphelloid cyphelloid — not
observed

12
Bleeding
pigment absent present — — — — —

13
Central

America absent present — — — — —

14 Caribbean absent present — — — — —
15 Galapagos absent present — — — — —

16
Northern

Andes absent present — — — — —

17 Central Andes absent present — — — — —

18
Southern

Andes absent present — — — — —

19 Eastern Brazil absent present — — — — —
20 Asia absent present — — — — —

a Soil means growing directly on bare soil, while ground means growing between terrestrial vegetation, e.g., over
grasses. b Sutures refer to the lines apparent between two lobes, typically appearing as if the lobes have been
sown together—short: only present along a small part of the lobes (see Figures 3I,K and 4G in [33]); long: present
along most of the lobes (see Figures 5F and 7D,N in [33]). c Color when fresh or rewetted, not dried specimen.
d Most samples are glabrous, but those with trichomes can be further divided—felty (rare, see Figure 8K,L in [33]):
with short hairs formed by single hyphae; setose (most common type, see Figures 3L, 5O and 7K,L in [33]): with
distinct hairs composed of at least partly agglutinate hyphae; strigose (few species, see Figures 4D,E and 10E,F
in [33]): with conspicuous, long trichomes always composed of agglutinate hyphae.

In addition to the maximum likelihood phylogenetic tree based on the ITS barcoding
locus, we also computed a cladogram based on all 20 characters using PAUP 4.0b10 [75,76].
To test the hypothesis that tree structure based on phenotype and distribution was sig-
nificantly different from random (i.e., there was correlated structure in the ecological,
phenotypical, and chorological data), we computed 100 random trees in PAUP based on
the taxon set to simulate random distribution of character states relative to tree topology.
For each tree, we calculated the following five indices based on phenotype character state
distribution: parsimony tree length (TL; in steps), consistency index (CI), retention index
(RI), rescaled retention index (RC), and homoplasy index (HI). The first and last indices
(TL, HI) are proportional to noise in the phenotype data and inversely proportional to
structure, whereas the other indices (CI, RI, RC) behave the opposite way.
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Table 2. Definition of different types of crypticity within an evolutionary context and the correspond-
ing terms used in other studies [34].

Proposed Term Etymology Phenotype Distance
Phylogenetic
Relationship

Distribution

Eu-(phylo-)cryptic
(“cryptic”)

Greek:
eús, eû = good

zero
(same phenotype)

closely related
or sister species sympatric

Kapo-(phylo-)cryptic
(“near-cryptic”)

Greek:
kápos = somewhat

very low
(similar phenotype)

closely related
or sister species sympatric

Allo-(phylo-)cryptic
(“semi-cryptic”)

Greek:
állos = other

zero or very low
(same or similar

phenotype)

closely related
or sister species allopatric

Pseudo-(phylo-)cryptic
(“homoplasic”)

Greek:
pseud´̄es = false

zero or very low
(same or similar

phenotype)

unrelated or
distantly related

sympatric
or allopatric

3. Results

3.1. Comparison of Sequence Performance between Fresh and Historical Collections

The two Illumina MiSeq runs yielded the following raw data:

Run 01 (Plates 1 and 2): 331.6 MB (I1 or Indexes), 3.35 GB (R1 or forward reads) and 3.94 GB
(R2 or reverse reads) (samples: NSF-001–106 and US-001–086); 8417853 total sequences;
Run 02 (Plates 3 and 4): 289 MB (I1 or Indexes), 3.06 GB (R1 or forward reads) and 3.55 GB
(R2 or reverse reads) (samples: US-087–278); 11250308 total sequences.

With amplicon sequencing in the Illumina system, we were able to successfully se-
quence 76.3% or 209 of the 274 historical specimens and 93.6% or 58 of the 62 fresh spec-
imens. With Sanger sequencing, these numbers were substantially lower: 19% of the
historical and 58.1% of the fresh specimens (Figure 3a). The difference was, thus, particu-
larly marked for the historical specimens, with a 75% decrease in success between methods,
compared to a 38% decrease for the fresh specimens. The pattern was largely consistent
among the substrata where these lichens were growing (Figure 3b), although, for the rock
substrate, Sanger fresh and historical success rates were more similar.

Figure 3. Overall ITS Success Rate in Illumina versus Sanger sequencing with historical and fresh
samples (a), including a comparison by substrate (b). Color pallet proposed by Wong [77].

We did not find a linear pattern in sequencing success dependent on time of historical
collections for the Illumina or Sanger sequencing, but overall there was an increase in
success for the more recent specimens (Figure 4a,b). There was also no difference in se-
quencing success when analyzed by habitat in which the specimen was originally collected
(Figure 4c), although this information was only available for 17% of the historical samples.
Given the high rate of success even for older specimens in the two studied genera, sequenc-
ing success may also depend on how the material was collected, dried, and preserved,
thus affecting potential initial DNA degradation independent of how long the material
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has been stored. Unfortunately, data on collection and preservation methods were not
available, but we used visual inspection of the condition of the material as a proxy: most
successfully sequenced specimens appeared in good condition, as if preserved recently,
their colors mostly grey to white-ish, whereas unsuccessfully sequenced specimens often
showed discolorations, typically turning yellowish brown. Such discolorations, likely
associated with oxidation and DNA degradation, are usually caused when material is
collected in the hydrated stage and pressed before fully air-dried, or when a heat source
has been used to dry the material, sometimes also in combination with placing the material
in alcohol prior to heating, a commonly applied technique in the past.

Figure 4. Percentage of success in sequencing historical samples between the two tested sequencing
platforms (Illumina, Sanger) by year (a), by period of time (b), and vegetation type (c).

Beyond the target mycobiont sequences, most Illumina-sequenced samples also pro-
duced ASVs for the most commonly found contaminants, such as Penicillium, Cladosporium,
Fusarium, and Aspergillus (all Ascomycota). These fungi may already be present in the
living lichen specimen but more commonly originate during the drying process or subse-
quent preservation. In addition, fungi typically occurring in the substrate where lichens
were collected (e.g., soil), as well as human-related contaminants were found, including
Trichobolus (Ascomycota), Mortierella (Mucoromycota), and Wallemia (Basidiomycota), de-
spite the washes performed prior to DNA extraction. Beyond that, many mushroom species
were detected, most likely by the presence of spores in the samples, as well as several
basidiomycetous yeasts in the class Tremellomycetes.

3.2. ITS-Based Phylogeny

Our new ITS tree with 1325 sequences contained 1091 unique samples, collected from
29 different countries (Figures 5 and S1). By utilizing historical specimens, we were able
to add records for an additional 11 countries for which the diversity of Cora and Corella
species was previously unknown (Figure 2; a singular fresh collection from Sri Lanka not
mapped, see [33]).
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Figure 5. ITS fungal barcoding tree inferred by maximum likelihood for the genus Cora, including
the Acantholichen-Corella clade as outgroup (1325 terminals), and two examples of the results of
species delimitation approaches. Cora hawksworthiana (a) is currently considered a single species,
but could potentially be further divided into two—one from Brazil and another for Chile, Colombia,
and Costa Rica—based on the ad hoc, GMYC, DNADIST, and ABGD-231 approaches. In contrast,
Cora reticulifera (b), an abundant common species from southeastern Brazil and Uruguay, with a
uniform phenotype and ecology, was delimited as a single species by all methods, except in bPTP,
which recovered each sample as a separated species. For the full-length tree as well as species
delimitations for all specimens, see Figure S1 and Table S4.

Given this information, we were able to extend the distribution of six species in Corella
and 28 in Cora; for example, Cora davibogotana previously only known from Colombia,
is now also reported from Venezuela; and Cora spec-84, before known exclusively from
Brazil, is now also known from Uruguay (Figure S1). In all cases, range extensions were
to adjacent countries. Countries such as Ecuador, Jamaica, Mexico, Colombia, and Brazil,
continue to be well represented by fresh specimens, while for other countries, the addition
of new specimens from the herbarium was invaluable. For example, for Panama, we
added 18 herbarium collections to compliment the one available fresh specimen, now
corresponding to seven or eight species as opposed to just one previously known from the
country. Overall, approximately 25–30 additional novel lineages were detected among the
herbarium collections alone; however, since these require further studies to be formally
described (as either species or at infraspecific level, following the approach proposed by
Lücking et al. [34]), they will be treated in a separate publication.

3.3. Comparison between ITS and Astral Six-Marker Tree

Our microfluidics PCR followed by Illumina sequences yielded 239 novel sequences
belonging to EF3, mtLSU, nuLSU and nuSSU. ITS data were also highly successful with this
approach; however, we already had those sequenced with other methods. Our ITS-based
ML tree and the ASTRAL six-marker coalescent tree exhibited very similar topologies
(Figure 6), with a normalized Robinson–Foulds distance of 0.0278, suggesting that an
ITS-based phylogeny reliably recovers a multi-marker phylogeny in this particular genus.
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Figure 6. Comparison between inferred ASTRAL six-marker species tree (a) and ITS maximum
likelihood tree (b). The different colors simply denote the two major clades in Cora, with Corella in
black as the outgroup.

3.4. Quantitative Species Delimitation Methods

The bPTP species delimitation method estimated the number of species to be between
708 and 889 (mean: 791, output delimitation with 853 clades), with an acceptance rate
of 0.826 (Tables 3 and S4). MCMC generations merged at 249,739 and split at 250,261.
The GMYC method, on the other hand, resulted in an estimation of 189 species, with a
confidence interval of 145–237 (Tables 3 and S4).

Barcoding gap analysis using DNADIST via BioEdit resulted in an identity threshold
value of 99.4% (distance threshold value = 0.006), retaining 94.6% of all within-species and
excluding 95.4% of all between-species pairwise identities based on ad hoc delimitations.
Most species delimited ad hoc were well delimited using this threshold value, such as
the Cora applanata-reticulifera clade (Figure 7, File S11, Table S4). However, we detected
several cases of ad hoc delimited species that may represent more than one taxon (e.g.,
C. arachnoidea, C. davidia, and C. hawksworthiana), as well as cases of diffuse species com-
plexes where the threshold value did not fully discriminate between ad hoc-delimited
species, including the C. galapagoensis clade and the C. squamiformis-ciferrii clade (Figure 7,
File S11, Table S4). Overall, we found six cases of ad hoc-delimited species complexes to be
potentially merged based on the threshold value, resulting in a possible reduction from
15 to six species. On the other hand, four cases would suggest further splitting, resulting in
a potential increase from four to nine species. Applying both corrections strictly to the ini-
tial number of 175 ad hoc-delimited species (plus one subspecies) would yield 171 species,
a minor difference of only 2.3%.

ABGD on the subset of 716 Cora terminals returned stable results for relative gap
width settings X = 1.0, 0.5, and 0.1. Setting X = 1.0 estimated between 147 and 231 species,
corresponding to a barcode gap distance between 0.004 and 0.011 (Table 3). The three
best-scoring ASAP scenarios (lowest score) estimated 161 species, with the following two
scenarios ranging between 128 and 205 species, corresponding the threshold distances
of 0.0086 (n = 3), 0.0130, and 0.0046, respectively (Table 3). The best-scoring scenario
(161 species), therefore, appears to be a reasonable approximation.
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Table 3. Species delimitation methods utilized and their respective results.

Dataset Method Settings Estimate Other Metrics:

Cora 1325
Terminals

bPTP min 791 (mean) 708 (min) 889 (max)

Cora 1325
Terminals

GMYC single 189
145–237

(confidence
interval)

36.02878
(likelihood ratio)

1.50E-08 (LR
Test)

Cora 1325
Terminals

ad hoc 265

Extrapolated
Barcode

gap/threshold
distance

Cora 716
Terminals

ad hoc 175 265 N/A

Cora 716
Terminals

DNADIST 171 259 0.0060

Prior maximal
distance

Barcode
gap/threshold

distance

Cora 716
Terminals

ABGD Partition 2 231 350 0.001668 0.0040

Cora 716
Terminals

ABGD Partition 3 231 350 0.002783 0.0040

Cora 716
Terminals

ABGD Partition 4 147 223 0.004642 0.0110

ASAP score p-value
Barcode

gap/threshold
distance

Cora 716
Terminals

ASAP K80-2 161 244 11.0 0.1620 0.0086

Cora 716
Terminals

ASAP K80-2 128 194 13.5 0.0025 0.0130

Cora 716
Terminals

ASAP K80-2 205 310 17.5 0.2020 0.0046

Cora 716
Terminals

ASAP JC69 161 244 9.5 0.1300 0.0086

Cora 716
Terminals

ASAP JC69 143 217 18.5 0.0796 0.0102

Cora 716
Terminals

ASAP JC69 205 310 18.5 0.246 0.0046

Cora 716
Terminals

ASAP Simple 161 244 8.5 0.1400 0.0086

Cora 716
Terminals

ASAP Simple 205 310 17.0 0.2260 0.0046

Extrapolation of these distance-based approaches to the entire taxon set (265 ad hoc-
delimited species) would result in estimates of 259 species (DNADIST), 223–350 species
(ABGD), and (194–)244–310 species (ASAP).
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Figure 7. Barcoding gap analysis using DNADIST in BioEdit. The different colors represent pairwise
identity percentages (see legend). Highlighted clades show instances where the DNADIST and the
ad hoc approaches inferred different species delimitations, potentially over- or underestimating
species richness.

3.5. ITS-Based BLAST Performance

BLAST performance was similar overall among the four scenarios (ITS1 region only,
ITS1 including ASVs, ITS2 region only, and short subterminal ITS2 region). In all four cases,
BLAST hits with other terminals of the same ad hoc-delimited species yielded E scores
comparable to those obtained with self hits, although slightly lower on average, reflecting
infraspecific variation (Figure 8). E scores also discriminated well between hits and misses.
Upon closer examination, however, the four scenarios showed subtle differences. The best
level of discrimination between hits and misses, and hence the highest level of accuracy
was found with the ITS2 region: 88% of the queries accurately discriminated between hits
and misses (min hit score > max miss score); however, in 53% the min hit score was 10%
larger than the max miss score and in 23% of the queries it was 25% larger. The second
best-performing subset was the ITS1 region, with 74%, 32%, and 13%, respectively, still
spanning a large number of accurate queries but overall with a lower BLAST gap. When
incorporating all available ASVs (including smaller fragments from Sanger and HTS) the
ITS1 region performed slightly worse (66%, 25%, 11%), due to a number of incomplete
query sequences missing parts of diagnostic regions. The short subterminal ITS2 string,
making up about one fourth of the entire ITS2 region, had a larger BLAST gap than the
other three scenarios, with 27% and 41% of the queries having the min hit score more than
25% and 10% above the max miss score, respectively, but, on the other hand, only 54% of the
queries had a min hit score larger than the max miss score, resulting in potential inaccuracy.
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Figure 8. BLAST results for the four different scenarios (ITS1 only, ITS1 including ASVs, ITS2, and
short subterminal ITS2 region). The left column of graphs shows the terminals for each subset ranked
by the minimum E score for hits (blue line), as opposed by the maximum E score for misses (orange
line). The right row of graphs shows the corresponding overall distribution of E scores for self-hits,
hits, and misses, for each subset.

3.6. Phenotype Assessment

Total phylogenetic distance between possible pairs of species ranged between 0 and
120 substitutions, and total phenotype distance between 0 and 16 steps or character state
differences (Figure 9). There was no discernible correlation between total phylogenetic and
phenotype distance, i.e., phenotype distance did not depend on genetic distance. Mean total
phenotype distance over all pairs of species was 7.18 (±2.01); if only pairs of species with a
phylogenetic distance of 10 or less were considered, mean total phenotype distance was
only marginally different (7.29 ± 2.11). Additionally, if only pairs of species representing
sister clades were considered, no difference was detected in mean total phenotype distance
(7.23 ± 3.19). Thus, on average, more closely related species were not more phenotypically
similar to each other than more distantly related species.
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Figure 9. Distance between possible pairs of species for ITS (0–120 bp substitutions), and phenotype
(0–16 characters steps). Blue dots on the left side of the graph correspond to closely related species
pairs only, orange dots to all other species pair comparisons.

Using only the 11 morphological, anatomical, and chemical characters (columns 2–12
in Table S3), we differentiated 82 distinct phenotypes for the 87 included species of Cora
(excluding Corella). Three phenotypes were shared by two lineages each, and one phe-
notype was shared between three lineages (Figure 10). There was only one instance of
two lineages or species that could be considered eu-(phylo-)cryptic, namely the related
C. squamiformis and C. terricoleslia (Figure 10); both are terrestrial species known from the
central Andes (Bolivia). However, the two are not sister species and so it remains unclear
whether the congruent phenotype is the result of symplesiomorphy (cryptic speciation) or
homoplasy. There were two instances of kapo-(phylo-)cryptic (“near-cryptic”) sister species
(Figure 10), namely C. minor and C. paraminor (both known from Costa Rica), and C. hirsuta
and C. schizophylloides (both known from Colombia). In both cases, the two sister species are
phylogenetically distinct, with four positional ITS differences in C. minor vs. C. paraminor
and 11 positional ITS differences in C. hirsuta vs. C. schizophylloides (File S10), and the phy-
logenetic separation is supported by a single character in each case (i.e., minor differences
in the phenotype): short vs. no sutures in C. minor vs. C. paraminor (a rather subtle feature),
and a strigose vs. setose lobe surface in C. hirsuta vs. C. schizophylloides; the latter two
also differing in substrate preference (terrestrial vs. epiphytic). Furthermore, there was
one case of two closely related, allo-(phylo-)cryptic (i.e., “semi-cryptic”) species, namely
C. applanata vs. C. reticulifera: whereas the first is known from the Andes (documented by
32 sequenced samples), the second appears to be restricted to (south-)eastern Brazil and
Uruguay (documented by 66 sequenced samples; Figures 10 and S1, Table S4); both exhibit
16 positional ITS differences (File S10) and are, hence, clearly separated phylogenetically,
but do not show any discernable phenotypical differences with respect to the tested char-
acters. Finally, there were two instances of pseudo-(phylo-)cryptic species (i.e., the same
phenotype having evolved in homoplasy in distantly related lineages), one encompassing
three species (C. campestris vs. C. caliginosa vs. C. terrestris in blue) and the other one two
species (C. cuzcoensis vs. C. davibogotana in green; Figure 10). Since only eu-, kapo-, and
allo-(phylo-)cryptic lineages could be considered as potential “false positives” (i.e., taxa
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interpreted as species that may in fact represent infraspecific lineages), the potential error
of overestimation of the species richness estimate in this dataset, by using phylogeny as
sole evidence (i.e., potential taxonomic overinflation), would only be four species, out of 87
(i.e., less than 5%).

Figure 10. Clade structure (87 Cora species plus two Corella outgroup) highlighting types of crypticity
observed throughout the tree. The inset map highlights the allopatric distribution of C. applanata
(northern Andes) vs. C. reticulifera (southeastern Brazil).

Our analysis of the TL, CI, RI, RC, and HI indices derived from phenotypic characters,
comparing random, DNA-based, and phenotype-based trees, showed that trees based on
phenotype alone were substantially more structured in terms of their phenotypic characters
than DNA-based trees (Figure 11). DNA-based trees were also always closer to random
trees than to phenotype-based trees in their phenotypic signal. This suggests a relatively
high level of homoplasy for individual character states and a low level of character state
intercorrelation. On the other hand, the mean pairwise character distance of over seven
steps indicates that species generally have distinct morphologies, supporting their phyloge-
netic delimitation. Overall, closely related species usually look distinct and have different
substrate ecologies, whereas distantly related species are more likely to appear similar.
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Figure 11. Analyses showing TL, CI, RI, RC, and HI indices derived from phenotypic characters
comparing random (Random), DNA-based (DNA), and phenotype-based (Phenotype) trees, assum-
ing that DNA-based trees represent the underlying “true” phylogeny. For DNA-based trees, the
corresponding index is always between that of random and phenotype-based trees, but in all cases
closer to the random trees, indicating that phenotype structure correlates little with deeper nodes
and mostly with terminal lineages.

Although there was a strong correlation between phylogenetically defined clades inter-
preted as species and their associated phenotypic characters, phenotype structure became
generally diffuse at deeper nodes, as evidenced by the lack of correlation between phyloge-
netic and phenotypic distance. However, limited phylogenetic structure was still found for
some characters at higher clade levels. Three small clades uniformly contained species with
specific phenotype character states that may represent synapomorphies for these clades:
one clade containing all species with a bleeding pigment formed upon rewetting previously
dried collections (C. rubrosanguinea clade); one clade with species forming adnate, rounded,
confluent hymenophores different from the concentrically shaped hymenophores in most
other species (C. garagoa clade); and one clade with species colonizing naked soil with
completely flattened, adnate thalli (C. reticulifera-applanata clade; Figure 10).

3.7. Intragenomic ITS Variation

Our side-by-side comparison of the same samples sequenced with Illumina and Sanger
sequencing yielded 89 specimens for this analysis. However, for 14 of these samples, the
regions sequenced were non-overlapping, with less than 50 bp of overlap, or of low quality
and, therefore, not included.

For the rest, or 75 samples, 55 (73%) of the Sanger sequence did not show any ambigu-
ity, 11 (15%) showed one ambiguity (=fixed allele), while nine (12%) showed two or more
ambiguities (Figure 12a). As for the ASVs, 290 ASVs were detected for these 75 samples,
ranging from 1 to 11 per sample. About 30% of the ASVs matched the Sanger sequence
exactly (=0 singletons), while most ASVs (61%) presented only one different base pair in
comparison to the Sanger sequence (=1 singleton) (Figure 12b). Most samples produced
multiple ASVs, but were usually dominated by one or two haplotypes.
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Figure 12. ITS1 variation observed within specimens. The fixed alleles graph (a) shows the per-
centages in which Sanger sequences presented ambiguities (0–7) in the ITS1 (e.g., an “R” whereas
the Illumina reads showed either an “A” or “G”, the majority showing none). The singleton alleles
graph (b) shows the percentage of ASVs in which Illumina reads differed from the Sanger sequences
by 0–7 base pairs aside from the fixed alleles (e.g., 61% of all ASVs showed 1 bp different then the
corresponding Sanger sequence they were being compared to).

4. Discussion

4.1. Use of Archival Specimens

One of the most important results of our study is the finding that over 75% of the
historical and nearly 94% of the fresh collected lichen samples yielded sequences with the
Illumina platform. Using Sanger sequencing, far lower success rates were achieved for both
historical (19%) and fresh (58%) collections. The reasons for the comparatively low success
rate using Sanger sequencing on the newly collected material are unknown; in previous
attempts to sequence fresh material from these genera, we typically achieved a success
rate of 70–90% using Sanger technology. Initial preservation of the material also poses
challenges on recent collections, especially if specimens cannot be properly dried when
in the field for more than one day and carefully curated shortly afterwards. Nonetheless,
the highly successful Illumina sequencing of these added fresh specimens indicates that
DNA degradation had not progressed too far and even when these exact samples repre-
sented more difficulties with Sanger, Illumina sequencing worked satisfactorily. Regarding
historical collections, similar or even higher success rates as in our study have been ob-
tained in other recent studies using HTS to obtain DNA sequences from historical lichen
collections [19–21], indicating that archival specimens available in herbaria and fungaria
around the world may potentially yield usable sequences if the proper DNA extraction and
sequencing approaches are taken. This includes many rare taxa, potentially extinct taxa
that are no longer found in nature, and other taxa of unique value for which it is difficult to
gather fresh material. The fact that so few published sequences currently exist for historical
lichen collections is, thus, likely a consequence of the only recently growing awareness of
the potential of advanced molecular sequencing methods to unlock these resources [12,13].

It should not be surprising that Illumina HTS yielded significantly better results than
Sanger sequencing for archival specimens. DNA fragmentation in ancient herbarium samples
is a well-documented phenomenon [1,78], including in lichen-forming fungi [16,18–20,79,80].
Considering this, and other postmortem damage known to take place in collected speci-
mens [16,80], the success rate for the samples studied here is remarkably high, which may,
in part, be explained by the generally higher sequencing success for Basidiomycota among
fungal collections [24,25].
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The addition of 318 new sequences from historical collections of Cora and Corella,
including those of Cora timucua [23], makes this group one of the best represented among
lichens with regard to historical sequences. With 92% of the 2988 GBIF occurrences known
for this group (as of 31 January 2022) representing preserved samples (i.e., with a voucher
deposited somewhere, not based on observations only), it is clear that historical collections
are an invaluable resource that can be used in an integrative framework for describing and
detecting new species and inferring relationships among them.

Our results demonstrate that the age of a specimen has some effect on the sequencing
success rate, especially with regard to Sanger sequencing. Substrate type may also affect
the success rate. However, it appears that other factors may play an important role in
the degradation of DNA, such as the techniques employed at the time of collection to
dry and preserve the specimens. Since these methods are usually not indicated on the
specimen label, it is impossible to discern their potential impact from the role of age
or substrate type as a determinant of sequencing success. Given the relatively good
success rate we achieved, the fact that age is not a main determinant of success is notable.
One important factor to consider is poikilohydry, which plays a major role in diurnal
metabolism of lichens and directly relates to mechanisms protecting the DNA [81,82].
Perhaps lichens that undergo pronounced and/or prolonged dry periods maintain effective
DNA protection mechanisms, whereas in lichen growing under frequently or permanently
humid conditions, the DNA may be less protected from desiccation, a hypothesis already
considered by Kistenich et al. [19]. One may, for instance, expect that species growing
under more extreme water stress conditions, such as in southern South America or in
the high Andes above 4000 m, would show better sequencing success even in archival
specimens. However, without systematic comparison across different lichen taxa and a
variety of habitats, this remains speculation, and how this would translate into sequencing
success rates in Cora is unclear.

An important challenge to sequencing old samples is contamination, stemming from
three potential sources: (1) fungi of the microbiome already present in the sample when
collected; (2) fungal contaminants emerging due to specimen handling and preservation
(e.g., molds); and (3) laboratory contaminants, which are particularly an issue with the
highly sensitive HTS approaches. Although the first two potential sources of contamination
in archival specimens are beyond the control of the investigator, laboratory contamination
can be avoided or reduced to a minimum by applying recommended best practices, such
as: (1) avoiding plate extractions and using individual tubes instead; (2) using extreme
care when handling specimens and extracts (e.g., wearing gloves, sterilizing all equipment,
especially forceps, etc.); (3) extracting DNA under sterile conditions, such as those found on
ancient DNA laboratories; and (4) avoid working simultaneously with fresh and historical
materials (e.g., in the same sequencing run), since more recently collected samples will tend
to dominate a run, even with careful normalization of PCR input as performed here. In
any case, potential contamination can be assessed posteriori by analyzing the taxonomic
composition of fungal reads in a given sample.

In addition to the target mycobionts, we detected multiple other fungal taxa in our
HTS samples. Although some of these, such as Aspergillus or Penicillium, may represent
post-sampling contaminants, many others are frequent, opportunistic, or stable residents of
the lichen mycobiome [34,83], including in Cora [84,85]. A great deal of evidence indicates
the presence of obligately lichenicolous and endolichenic fungi and/or cortical yeasts
in lichens [86–96]. With respect to known fungal groups previously found in lichens, in
our material we detected ASVs belonging to members of the orders Cystofilobasidiales,
Filobasidiales Tremellales, and Trichosporonales, all within the class Tremellomycetes, in
24% of the fresh samples and 22% of the historical samples (and in none of the negative
controls) with varying quantity of reads. More than 21 distinct genera were detected within
this class, with the most commonly observed genus being Hannaella, a basidiomycetous
yeast genus found widely on leaf surfaces of various plants [97]. Even though the presence
of fungi may influence humidity and ionic regimen on a thallus surface and subsequently
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transcriptomic response, without further data and knowledge of the development of these
communities of species over time and their role in the symbioses, it is impossible to assign
much significance to it at this point.

Presumptive laboratory contaminants were also sometimes observed in some samples.
Generally, these were present in very low frequencies (e.g., fewer than 100 reads while the
target mycobiont had 30,000 reads) and were not consistent with the inferred ecogeography
of the corresponding species, which allowed their recognition and removal. If a sample
only showed rare reads (less than 100) and no prevalent ASVs were present, the sample was
considered unsuccessfully sequenced and was not included in the downstream analyses.

4.2. Assessment of ITS as a Barcoding Marker and Intragenomic Variation within ITS

Given the reported issues with the use of ITS as a fungal barcoding marker [34–37],
and to address the possible argument that the observed phylogenetic diversity in Cora and
Corella may in part be artifactual, we paid special attention to intragenomic variation in the
ITS barcoding marker as evidenced by variation in the ASVs and ambiguities in Sanger
sequences among our studied samples. Our expectation that potential ambiguities in Sanger
sequences, mostly representing double peaks in the sequencing chromatograms, would
match dominant and consistent SNPs in the corresponding Illumina ASVs was supported
by the data, which allowed us to quantify this phenomenon reliably and in detail.

Since Illumina sequencing did not allow for amplification of the full ITS region, our
comparisons were limited to samples for which we successfully sequenced the ITS1 region
using both Sanger and Illumina for the same sample. For the 290 ASVs detected in these
75 samples, we detected no variation among the Sanger and the Illumina sequences (30%),
one singleton (61%), two singletons (5%), three singletons (2%), and four to seven singletons
(equal or less than 1%). Except for two samples for which only Illumina sequences were
available, this variation had no effect on the phylogenetic placement of the target reads
or the delimitation of phylogenetically defined lineages, supporting our earlier findings
based on 454 pyrosequencing data that intragenomic ITS variation in Cora is low and does
not lead to artifactual lineages [41]. The observed exceptions relate to two issues: either
the target sequence was too short to cover lineage-diagnostic variation, then typically
clustering at the base of the target clade or nearby; or the variation could be interpreted
as potential hybridization and introgression, given that the ASVs detected were unique
within the run, we are discarding the option of contamination in these specific cases, since
multiple ASVs were available matching distinct alleles. Although this needs to be tested
with genomic approaches, it would not be expected to lead to artifactual taxa, at least not
in terms of species counts, as a hybrid component of the ITS would correspond to another,
closely related species. We also considered mixed thalli (i.e., chimeric thalli between closely
related species) as a potential source for this pattern, but with the methodological approach
used here, this cannot be resolved.

Following earlier work with 454 pyrosequencing [32,41] and the increasing use of
ITS1 for the Earth Microbiome Project and in other lichen studies [98], we adopted the
ITS1 region as the default portion of the ITS barcoding marker for the Illumina sequencing
employed here. Nonetheless, our analysis of full-length sequences indicates that at least
in some clades, ITS2 showed better resolution for accurately detecting species using ITS-
based BLAST identifications. This may be due to the more variable subterminal portion of
the ITS2, which makes reliable alignments more challenging, but it appears to be highly
discriminant, even between closely related species. Therefore, future metabarcoding using
short reads should also attempt to sequence the ITS2 region [99–101], or focus on longer
amplicon sequencing (PacBio, MINon, etc.) or shotgun sequencing, which might provide
ways of overcoming sequence length limitations, although each of these techniques comes
with its own disadvantages. However, most of the times, either ITS1 or ITS2 already provide
enough resolution for species boundaries, especially within our integrative framework,
making an Illumina an ideal method when assessing hundreds of samples [101].
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In fungal barcoding approaches, it has been argued that single marker approaches,
such as with ITS, may lead to inaccurate results or even cause taxonomic inflation if the
data are not properly analyzed and interpreted [34,102]. In the case of Cora and Corella,
ITS appears to work remarkably well, even in portions of the backbone, as evidenced
by the high level of congruence between our single-marker ITS-based phylogeny and
six-marker ASTRAL coalescent tree. At the level of terminal clades, a threshold ITS-
based identify value of 99.4% appears to reliably discriminate between species, although
some variation is observed which may depend on how recently a species-level clade
evolved. In a few recently emerging species complexes, no absolute threshold value could
be established and also the ITS-based BLAST results were partially diffuse, whereas in other
cases, our initially delimited species-level clades may represent more than one lineage.
Overall, these effects largely balance each other in terms of species counts, but may lead to
inaccuracies in delimiting species in certain clades. Beyond single-marker ITS approaches,
three other strategies could be used to test species delimitation in these cases: (1) multi-
marker coalescent approaches [103]; (2) phylogenomics target capture approaches [104–106];
and (3) population genetics using microsatellites or RADSeq [107–109].

With regard to multi-marker approaches, our data show that ITS performed better
for delimiting species than the protein-coding markers RPB2 or EF3, but also the classical
markers nuLSU, mtSSU, and mtLSU; in addition, the ITS marker is much easier to generate.
Consequently, multi-marker approaches or alternative barcodes do not seem to constitute
a promising next step in resolving problematic species complexes or refining the DNA
barcoding approach in this group of basidiolichens. Phylogenomic approaches (e.g., target
capture), have also shown limitations in resolving recently evolving species [106], and,
therefore, we consider the RADseq approach as potentially useful to further assess difficult
species complexes in Dictyonematinae in addition to our ongoing metagenomic analyses. For
a general barcoding approach, however, including metabarcoding with HTS approaches,
we recommend the continued use of the ITS marker, due to its high amplification success
and the broad molecular framework it provides to establish species hypotheses in this
group of lichen-forming Basidiomycota.

4.3. Accurate Assessment of Phylogenetic Diversity in Cora and Corella

The large amount of ITS data now available allowed us to assess phylogenetic diversity
in this group of basidiolichens using various quantitative and semi-quantitative approaches.
As an initial approach to establish species hypotheses, we used the same ad hoc delimitation
employed in our previous studies [32,33], namely a combination of visual inspection of
stem branch lengths and support versus within-clade branch length variation versus
geographic origin of the samples. In the present case, this led to the distinction of 265 ad
hoc species hypotheses for the entire dataset (including all ASVs) and 175 for the subset of
near-complete ITS sequences. Distance-based quantitative approaches (DNADIST-based
analysis, ABGD, ASAP) all resulted in numbers within the range of 128–231 for the subset
tested and 194–350 for the entire dataset (extrapolated). In contrast, the tree-based method
bPTP yielded much higher estimates (709–889 species for the entire dataset). GMYC
inferred values more similar to those of distance-based methods, with 189 estimated species
in an interval of 145–237. To what extent these estimates might be real remains unclear. If
the example of Usnea antarctica versus U. aurantiacoatra is taken as reference, near-identical
ITS patterns may indeed hide more than one species [107,108], and lack of ITS-based
resolution is also known from other fungi [35–37]. It is, therefore, possible that clades
currently delimited as a single species with our ad hoc approach or using distance-based
methods represent more than one species, although a three-fold increase seems unlikely
based on our current knowledge. Consequently, we consider our ad hoc approach reliable
at this point, as it is closer to the middle range of distance-based estimates and far below
the bPTP delimitation approach, which, in turn, showed highly contrasting results to all
other methods. An integrative approach was also the solution Boluda and colleagues [110]
proposed to disentangle the incongruencies of the use of chemistry, morphology, molecular
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data (including multiple species delimitation methods) or phylogeny alone, for species
boundaries in the Bryoria sect. Implexae complex.

The inclusion of a large number of historical collections extended the geographic range
of sequenced samples, but still left many areas with potential occurrence of Cora (and
Corella) unsampled. Thus, compared to the present number of 265 species, our original
prediction of 450 species [32] still provides a valid framework and it seems likely that this
number will eventually be reached. Undersampled regions notably include the central
and southern portion of the Andes (Peru, Bolivia, Chile, Argentina), but also large parts of
Central America and western Mexico, as well as the Guyana Highlands.

Overall, the present number of formally described (102), phylogenetically distin-
guished (by our ad hoc approach, 265), and predicted (>450 [32]) that the species in Cora
does not differ from the range of accepted species in the 25 largest ascomycete lichen genera,
which lies between 170 and 820 [111]. As such, the diversity now recognized in Cora aligns
well with other megadiverse lichenized genera, showing that certain basidiolichen groups
may harbor a species diversity similar to the most speciose ascolichen groups, an idea that
would have been dismissed by most lichenologists even just a decade ago. Indeed, the ob-
served diversity in these basidiolichens is striking not because there are so many species but
because it has not been recognized before, much less at this magnitude. Prior to Parmasto’s
monograph [30], six species had been formally described in this group (currently named
Cora bovei, C. ciferrii, C. glabrata, C. gyrolophia, C. pavonia, and C. reticulifera) and three more
in the genus Corella (C. brasiliensis, C. tomentosa, and C. zahlbruckneri); all nine had been
synonymized by Parmasto under one taxon (Dictyonema pavonium). This historical number
is remarkably low compared to other genera of similar size (e.g., Sticta), with hundreds
of names established in the early literature. The main reason for the comparatively low
number of historical epithets in Cora is that important field characters, such as color and
substrate, are lost in herbarium specimens if not recorded at the time of collection, which
were the primary source of access for researchers in the 19th century but also for modern
monographers. This led to the lack of perception of size as an important character, as
smaller herbarium specimens were sometimes interpreted as immature. Even field expe-
rience did not reveal the true nature of this group of basidiolichens, as the differences in
ecology and morphology between specimens were interpreted as environmentally induced
variation [112], a concept popular in the second half of the 20th century [113].

4.4. Level of Cryptic Speciation and Potential Taxonomic Inflation

The existence of hidden or unrecognized species within presumably well-known taxa is
not an isolated phenomenon in fungi. In many presumably well-known taxa, such as the fly
agaric (Amanita muscaria s.lat. [114]), the chanterelle (Cantharellus cibarius s.lat. [115–117]),
the Lingzhi mushroom (Ganoderma lucidum s.lat. [118]), the true morels (Morchella escu-
lenta s.lat. [119]), and the yellow speckleberry lichen (Pseudocyphellaria crocata s.lat. [120]),
species delimitation studies using ITS and other markers have revealed a large number of
previously unrecognized lineages.

Although some of these pose difficulties delimiting species phenotypically, other cases,
such as Pseudocyphellaria crocata s.lat., often reveal taxonomically useful characters that had
not been considered to be diagnostic before. In the genus Cora, given previous failures to
properly recognize species diversity and the low number of characters useful for taxonomy,
one would expect a number of over 250 species hypothesized from molecular data to go
along with a high level of evolutionary crypticity, resulting in many species undistinguish-
able through their phenotype, potentially resulting in taxonomic inflation. Although the
number of taxonomically useful characters in Cora is indeed limited, lacking for instance the
diversity of spore types, vegetative propagules, or secondary compounds found in megadi-
verse ascolichen genera, the comparatively low number of 11 main phenotypes characters
led to no less than 82 distinct phenotypes among the 87 analyzed species, rejecting the
notion of largely cryptic speciation or taxonomic inflation in this genus. Instead, even with
a low amount of perceived options to reliably distinguish species, we demonstrate that the
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combination of these characters yields sufficient information allowing to differentiate most
species detected by molecular methods. Cases of identical phenotypes were in part found
in distantly related lineages only (i.e., pseudophylocryptic), thus representing homoplasies
rather than genuine cryptic speciation, whereas closely related species were mostly pheno-
typically distinct. Indeed, among 87 lineages, we identified only one case where two closely
related species could not be distinguished by phenotype or chorology (euphylocryptic).
Other cases differed either in one character state (kapophylocryptic) or in distribution
(allophylocryptic). This supports the phenotype as useful for species-level taxonomy but
renders phenotypic characters as of limited value when inferring phylogenetic relationships
within this genus, with the exception of a few characters that correlate with larger clades.

Our results thus suggest that phenotype variation, species delimitation and the level
of homoplasy in the basidiolichen genus Cora are comparable to large genera of lichenized
Ascomycota, in which a limited set of phenotype characters leads to free or partially con-
strained combinations of character states in individual species. For example, in the crustose
genus Lecanora, with 550 species [111], species are usually recognized by a combination of
thallus morphology, apothecial disc color, epihymenial and excipular crystals, and chem-
istry [121–130], whereas in Usnea, a combination of growth form, branching pattern, thallus
sectional structure, branch outgrowths and appendices, and secondary chemistry and
pigments define species [131–136]. Other examples can be found in foliose Parmeliaceae
review in [137], such as Bulbothrix [138], or the crustose genera Caloplaca [139,140], Graphis
and Allographa [141,142]. Thus, in both Asco- or Basidiomycota, phenotypical characters
may not correspond to molecular phylogenies at all clade levels [31], but they are useful in
diagnosing closely related species within clades.

If the remarkable species diversity in Cora is largely not cryptic, the question must
again be raised: why has it not been recognized before? As mentioned above, reasons
can be looked for in the loss of important features in herbarium collections, similar to
mushroom taxonomy, but also in the overinterpretation of variation as ecologically induced
and not taxonomic. Cora is, therefore, not really a case of “hidden” diversity, but one of
previously unrecognized or “overlooked” diversity.

The notion that phenotypically similar species of Cora are generally only distantly
related could be explained by similar selective pressures in ecologically equivalent habitats,
but in part also by free variation of a limited set of characters that may not represent func-
tional traits. Once the phylogenetic diversity of Cora has been fully assessed phenotypically,
this will be an exciting avenue for future studies. Fortunately, given the techniques to
assess phenotype characters in herbarium collections [33], archival specimens for which
sequence data are now available can be incorporated in such studies, providing a much
broader geographical and ecological framework.

5. Conclusions

We conclude that DNA barcoding in the foliose genera Cora and Corella is indeed a
success story, considering that our knowledge of this group of basidiolichens has increased
from a single perceived species to one of the largest genera of lichen-forming fungi, de-
tected largely through rigorous application of the fungal ITS barcoding marker within
our integrative approach, combining: (1) visual inspection of the molecular data (align-
ments + phylogeny); (2) phenotypic and anatomical data; and (3) ecology, including habitat
and substrate preferences. Almost all species of Cora and Corella have been documented
molecularly from the onset, resulting in a broad, near-complete, and steadily-growing
phylogenetic framework where additional sequence data can be quickly added, particularly
those obtained from further historical specimens, including types.

Our highly successful HTS results indicate that ITS barcoding of collections collected
from a couple decades to over a century ago can be used to extend our knowledge of
species-level diversity. In particular, the addition of archival samples not only lead to
the discovery of novel lineages but made the phylogenies more robust, helped to better
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assess species distributions, and thus remarkably improved our understanding of levels of
inferred endemism.

The high number of species now recognized in Cora is not surprising if compared
to large lichenized genera in Ascomycota. What is extraordinary is that the numerous
species are not actually cryptic. We emphasize that our broad phylogenetic sampling was
only partially responsible for this change, with assessments of the genus in the field being
equally important in this case. The key element to uncover this previously unrecognized
diversity was our integrative approach, which allowed us to test the reliability of novel
taxonomic characters and question classic concepts about environmental variation, in
which the addition of historical specimens was invaluable. Traditional concepts largely
ignored phenotypically distinct characters, dismissing them as variability. However, it
is important to acknowledge that we are at a privileged position in research, where we
can employ molecular data to test these phenotypic-based hypotheses. At first glance,
phenotypical characters seem less clear in basidiolichens, including its variation and the
lack of features usually applicable to lichens in general. In ascolichens, traditional concepts
have often focused on both morphological adaptations resulting from the lichen symbiosis
as a whole and on characteristic features of the mycobiont. We postulate that the patterns
of diversification seen in Cora, namely that phenotypic variation previously regarded as
environmentally triggered is actually diagnostic of species-level lineages, will also hold true
for many ascolichen genera (or for some lineages within) that have not yet been broadly
assessed with molecular methods.

To assess evolutionary patterns related to so-called cryptic speciation, we, therefore,
found it useful in this study to introduce more precise definitions of our concept of “cryp-
ticity”, taking into account that species may often appear similar but are nevertheless
not actually identical (kapo-(phylo-)cryptic vs. eu-(phylo-)cryptic), that phenotypically
similar species might nevertheless not be closely related (pseudo-(phylo-)cryptic), and
that species distributions patterns (allo- vs. sympatric) must be taken into account when
looking at this phenomenon (allo-(phylo-)cryptic). These definitions might prove useful
when evaluating cases of cryptic speciation in other lichens, or even more broadly across
fungi, even though, in the case of Cora, the majority of the species should no longer be
considered cryptic, but instead an example where phenotypic variation had not been yet
linked with genetic divergence.
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Abstract: The need for herbal medicinal plants is steadily increasing. Hence, the accurate identifica-
tion of plant material has become vital for safe usage, avoiding adulteration, and medicinal plant
trading. DNA barcoding has shown to be a valuable molecular identification tool for medicinal plants,
ensuring the safety and efficacy of plant materials of therapeutic significance. Using morphological
characters in genera with closely related species, species delimitation is often difficult. Here, we
evaluated the capability of the nuclear barcode ITS2 and plastid DNA barcodes rbcL and matK to
identify 20 medicinally important plant species of Caryophyllales. In our analysis, we applied an inte-
grative approach for species discrimination using pairwise distance-based unsupervised operational
taxonomic unit “OTU picking” methods, viz., ABGD (Automated Barcode Gap Analysis) and ASAP
(Assemble Species by Automatic Partitioning). Along with the unsupervised OTU picking methods,
Supervised Machine Learning methods (SML) were also implemented to recognize divergent taxa.
Our results indicated that ITS2 was more successful in distinguishing between examined species,
implying that it could be used to detect the contamination and adulteration of these medicinally
important plants. Moreover, this study suggests that the combination of more than one method could
assist in the resolution of morphologically similar or closely related taxa.

Keywords: medicinal plants; DNA barcoding; nuclear barcode; plastid barcodes; unsupervised
learning; supervised learning

1. Introduction

Large numbers of people in developing countries rely on wild plant species for their
medicinal needs. Over thousands of plant species are used in traditional medicine in
different parts of the world. During ancient and modern culture, the healing properties of
certain plants have been identified, and these plants currently play a significant role in the
treatment of various diseases [1]. Due to their medicinal properties, there is a continuous
and perpetual interest in researching and utilizing these valuable natural resources, as
demonstrated by a plethora of literature (e.g., [2–10]). Different plant species have been
used in ethnomedicine in the Arabian Peninsula since ancient times [5,10]. Sakkir [11]
provided an overview of the medicinal plants in the United Arab Emirates (UAE) flora
and indicated that roughly 18% of the total plant species identified have medicinal values.
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These authors attributed such a low representation of medicinal plants in UAE flora to
be most likely due to the unknown medicinal properties of the remaining taxa or lack
of documentation of their traditional uses. Cybulska et al. [12] reviewed the available
information on the medicinal uses of the halophytes in the UAE flora and highlighted
the presence of valuable medicinal plants. These medicinally important plants display
a specific tolerance to environmental stresses such as high temperature, drought, and
salinity. It is expected that these medicinal halophytes might represent a valuable source
of phytochemicals in salt marshes, where harsh conditions induce the production of both
enzymes and phytochemicals in response to Reactive Oxygen Species (ROS) [12].

A recent survey on the ethnomedicinal knowledge of commonly used medicinal plants
in a part of the UAE highlighted the importance of traditional medicinal plants and the
need for knowledge documentation [13]. Further, due to various threats to medicinal
plants, such as habitat loss and alteration, and overgrazing, there is a need for proper
identification and conservation. Phondani et al. [8] documented the ethnobotanical uses
of 58 medicinally important plants of the Arabian deserts. They emphasized the need to
document ethnobotanical knowledge for sustainability and scientific validation to conserve
these valuable medicinal plants native to the Arabian deserts. The above proves the
importance of using many UAE plants in folk medicine.

There is a continued increase in the demand for herbal medicinal plants. There-
fore, there are some accidental or intentional contaminations and adulteration with non-
medicinal plants or other undesirable plant tissues [14,15]. Such contamination could
reduce the effectiveness of the active ingredients, which might lead to detrimental health
consequences [16,17]. The authentication of plant material has become necessary for safe
use, avoiding adulteration, and trade in medicinal plants. Therefore, there is a need for
fast authentication methods to authenticate dried herbal medicinal plants from the other
components [18]. The detection of adulteration requires accurate, fast molecular techniques
for plant identification, especially if it is difficult to discriminate between closely related
plants morphologically [19]. In addition, the proper identification and documentation of
medicinal plants in the region could add to their conservation and sustainable utilization.

The classical taxonomic techniques based on morphology and anatomy complement
molecular techniques for accurately identifying morphologically similar closely related
plant taxa. Currently, there are initiatives for generating DNA barcode libraries of vascular
plant flora. Completing such libraries and making them available will help fast, accurate
identification, which would lead to the better conservation and utilization of native plants,
particularly those used in herbal medicine [20–22]. In this context, a tool such as DNA
barcoding could help resolve these issues and lead to the rapid and accurate identification
of medicinal species. Moreover, DNA barcoding could be helpful in the identification of
medicinal plants in trade, as most herbal material is traded as dried leaves, roots, and bark
or in powdered form, thus contributing to their safe use and avoiding adulteration [23].

DNA barcoding has become a useful complementary tool in diverse disciplines of
biological sciences. The application of plant DNA barcodes, especially in floristic inves-
tigations, ecology, evolution, and conservation fields, has gained momentum over the
last decade [24,25]. Several studies have highlighted the potential applications of DNA
barcoding in the accurate identification of taxa, discovery of cryptic species, and as an
crucial component in phylogenetics investigations [24,26–28]. However, this technique
also has some potential limitations, especially in plants where the selected barcode region
might lack enough information to provide DNA level species-specific differences and the
concurrent observation of such differences at the secondary metabolite level, similar to that
observed by Celiński et al. [29].

In medicinal plant research, DNA barcoding is emerging as a valuable molecular
identification technique that has greatly ensured the safety and effectiveness of plant
materials of medicinal value [30]. The reviews by Techen et al. [31] and Nazar et al. [32]
have discussed the selection of the genomic regions as possible barcodes for medicinal
plants, including new achievements in the field of DNA barcoding. Those reviews provide
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a comprehensive overview of DNA-based methods, technologies, and a combination of
three or more genomic regions that were investigated for medicinal plant identification by
various researchers worldwide.

Over the years, researchers have suggested different coding and noncoding genes in
the nuclear and plastid genomes as potential barcodes for plants [33–37]. The types of DNA
barcode markers used for plant identification range from a single chloroplast region to a
combination of different regions (see [30,31,38]). Significant progress has been made in the
identification of medicinal plants using DNA barcoding (e.g., [25,31,39–47]. For medicinal
plant identification, some researchers have used a combination of markers between matK,
rbcL, trnH-psbA, and ITS2 sequences. For example, Schori et al. [48] analyzed the rbcL,
matK, and psbA-trnH loci of fourteen species of medicinal plants and found that depending
on the plant to be identified, one region was preferred over the other, as a single barcode
region is not enough to ensure the species identification.

Moreover, along with the selection of efficient DNA barcode markers for species iden-
tification, it is necessary to utilize competent methods for effective species discrimination.
The results produced by one or more methods sometimes differ, which could require the im-
plementation of more than one method that must be applied and compared jointly [49,50].
The most conventional DNA barcode analysis method is the pairwise distance-based unsu-
pervised Operational Taxonomic Unit (OTU) picking method, where Automated Barcode
Gap Discovery (ABGD) is the most widely used tool, followed by the recently developed
Assemble Species by Automatic Partitioning (ASAP) [50,51]. Comparatively, some studies
have shown a higher rate of species discrimination using the supervised learning ap-
proach [21,52–55]. Thus, in this study, we used a comparative approach of implementing
both unsupervised and supervised methods for species delimitation.

The UAE has not received much attention to digitally record flora in the form of
DNA barcodes [22], as there are only three studies cataloging flora of the UAE to date.
Moreover, there are scarce studies on the DNA barcodes of medicinal plants [56], and
existing studies have amplified three barcode loci for the coding genes matK, rbcL, and
rpoC1 in 10 flowering plants from the UAE. Maloukh et al. [57] focused on authenticating
the morphological identification of 51 plant species using rbcL and matK regions. Further,
Mosa et al. [15] provided evidence that DNA barcoding was efficient in the detection of
adulteration in plant-based herbal products in the UAE. Based on the results obtained, these
authors also suggested rbcL as a promising barcode locus for resolving their studied species.

Since 2018, the Sharjah Seed Bank and Herbarium have engaged in the process of
DNA barcoding the entire UAE flora [20–22]. Here, we assessed the capability of plastid
DNA barcode markers rbcL and matK, and a nuclear marker, ITS2, for the identification of
20 medicinally important plant species belonging to the order Caryophyllales. The core
Caryophyllales represent one of the largest eudicot orders with about 12,000 species and
30 families worldwide [58], and some species are used medicinally [59,60]. Various molec-
ular systematic studies on Caryophyllales are available that have substantially increased
our knowledge of their phylogeny [61]. The Caryophyllales is represented in the UAE’s
flora by 11 families. These are Aizoaceae, Amaranthaceae, Caryophyllaceae, Frankeniaceae,
Gisekiaceae, Molluginaceae, Nyctaginaceae, Plumbaginaceae, Polygonaceae, Portulacaceae,
and Tamaricaceae [62,63]. Among the families of Caryophyllales that have difficulties
in morphological discrimination, especially during vegetative stages of the life cycles,
are Amaranthaceae (e.g., Haloxylon persicum, H. salicornicum, Salicornia persica), Polygo-
naceae (e.g., Calligonum comosum and C. crinitum), and Tamaricaceae (Tamarix aucheriana
and T. nilotica).

The objective of the present study was to barcode the medicinal plant species, compare
the discriminatory power of the standard barcode regions, and explore the taxonomic
implications in the studied taxa. Establishing a DNA barcoding system could facilitate the
conservation of the UAE’s medicinal taxa, help overcome the limitations of morphological
characters, and contribute to species identification for their efficient utilization. The study
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results could help generate DNA barcode libraries of the UAE vascular plant flora, which
could be a step toward completing the UAE and global DNA barcoding libraries.

2. Materials and Methods

2.1. Specimen Collection and Data Acquisition

Twenty species from the order Caryophyllales were included in this study. Of these,
13 species (36 samples) were collected from the field between 2019 and 2020, and 7 species
were retrieved from the NCBI GenBank. All the studied species are from the United Arab
Emirates (Figure 1), and their information is provided in Table S1. Overall, we collected
between one and eight specimens per species. Our collection did not involve protected
areas or endangered species.

 

Figure 1. Map showing collection sites of plant samples for DNA barcoding and seed bank collections.

The collected species included herbaceous plants, shrubs, and trees, which occur
in a range of habitats, including sandy, coastal plains, mountain ridges, and wadi beds.
Species such as Haloxylon salicornicum, Gisekia pharnacioides, and Aerva javanica had the
highest number of accessions, while Tamarix nilotica and Amaranthus hybridus had the
lowest number. Morphological identification of all plant species was based on reliable
diagnostic characters and available literature on local flora [62–65], produced by researchers
who have worked in the field exploring UAE’s flora for about one decade. The voucher
specimens for collected species were curated by the Sharjah Seedbank and Herbarium
(SSBH), Environment and Protected Areas Authority (EPAA), for record and references.
According to the literature survey, the plant species included in the present study have
medicinal values and are used in the treatment of various ailments (Table S2).

2.2. Tissue Sampling and DNA Extraction

Plant tissues were sampled from 36 individuals and dried immediately with silica
gel at room temperature for DNA extraction. Unique identifiers were provided to the
specimens and the tissue samples. Further, the tissue samples were ground to a fine
powder using BeadBlaster 24 microcentrifuge homogenizer. Genomic DNA extraction was
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then performed using the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s protocol with minor modifications, where proteinase K was added,
followed by the AP1 buffer and RNase A, and the incubation time was increased to 1–3 h.
Samples were eluted in Nuclease-Free Water. The isolated DNA was tested for quality by
gel electrophoresis (BioRad, Hercules, CA, USA) on a 1% agarose gel and quantity using
spectrophotometric analysis (Denovix, Wilmington, DE, USA).

2.3. PCR Amplification and Purification

Two plastid barcode regions, rbcL and matK, and one nuclear ribosomal barcode
regions, Internal Transcribed Spacer (ITS2), were amplified via Polymerase Chain Reaction
(PCR) (Biorad, Biorad Laboratories, Singapore and Applied Biosystems Veriti Thermal
Cycler, Life Technologies Holdings Pte. Ltd., Singapore) using forward and reverse primers
of rbcL [35,66], matK (proposed by Ki-Joong Kim, see [67]), and ITS2 [68,69] (Table S3). The
25 μL PCR reaction using a 5× FIREPol master mix was prepared to amplify the respective
barcode region. The standard thermal profile of all primers used is shown in Table S3. Mod-
ification in the annealing temperature was performed wherever required. PCR products
were then verified through gel electrophoresis on a 2% agarose gel. Amplified products
were purified using the MEGAquick-spinTM plus total fragment DNA Purification Kit
(Intron Biotechnology) and then sequenced commercially.

2.4. Sequence Analysis

Bidirectional sequencing was performed for rbcL, matK, and ITS2 barcode markers. The
obtained sequences were assembled and aligned in Geneious Prime v2021 (geneious.com
(accessed on 27 December 2021).) and MEGA X. [70] using the Muscle algorithm. The
sequences were then submitted to NCBI GenBank through a web-based sequence submission
tool ‘BankIt,’ and accessions numbers were obtained for all the studied barcode markers
(Table S1).

Further, the sequences were subjected to the taxonomic evaluation using the NCBI Gen-
Bank BLASTn to obtain homologies between the fragments [71]. In addition, unsupervised
OTU picking methods were employed, where the phylogenetic analysis was performed
using MEGA, and the assessment of OTUs was performed using ABGD and ASAP.

Along with the unsupervised OTU picking methods, Supervised Machine Learn-
ing methods (SML) were also implemented to recognize divergent taxa. The aligned
datasets were formatted to the WEKA’s required file format using the FASTA to WEKA
converter [54]. Further, in WEKA machine learning, the random forest and sequential
minimal optimization classifiers were used through the 10-folds of cross-validation [72].

Phylogenetic tree construction was carried out in MEGAX. Initially, the phylogenetic
model test was performed to determine the best-fit nucleotide substitution model with the
lowest BIC scores (Bayesian Information Criterion). Accordingly, Maximum Likelihood
(ML) phylogeny was inferred using the Kimura-2-Parameter (K2P) model with discrete
gamma distribution was selected for the rbcL dataset. For the matK dataset, a ML phyloge-
netic tree was constructed using the General Time Reversible model (GTR) with discrete
Gamma distribution (G). For the ITS2 dataset, ML phylogeny was achieved using the K2P
model with discrete gamma distribution and invariant sites (G + I). All phylogenetic trees
were given a bootstrap support of 1000. Moreover, for the phylogenetic tree annotation, the
Interactive Tree of Life webserver was used. In addition, the ASAP webserver was used to
build the partitions for species delimitation.

3. Results

3.1. Barcode Amplification and Sequencing Success

The core plant barcode markers rbcL, matK, and ITS2 were amplified at various
temperature gradients and sequenced successfully (Figure 2).

63



Diversity 2022, 14, 262

Figure 2. PCR amplification and sequencing success rate for the DNA barcode markers. (a) An-
nealing temperature gradients used for the barcode amplification, (* represents the dual annealing
temperature 50|55 ◦C), (b) PCR amplification and sequencing success of the attempted samples.

The rbcL and ITS2 markers showed significant success rates in PCR amplification
ranging from 70% to 95%, while matK exhibited a lower success rate of about 60% (Figure 2).
In sequencing, the rbcL marker showed the highest (80%) success rate, followed by the
matK (76%) and ITS2 (75%) (Figure 2). In addition, another pair of matK markers was used
for the amplicon recovery, where only one sample was successfully amplified. Overall,
99 sequences were obtained belonging to the rbcL (35), matK (34), and ITS2 (30) markers,
representing about 13 species.

3.2. Taxonomic Assignment

The taxonomic identification of the collected specimens was initially made based on
their key morphological characters. Further, the taxonomic evaluation was performed at
the NCBI GenBank’s nucleotide database using the NCBI-BLASTn tool.

Overall, we obtained 99 barcodes belonging to 36 specimens and 13 species in the
present study. In addition, we retrieved 18 more barcodes belonging to 18 specimens and
11 species from the NCBI GenBank based on the records from previous studies performed
on the flora of the UAE. Altogether, the dataset comprised about 117 barcodes, 54 specimens,
and 20 species in common, viz., rbcL (n = 49), matK (n = 38), and ITS2 (n = 30).

Those barcode datasets were further analyzed using the unsupervised OTU picking
methods, viz., ABGD and ASAP. The ABGD recognized groups of about 10 to 16 species
only using J69 and K80 metrics. In addition, the initial partition exhibited lower accuracy
in the species resolution than the recursive partition. Thus, the recursive partitions were
further taken into consideration. The rbcL showed 6 partitions of which the fifth recursive
partition resolved about 28 specimens and 7 species correctly (a priori intraspecific diver-
gence of (P) = 0.0077, relative gap width (X) = 1.0) (Figure 3a and Table 1). In the case of
matK, about 9 partitions were recognized, of which the eighth recursive partition was able
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to successfully resolve 29 specimens and 9 species (at p = 0.035 and X = 1) (Figure 3b and
Table 1). In the ITS2 dataset, about 10 partitions were recognized, of which the seventh
recursive partition was found to resolve 29 specimens and 10 species (at p = 0.0215 and
X = 1) (Figure 3c and Table 1). The simple distance metric showed the lowest accuracy
compared to JC69 and K80. Thus, it was not considered.

Figure 3. Cont.
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Figure 3. Taxonomic evaluation using unsupervised (ABGD and ASAP) and supervised learning
(SVM) methods. (a) RbcL maximum likelihood (ML) phylogeny inferred using Kimura-2-parameter
(K2P) model and discrete gamma distribution with 100 bootstrap support. (b) MatK ML phylogeny in-
ferred using the General Time Reversible model and discrete gamma distribution with 1000 bootstrap
support. (c) ITS2 ML phylogeny inferred by K2P model along using discrete gamma distribution and
invariant sites with 1000 bootstrap support.

Table 1. Summary of species identification using unsupervised and supervised learning methods.

Barcode Marker Method Correct (%) Incorrect (%) Ambiguous (%) Singleton (%)

rbcL
(Spm. = 49,

Sp. = 20)

ABGD
SPECIMENS 57.14 40.82 0.00 2.04

SPECIES 35.00 60.00 0.00 5.00

ASAP
SPECIMENS 67.35 18.37 6.12 8.16

SPECIES 45.00 30.00 5.00 20.00

SVM
SPECIMENS 79.59 4.08 0.00 16.33

SPECIES 55.00 5.00 0.00 40.00

matK
(Spm. = 38,

Sp. = 15)

ABGD/ASAP
SPECIMENS 76.32 18.42 0.00 5.26

SPECIES 60.00 26.67 0.00 13.33

SVM
SPECIMENS 89.47 0.00 0.00 10.53

SPECIES 73.33 0.00 0.00 26.67

ITS2
(Spm. = 29,

Sp. = 12)
ABGD/ASAP/SVM SPECIMENS 96.55 0.00 0.00 3.45

SPECIES 90.91 0.00 0.00 9.09
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As seen in the ABGD analysis, the algorithm identified several species partitions for
each p-value (priori), which might derive uncertainty from the data [50]. Therefore, it is
recommended to implement an integrative taxonomic approach to evaluate the relevance
of the ABGD partitions [50]. Thus, the species assignment was further validated using
the ASAP, followed by the supervised machine learning approach. In the case of ASAP, it
appeared to provide a gap-width score, p-value, threshold distance dT, and the number
of species corresponding to each defined partition, and thus overcame the challenge of a
priori defined by ABGD. The partition could then be prioritized by considering the smallest
ASAP score and the asterisk marks that represent the overall best scores.

Accordingly, the partitions with the highest species resolution were discovered for
the matK and ITS2 datasets at the threshold distance of 0.029 and 0.0134, respectively
(Figure 4a,b). In the matK dataset, about 29 specimens and 9 species were resolved, while
in the ITS2, about 29 specimens and 10 species were resolved successfully (Figure 4a,b and
Table 1). However, for the rbcL dataset, the second successive partition at the threshold
distance of 0.0045 with lower ASAP scores was found to be the best partition showing a
higher resolution (Figure 4c), further accurately discriminating 33 specimens and 9 species,
and was thus taken into consideration (Figure 3a, and Table 1).

 

 

Figure 4. Threshold distance ranking the best partition for species delimitation. (a) matK 2nd
partition (ASAP score = 2.50, Nb = 13, p = 0.0027); (b) ITS2 2nd partition (ASAP score= 2.50, Nb = 11,
p = 0.042); (c) rbcL 2nd partition (ASAP score = 4.50, number of species (Nb) = 18, p = 0.0052).
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Following the unsupervised approach, the analysis through the SML approach ex-
hibited the highest species resolution in all three markers, rbcL, matK, and ITS2. SML
appeared to resolve about 39 specimens and 10 species in rbcL, 34 specimens and 10 species
in matK, and about 29 specimens and 10 species in ITS2 (Figure 3a–c and Table 1).

Overall, in the rbcL dataset, the ASAP and SVM methods successfully differentiated
Paronychia arabica from Scelerocephalus arabicus, and resolved the Suaeda genus (Suaeda
aegyptiaca from Suaeda vermiculata, whereas Haloxylon persicum and Haloxylon salicornicum
could not be discriminated using all three methods (ABGD, ASAP, and SVM) (Figure 3a).
Moreover, in the rbcL dataset, ASAP alone was able to differentiate the Amaranthus genus
(Amaranthus viridis and Amaranthus hybridus), while SVM alone was able to delimit the
Calligonum genus (Calligonum crinitum and Calligonum comosum) (Figure 3a).

In the matK dataset, Suaeda aegyptiaca and Suaeda vermiculata were only resolved
by SVM (Figure 3b), while in the ITS2 dataset, both the species seemed to be accurately
differentiated using all three methods (ABGD, ASAP, and SVM) (Figure 3c). Altogether,
17 species were successfully resolved from the 20 barcoded species using the rbcL, matK,
and ITS2 markers, though the matK and ITS2 datasets lacked enough species memberships
for all 20 species.

3.3. Genetic Divergence

The genetic divergence analysis was conducted for the rbcL, matK and ITS2 datasets
using the TaxonDNA (Table 2). The highest intraspecific distance of 2.45% was observed in
the ITS2 dataset among the individuals of Salsola imbricata, while the highest interspecific
divergence of 2.58% was observed between the species of the genus Suaeda. Similarly,
the Suaeda genus seemed to exhibit maximum interspecific distances for the rbcL dataset,
wherein the matK Tamarix genus showed higher interspecific divergence, followed by
Suaeda. In the case of the species from the genus Suaeda, the genetic divergence in the rbcL
(1.55%) and matK (1.21%) was not enough for the ABGD (rbcL and matK datasets) and
ASAP (matK datasets) to discriminate the S. vermiculata from the S. aegyptiaca. However,
all methods employed successfully resolved species from the Suaeda genus using the ITS2
dataset at the genetic divergence of 2.58%.

Table 2. Intra- and interspecific genetic divergence.

Barcode
Marker

Max
Intra-Sp.

Dist.

Avg.
Intra-Sp.

Dist.

Min.
Intra-Sp.

Dist.

Max.
Inter-Sp.

Dist.

Avg.
Inter-Sp.

Dist.

Min.
Inter-Sp.

Dist.

rbcL 0.77 0.06 0 1.55 0.45 0
matK 0.69 0.18 0 1.21 0.74 0
ITS2 2.45 0.06 0 2.58 2.32 2.19

4. Discussion

The use of herbal medicine traditionally for disease treatment and as a precursor
for developing several important drugs [2,73] necessitates the accurate identification of
medicinal plants. The results of our study suggest that the applications of DNA barcoding
techniques can enhance the accurate identification of medicinally important species. Our
study is among the first to utilize different DNA barcode markers and confirms the potential
of the barcoding approach for the accurate identification of medicinally useful plants from
the UAE that will help generate a reference dataset for research and other applications.

We investigated the efficacy of the three DNA barcode regions (rbcL, matK, and ITS2)
for discriminating selected medicinal plant species belonging to the order Caryophyllales.
The first step in assessing the potential candidate barcodes was to estimate the universality
of the amplification and sequencing success rate across the studied taxa. The matK region
showed a lower amplification rate (60%) than rbcL and ITS2, although two matK primers
pairs were used with several attempts under different conditions (Figure 2a). The MatK
(P1 and P2) pair was highly effective in the amplification success. However, the matK
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(P3 and P4) pair resulted in low recovery (only one sample was amplified successfully).
The inconsistent success rate has been reported for matK. Several studies have indicated
that the matK region was less amplified than other regions in different angiosperms and
gymnosperms, including some arid desert plants [74–76]. The universality issues of the
matK primer could be attributed to the nucleotide variations in the respective binding
site that could inhibit the PCR amplification [74], or to the large amplified product size
(≈900 bps) that could be susceptible to the degradation [77]. Cräutlein et al. [78] suggested
the need for further efforts to improve primer design in matK to achieve higher efficiency.
For sequencing, a higher number of good-quality sequences (80%) were obtained for rbcL
than the other two regions. This result is aligned with previous studies that compared the
three barcode loci for the coding genes (matK, rbcL, and rpoC1) for the discrimination of
different plants of the UAE and concluded that the rbcL was more effective in discrimination
between species [15,56,57].

Several different approaches based on the DNA barcoding technique have been ad-
vised for assigning species to their relevant taxa [52,54,79,80]. Our analysis applied an
integrative approach for the delimitation of species using unsupervised “OTU picking”
methods, viz., ABGD and ASAP that use only pairwise genetic distances, along with
supervised methods for more data reliability. The ABGD method automatically iden-
tifies where the barcode gap is located in their distribution. This gap marks the limit
between minimum interspecific and maximum intraspecific divergence. Thus, it is crucial
to ensure the distance-based method’s effectiveness [51,81]. Our results showed that the
recursive partitions in ABGD recognized more OTUs than primary ones, exhibiting a higher
accuracy in species resolution under the analysis, which corroborates with previous obser-
vations [51,82,83]. Further, ASAP was performed to evaluate the relevance of the ABGD
partitions, as any species partition must be subsequently tested against other evidence as
recommended in an integrative taxonomy approach [50].

Our results indicated that the unsupervised ABGD method showed taxonomic con-
flicts in rbcL between Amaranthus species (A. hybridus and A. viridis), and between Paronychia
arabica and Sclerocephalus arabicus. Interestingly, these species differed morphologically and
could be discriminated easily (Figure 3a). Moreover, merged taxa were observed for the
genus Suaeda (S. aegyptiaca and S. vermiculata) in the rbcL dataset using ABGD, as well
as in the matK datasets using both the ABGD and ASAP methods (Figure 3a,b). More-
over, a low pairwise interspecific divergence of rbcL (=1.55%) and matK (=1.21%) was
observed between the species of Suaeda, thereby exhibiting a monophyletic relationship.
A similar result was observed by Kapralov et al. [80], who provided strong statistical
support for the monophyly. The taxonomic relationships might be confusing due to the
absence of a barcode gap, which can result from a limited number of sequences per species
(i.e., <3–5) [51].

Following the ABGD and ASAP methods, species delimitation through character-
based supervised machine learning methods was utilized to understand better the con-
firmation of the initial identification [84]. So far, several studies have performed the
character-based barcoding approach, which has proved its usefulness in identifying plant
species better than the conventional unsupervised methods [52–54,85]. In our analysis, the
unsupervised ASAP method tended to provide a better resolution potential for the rbcL
dataset than its neighboring ABGD method (Table 1). In addition, ASAP was able to resolve
two singleton species in the rbcL dataset that were not even recognized using the ABGD
method (Figure 3a). Moreover, when compared with the supervised learning approach, the
SVM method stood out as the more efficient method to provide an accurate identification
than the unsupervised approach with the higher number of species, as observed in the rbcL
and matK datasets (Table 1 and Figure 3a,b). In addition, S. aegyptiaca and S. vermiculata
were also recovered as separate clades, which indicates that the intraspecific diversity could
be hidden [34,86].

It has been reported that OTUs proposed by one or more methods could be inconsistent
in distinguishing between the members of closely related genera [49]. In our study, we
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observed that the members of genus Amaranthus (A. viridis and A. hybridus) were only
discriminated through ASAP, but members of Calligonum (C. crinitum and C. comosum) were
distinguished only by SVM. This supports the importance of using more than one method,
especially for closely related species that are difficult to discriminate morphologically,
such as C. crinitum and C. comosum. The use of more than one method can maximize the
probability of identifying morphologically similar species and overcoming the limitation
associated with each method [50,87].

Overall, the taxonomic performance of SVM was stronger than that of ABGD and
ASAP in the rbcL dataset. The SVM delivered the highest incidence of correct matches
(55.0%) across the 20 species compared to 35.0% and 45.0% for ABGD and ASAP, respec-
tively (Table 1). In the matK dataset, the performance of ABGD was similar to ASAP (60.0%)
and was improved to 73.33% using supervised learning methods. However, all the methods
delivered a similar percentage of correct matches in the ITS2 dataset (Table 1). Considerably,
it is now a well-known fact that the combination of the two plastid markers, ribulose
1,5-bisphosphate carboxylase gene (rbcL) and maturase K (matK), that were accepted as
the core barcoding regions [33], do not grant a suitable coverage of plant species. Thus,
they must often be implemented along with the other hypervariable sequences, such as
nuclear ITS or the plastid interspacer region trnH-psbA [88].

Moreover, the efficiency of the utilized markers and methods depends on the sample
size, as the singleton species or small sample size could lead to skewed results [21]. In our
study, we had about 10 singleton species, which were considered as singletons and not
independent OTUs to reduce the probability of biased identification. Thus, an adequate
sample size and proper implementation of the DNA barcoding technique can provide a
scientific basis for the molecular identification and conservation of valuable medicinal
species. Our study is among the first to utilize different DNA barcode markers and
to confirm the potential of DNA barcoding in the accurate identification of medicinally
important plants from the UAE. The dataset generated through this study will assist in
developing the reference library, and allows others to contribute and explore the genetic
potential of the available germplasm for various applications.

5. Conclusions

The results support the potential use of DNA barcoding in discriminating closely
related taxa of Caryophyllales. The ITS2 was more effective in the discrimination be-
tween studied species, indicating its potential for distinguishing between Caryophyllales
medicinally important plants and non-medicinal plants or other undesirable plant tissues.
However, due to the inability of one DNA barcoding analysis method to discriminate
between members of closely related genera, we propose combining two or more methods.
The results of this study could fill a small gap of generating DNA barcodes for local (i.e.,
the UAE), regional (i.e., the Arab Gulf region), and global libraries of vascular plant flora.
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Abstract: The Global Genome Initiative for Gardens (GGI-Gardens) is an international partnership of
botanic gardens and arboreta that aims to preserve and understand the genomic diversity of plants
on Earth. GGI-Gardens has organized a collection program focused on the living collections that
partner institutions and supports the preservation of herbarium and genomic vouchers. Collections
made through GGI-Gardens are deposited in recognized herbaria and Global Genome Biodiversity
Network-partnered biorepositories worldwide, meaning that they are made available to the public.
With support from its parent organization, the Global Genome Initiative (GGI), plant DNA barcode
sequencing is performed using tissues collected through this partnership that represent taxa without
barcode sequences in GenBank. This is the second data release published by GGI-Gardens and
constitutes 2722 barcode sequences from 174 families and 702 genera of land plants. All DNA
barcodes generated in this study are now available through the Barcode of Life Data Systems (BOLD)
and GenBank.

Keywords: biobanking; DNA barcoding; GenBank; ITS2; matK; psbA-trnH; rbcL; viridiplantae

1. Introduction

Founded in 2015, the Global Genome Initiative for Gardens (GGI-Gardens, [1]) is
an international partnership of botanic gardens and arboreta that aims to preserve and
understand Earth’s genomic diversity of plants. GGI-Gardens supports the collection of
both herbarium and genomic voucher material from the living collections in these partner
gardens following best practices for herbarium and genomics research [2]. Collections
made through this program are stored in Global Genome Biodiversity Network (GGBN)-
partnered DNA banks [3], meaning that they can be utilized for applications ranging from
whole genome sequencing [4] to DNA barcoding [5], as well as other genomic research.

Since their conception in 2003 [6], DNA barcode sequences have been used as pow-
erful tools that enable the large-scale and rapid taxonomic identification of species for
myriad purposes, including conservation [7], forensics [8], and the quantification of species
diversity [9], among others. Emerging techniques, such as metabarcoding [10,11], leverage
high-throughput sequencing technology and are capable of sequencing a mixed or pooled
sample of species and identify them from their barcode sequence.

An important limiting factor for these and other studies that utilize DNA barcode
sequences, however, is the representation of species diversity in reference databases [12].
DNA barcode reference databases are growing in both their taxonomic and geographic
scope thanks to a number of large initiatives, which often focus on a particular branch of
the tree of life or geographic area. For example, since 2005, the African Centre for DNA
Barcoding has been contributing DNA barcode reference sequences from Africa to facilitate
improved DNA barcoding applications from this continent [13]. The basic concept of DNA
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barcoding has also expanded during recent years, thanks to high-throughput sequencing
(HTS) technology and methods to “extend” the traditional barcode concept include the use
of so-called “genome-skim” data [14] or whole organelle genome sequences as “super-” [15]
or “ultra-barcodes” [16]. Clade-based approaches are contributing large-scale DNA barcode
reference sequences for entire groups of organisms that are often regionally focused [17] or
even hyper locally focused (e.g., sequencing living collections from botanic gardens, [18]),
and in this paper we provide a large contribution from collections made by the GGI-
Gardens program.

Facilitated by the Global Genome Initiative based at Smithsonian Institution (https:
//naturalhistory.si.edu/research/global-genome-initiative, accessed on 30 January 2022),
new families and genera collected by GGI-Gardens partners to date have been extracted
and sequenced using four plant DNA barcode loci (rbcL, matK, ITS2, and psbA-trnH).
Past collections made through the GGI-Gardens program have been published as part of
large DNA barcode “data releases”, the first of which included the publication of nearly
2000 barcode sequences [5]. This manuscript represents the second data release for samples
collected through the GGI-Gardens program and will serve as a significant contribution to
available plant DNA barcode sequences in public repositories. These barcode sequences
will facilitate future plant biodiversity research by improving the ability of researchers to
use DNA barcode sequences to accurately identify species from DNA barcode reference
databases through general plant inventories, ecological studies, and metabarcoding studies.

2. Methods and Materials

2.1. Tissue Collection

DNA barcode sequences published as part of this data release comprise collections
conducted from two GGI-Gardens partners—the Botanical Research Institute of Texas
(BRIT) and the Missouri Botanical Garden (MOBOT) between 2017 and 2020. A total of
817 collections (from 788 species) are represented in this data release, and these include
174 families and 702 genera (Supplementary Table S1). All collections were conducted
following published best practices [2] and include herbarium vouchers, as well as genomic
vouchers that include tissue preserved in silica gel and flash frozen in liquid nitrogen.
Collections were prioritized using the GGI Gap Analysis Tool (https://globalgeno.me,
accessed on 30 January 2022) following the scheme proposed in Linsky and Gostel [19]
and whether DNA barcode quality sequences were available in GenBank. Silica-dried leaf
tissues were sampled to generate DNA barcode sequences published in this study.

2.2. DNA Extraction

Silica-preserved leaf tissues (~10 μg of each sample) were sampled with 25 μL ETOH
(to mitigate static) into a 96-well plate preloaded with glass and ceramic beads and then
disrupted using a FastPrep 96 instrument (MP Biomedicals, Santa Ana, CA, USA). Whole
genomic DNA was isolated using an AutoGenprep 965 (Autogen, Holliston, MA, USA)
automatic extractor following the manufacturer’s protocol for plant tissue.

2.3. PCR Amplification and Sequencing

Four standard plant DNA barcode loci (Table 1) were amplified, including the two
core barcoding regions for land plants, rbcL and matK [20] and two additional loci that
have been proposed as additional plant DNA barcoding loci, ITS2 and psbA-trnH [21–23].
PCR was performed using Bioline Taq polymerase (New England Biolabs, Ipswich, MA,
USA) and a standard thermal cycling profile including an initial denaturation for 5 min
at 95 ◦C, 35 cycles each including 95 ◦C denaturation for 30 s, a locus-specific annealing
temperature (see Table 1) for 30 s, and an extension cycle at 72 ◦C for 40 s, followed by a
final extension of 72 ◦C for 10 min. Amplified PCR products were cleaned using ExoSAP-
IT (ThermoFisher Scientific, Waltham, MA, USA) following the manufacturer’s protocols.
Cycle sequencing was performed in 96-well plates using the same PCR primers, the BigDye®

Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems®, Norwalk, CT, USA), and
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sequenced on the Automated ABI3730 Sequencer (Life Technologies, Carlsbad, CA, USA).
Raw chromatograms were edited in Geneious Prime (2021, https://www.geneious.com,
accessed on 15 January 2022) and annotated before uploading to BOLD (https://www.
boldsystems.org, accessed on 30 January 2022) and GenBank (See Supplementary Table S1
for accession numbers).

Table 1. Locus information for each plant DNA barcoding marker used in this study, including
forward and reverse primer names, primer sequences, annealing temperature, and citation.

Locus Primer Name Forward Primer Sequence Annealing Temperature Citation

rbcL rbcLa-F ATGTCACCACAAACAGAGACTAAAGC
55 ◦C

[24]
rbcLa-R GTAAAATCAAGTCCACCRCG [25]

matK matK-xf TAATTTACGATCAATTCATTC
54 ◦C

[26]
matK-MALP ACAAGAAAGTCGAAGTAT [27]

ITS2 ITS_S2F ATGCGATACTTGGTGTGAAT
56 ◦C

[28]
ITS4 TCCTCCGCTTATTGATATGC [29]

psbA-trnH psbA3_f GTTATGCATGAACGTAATGCTC
64 ◦C

[30]
trnHf_05 CGCGCATGGTGGATTCACAATCC [31]

3. Results and Data Resources

Sequence Characteristics and Upload to BOLD and GenBank

A total of 2722 DNA barcode sequences were generated and uploaded to the BOLD
and GenBank reference databases (both publicly available, Supplementary Table S1). Most
DNA barcode sequences represented the rbcL locus (789), and the fewest sequences were
generated for the matK locus (597 sequences). Overall, 650 and 686 sequences were gener-
ated for ITS2 and psbA-trnH, respectively. Among the DNA barcode sequences presented
in this data release are 12 families, 292 genera, and 604 species that previously did not
have barcode sequence data available in GenBank. All sequences uploaded to BOLD are
contained within the BOLD projects GRDTX and GRDMO. All sequences uploaded to
GenBank are part of the GGI-Gardens Bio-Projects (ID: PRJNA791936 & PRJNA485943).

These sequences represent important resources for biodiversity studies and will fa-
cilitate rapid species identification and ecological studies that seek to understand plant
community composition [9] and species interactions [32], as well as conservation assess-
ments that depend upon DNA barcoding to identify and control invasive species, e.g., [33]
and enforce policies regarding the trade in endangered plants, e.g., [34,35]. Expanding the
plant DNA barcode sequence reference library can also help botanic gardens to accurately
identify species in their living collections, i.e., [36]. We hope this work encourages others
who work with plant DNA barcodes to contribute to growing DNA barcode reference
databases to improve these public resources.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d14040234/s1. Table S1. List of samples collected for the Global
Genome Initiative for Gardens projects selected for DNA barcoding in this study, with GenBank
accession numbers and genomic voucher identification numbers. All the sequences are included
in the GGI-Gardens BioProjects PRJNA791936 and PRJNA485943 in GenBank and BOLD projects
GRDTX and GRDMO. Each Collector Number includes a link to the digital genomic voucher record
stored in the Smithsonian Biorepository.
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Abstract: The identification of flowering plants using DNA barcoding proposed in last decades has
slowly gained ground in Africa, where it has been successfully used to elucidate the systematics and
ecology of several plant groups, and to understand their evolutionary history. Existing inferences on
the effectiveness of DNA barcoding to identify African trees are mostly based on lowland forests,
whereas adjacent montane forests significantly differ from the latter floristically and structurally.
Here, we tested the efficiency of chloroplast DNA barcodes (rbcLa, matK, and trnH-psbA) to identify
Afromontane Forest tree species in a 20.28 ha permanent plot in Ngel Nyaki, Taraba state, Nigeria. We
collected, identified, and vouchered 274 individuals with diameter at breast height ≥ 1 cm belonging
to 101 morphospecies, 92 genera, and 48 families. rbcLa and matK used alone or in combination
performed better than in lowland forests, with the best species discrimination obtained with the
two-locus combination of matK + rbcLa. The intragenic spacer trnH-psbA was too variable to align
and could not be tested using the genetic distance method employed. Classic DNA barcode can
be a powerful tool to identify Afromontane tree species, mainly due to the non-prevalence in these
communities of species—rich genera (low species-to-genus ratio) that constitute the biggest challenge
of DNA barcoding of flowering plants.

Keywords: DNA barcoding; ForestGEO; montane forest; Ngel Nyaki; species identification

1. Introduction

Africa includes the second largest tropical forest block in the world, considered as one
of the most important pool of biological diversity [1]. Yet, African forests are threatened
by expanding human activities such as industrial logging, mining, agriculture, and road
networks [2,3], but are also highly susceptible to the impact of climate change [4]. Despite
the growing international concern about the future of these forests, the diversity, the ecology
and the evolutionary processes that have shaped African forests remain relatively poorly
understood, compared to the Amazon forest block [5]. In this regard, there is an urgent
need to increase our efforts in documenting and describing the diversity of these forests
as many of the species might go extinct before they are discovered. Therefore, large-scale
biodiversity inventories of African forests will be critical to develop sound conservation
strategies for these forests [6]. During the past decades, significant progress has been made
in the study of the biodiversity of African forests using classic floristic inventories and long-
term monitoring plots grouped into two main networks, the African Tropical Rainforest
Observation Network (AfriTRON, http://www.afritron.org/) (accessed on 10 February
2022)and the Africa program of the Forest Global Earth Observatory Network (ForestGEO,
https://forestgeo.si.edu/, accessed on 10 February 2022). In forest inventories, the species
are identified merely on the basis of morphological characters, and this is challenging even
for expert botanists. Often, up to 30% of the individuals in the plots remain unidentified
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for years [7] due to the absence during field surveys of flowers and fruits that are needed
to achieve accurate identifications [8].

Biological identification through “DNA barcode” was proposed, first in the animal
kingdom [9,10] and later on for land plants [11,12] as a molecular method that could
supplement morphological identifications. DNA barcodes are short and standardized
fragments of DNA that should be easy to amplify and to sequence, and that can rapidly
and reliably distinguish species from each other. DNA barcoding slowly gained ground
in Africa, with over 21,000 vascular plants and 3000 animal records in the Barcode of Life
Data System in 2019 [13,14], and has been used to elucidate the systematics and ecology of
several plant groups, e.g., [15–17]. Existing African DNA barcodes for plants have been
concentrated in forest ecosystems in Southern and West Africa [14,18] and more recently in
savanna ecosystems [13]. Furthermore, inferences on the effectiveness of DNA barcode to
identify African forest trees have been mostly based on lowlands. Whereas montane forests
significantly differ floristically and structurally from lowland forests, the effectiveness of
DNA barcoding in identifying tree species in these forests is still lacking.

We constructed a local DNA barcode database to aid the identification of tree species
and reconstruct their community phylogeny in a 20.28 ha plot located in montane forest in
Northeastern Nigeria. Here, we test the ability of this DNA barcode to identify the plot
species and genera.

2. Materials and Methods

2.1. Study Site and Sampling

The tissue samples for DNA extraction were collected from the 20.28 hectares
(260 × 780 m) Ngel Nyaki Forest Dynamics plot, where all trees with diameter at breast
height (dbh) > 1 cm had previously been measured, mapped tagged and morphologically
identified [19]. The plot (07◦04005′′ N, 11◦03024′′ E) is located within the Ngel Nyaki Forest
Reserve on the Mambilla Plateau, Taraba State, Nigeria, with elevation ranging from 1588
m to 1690 m, and is part of the Forest Global Earth Observatory (ForestGEO) network [20].
The mean annual rainfall is 1800 mm while the mean annual temperature is 19 ◦C. The
vegetation of the area is a mosaic of grassland and montane forest [21].

The morphological identifications of the trees were performed in the field by non-
professional taxonomists, but were partially checked by the first author. The resulting
checklist comprised 105 morphospecies including 74 (71%) identified to species level, 22
(21%) to genus, and 9 (9%) unidentified, even to family level. Of the 105 species (with
dbh > 1 cm) recorded in the Ngel Nyaki plot, we sampled 99 belonging to 90 genera and
47 families. Two additional woody species growing in the vicinity of the plot, Dracaena
cf. deisteliana Engl. (Asparagaceae) and Pittosporum viridiflorum Sims (Pittosporaceae), were
added to our sample, making a total of 101 species in 92 genera and 48 families. We col-
lected leaf tissue from 1 (for species that were represented by a single individual in the plot)
to 4 individuals per species. The samples were collected in the field and were immediately
dried in silica-gel. They consisted of 5–50 cm2 of leaf tissue. Voucher specimens accom-
panying the leaf tissue were also collected and are deposited at the National Museum of
Natural History in Washington.

2.2. DNA Extraction and Sequencing

All laboratory work was carried out at the Canadian Centre for DNA Barcoding
(CCDB) (https://ccdb.ca/, accessed on 10 February 2022) and following their protocols.
Total genomic DNA was extracted from silica dried leaf material using the CCDB proto-
col (https://ccdb.ca/site/wp-content/uploads/2016/09/CCDB_DNA_Extraction-Plants.
pdf, accessed on 10 February 2022). DNA barcode regions rbcLa, matK and the trnH-
psbA intergenic spacer were amplified using CCDB standard PCR primers and proto-
cols (https://ccdb.ca/site/wp-content/uploads/2016/09/CCDB_Amplification-Plants.
pdf, accessed on 10 February 2022) with the primers available at https://ccdb.ca/site/wp-
content/uploads/2016/09/CCDB_PrimerSets-Plants.pdf (accessed on 10 February 2022)
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Voucher details and GenBank accession numbers for all sequences are listed in BOLD
(http://www.boldsystems.org/) (accessed on 10 February 2022).

2.3. Testing the DNA Barcode Accuracy

Prior to evaluating the identification success of the two barcode regions, we used
the Basic Local Alignment Search Tool (BLAST) [22] to compare our sequences to those
available in GenBank (https://www.ncbi.nlm.nih.gov/genbank/, accessed on 10 February
2022), with the aim of confirming our identifications and identifying our unknowns. After
matching our sequences in GenBank, the morphospecies names were updated only after
comparison of their voucher specimens to either the type specimens available online or
to other herbarium specimens and photographs in Tropicos (https://www.tropicos.org/,
accessed on 10 February 2022).

To test the barcode efficiency, we followed [18]. Our DNA barcoding refence database
(assumed to be exhaustive in terms of species) had 274 individuals and was used to assign
individual trees to species or genera. The test was performed on species represented by at
least two individuals in the database, so that we could have a query and a matching sample.
The coding genes matK and rbcLa were aligned and manually adjusted using ClustalW in
the Molecular Evolutionary Genetic Analysis software version 7.0.26 [23]. After the global
alignment, we computed pairwise genetic distances among all sequences in the dataset
using the Kimura’s 2-parameter model [24]. The analysis was also performed in Mega7.
In the resulting matrix, each sample (query) was assigned to a species or a genus of the
sample (matching) from which it is separated with the least genetic distance (excluding
itself). The identification was (1) correct when the query sample matched only the samples
of its species of genus; (2) multiple if the query sample matched several species or genera
including its correct one; and (3) wrong when the query sample matched species or genera
different from its own [18]. We were not able to align trnH-psbA because it was too variable
among the 48 plant families in the study. Hence this locus was not used in the test of DNA
barcode accuracy analyses.

3. Results

3.1. Sequencing Success

DNA sequencing success was tested on 274 individual trees, representing 101 species.
Sequencing success was lowest for matK and highest for rbcLa. Reliable contigs were
obtained for only 78.9% of all individuals sequenced for matK, 95.3% trnH-psbA, but 97.5%
for rbcLa, which corresponded to all the species represented in the database for rbcLa and
trnH-psbA, but only to 93.1% of the species for matK (Table 1). The percentages of species
represented by at least two individuals for matK, rbcLa and trnH-psbA in the database were
70.3%, 87.2% and 84.2% respectively.

Table 1. Sequencing success of montane forest trees from Ngel Nyaki for rbcLa, matK and trnH-psbA
barcode regions.

matK rbcLa trnH-psbA

Number of individuals tested 274 274 274
Sequencing success: N ind. (% ind.) 216 (78.9) 267 (97.5) 261 (95.3)
Sequencing success: N sp. (% sp.) 94 (93.1) 101 (100) 101 (100)
N sp. with sequences ≥ 2 samples 71 (70.3) 88 (87.2) 85 (84.2)

3.2. Taxonomic Update Using BLAST

The identification of 13 morphospecies was updated using the heuristic search in
GenBank. Of the nine morphospecies for which the family was unknown, seven were
identified to species level and two placed in different plant families. Furthermore, the
identification of four other morphospecies was updated. The first morphospecies placed
in the Argocoffeopsis Lebrun (Rubiaceae) Lebrun was updated to Psilanthus mannii Hook.
within the same family. A morphospecies thought to belong to the genus Beilschmiedia Nees
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(Lauraceae) was transferred to the family Sapotaceae. The identification of a morphospecies
thought to be Lannea barteri (Oliv.) Engl. (Anacardiaceae) was updated to Brucea antidysen-
terica J.F. Mill. (Simaroubaceae). Finally, the morphospecies Hannoa klaineana Pierre ex Engl.
(Simaroubaceae) was updated to Ekebergia capensis Sparrm.

3.3. Barcode Accuracy

The accuracy of two of the three barcode markers (matK and rbcLa) in identifying
montane forest trees is presented in Table 2. The analyses were performed on all available
samples for each marker. When used individually, highest success for the identification
of species was obtained with matK (98.3%). The two makers performed slightly better
when combined. At genus level, the same trend was maintained, but with even better
performances. Here, matK and the rbcLa + matK combination successfully identified all
the samples to the genus, while rbcLa alone was successful to identify 98.4% of samples to
genus (Table 2).

Table 2. Barcoding accuracy in identifying Ngel Nyaki Afromontane forest trees at species and
genus level.

Barcoding Accuracy Query Samples

Correct ID Multiple ID Wrong ID N. ind. N. sp. N. Gen.

Species
identification

rbcLa 93.8 6.15 0 244 92 92
matK 98.3 1.1 0.55 181 67 59

matK + rbcLa 98.9 0.5 0.54 186 72 63
Genus

identification
rbcLa 98.4 1.6 0 244 92 92
matK 100 0 0 181 67 59

matK + rbcLa 100 0 0 186 72 63

4. Discussion

4.1. Recoverability of DNA Barcode Used

The two DNA barcodes rbcLa and matK used in this study have long been recognized
having sufficient variation to discriminate among land plant species [11,25,26]. Among
the three barcodes, matK had the lowest rate of recovery (79%), consistent with prior
studies [18,27,28]. In contrast, rbcLa and trnH-psbA had higher rates of recovery (above
95%). However, it is worth pointing out that the rates of recovery were in general higher
than in prior studies, probably due to the efficiency of the Canadian Centre for DNA
Barcoding that has optimized protocols for higher rates of recovery. For example, recovery
rates around 70% have been reported for matK in several studies [8,27,29], while sequencing
and amplification success for rbcLa and trnH-psbA is often below 94% e.g., [8,27,30].

4.2. Tree Species Identification Using DNA Barcode in Ngel Nyaki Montane Forest

The morphological identification of the trees in the Ngel Nyaki plot was almost entirely
performed by non-professional taxonomists who however accurately identified to species
69% of all tree species occurring in the plot. Only four species were wrongly identified.
The DNA barcode was instrumental in updating the identification of 12% of the species in
the plot for which prior sequences were available in Genbank. Due to the lack of adequate
library in Genbank, 21% of the species in the plot for which good quality barcode sequences
were generated could still not be identified to species level. Hence, molecular techniques
such as DNA barcode may not replace traditional taxonomic techniques as suggested by
some studies [31], but can only supplement it.

This study showed the efficiency of the two barcode loci rbcLa and matK in accu-
rately assigning Afromontane forest tree species to a correct species or genera. When
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used alone, best results for species identification were obtained with matK (98%) com-
pared to rbcLa (94%). These values are slightly higher than those reported in most lowland
forests [8,18,27,30]. The combination of the two markers matK + rbcLa improved the bar-
coding success to 99%, a result consistent with those in most lowland forests. Barcoding
success was even better at genus level, rbcLa alone identifying 98% of all genera, while
matK and the combination matK + rbcLa accurately identified all the samples to genus.

The genetic distance method that we used did not allow us to test the accuracy of the
intergenic spacer trnH-psbA. This locus, easy to amplify and short, is known to be very
variable among angiosperms and thus is widely used in plant species identification [32].
In general, trnH-psbA locus is more variable than matK and rbcL and we assume its per-
formance in the identification of montane forest species would even be greater. matK and
rbcLa were variable enough that their combination to trnH-psbA was no more relevant.

4.3. The Efficiency of DNA Barcoding in the Context of the Afromontane Flora

DNA barcode is a powerful tool for identifying tree species to genus level. However
the identification to species level is not always reliable, especially in plant communities with
speciose genera [18]. For example, the identification of tree species (with dbh ≥ 1 cm) in a
50-ha plot in the highly diverse Korup National Park, Cameroon using three DNA barcode
markers showed a significant decrease in their performance with increasing number of
species per clade (genus) [18]. In fact, the five most speciose genera in the Korup plot
Cola Schott & Endl., Diospyros L., Psychotrya L., Rinorea Aubl. and Garcinia L. have 23,
14, 13, 13 and 10 species respectively [33]. Such closely related species are more likely to
hybridize, have incomplete lineage sorting and share haplotypes, all of which can lessen
the ability of barcode loci to discriminate among them. At the other end of the spectrum,
165 (33%) species in Korup are represented by a single species.

The Ngel Nyaki plot had a relatively low diversity, with only 105 species in 92 genera.
The most speciose genera here are Ficus L. and Psychotria L., each having three species. Five
other genera have two species each, while the remaining 85 species (81%) are represented
each by a single species. This species-to-genus (S/G) ratio is not specific to the Ngel Nyaki
montane forest. In fact, most Afromontane forests are characterized by a low diversity of
trees and low S/G ratio. For example, in Woodbush–De Hoek montane forest in South
Africa, 50 species of trees with dbh > 5 cm and dbh > 10 cm in 46 genera (S/G = 1.09)
were recorded within 1.5 ha circular plots [34]. Similarly, [35] in a study on trees with
dbh ≥ 5 cm in dry Afromontane forests of Awi Zone, northwestern Ethiopia, recorded
18 species in 18 genera, 21 species in 21 genera, 20 species in 20 genera, 16 species in
16 genera and 23 species in 23 genera in 0.6 ha of Bari, Apini, Dabkuli, Tsahare Kan, and
Kahtasa forests respectively.

We further explored the relationship between the S/G ratio and elevation, by compar-
ing the Ngel Nyaki data other African forest sites for trees with dbh ≥ 10 cm (Table A1).
The S/G ratio decreases with increasing elevation, with a correlation coefficient of −0.722
(Figure 1A). The Lambi 2 and Ngovayang mid-elevation plots in Cameroon had the highest
S/G ratio (1.55 and 1.51 respectively) while higher elevation plots Bwindi 1 and Bwindi 4
had the lowest. The Lambi the Ngovayang plots seem to be outliers in our dataset. In fact,
a stronger relationship with r = −0.80 is shown when these plots are removed. Higher S/G
ratio of 2.6 and 3 have been reported elsewhere in the Manu forest (Peru) and Yasuni forest
(Ecuador) respectively for trees with the same diameter cutoff [36]. The S/G ratio increases
when smaller diameter size classes are considered and the correlation with elevation is
stronger (r = −0.84, p-value = 0.007). A highest S/G ratio of 1.64 is observed for the lowland
Rabi plot and 1.15 for the Ngel Nyaki plot for all trees with dbh ≥ 1 cm were measured
(Figure 1B). In fact, the understory of most African forests are stocked with speciose genera
of small-statured trees that never attain large size diameter classes [37,38]. Several studies
have shown the decrease in tree species diversity with elevation, e.g., [39,40]. Our data also
shows a decrease of generic diversity with increasing elevation (r = −0.84). This means that
the low diversity in higher elevations is also due to the decrease in the number of genera,
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but coupled with the decrease in the number of species per genera. This result is consistent
with Jaccard’s observations in the Alps [41], who noted that “with increasing altitude, the
number of genera decreases less rapidly than the number of species”.

Figure 1. Correlation between the species-to-genus (S/G) ratio and elevation, (A) for trees with
dbh > 10 cm in forty three 1-ha African forest plots, The correlation coefficient r = −0.722,
p-value = 0.00000004635; (B) for trees with dbh > 1 cm in seven large (10–50-a) census plots, cor-
relation coefficient r = −0.88, p-value = 0.007.

5. Conclusions

Our study highlighted how DNA barcoding can be efficient in identifying tree species
in an Afromontane Forest. As in lowland forests, identification success is higher at genus
than at species level. Identification success was higher than in lowland forest, due to the
non-prevalence of highly diverse genera in this habitat. The comparison of species-to-genus
among other sites with comparable data showed that Afromontane forests tend to have
a low S/G ratio for tree species, which is an advantage for the use of DNA barcode in
these forests.
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Appendix A

Table A1. Species-to-Genus ratio (S/G) among 43 African forest 1-ha plots for trees with dbh ≥ 10 cm.
* denote large plots (10–50 ha) of the Forest Global Earth Observatory (ForestGEO) network. The data
for each large plot was obtained by averaging the values in 1-ha subplots within the plot. S = number
of species, G = number of genera. TEAM = Tropical Ecology Assessment and Monitoring.

Site Country Elevation (m) S G S/G Source

Bwindi-1 Burundi 1474 42 39 1.08 TEAM Network
Bwindi-2 Burundi 1419 28 28 1.00 TEAM Network
Bwindi-3 Burundi 1893 44 41 1.07 TEAM Network
Bwindi-4 Burundi 2049 27 27 1.00 TEAM Network
Bwindi-5 Burundi 2101 30 27 1.11 TEAM Network
Bwindi-6 Burundi 2321 25 24 1.04 TEAM Network

Bidjouka-1 Cameroon 392 99 73 1.36 [42]
Bidjouka-2 Cameroon 605 105 73 1.44 [42]

Korup 50-ha * Cameroon 195 87.2 48.82 1.79 [33]
Lambi-1 Cameroon 396 106 83 1.28 [42]
Lambi-2 Cameroon 627 118 76 1.55 [42]

Ngovayang-1 Cameroon 650 121 80 1.51 [42]
Rumpi-hills-11 Cameroon 1450 32 31 1.03 [43]
Takamanda-10 Cameroon 210 108 78.5 1.38 [44]
Takamanda-11 Cameroon 210 113 80 1.41 [44]
Takamanda-12 Cameroon 150 105.5 79.5 1.33 [44]
Takamanda-13 Cameroon 150 118 87 1.36 [44]
Takamanda-14 Cameroon 120 87 69.5 1.25 [44]
Takamanda-15 Cameroon 120 91 71 1.28 [44]
Takamanda-6 Cameroon 320 103 77 1.34 [44]
Takamanda-7 Cameroon 400 97 74 1.31 [44]
Takamanda-8 Cameroon 780 64 50 1.28 [44]
Takamanda-9 Cameroon 1200 71 55 1.29 [44]

Dzanga-Sanga-1 Central African Republic 471 108 85 1.27 [45]
Dzanga-Sanga-2 Central African Republic 482 120 95 1.26 [45]
Dzanga-Sanga-3 Central African Republic 393 67 53 1.26 [45]
Dzanga-Sanga-4 Central African Republic 489 96 78 1.23 [45]
Dzanga-Sanga-5 Central African Republic 485 108 84 1.29 [45]
Edoro-1 (10-ha) * DR Congo 808 65.4 53.6 1.22 [46]
Edoro-2 (10-ha) * DR Congo 809 67.4 55.5 1.21 [46]
Lenda-1 (10-ha) * DR Congo 808 60.4 47.3 1.28 [46]
Lenda-2 (10-ha) * DR Congo 819 49.9 40.8 1.22 [46]
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Table A1. Cont.

Site Country Elevation (m) S G S/G Source

Monts de Cristal-1 Gabon 400 89 72 1.24 [47]
Monts de Cristal-2 Gabon 300 89 69 1.29 [47]
Monts de Cristal-3 Gabon 300 99 74 1.34 [47]
Monts de Cristal-4 Gabon 200 88 71 1.24 [47]
Monts de Cristal-5 Gabon 250 108 88 1.23 [47]

Rabi 25-ha * Gabon 47 84.6 62.68 1.35 [38]
Waka-10 Gabon 569 106 74 1.43 [48]
Waka-6 Gabon 438 83 62 1.34 [48]
Waka-7 Gabon 407 100 77 1.30 [48]
Waka-8 Gabon 687 107 78 1.37 [48]

Ngel Nyaki (20.28 ha) * Nigeria 1639 41.1 39.5 1.04 [19]
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Abstract: Do hotspots of plant biodiversity translate into hotspots in the abundance and diversity of
large mammalian herbivores? A common expectation in community ecology is that the diversity of
plants and animals should be positively correlated in space, as with the latitudinal diversity gradient
and the geographic mosaic of biodiversity. Whether this pattern ‘scales down’ to landscape-level
linkages between the diversity of plants or the activities of highly mobile megafauna has received less
attention. We investigated spatial associations between plants and large herbivores by integrating data
from a plant-DNA-barcode phylogeny, camera traps, and a comprehensive map of woody plants across
the 1.2-km2 Mpala Forest Global Earth Observatory (ForestGEO) plot, Kenya. Plant and large herbivore
communities were strongly associated with an underlying soil gradient, but the richness of large
herbivore species was negatively correlated with the richness of woody plants. Results suggest thickets
and steep terrain create associational refuges for plants by deterring megaherbivores from browsing on
otherwise palatable species. Recent work using dietary DNA metabarcoding has demonstrated that
large herbivores often directly control populations of the plant species they prefer to eat, and our results
reinforce the important role of megaherbivores in shaping vegetation across landscapes.

Keywords: behavioral ecology; DNA barcoding; elephant (Loxodonta africana); ForestGEO; geographic
mosaic of species interactions; phylogenetic community ecology; landscape ecology; megaherbivores;
phylogenetic signal; plant–herbivore interactions

1. Introduction

African savannas are home to the greatest extant concentration of wild large her-
bivores, many of which are facing extinctions that have far-reaching consequences for
whole ecosystems, and plant communities in particular [1–3]. Although large herbivores
can range widely, many exhibit habitat preferences that reflect different needs to access
water, avoid predators, or forage on palatable plants [4–7]. Elucidating spatial relationships
between plants and large herbivores is paramount to understanding and managing change
in savanna ecosystems.

A common expectation in biodiversity science is that the diversity of plants and
animals is positively correlated [8,9]. The latitudinal diversity gradient and the geographic
mosaic of ‘interaction biodiversity’ are thought to be potential outcomes of this positive
association [10]. Positive associations in plant and consumer diversity can emerge from
similar responses to abiotic gradients [9], disturbance [11], and biotic interactions [12].
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For example, resource gradients can generate overlapping gradients in plant and animal
diversity across biomes (e.g., tundra vs. tropical rainforest) as well as within landscapes
(e.g., mesic vs. xeric microhabitats) [13,14]. Whether positive biodiversity associations
across trophic levels enable predictions about landscape-level linkages between the local
diversity of plants and the activities of highly mobile herbivores that eat them is an open
question, although recent dietary DNA-metabarcoding studies suggest the diversity of
plants and large herbivores is more tightly linked than currently appreciated [15].

Analyses of local plant and animal communities can be used to test key hypotheses
about how shared habitat associations may develop. The Resource Specialization Hypoth-
esis posits that locally diverse plants support locally diverse consumers by providing a
broader array of resources that can accommodate the dietary niches of more consumer
species [16,17]. In contrast, the More Individuals Hypothesis posits that more diverse
plant communities are often more productive, thereby increasing both the abundance of
individual consumers and hence the number of consumer species [16,18]. If a positive
correlation between the diversity of plants and large mammalian herbivores exists, it may
arise from their generalist feeding strategies and requirements—consistent with the More
Individuals Hypothesis. However, comparing these hypotheses to gain understanding
about whether plant and animal diversities are locally linked requires consideration of
what it means to be a ‘specialist’ and whether the evolutionary relationships of species
reflect traits that determine where they occur [10,12,19]. Strong inferences can be made
about how spatial distributions are structured by incorporating information on species’
ecological and evolutionary similarities [20]. A relatively small number of species can
represent a broad diversity of evolutionary lineages, and vice versa [21]. Within communi-
ties of large herbivores, for example, some species may consume relatively few plant taxa
(taxonomic specialists) from many plant lineages (phylogenetic generalists) whereas others
may consume many taxa from few lineages [19]. Thus, even ‘generalized’ large herbivores
may exhibit feeding or habitat preferences that establish colocalized ‘hotspots’ of plant and
animal diversity—consistent with the Resource Specialization Hypothesis and contrary to
the More Individuals Hypothesis.

We combined a plant-DNA-barcode phylogeny, a comprehensive map of woody plants,
and camera-trap data to evaluate whether the abundance and diversity of plants and large
herbivores are correlated across the ForestGEO plot at Mpala Research Centre, Kenya.
The Mpala ForestGEO plot spans soil and topographic gradients, making it possible to
evaluate local covariation in the taxonomic and phylogenetic diversity of woody plants and
large herbivores at scales of tens to hundreds of meters while controlling for the influence
of large-scale biogeographic differences in species pools [22]. We used these data to test
three hypotheses: (i) the diversity of woody plants and large herbivores is significantly
different between habitats, such that habitats with high woody-plant density also have
high taxonomic and phylogenetic diversity of both plants and animals; (ii) local herbivore
diversity is strongly and positively correlated with local plant diversity, both within and
between habitats that support different baseline resource availabilities (i.e., tree density)
and diversities (i.e., taxonomic and phylogenetic); and (iii) the taxonomic and phylogenetic
compositions of plant and herbivore communities are spatially congruent, consistent with
a linkage between the diversity of plants and large mammals.

2. Materials and Methods

2.1. Study Location

Our analysis is based on the 1.2-km2 Mpala ForestGEO plot (0◦17′ N, 36◦53′ E) [22].
The plot is in a semi-arid savanna (~600 mm annual rainfall) that supports at least 17 wild
large herbivore species (>5 kg). The ForestGEO plot includes at least 62 woody plant species
out of >460 plant species that occur in the region [22,23]. It spans three habitats characteristic
of the Laikipia Highlands: (i) ‘plateau’ habitat on poorly drained and nutrient-rich clay
vertisols (black-cotton soil; 1775–1792 m asl); (ii) ‘low plain’ habitat on well-drained,
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nutrient-poor, red sandy loams (red sands soil; 1669–1779 m asl); and (iii) a rocky ‘slope’
between the plateau and low plain (1679–1779 m asl).

We analyzed communities of woody plants and large herbivores at 33 sites within
the ForestGEO plot (Figure 1). The sites were positioned at regular 100-m intervals across
the plot, with 14 occurring in the plateau, 3 on the slope, and 16 in the low plain. Across
the plot, we also measured fine-scale topographic habitat variables, including elevation,
slope, and convexity, based on elevation data recorded in a 5 m × 5 m grid [22]. We
associated our topographic values with a set of 20 m × 20-m vegetation quadrats using
the fgeo.analyze package [24] in R [25]. After standardizing measures of elevation, slope,
and convexity to a mean of 0 and standard deviation of 1, the three variables were used to
classify the 3000 20 × 20-m quadrats into the three major habitats (plateau, slope, and low
plain) using Ward hierarchical clustering (Figure 1). Finally, we calculated the topographic
wetness index (TWI), which reflects the ability of a landscape to retain water and is a strong
predictor of savanna wildlife distributions [26], by integrating the total water catchment
area and slope of each grid cell using build.layers in the dynatopmodel package [27]. Cells
with high TWI tend to be flat or concave.

Figure 1. The Mpala ForestGEO ecosystem. (a) The map shows the extent of the study plot,
with white circles representing 33 sampling sites. The three habitats are distinguished by color
(purple = “plateau”, teal = “slope”, yellow = “low plain”). (b) The locations of six woody plant
species comprising 80% of stems in the plot are shown with different color points. Phylogenies show
relationships between (c) woody plants and (d) large mammalian herbivores; scale bars represent
1 MY. Note Hibiscus aponeurus in the phylogeny represents Hibiscus spp. in the ForestGEO data; see
Table S1 in Supplementary Materials for description of grafted or substituted taxa.

2.2. Woody Plant Distribution and DNA Barcoding

The first comprehensive ForestGEO survey of woody plants began in 2010. It estab-
lished a regular grid of 400-m2 quadrats in which the main and auxiliary stems of woody
trees and shrubs > 0.5 m tall were geolocated, tagged, and measured for diameter at knee
height (dkh) [22]. Species were identified by researchers from the East African Herbarium
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at the National Museums of Kenya. We obtained the complete dataset from the ForestGEO
portal (12 March 2019) [22]. It included 363,798 total stems and 139,078 main stems (hence-
forth ‘individual trees’) representing 67 species and 22 families. The branching architecture
of shrubs such as Croton and Euclea can make it difficult to identify discrete individuals, but
we assumed the data were internally consistent. The dataset was filtered to include only
living stems > 2 cm dkh, species with >2 main stems in the plot, and sufficient identification
for phylogenetic analysis. The filtered data retained 355,461 stems, 136,297 individual trees,
and 55 morphospecies (Table S1). We extracted a dataset for analysis that focused on trees
within 25 m2 of our 33 grid sites.

Our plant phylogeny was based on an extensive plant DNA barcode library and
phylogeny for Mpala, which was constructed using a supermatrix approach [15,23,28]. The
full DNA barcode library includes high-quality data from 1760 specimens representing at
least 438 species sequenced at up to 5 markers (matK, rbcL, psbA-trnH, trnL-F, and ITS).
A subset of species missing from the phylogeny were grafted in three complementary
ways. First, we obtained new trnL and rbcL DNA barcodes from 5 species [23], and we
used these data to determine how to graft them into the phylogeny (Table S1). Second, we
represented taxa with substitutes that were already in the phylogeny (e.g., congeners, such
as Hibiscus aponeurus used to represent Hibiscus spp.; Figure 1, Table S1). Third, we grafted
remaining species based on the literature (see Table S1 for details).

2.3. Large Mammalian Herbivore Community Data

To assess herbivore distributions, we deployed camera traps from March 2018 to
April 2019 (Bushnell, #11-9874C). We recorded date, time, and species using Wild-ID soft-
ware [29]. Photos of large herbivores were extracted and filtered to independent detections
(defined as >30 min apart) to reduce the impacts of temporal autocorrelation. For each
species, we calculated a relative abundance index (RAI) as the total number of independent
photographs divided by the total number of working camera days over the course of the
survey. Simple RAI-based approaches yielded relative abundance estimates that correlated
strongly with independent estimates of animal abundance for large mammals [30].

2.4. Community Diversity Indices

We compared species richness and two phylogenetic diversity metrics for the plants
and herbivores across sites. Phylogenetic diversity metrics included the standard effect
sizes of mean pairwise distance (sesMPD) and mean nearest-taxon distance (sesMNTD) in
the package picante in R [31]. The sesMPD metric is sensitive to the phylogenetic diversity
of deep-branching lineages, whereas sesMNTD is sensitive to diversity patterns close to the
tips of the phylogeny [32]. These metrics use null models to determine whether observed
communities contain taxa that are phylogenetically clustered or overdispersed [33]. For
each site, we randomly generated 999 communities that shuffled the names of taxa across
the phylogeny while holding the richness of the community constant.

To characterize turnover in plant and animal communities, we quantified dissimilarity
across sites. We considered both the taxonomic and phylogenetic composition of commu-
nities using phylogenetic community dissimilarity (PCD) in picante [34]. The PCD metric
accounts for taxonomic dissimilarity (i.e., PCDc; ‘community’ species differences) and
evolutionary dissimilarity (PCDp; ‘phylogenetic’ differences between non-shared species),
where PCD = PCDc × PCDp. If PCD = 1, two sites are no more or less similar than com-
munities assembled at random from the species pool. If PCDp = 1, then PCD = PCDc, and
communities reflect only taxonomic differences. However, if PCDc = 1, then differences
are due entirely to the phylogenetic distances between nonshared species (i.e., PCDp). If
all nonshared species are closely related, PCDp is low; if two sites have nonshared species
from very divergent clades, then PCDp is high. Because the PCD metric is based on species
presence/absence patterns, and because PCDp is undefined in comparisons of sites with
identical species composition, we focused our analyses on PCD and PCDc and infer the
relative importance of phylogeny by comparison.
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2.5. Hypothesis Testing

To test hypothesis i, that the abundances and diversities of woody plants and large
herbivores differs across habitats, we compared data from 33 sites. To estimate diversity,
we used species richness, sesMPD, and sesMNTD at sites. To estimate abundance, we
used the total number of plant stems and the summed RAI of all herbivore species. We
focused on total stems as an indicator of thicket density and sightline obstruction, which
inform large-herbivore habitat use [35]. However, different trees have different branching
architectures—even within species, shorter trees can have more short stems—and heavy
damage can promote stem proliferation where megaherbivores are abundant [36]. Thus,
interpretations of total stem counts as a measure of thicket density and basal area as a
measure of plant biomass may differ. Habitat comparisons were made using ANOVAs and
Tukey’s HSD. We also compared total plant-species richness across sites within each habitat
using sample-based rarefaction based on the Bernoulli product model [37].

To test hypothesis ii, that local plant and herbivore diversities were positively cor-
related, we compared abundance and diversity both within and between habitats using
ANCOVA. We constructed linear models in R using the herbivore-community characteristic
as the dependent variable and the corresponding vegetation characteristic as the indepen-
dent variable, with habitat types as the covariate (plateau vs. low plain). Because we had a
small sample size of slope sites (N = 3), we only included the major plateau (N = 14) and
low plain (N = 16) habitats in these linear models.

Finally, we evaluated hypothesis iii, that plant and animal communities are spatially
linked. First, we tested for significant differences in PCD between habitats using per-
mutational multivariate analyses of variance (perMANOVA) [38]. Second, we tested for
significant correspondence between plant and animal PCD using Mantel tests. To account
for the possibility that community similarities arise from spatial proximity, we used partial
Mantel tests to evaluate correlations while accounting for distance between sites. Finally,
to identify species-specific habitat associations, we performed indicator species analyses
using the point biserial correlation coefficient based on Pearson’s φ statistic with 999 boot-
straps in indicspecies [39]. Pearson’s φ ranges from −1 to 1, indicating strong avoidance
or preference, respectively. The analysis was based on species’ relative abundances using
Hellinger transformation, corrected for unequal sampling across habitats, reported with
P-values calculated independently across species.

3. Results

3.1. Ecological Characteristics of the Plot

The plateau was flat and topographically homogeneous compared to the slope and
low plain (Figures 1 and S1, Table 1). Both slope and convexity were lowest in the plateau,
intermediate in the low plain, and greatest on the slope (Figure S1). The plateau’s flat, clay
soils that provide little opportunity for rain infiltration or runoff produced the highest TWI
(Figure S1). Plant communities at grid sites included 47 out of 55 woody plant species from
the plot-wide data—species that together represented 98% of identified stems in the plot
(Table S1). This included 7621 individual plants (median = 193 stems/site; range = 20–925;
Table S2). Numerically dominant species were Acacia drepanolobium, Croton dichogamus,
A. brevispica, Euclea divinorum, A. mellifera, and A. etbaica (Figure 1, Table S1). Herbivore
communities were characterized by 8879 independent photographs of 17 species over
10,075 trap days (median = 329 days/site; Tables S3 and S4). The most common species
were dik-dik, giraffe, plains zebra, impala, and elephant (Tables S3 and S4).
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Table 1. Summary of ecological characteristics at 33 grid sites across three habitats.

Variable Measure Plateau Slope Low Plain

Abiotic characteristics

Number of sites 14 3 16
Mean elevation (m) 1787 1754 1692

Mean convexity 0.019 0.556 −0.022
Mean slope (rad) 1.04 12.30 4.10

Mean topographic water index (TWI) 10.6 7.9 9.0

Woody plants

Mean total stems 238 1602 855
Mean richness 5.4 25.0 15.4
Mean sesMPD −1.7 0.9 −0.6

Mean sesMNTD −1.3 1.8 0.3

Large herbivores

Mean cumulative RAI 60.4 49.0 127.0
Mean richness 11.4 6.3 9.8
Mean sesMPD 1.1 0.2 −0.1
Mean sesMPD −0.6 −0.3 0.0

3.2. Hypothesis Testing
3.2.1. Hypothesis 1: Dense Habitats Should Have High Plant and Animal Diversity

Results were not consistent with our first hypothesis. Although high woody-plant
abundances in the low plain and slope were generally associated with high plant taxonomic
and phylogenetic diversities, the greatest herbivore abundances and diversities were not
necessarily in these same habitats. Woody-plant density and richness was ~2–3-fold lower
on the plateau compared to the slope and low plain (Table 1; Figure 2a,b). Similar patterns
were found for phylogenetic diversity: the plateau had the lowest diversity and the low
plain was intermediate (Figure 2c,d). In contrast, while herbivore abundance was also
~2-fold lower on the plateau than low plain, abundance on the slope was similar (Figure 2e)
and richness on the slope was much lower (Figure 2f). Rarefaction revealed the greatest
plant-species richness and lowest herbivore richness on the slope (Figure S2). Patterns of
phylogenetic diversity also differed, with herbivore sesMPD being greatest on the plateau
(Figure 2g) and sesMNTD not differing significantly across habitats (Figure 2h).

3.2.2. Hypothesis 2: Herbivore and Plant Diversity Should Be Positively Correlated

Contrary to our second hypothesis, there was not a significant positive correlation be-
tween the abundance and diversity of flora and fauna within and across habitats (Figure 3).
In contrast, there was a significant negative correlation between the richness of flora and
fauna within and between habitats (Figure 3b) and we found evidence only for overall
habitat-level differences in the abundance and phylogenetic diversities of plants and an-
imals (Figure 3a,c,d). There was an interesting contrast between herbivore phylogenetic
diversity in the plateau and low plain: sesMPD, which is sensitive to deep patterns in the
phylogeny, was greater in the plateau; sesMNTD, which is sensitive to variation near the
tips, was greater in the low plain (Figure 3c,d). Thus, plateau sites hosted large herbivores
that both represented species from disparate mammalian lineages and that were likely to
include closely related pairs of species from those lineages.
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Figure 2. Abundance and diversity of (a–d) woody plants and (e–h) large herbivores across habitats
(mean ± s.e.). Letters above each bar indicate significant differences based on Tukey’s HSD following
ANOVAs. Abundance is the (a) total plant stems/site and (e) total herbivore RIA/site. Richness
is the mean count of (b) woody plant and (f) large herbivore species. Phylogenetic diversity was
measured as (c,g) sesMPD and (d,h) sesMNTD, with positive values indicating overdispersion and
negative values clustering.

Figure 3. Relationships between herbivore (a) abundance, (b) taxonomic richness, (c) sesMPD,
and (d) sesMNTD with corresponding measures for woody plants. For each pair of metrics, we
constructed initial linear models with predictors including the woody-plant variable, habitat, and
the plant variable × habitat interaction. We simplified models based on the subset of statistically
significant variables. We report adjusted R2 for the model that included a significant correlation (b).
Horizontal lines show significant differences between habitats (a,c,d). Colors show habitat types.
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3.2.3. Hypothesis 3: Spatial Links in the Composition of Plant and Animal Communities

Consistent with our third hypothesis, spatial turnover in woody-plant and large-
herbivore communities was congruent. There was significant taxonomic dissimilarity
between communities of plants and herbivores across habitats (Figure 4a,b). Taxonomic
differentiation was strong across habitats, but incorporating information on phylogenetic
variance eroded the signal of habitat associations (Figure 4b,d). There were significant
positive correlations between local plant and herbivore community compositions, even after
accounting for spatial proximity and phylogenetic variance, but these correlations were also
strongest when accounting only for species composition (Figure 4e,f). About half of the tree
species were significantly associated with or avoided a habitat (25/47, 53%; Figure S3a). Of
these, most were negatively associated with the plateau (20/47 species, 43%) and only one
had affinity for it (Acacia drepanolobium; Figure S3a). Eight tree species were significantly
associated with the low plain, including several that were also negatively associated
with the plateau (Balanites glabra, Acacia gerrardii, A. etbaica, A. brevispica, Acokanthera
sp. 1, Pyrostria sp. and two Grewia spp.; Figure S3a). Many tree species had strong and
positive affinities for the slope, especially those that also had positive affinities for the low
plain, although slope sample sizes were small and results were not statistically significant
(Figure S3a). In contrast to plants, nearly all large herbivore species exhibited significant
habitat association or avoidance 94% (16/17; Figure S3b). Most species exhibited preferred
either the plateau (9/17, 53%) or low plain (7/17, 41%), while none were associated with
the slope and most avoided it (11/17, 65%; Figure S3b).

Figure 4. Taxonomic and phylogenetic differentiation in woody-plant and large-herbivore communi-
ties. Nonmetric multidimensional scaling (NMDS) revealed significant compositional dissimilarity in
(a) tree PCD, (b) tree PDCc, (c) large-herbivore PCD, and (d) large-herbivore PCDc between habitats.
Colors in (a–d) indicate habitat at each grid site. Results of perMANOVAs and stress values for
corresponding NMDS plots are shown on each panel. We grouped the three slope sites with low
plain sites for calculating perMANOVAs and 95% confidence ellipses. The (e) PCD and (f) PCDc of
plant and animal communities were positively correlated based on Mantel and (p)artial Mantel tests;
green trendlines were fit using generalized linear models.
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4. Discussion

We used fine-scale data on woody-plant and large-herbivore communities to evaluate
local biodiversity linkages across trophic levels. The flora with the most abundant woody
stems also supported the greatest taxonomic and phylogenetic diversity of woody plants.
However, this abundance and diversity of plants did not necessarily translate into a greater
abundance or diversity of herbivores. Across habitats, the low plain had a high abundance
of both plants and large herbivores, but the slope had a comparably high abundance of
plants with a markedly lower abundance of herbivores (Figure 2). Both within and across
habitats, there was also a negative relationship between local plant and herbivore-species
richness (Figure 3). While plant and animal communities differed across habitats, this
pattern was not reinforced by phylogeny (Figure 4). In contrast with prior studies reporting
phylogenetic associations between plants and insect herbivores [40,41], our results reveal
how compositional turnover in some plant and animal assemblages may be random with
respect to phylogeny, even when habitat filtering is highly nonrandom with respect to plant
and animal functional traits across disparate evolutionary lineages [20].

Results were not generally consistent with the More Individuals or Resource Specializa-
tion hypotheses. The More Individuals Hypothesis posits that greater resource availability
enables more individuals to establish, and hence more species of consumers to co-occur [16].
In contrast to positive correlations between the abundance and diversity of some plant and
herbivore assemblages that have been studied at local-to-global scales [14,42,43], our results
revealed landscape-level contrasts between the abundance and diversity of plants and
large herbivores, as well as surprising negative correlations in their species richness across
33 sites. Under the Resource Specialization Hypothesis, plant diversity should enable more
specialized consumer species to establish in the community. For example, insect-species
richness may increase with the richness and phylogenetic diversity of grassland and forest
plants [42,43]. However, ungulate herbivores that require relatively large quantities of
food are unlikely to be attracted to or excluded from a local community based on similar
mechanisms involving narrow feeding specializations. The low plain had relatively high
plant abundance and species richness compared to the plateau, but it only revealed higher
average herbivore abundance and not higher herbivore richness. Further contradicting both
hypotheses, the slope and low plain had comparable levels of plant abundance and species
richness, yet the slope supported lower animal abundance and richness. We thus consider
other non-mutually exclusive mechanisms to explain two striking patterns in our data:
(i) the distinct flora and fauna across the gradient from heavy-clay vertisol (“black-cotton”)
soils of the plateau through the sloping transition to the sandy (“red”) soils of the low plain
and (ii) the negative correlation between plant and animal-species richness.

First, the flora of the plateau and low plain differed strikingly, but both were dominated
by Acacia spp. (Figure 4). Acacias are a diverse suite of savanna trees that browsing ungu-
lates eat extensively [19]. The clay soils of the plateau are dominated by Acacia drepanolobium
whereas sandy soils of the low plain are dominated by A. mellifera, A. etbaica, and A. brevispica
(Figure 1). Some herbivores were common in multiple habitats during the study period
(e.g., giraffe, elephant, zebras, eland, and buffalo), whereas others were recorded almost
exclusively in one habitat (hartebeest, oryx, and Grant’s gazelle in plateau; dik-dik and
waterbuck in low plain; Table S3, Figure S3) [44]. The subset of herbivores common across
habitats spanned disparate lineages, whereas many of those with strong associations were
close relatives from the Bovidae family (Figure 1). Thus, although the flora and fauna of
each habitat is taxonomically different, taxa from diverse lineages share the functional
abilities to occupy their shared habitats.

Second, there was a strong negative correlation between the richness of plants and
animals together with contrasting patterns of plant and animal abundance and phylogenetic
diversity across habitat types. Relatively high local plant abundance and diversity could be
either a cause or consequence of relatively low herbivore abundance and diversity [45,46].
High plant abundance could cause of low animal abundance and diversity if thickets
of woody plants are avoided by herbivores due to risk of predation. Many wild large
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herbivores perceive risk associated with the presence of predators and prefer good sight
lines in habitats with low tree density [35,44]. Topographic features, particularly slope and
convexity, further interrupt sightlines such that steep habitats with high tree and predator
densities, coupled with challenging terrain, could deter herbivores from steep slopes,
thereby alleviating top-down pressure on plants [4,36,47]. Rapid changes in topography
can impose particularly strong mechanical and energetic constraints on megaherbivores
such as elephants and giraffes, which avoided the steep slopes and have been shown to
inflict markedly less damage on trees in this habitat [36].

Long-term herbivore-exclusion experiments at Mpala highlight the ability of megaher-
bivores to exert strong top-down effects on plant abundance and diversity. For example,
elephants can reduce the availability of forbs that comprise a substantial portion of brows-
ing mesoherbivore diets [19,48,49] while also increasing visibility and the availability of
grasses for grazers [19,50]. The defensive strategies employed by abundant tree species
on the slope suggest plant-herbivore sensitivity to top-down regulation that could con-
tribute to their differential abundance across habitats. For example, some tree species
that were relatively abundant on the steep slope invest heavily in antiherbivore defenses,
including Croton dichogamus (Euphorbiaceae; produces noxious latex) and Euclea divinorum
(Ebenaceae; produces tough, fibrous, and tannin-rich leaves) [19,51]. These defenses could
deter consumption by the smaller-bodied ruminants that are abundant on the slope (e.g.,
dik-dik), but could be less effective against megaherbivores such as elephants and giraffes
that otherwise frequently consume them elsewhere [52]. Whereas many recent studies
focus on behaviorally mediated fear responses and trophic cascades [4,47], our results
reinforce the important and spatially heterogeneous indirect effects that megaherbivores
can have on vegetation [12,44,48–50,53].

The same physical habitat features that obstruct herbivore sightlines and could lead
to avoidance of thickets can have methodological implications for camera-trap studies.
We assumed approximately equivalent 25-m2 radii detection ranges for camera traps at
each grid site. However, reduced sightlines could lead to underestimates of the abundance
and diversity of large herbivores in dense vegetation or on slopes [54]. This possibility
suggests that the contrast between animal abundance and diversity observed in the plateau
and low plain habitats could be conservative, since the low plain had both higher stem
density and higher herbivore RIA (Table 1). However, the slope habitat had especially high
stem density and complex topography, coupled with comparatively low herbivore RIA
(Table 1), suggesting that further camera-trapping efforts may reveal additional animal
use of plots in this habitat. It would be interesting to model seasonal variation in both
detection rates and ungulate habitat associations across the plot: habitat associations might
become stronger in the dry season when ungulates have the greatest need to monopolize the
specific resources for which each is best able to compete, or alternatively these associations
may be dampened if food depletion forces them to access the same reserves of riskier or
less-preferred resources that accumulate on slopes and in thickets [4,5,55].

Our analyses combined a comprehensive woody-plant survey with DNA barcoding,
which was methodologically useful both for refining plant identifications and modeling
their phylogenetic relationships [23]. Data that support detailed investigations into eco-
logical linkages between plants and herbivores—whether these linkages amount to spatial
cooccurrence, trophic interactions, or both—are needed because these integrations have
strong influences on the structure and function of both terrestrial and aquatic ecosystems
worldwide [56,57]. Yet while the ecological and evolutionary processes that generate pat-
terns of phylogenetic signal in relatively specialized species interactions have received
substantial recent attention (e.g., host–microbiome [58], host–parasite [59]), less attention
has been paid to phylogenetic structure in broader types of species interactions (e.g., plant–
mycorrhiza [60], seed disperser networks [61], vertebrate trophic networks [19]) or habitat
associations [62]. Because all species interactions and co-occurrence networks are subject to
environmental and biological filters that act on species’ functional traits, patterns of habitat
use may generate phylogenetic signal in cooccurrence networks across trophic levels more
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frequently than currently realized. Our analysis focused on a uniquely fine-scale example of
habitat associations across trophic levels, including phylogenetically diverse communities
of woody plants and large herbivores. Results suggest no strong phylogenetic structure
to the filtering of plant and animal traits that determine their habitat associations, since
closely related species had divergent habitat associations and members of divergent clades
often co-occurred.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/d14030219/s1, Figure S1: Maps of the study plot showing fine-scale
major topographic characteristics, including (a) elevation, (b) convexity, (c) slope, and (d) topographic
wetness index (TWI); Figure S2: Sample-based rarefaction of (a) woody-plant and (b) large-herbivore
communities to compare total species richness within habitats based on our 33 grid sites (the actual
numbers of sampling units in each habitat are shown as large points); Figure S3: Indicator species
analysis for (a) woody plant and (b) large herbivore species across habitats. Points are colored by
habitat and closed circles correspond to habitat associations (positive) or avoidance (negative) that
differ significantly from 0; Table S1: Summary of plant species and DNA barcodes. The table matches
names of species in our phylogeny with names used in the ForestGEO dataset, includes information
on new DNA barcodes presented in this paper, descriptions of how species were added to the existing
phylogeny [23], and the abundance of species across the plot as well as within our 33 grid sites;
Table S2: Summary of plant abundances across 33 grid sites in this analysis. The table includes grid
information (corresponding camera ID number, habitat, location in UTM) with site-specific plant
abundance (total stems, individual trees) and diversity values (richness, sesMPD, sesMNTD); the
p-values for site-specific phylogenetic diversity metrics are provided (significant positive values
indicate phylogenetic overdispersion and negative values represent clustering). The site × species
matrix based on the count of individual trees is then provided; Table S3: Summary of large-herbivore
RAI values across 33 camera sites. The table includes grid information (camera ID number, habitat,
location in UTM) with site-specific animal abundance (summed RAI) and diversity values (richness,
sesMPD, sesMNTD), and the P-values for site-specific phylogenetic diversity are provided (significant
positive values indicate phylogenetic overdispersion and negative values represent clustering). The
site × species matrix based on RAI values is then provided; Table S4: Raw large-herbivore camera-
trap records for the study period. For each photo, the table includes grid location, herbivore species,
camera deployment date, photo-capture date and time, season (binned “wet” and “dry”), and the total
camera-trap deployment days (in both wet and dry seasons). File S1: Nexus-formatted phylogeny for
the 47 woody plant species present at the grid sites and used in analyses. References: [23,63–65] are
cited in Supplementary Materials.
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Abstract: Grass pollen is one of the major causes of allergy. Aerobiological monitoring is a necessary
element of the complex of anti-allergic measures, but the similar pollen morphology of Poaceae species
makes it challenging to discriminate species in airborne pollen mixes, which impairs the quality
of aerobiological monitoring. One of the solutions to this problem is the metabarcoding approach
employing DNA barcodes for taxonomical identification of species in a mix by high-throughput
sequencing of the pollen DNA. A diverse set of 14 grass species of different genera were selected to
create a local reference database of nuclear ITS1, ITS2, 5′-ETS, and plastome trnL-F DNA barcodes.
Sequences for the database were Sanger sequenced from live field and herbarium specimens and
collected from GenBank. New Poaceae-specific primers for 5′-ETS were designed and tested to
obtain a 5′-ETS region less than 600 bp long, suitable for high-throughput sequencing. The DNA
extraction method for single-species pollen samples and mixes was optimized to increase the yield
for amplification and sequencing of pollen DNA. Barcode sequences were analyzed and compared
by the barcoding gap and intra- and interspecific distances. Their capability to correctly identify
grass pollen was tested on artificial pollen mixes of various complexity. Metabarcoding analysis of
the artificial pollen mixes showed that nuclear DNA barcodes ITS1, ITS2, and 5′-ETS proved to be
more efficient than the plastome barcode in both amplification from pollen DNA and identification
of grass species. Although the metabarcoding results were qualitatively congruent with the actual
composition of the pollen mixes in most cases, the quantitative results based on read-counts did not
match the actual ratio of pollen grains in the mixes.

Keywords: grass pollen; metabarcoding; plant barcodes

1. Introduction

Grass pollen is one of the major causes of allergy, affecting 10–30% of the population
around the globe [1,2]. There are over 400 species of grass in Europe, and their pollen
is recognized as the leading cause of pollinosis [3]. About 100 species of grass could be
found in the European part of Russia [4], flowering periods of which often overlap, and
their pollen allergenicity is estimated to be from moderate to very high [5]. Aerobiological
monitoring is a necessary element of the complex of anti-allergic measures allowing for
tracking and predicting the dynamics of the concentration of major allergens in the air
and adjusting the therapy and lifestyle of patients with pollinosis. The standard method
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of pollen identification in the air samples is light microscopy. However, one of the major
disadvantages of pollen light microscopy analysis is that similar pollen morphology of
Poaceae species makes it challenging to discriminate species in airborne pollen mixes,
which impairs the quality of aerobiological monitoring [6,7]. DNA metabarcoding is an
alternative approach that has been actively developing recently, allowing qualitative (to
the level of species or genus for some taxa) and quantitative (to some extent) composition
analysis of complex biological mixes. It employs high-throughput sequencing (HTS) and
comparative analysis of specific DNA sequences called “DNA barcodes” to discriminate
species present in the mix. DNA barcoding has been widely used in various areas of botani-
cal research; for example, the phylogeny of wild cherry [8], archaeobotany of grapevine [9],
authentication and identification of medicinal [10] and poisonous [11] plants, and plant
species composition of honey [12,13].

Choosing the correct DNA barcode for the target taxa is one of the main problems
of plant barcoding [14,15]. The resolution capacity of each of the primary chloroplast
markers (first a combination of matK and rbcL recommended by the CBOL group [16] and
later the nuclear ribosomal internal transcribed spacer (ITS) regions and several intergenic
spacers) vary significantly between different taxa (for a review, see [17]). Many studies
focused on the DNA barcoding of plants; note, that the identification at the high-rank taxa
(order, family) is successful in more than 90% of cases, while insufficient data on reference
DNA barcode sequences prevents determination to the level of genus or species [13,18].
Therefore, the right choice of DNA barcode and the primers to amplify them is the key to
successful species identification.

The regions of the chloroplast genome rbcL, matK, trnL, trnH-psbA, and nuclear ITS2
are most often used as plant DNA barcodes. Some of these barcodes have been used with
varying success for metabarcoding pollen (airborne or from food products such as honey).
However, only rbcL, matK, ITS2, and trnL barcodes have been studied compared to the paly-
nological analysis for assessing qualitative and quantitative consistency [19]. In particular,
a comprehensive study of ITS2 and rbcL has shown their usability in metabarcoding of
pollen for the construction of pollinator networks and qualitative analysis of pollen mixes.
Though, the quantitative relativity of the metabarcoding results and real pollen abundance
of mixture components has been low [20,21]. Another study has assessed trnL and ITS1 for
quantitative pollen analysis using metabarcoding and concluded that trnL demonstrates
the best sequence-to-pollen prediction [22]. Furthermore, comparative studies have shown
a good capability of trnL intron and trnL-trnF (trnL-F) intergenic spacers, ITS region, and
their combinations to resolve grass species [23–26]. Indel and SNP patterns of the trnL-F
intergenic spacer and ITS region have been employed for infrageneric classification and
phylogeny study of Chascolytrum and Festuca genera [27,28].

External transcribed spacer (ETS) is another nuclear DNA barcode closely related to
the ITS region in rDNA, but it is less frequently used than ITS. However, ETS is regarded
as a promising DNA barcode as the taxon-specific informativity of the ETS sequence has
proved to be the highest among nuclear and plastid barcodes in several studies [29–31].

Many published studies report the species identification of different grasses using
only some of these barcodes and focusing on a particular plant taxon (e.g., [32,33]). In
this study, we have compared the plastome trnL-F and nuclear ITS1 and ITS2 barcodes
with the 5′-ETS barcode and assessed their capability to identify the pollen of a diverse
set of 14 grass species of different genera from the Poaceae family. New Poaceae-specific
primers were designed to amplify the 5′-ETS fragment suitable for the HTS sequencing
as its length is less than 600 bp for all species in the study (maximum length for Illumina
paired-end sequencing at present). Additionally, we have optimized the protocol for DNA
extraction from pollen grains to obtain high-quality DNA for amplification and sequencing.
To identify the pollen composition, we have created a local barcode sequence database
for the reference Poaceae species using Sanger sequenced trnL-F, ITS1, ITS2, and 5′-ETS
sequences of the live field samples, herbarium specimens, and available GenBank records.
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All four barcode sequences were tested by their capacity to resolve the composition of the
grass pollen mixes using artificial pollen mixes of various complexity.

2. Materials and Methods

2.1. Plant Material

To assess the nuclear (ITS1, ITS2, and 5′-ETS) and plastome (trnL-F) barcodes’ capabil-
ity to identify grass pollen and create a local reference database of barcode sequences, a
broad spectrum of Poaceae species widespread in Central Russia were selected: Alopecurus
pratensis L., Arrhenatherum elatius (L.) P.Beauv. ex J.Presl & C.Presl., Briza media L., Bromus
inermis (Leyss.) Holub (syn. Bromopsis inermis), Calamagrostis epigeios (L.) Roth, Dactylis
glomerata L., Elymus repens (L.) Gould (syn. Elytrigia repens), Festuca pratensis Huds., Lolium
perenne L., Phleum pratense L., Poa annua L., Poa pratensis L., Poa supina Schrad., and Poa
trivialis L. Additionally, Festuca arundinacea Schreb. and Poa palustris L. were collected
for the ETS primers’ design. Fresh leaf material of the morphologically identified grass
plants was sampled in the field (Moscow region) and from the Moscow State University
Herbarium collection specimens.

Pure single-species pollen for a subset of the selected reference species was man-
ually collected to make artificial pollen mixes: Calamagrostis epigeios, Phleum pratense,
Bromus inermis, Festuca pratensis, Elymus repens, Alopecurus pratensis, and Lolium perenne.
These species pollinate in abundance and are easy to collect in enough quantities to create
pollen mixes of various complexity. Therefore, pollen was collected during summer in the
active pollination time of these species. The collected pollen was weighed, and a sample
of 10 mg of each species was suspended in 100 μL TE-buffer. From each sample, 2 μL of
the suspension was analyzed using light microscopy, and pollen grains were counted to
estimate the number of pollen grains for each species. Each sample was diluted in TE buffer
to achieve an equal pollen count per mL based on the observed number of pollen grains.
Then single-species pollen samples were mixed by volume to create a 100 μL pollen mix
that contained pollen from different species in equal abundance (approx. 10,000 pollen
grains per mix in total). The species composition of each artificial mix is presented in
Table 1.

Table 1. Pollen artificial mixes’ composition.

Artificial Pollen Mix Name Species

Pollen mixes with two species, 50% pollen of each type

am1 Calamagrostis epigeios, Phleum pretense
am2 Bromus inermis, Festuca pratensis
am3 Alopecurus pratensis, Lolium perenne
am4 Calamagrostis epigeios, Lolium perenne
am5 Phleum pratense, Alopecurus pratensis
am6 Phleum pratense, Elymus repens

Pollen mixes with three species, 33.3% pollen of each type

am7 Calamagrostis epigeios, Phleum pratense, Bromus inermis
am8 Phleum pratense, Bromus inermis, Festuca pratensis
am9 Bromus inermis, Festuca pratensis, Elymus repens
am10 Phleum pratense, Lolium perenne, Elymus repens

Pollen mixes with four species, 25% pollen of each type

am11 Calamagrostis epigeios, Phleum pratense, Bromus inermis,
Festuca pratensis

am12 Phleum pratense, Calamagrostis epigeios, Elymus repens,
Lolium perenne

am13 Phleum pratense, Festuca pratensis, Lolium perenne, Elymus repens

107



Diversity 2022, 14, 191

Table 1. Cont.

Artificial Pollen Mix Name Species

Pollen mixes with five species, 20% pollen of each type

am14 Calamagrostis epigeios, Phleum pratense, Bromus inermis,
Festuca pratensis, Elymus repens

am15 Phleum pratense, Calamagrostis epigeios, Festuca pratensis,
Lolium perenne, Elymus repens

am16 Phleum pratense, Festuca pratensis, Bromus inermis, Lolium perenne,
Elymus repens

Pollen mixes with six species, 16.7% pollen of each type

am17 Phleum pratense, Calamagrostis epigeios, Festuca pratensis,
Bromus inermis, Lolium perenne, Elymus repens

am18 Calamagrostis epigeios, Phleum pratense, Bromus inermis,
Festuca pratensis, Elymus repens, Alopecurus pratensis

2.2. DNA Extraction

DNA from herbarium samples and fresh leaf material was extracted using the sorbent-
based DiamondDNA Plant kit (ABT, Barnaul, Russia), according to the manufacturer’s
protocol with subsequent additional purification by magnetic silica beads, as described
elsewhere [34].

Pollen DNA extraction protocol was optimized using pollen grains of Phleum pratense
and Bromus inermis. The pollen sample (10 mg) was suspended in 100 μL TE-buffer and
homogenized using a Precellys Bacteria lysing kit CK01 (Bertin Technologies, Montigny-
le-Bretonneux, France) and MiniLys homogenizer (Bertin Technologies, Montigny-le-
Bretonneux, France) at the maximum speed in two runs of 240 s each. Lysis efficiency
was tested using three variants of the lysis buffer: (1) only CTAB-lysis buffer (2% CTAB,
0.1 M Tris-HCl pH 8.0, 1.4 M NaCl, 20 mM EDTA pH 8.0, 1% PVP, 0.2% 2-mercaptoethanol,
0.1 mM DTT); (2) CTAB-lysis buffer with 0.04% SDS; and (3) CTAB-lysis buffer with 0.4%
SDS. Additionally, two variants of proteinase K concentration (0.2 mg and 0.4 mg per sam-
ple) and lysis incubation time (1 and 2 h) at 65 ◦C were tested for all variants of lysis buffer.
DNA from the homogenized and lysed samples were extracted using 1 v/v chloroform:
isoamyl alcohol 24: 1. Then, DNA was precipitated at −20 ◦C for 1 h with 0.1 v/v of 3 M
sodium acetate and 1 v/v of isopropanol.

According to our observations with the light microscope, 10 mg of pollen contains
~150,000 pollen grains. Therefore, to check the minimum amount of pollen grains required
to extract enough DNA for further analysis and HTS, the pollen DNA extraction efficiency
from different amounts of pollen was also tested: 150,000, 37,500, 9375, 2344, 586, and
150 pollen grains. Test samples were created by 4× serial dilution of the initial 10 mg
pollen sample.

DNA extraction from these samples was performed using the best extraction protocol
determined at the previous step: CTAB-buffer with 0.04% SDS, 0.2 mg per sample proteinase
K, lysis incubation for 2 h at 65 ◦C. DNA from artificial pollen mixes was also extracted
according to the optimized protocol.

The purity of the DNA samples was assessed by the A260/280 and A260/230 ratios
on a NanoPhotometer N60-Touch (Implen, Munich, Germany), and the concentration
was measured by fluorescence intensity using a Qubit dsDNA HS Assay Kit (Invitrogen,
Waltham, MA, USA) and Qubit 3.0 fluorometer (Invitrogen, Waltham, MA, USA).

2.3. PCR and Primer Design

Primers for nuclear DNA barcodes ITS1 and ITS2 were designed to anneal to conservative re-
gions of plant rDNA selectively and not fungi (ITS1-F 5′-GGAAGGAGAAGTCGTAACAAGG-3′,
ITS1-R 5′-AGATATCCGTTGCCGAGAGT-3′ [35]; ITS2-F 5′-ATCGAGTYTTTGAACGCAAGTTG-
3′, ITS2-R 5′-TCCTCCATGCTCTATTG-3′ not published). Primers for the chloroplast inter-
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genic spacer trnL-F barcode were obtained from [36] (trnL_F 5′-GGTTCAAGTCCCTCTATCCC-
3′; trnF_R 5′-ATTTGAACTGGTGACACGAG-3′).

Based on the alignment of all available 3′ ends of the 26S and 5′ ends of the 18S
rDNA sequences of Poaceae plants from the GenBank database, two pairs of primers were
designed for amplification of the complete rDNA intergenic region (IGS) for subsequent
Sanger sequencing of 5′-ETS (26S_end_F 5′-GATCCACTGAGATCCAGCCC-3′; 18S_start_R
5′-CTGGCAGGATCAACCAGGTA-3′). Amplification was carried out on DNA from the
leaves of the field plants collected during the vegetation season. In addition, the ETS
region sequences of the Poaceae species were also collected from GenBank to create a
MAFFT alignment of all ETS fragments available. New Poaceae-specific 5′-ETS primers
were designed based on this alignment.

A schematic representation of the primer binding sites is presented in Figure 1.

 

Figure 1. Primers’ binding sites scheme. IGS—intergenic spacer; NTS—non-transcribed part of
rDNA; TIS—transcription initiation site; TTS—transcription termination site.

The PCR for the Sanger sequencing of DNA from the herbarium specimen and field
samples and DNA library indexation PCR for HTS were performed using NEBNext Ultra II
Q5 Master Mix (NEB, Ipswich, MA, USA) containing high-fidelity Q5 polymerase. The PCR
of barcodes from DNA of artificial pollen mixes was performed using the Encyclo Plus PCR Kit
(Evrogen, Moscow, Russia) containing a mix of high-fidelity and high-processivity polymerases.

2.4. Library Preparation and Sequencing

A simplified two-step PCR using primers for DNA barcodes fused with Illumina adap-
tor sequences was performed for DNA library preparation as described elsewhere [35,37].
Products of the first PCR for each barcode were mixed equimolar (or by volume if product
concentration was below detection level) for each sample, indexed in the second PCR, and
sequenced on the MiSeq platform with the MiSeq Reagent Kit v3 for 600 cycles (2 × 300 nt
paired-end) (Illumina, San Diego, CA, USA).

2.5. Local Barcode Reference Database Construction

A local reference database was created using ITS1, ITS2, trnL-F, and 5′-ETS sequences
of the reference Poaceae species from herbarium and field samples Sanger sequenced at the
Evrogen company (Moscow, Russia). Sanger-sequenced barcode sequences were trimmed
from both ends by the quality and aligned using MAFFT v7.490 (FFT-NS-I algorithm).
In addition, sequences of the studied DNA barcodes of the reference species have been
retrieved from the GenBank database (if available) and added to the alignment if sequences
overlapped and showed similarity by more than 90% with our sequences. Detailed infor-
mation on the corresponding MSU Herbarium voucher numbers, field samples, and the
GenBank accessions can be found in Supplementary Table S1. All barcode sequences were
used to construct a local reference BLAST database as described elsewhere [37].

2.6. Data Analysis and Taxonomical Identification

Sanger sequencing results were manually reviewed and processed using CLC Ge-
nomics Workbench 8.5 software (Qiagen, Hilden, Germany), and all obtained sequences
were submitted to the GenBank database.
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Intra- and interspecific distances between the barcode sequences were calculated in
MEGA v11.0.9 [38]. The best DNA/Protein models (ML) search function determined the
best substitution model for each barcode alignment. The selected best substitution model
for the alignment was used to calculate the distances. Analyses were conducted using
the Tamura 3-parameter model [39] with a gamma distribution (shape parameter = 0.51),
and all positions containing gaps and missing data were eliminated (complete deletion
parameter) for the trnL-F barcode; and the Kimura 2-parameter model [40] with a gamma
distribution and complete deletion for ITS1, ITS2, and 5′-ETS barcode (gamma distribution
shape parameter: 0.77, 0.76, and 1.11, respectively).

Raw sequencing reads were trimmed using the trimmomatic software v.0.38 [41] with
the parameters “LEADING: 3 TRAILING: 3 SLIDINGWINDOW: 4: 10 MINLEN: 40”.
Taxonomic classification of the reads was carried out using the BLAST-based bioinformatic
pipeline described elsewhere [37]. Taxons that demonstrated abundance less than 1% for
all barcodes in each sample were discarded from the analysis. Spearman’s rank-order
correlation was used to calculate the correlation between the mapped reads’ abundance
per species and actual pollen abundance in the artificial pollen mixes.

Analysis results were aggregated and plotted using Python with the Pandas [42],
Matplotlib [43], and Seaborn [44] packages.

3. Results

3.1. ETS Primers Design

We aimed to design primers to amplify the 5′-ETS fragment up to 600 bp in length so it
could be fully sequenced using second-generation high-throughput sequencing (2 × 300 bp
maximum length for the Illumina paired-end sequencing). Agarose gel-electrophoresis
of the full ETS amplification products showed 1000–5000 bp length bands for most of the
reference species, and a 5′-ETS fragment adjacent to 18S rRNA were Sanger sequenced.

We have aligned the 5′-ETS region of the Sanger-sequenced samples and sequences
from the GenBank database to find a region suitable for the Poaceae universal ETS primers.
Unfortunately, we have not found a consecutive conservative region with a length suf-
ficient to design one universal primer for all Poaceae species. Therefore, we have cho-
sen the least discontinuous conserved region with a degenerate sequence ETS-allF 5′-
GCYDTTGGTYYHGGATG-3′ for the 5′-ETS forward primer, with a reasonable Tm range
and desired amplicon size less than 600 bp. According to the alignment of the refer-
ence Poaceae species, there are seven unique sequences for the forward primer (Table 2).
Therefore, only these seven variants were synthesized and then mixed equimolar as a
forward primer (ETS-Fmix) for subsequent PCR of the 5′-ETS barcode, to reduce possible
nonspecific amplification.

Table 2. 5′-ETS forward primers.

Name 5′-3′ Tm (Q5), ◦C Binomial Species Name

ETS-allF GCYDTTGGTYYHGGATG 53–70
ETS-1F GCTATTGGTCTCGGATG 59 Poa palustris

ETS-2F GCTGTTGGTCTCGGATG 63

Poa trivialis, Poa pratensis,
Alopecurus pratensis, Lolium perenne,
Festuca pratensis, Festuca arundinacea,
Poa annua, Poa supina, Elymus repens

ETS-3F GCCGTTGGTCTCGGATG 66 Phleum pratense
ETS-4F GCTTTTGGTCTAGGATG 56 Bromus inermis
ETS-5F GCTGTTGGTTTCGGATG 61 Briza media

ETS-6F GCTGTTGGTTTTGGATG 58 Calamagrostis epigeios,
Arrhenatherum elatius

ETS-7F GCCGTTGGTCCTGGATG 66 Dactylis glomerata

The PCR test with ETS-Fmix and 18S_start_R primer on DNA from herbarium speci-
mens was successful for all species. Gel electrophoresis analysis showed one product band
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per species (Supplementary Figure S1) with a 200–300 bp length product for most reference
species, except Poa supina, Poa annua, and Bromus inermis. Their PCR product length is
~500 bp for Poa supina and Poa annua and ~450 bp for Bromus inermis. Thus, Poaceae-specific
primers have been designed to amplify the 5′-ETS fragment that fits into the desired limit
of 600 bp, suitable for high-throughput sequencing on the Illumina platform.

3.2. Pollen DNA Extraction Optimization

The largest quantity of DNA extracted from 10 mg of pollen has been achieved using
CTAB lysis buffer containing 0.04% SDS and 0.2 mg per sample of proteinase K. The average
concentration of the extracted DNA was 16.57 and 13.62 ng ∗ μL−1 for Poa pratense and
Bromus inermis pollen, respectively. The purity of the extracted DNA was in the range of
1.883–2.006 OD 260/230 and 2.095–2.142 OD 260/280 regardless of the extraction protocol.
An increase in proteinase K concentration in the lysis buffer led to a lower extracted DNA
yield, and an increase in lysis time led to a slight increase in the yield in most cases (Table 3).
Thus, we have chosen a protocol with a lysis incubation time of 2 h in the CTAB lysis buffer
with 0.04% SDS and 0.2 mg per sample proteinase K for all further extractions.

Table 3. Pollen DNA extraction lysis-buffer optimization results.

Lysis
Buffer

Proteinase
K mg per
Sample

1 H Lysis 2 H Lysis

Yield, ng ∗ μL−1 260/280 260/230 Yield, ng ∗ μL−1 260/280 260/230

P. pratense DNA

CTAB
0.2 12.50 ± 0.66 2.06 ± 0.01 1.99 ± 0.05 13.79 ± 0.49 2.03 ± 0.03 2.00 ± 0.01
0.4 7.34 ± 0.22 1.99 ± 0.11 1.99 ± 0.06 6.29 ± 0.29 2.01 ± 0.05 1.96 ± 0.06

CTAB +
0.04% SDS

0.2 16.57 ± 0.61 2.03 ± 0.004 1.95 ± 0.09 16.88 ± 0.19 2.05 ± 0.05 1.99 ± 0.09
0.4 9.51 ± 0.88 2.07 ± 0.01 1.99 ± 0.01 9.08 ± 0.96 2.04 ± 0.10 1.98 ± 0.08

CTAB +
0.4% SDS

0.2 4.41 ± 1.04 2.01 ± 0.03 1.92 ± 0.09 4.43 ± 0.93 1.97 ± 0.06 1.99 ± 0.03
0.4 2.91 ± 0.11 2.01 ± 0.01 1.89 ± 0.05 2.78 ± 0.6 1.99 ± 0.03 2.00 ± 0.03

B. inermis DNA

CTAB
0.2 9.84 ± 0.34 2.01 ± 0.03 1.89 ± 0.09 11.41 ± 0.42 2.05 ± 0.05 2.00 ± 0.01
0.4 7.72 ± 0.44 2.01 ± 0.18 1.99 ± 0.003 8.31 ± 0.31 2.06 ± 0.09 1.89 ± 0.09

CTAB +
0.04% SDS

0.2 13.62 ± 0.64 2.04 ± 0.02 1.95 ± 0.08 15.55 ± 0.59 2.09 ± 0.10 1.99 ± 0.02
0.4 6.46 ± 0.53 1.99 ± 0.01 1.97 ± 0.09 9.69 ± 0.80 2.00 ± 0.02 1.99 ± 0.05

CTAB +
0.4% SDS

0.2 4.15 ± 0.53 2.00 ± 0.05 1.93 ± 0.08 5.36 ± 0.19 2.00 ± 0.05 1.99 ± 0.09
0.4 3.34 ± 0.91 2.01 ± 0.04 1.99 ± 0.02 3.54 ± 0.49 1.95 ± 0.05 1.98 ± 0.04

The quantity of DNA extracted from 4 × serial dilutions of pollen suspension steadily
decreased along with the pollen count and became undetectable (measured by fluorometric
method) starting from a sample with 2350 pollen grains (Table 4). Thus, we have chosen
10,000 pollen grains for artificial pollen mixes creation.

Table 4. Pollen DNA extraction test results.

Pollen Amount,
Dilution Factor

Approximate Pollen
Grain Count

Concentration, ng ∗ μL−1

10 mg 150,000 14.7 ± 0.7
1:4 37,500 3.88 ± 0.28

1:16 10,000 1.07 ± 0.12
1:64 2350 too low
1:256 600 too low
1:1024 150 too low

3.3. 5.’-ETS, ITS1, ITS2, and trnL-F Barcodes Comparison

All four barcodes were amplified from DNA of herbarium specimens of 14 reference
Poaceae species, Sanger sequenced, and submitted to the GenBank database. The obtained
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sequences were aligned with the corresponding GenBank sequences of these barcodes and
used to construct a local reference database. The length and GC content of the barcode
sequences varies slightly within each marker, except for the length of 5′-ETS: 307–363 bp,
GC content 29–33% for trnL-F; 175–509 bp, GC content 50–59% for 5′-ETS; 190–204 bp, GC
content 55–67% for ITS1; 193–207 bp, GC content 59–68% for ITS2. Evaluation of intra- and
interspecific variability showed that while all barcodes have low intraspecific distances,
the 5′-ETS barcode has the highest interspecific distance closely followed by ITS2 (Table 5).
Plastome barcode trnL-F showed the lowest intra- and interspecific distances compared to
the nuclear barcodes.

Table 5. Intra- and interspecific distance statistics.

Barcode
Interspecific Intraspecific

Minimum Maximum Median Minimum Maximum Median

ITS1 0.0000 0.4112 0.1514 0.0000 0.0756 0.0000
ITS2 0.0000 0.4549 0.2345 0.0000 0.0726 0.0000
ETS 0.0000 0.6142 0.2897 0.0000 0.0431 0.0000

trnL-F 0.0000 0.1278 0.0698 0.0000 0.0254 0.0000

However, the difference between the barcode sequences is low for the species of the
same genus (Poa in this study). For example, all barcodes of Poa annua and Poa supina
have identical sequences, which means that these species will be impossible to distin-
guish. Other possible misidentification sources with barcoding gap less than 1% could
be Arrhenatherum elatius vs. Calamagrostis epigeios and Alopecurus pratensis, Lolium perenne
vs. Festuca pratensis (barcoding gap equals −0.008, 0.001, and −0.0001, respectively) for
the ITS1 barcode; Poa pratensis vs. Phleum pratense (−0.0142), Calamagrostis epigeios vs.
Briza media, Poa pratensis, and Phleum pratense (−0.002, 0.007, and 0.008, respectively) for
ITS2; Poa annua vs. Poa pratensis, Alopecurus pratensis, and Phleum pratense, Lolium perenne vs.
Festuca pratensis (−0.004, 0.009, 0.009 and 0.0000, respectively) for trnL-F. Barcoding gaps
for all four barcodes are present in Figure 2. Additionally, barcode intra- and interspecific
distances per species are present in Supplementary Figure S2.

3.4. Metabarcoding Analysis of the Artificial Pollen Mixes

Using the optimized protocol for pollen DNA extraction, we have obtained DNA of
1.2–1.5 ng ∗ μL−1 from artificial pollen mixes (am). The quality of obtained DNA was the
same as we have obtained for the Poa pratense and Bromus inermis single-species pollen at the
optimization step. Amplification was successful for all barcodes and all samples of artificial
pollen mixes, though the amplification efficiency differs significantly between the barcodes
and decreases as follows: ITS2 > ITS1 > 5′-ETS > trnL-F (confidence intervals for amplified
barcode concentrations are 20.02 ± 4.44, 13.04 ± 3.47, 8.32 ± 1.69, and 0.43 ± 0.07 ng ∗ μL−1,
respectively).

The species composition of the artificial pollen mixes determined by HTS analysis is
congruent with the actual pollen species content in 10 out of 18 artificial mixes. The most
frequent erroneous identification has occurred in mixes containing either Lolium or Festuca
pollen. In these mixes, the erroneous presence of Lolium, where only Festuca is present, and
vice versa, was detected. However, the abundance of the erroneously identified species is
often low (less or close to 1%). This issue is common for all barcodes in the study, especially
for the plastome trnL-F barcode (1.7–4.9% Festuca/Lolium errors). Nuclear barcodes show
fewer errors of this type, minimal for ITS2, for which abundance of erroneously identified
Lolium or Festuca is close to 0 in all cases.
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Figure 2. Barcoding gaps for all four DNA barcodes in the study per species.

Spearman’s correlation coefficient between HTS determined the abundance and true
abundance of each species in the artificial pollen mix decreases as follows: ITS1 > ITS2 >
trnL-F > 5′-ETS (0.8, 0.78, 0.63, and 0.59, respectively). For the 5′-ETS barcode, the Bromus
inermis abundance in all the mixes is significantly lower than for the other barcodes and
actual mix composition (0.41–3.16%). As the complexity of the artificial pollen mix increases,
the abundance of the detected 5′-ETS of Bromus inermis decreases. The low representation
of the 5′-ETS barcode of Bromus inermis is most likely related to the length of the amplified
5′-ETS fragment (444 bp vs. 220 bp in average for other reference species in the database,
except for 509 bp of Poa supina and Poa annua), which could lead to a lower amplification
efficiency of the 5′-ETS of Bromus inermis when in the mix with other species.

Overall, the nuclear barcodes proved to be the most effective in the amplification and
species classification. The plastome trnL-F barcode has demonstrated a lower amplification
efficiency and a higher rate of erroneously identified species than the nuclear barcodes.
Though the mix composition could be determined well qualitatively by metabarcoding
analysis, quantitative results for each pollen species, determined by read counts, is rarely
congruent with the actual abundance of pollen species in the mix. Most of the congruent
quantitative results were achieved using ITS1 and ITS2 barcodes (Figure 3).
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Figure 3. Metabarcoding results for the artificial pollen mixes.

4. Discussion

Previously designed primers for ETS amplification for some of the Poaceae genera
and species could amplify a fragment of ~500–900 bp [30,45,46], but we aimed to obtain a
shorter amplicon for a broad spectrum of Poaceae species of diverse genera that could be
sequenced entirely using HTS and is suitable for metabarcoding analysis. Unfortunately,
we could not find a region for a universal forward primer for all Poaceae species in the
study due to the lack of long consecutive conservative regions. However, we have found
a region that allowed us to design 7 primers, an equimolar mix of which proved to be
efficient for specific amplification of all species in the study. New Poaceae-specific primers
(degenerate 5′-ETS forward and universal 18S reverse) amplify the 5′-ETS fragment less

114



Diversity 2022, 14, 191

than 600 bp, which is ~300 bp shorter than other published primers could amplify for the
same species in this study.

The effectiveness of the protocols for sample preparation for HTS highly depends,
among other things, on the quality and quantity of the DNA. Various methods for pollen
DNA extraction involve using commercial solutions such as column-based and DNA
binding with magnetic beads purification methods after preliminary homogenization of the
pollen sample with metal beads [47,48]. We propose a protocol based on a classical CTAB-
lysis extraction method [49] with modifications that achieve results similar to commercial
kits for pollen DNA extraction. The addition of a small amount of SDS, which helped
increase the DNA extraction efficiency from fossil pollen of Abies spp. from Pleistocene
peat [42], showed increased extraction efficiency from Poaceae pollen as well. The DNA
yield from the samples is associated with the lysis efficiency of the pollen grains. In different
plant species, the structure of the shells of the pollen grains can vary greatly. The use of
methods of mechanical destruction, such as grinding with metal balls [47] or the use of a
bullet blender [24], increases the DNA yield. In this case, the yield becomes comparable
with the one we have achieved using tubes with fine sand for grinding pollen.

Festuca and Lolium genera form a phylogenetic complex where Lolium is a subgroup
of the Festuca genus according to several phylogenetic studies that employed restriction
fragment length polymorphism (RFLP), random amplified polymorphic DNA (RAPD),
as well as rDNA (ITS region) and cpDNA sequences data for analysis [50,51]. It was
also pointed out that Festuca pratensis is the most closely related to Lolium species in
Festuca/Lolium complex, and suggested that the closeness of Festuca pratensis ITS to Lolium
ITS sequences could represent a reticulate evolutionary event [50,51]. The closeness of
these species is also supported by the fact that Festuca species readily cross with Lolium
species in nature or synthetically form Festulolium hybrids (e.g., F. pratensis × L. perenne, or
L. multiflorum × F. pratensis) [52]. Furthermore, species of these genera display a high level of
sequence similarity for orthologous genes (>91% identity) and conservation of gene family
content, as showed by the transcriptome analysis [53]. Several plastome barcodes have been
used to untangle the relationships within complex and construct phylogenetic trees [54,55],
though nuclear barcode ITS2 showed better results than plastome barcodes [56]. We
have found that the 5′-ETS barcode has 6 SNPs, ITS1 has 3 SNPs, and ITS2 has 8 SNPs
between Festuca pratensis and Lolium perenne sequences. In contrast, trnL-F 5′-ETS has only
2 short insertions (4 and 5 bp long) and no SNP in Lolium perenne sequences compared
to Festuca pratensis. Thus, nuclear barcodes resolve these species better than the trnL-F
plastome barcode, and ITS2 shows the least errors in distinguishing these species due to
more SNPs than other nuclear barcodes have.

Plant pollen taxon identification using the trnL barcode showed promising results and
a pollen-to-read quantitative correlation [22]. However, it was also shown that this barcode
could give incorrect taxon predictions, e.g., Lolium/Festuca and Arrenatherum/Poa [24]. In
this study, we have assessed the taxon identification capabilities of the adjacent plastome
region trnL-F intergenic spacer, but it has also shown a high error rate in resolving Lolium
and Festuca species. Moreover, we have observed a low amplification efficiency of this
barcode for pollen-extracted DNA. The low efficiency of amplification of the plastome area
may be caused by the fact that during the development of the pollen grain, chloroplasts,
which can be found in both vegetative and generative cells, are destroyed, and thus cpDNA
can be severely damaged [57].

5. Conclusions

ITS1 and ITS2 proved to be the most effective qualitatively and quantitatively, and
we recommend using them for Poaceae pollen analysis. Another nuclear barcode, 5′-
ETS, showed good qualitative results, but due to variability in fragment length, failed
to show good quantitative results. We suggest that 5′-ETS could be successfully used in
phylogenetic studies or direct PCR detection of certain species due to the highest genetic
distance between species among all barcodes in the study, if not for the metabarcoding of
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pollen. Plastome trnL-F showed the lowest amplification efficiency, intra- and interspecific
distances, and the highest error rate for pollen identification, especially in resolving Lolium
and Festuca sequences. In general, we can say that the barcodes used in this study allow
efficient amplification and metabarcoding analysis of Poaceae pollen of various genera,
and we suggest that nuclear barcodes are better for this task than plastome ones.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d14030191/s1, Figure S1: PCR test results with primers ETS-
Fmix + 18S_start_R; Figure S2: Barcodes’ intra- and interspecific distances per species; Table S1:
Accession numbers and basic characteristics of DNA barcodes used to create local reference database
for grass pollen metabarcoding.
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Abstract: Many well-studied animal species use conspicuous, repetitive signals that attract both
mates and predators. Orthopterans (crickets, katydids, and grasshoppers) are renowned for their
acoustic signals. In Neotropical forests, however, many katydid species produce extremely short
signals, totaling only a few seconds of sound per night, likely in response to predation by acoustically
orienting predators. The rare signals of these katydid species raises the question of how they
find conspecific mates in a structurally complex rainforest. While acoustic mechanisms, such as
duetting, likely facilitate mate finding, we test the hypothesis that mate finding is further facilitated
by colocalization on particular host plant species. DNA barcoding allows us to identify recently
consumed plants from katydid stomach contents. We use DNA barcoding to test the prediction that
katydids of the same species will have closely related plant species in their stomach. We do not
find evidence for dietary specialization. Instead, katydids consumed a wide mix of plants within
and across the flowering plants (27 species in 22 genera, 16 families, and 12 orders) with particular
representation in the orders Fabales and Laurales. Some evidence indicates that katydids may gather
on plants during a narrow window of rapid leaf out, but additional investigations are required to
determine whether katydid mate finding is facilitated by gathering at transient food resources.

Keywords: trophic interactions; diet specialization; DNA barcoding; bush cricket; Barro Colorado
Island; Panama; katydid; tropical trees

1. Introduction

Animals experience intense pressure to find food and mates while avoiding preda-
tion [1–3]. For many species, mate finding relies on signals that allow one sex to locate
the other, and can integrate a variety of sensory modalities including visual, acoustic,
electrical, and olfactory channels [4]. The same signals that increase detectability by mates
can increase detectability by predators as well, and predators can impose intense selection
both on the individuals doing the signaling, as well as on the individuals who are searching
for mates [5–8]. Consequently, there is often intense selection for strategies that facilitate
mate finding while minimizing exposure to predation.
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Many Orthopterans, including crickets, katydids, and grasshoppers, are known for
their conspicuous signals [9,10]. These species often use energetically expensive acoustic sig-
nals to attract mates [11,12], with signals repeated again and again for a large portion of the
day or night. Orthopteran signals often attract predators as well [13,14]. In the Neotropics,
eavesdropping gleaning bats such as Trachops cirrhosis and Lophostoma silvicolum hunt katy-
dids and other small animals by eavesdropping on the sounds that they produce [15–17].
Likely as a result of this acoustically targeted predation, many Neotropical forest katydids
produce vanishingly little sound. In a survey of 16 phaneropterine katydid species (Tet-
tigoniidae), none produced more than five seconds of sound per night, with most species
emitting infrequent calls of 20–200 ms in duration [18]. Many of these katydid species
have calls with carrier frequencies that are in the high audible or ultrasonic range [19],
characteristics that would also cause a call to attenuate quickly [20], particularly in dense
vegetation. Beyond Phaneropterinae, other katydid subfamilies also have instances of low
calling rates in Neotropical forests, with some conocephaline and pseudophylline species
producing less than 30 s of sound per night [21]. While many Neotropical forest katydids
produce little sound, there are examples of species that call substantially more, such as
Ischnomela pulchripennis, a species that is associated with spiny bromeliads that provide
protection from predator attack [17]. However, with key exceptions [22], relatively little is
known about possible associations between particular species of katydids and their host
plants and how those associations may interact with signal structure or signaling strategy.

For species that produce so few acoustic signals, one of the inescapable questions
is how they are able to encounter mates in a dense and structurally complex rainforest.
There are multiple mechanisms that could facilitate mate finding in species that produce
only seconds of long-distance advertisement signal each night. Phaneropterine katydids
engage in mating duets, where the female replies to the male signal with a short tick,
providing information about her presence and receptivity (reviewed in [23]). Duetting
alone may be enough to allow katydids to find each other, if the female replies incentivize
short-term risk taking and elevate male signaling rate. Males will also produce ticks that
resemble the female reply, likely as a competitive mechanism that confounds interception
by other males [24]. If males are producing sounds to jam other males, it suggests that it
is common for multiple individuals to be present and interacting during mating, again
reflecting effective strategies for co-localizing with conspecifics, rather than rare chance
encounters between pairs in the forest.

An additional mechanism that could further facilitate mate encounter while mini-
mizing conspicuousness to predators is host plant specificity. In some species, animals
mate on or near their food resources, streamlining the encounter process [25,26]. Animals
that find mates on a food resource can reduce travel time and associated predation risk,
and species that gather at food resources may also be able to use less conspicuous signals
that enable them to compete for nearby mates without attracting distant predators. If
katydids gather on particular host plants and search for mates where they are gathered,
this food-based aggregation strategy could dramatically lower the hurdle to mate finding,
reducing female travel costs and predation risk and allowing effective pairing, even with
rare, short duration, rapidly attenuating signals.

Host plant specialization provides opportunities and challenges. Mature tropical
forests contain a diversity of vegetation, much of which is heavily protected by secondary
compounds and chemically defended against most herbivores [27–29]. Herbivores respond
to plant defenses with a diversity of strategies, including extreme host generalization, where
they eat small quantities of many plants to minimize the impacts of each type of toxin [30,31],
or host plant specialization, where they evolve to tolerate or even repurpose a particular
type of chemical defense [32,33]. In most habitats, herbivorous Orthopterans consume a
wide range of plants [34]. However, there are cases where Orthopterans specialize on a
particular food source, with some displaying strong associations and genetic differentiation
based on diet [35,36], while others demonstrate strong preferences for specific plants but
accept other plant species when preferred options are not available [37].
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We test the hypothesis that many Neotropical forest phaneropterines are host plant
specialists, facilitating pairing and reducing the demands associated with eating a large
diversity of highly defended rainforest plants. The diet specialization hypothesis predicts
that all katydids of a particular species will consistently consume the same or closely
related plant species across space and time. An alternative hypothesis is that katydids
are more generalized in their diets, a hypothesis that would be supported by sampling
multiple individuals of the same katydid species and finding that they had been eating
taxonomically diverse plant species.

Katydids are renowned for their camouflage and finding them in the forest can be very
challenging, particularly because many species occur in the forest canopy [38]. Because it
is so difficult to observe these animals in the wild, it is also difficult to determine if they
are dietary specialists. A detailed review of the literature on these katydid species [19] did
not yield any published records of diet. Fortunately, DNA sequencing approaches make it
possible to identify plants that are part of the diets by extracting plant material from the
stomachs of captured katydids and amplifying plant DNA barcodes [39–42]. These plant
DNA barcodes have been developed specifically for the research site on Barro Colorado
Island in Panama and have been previously utilized to generate a community phylogeny
of trees and assign plant species to fine roots collected in the soil [43,44]. Here we employ
these barcodes to test diet specialization of katydids.

2. Materials and Methods

2.1. Katydid Capture and Sample Preparation

For gut content characterization, katydids (family Tettigoniidae, primarily Phaneropteri-
nae) were captured at building lights on Barro Colorado Island, Panama (9.16491, −79.83734).
Katydids were collected during nighttime hours between late December and early March of
2015–2018, with 82% of the samples collected between 29 December and 31 January. During
this season, katydids are actively calling and mating. Lights were checked two times per
night, at approximately 23:00 and 04:30. When analyses were reported by year, the data
are grouped by collecting season (e.g., ‘2017’ represents data collected from late December
of 2016 to early March of 2017). For each katydid, we recorded the location of the light
and time of capture, then immediately froze the insect to interrupt digestion. Katydids
were identified to species in accordance with available resources [19,45], with published
morphospecies names used to identify three species. Light trapping captured many dif-
ferent katydid species, with relatively even representation across species, rather than a
few dominant species. In the current study, we focused on the most commonly captured
species in order to represent multiple individuals of the same species. Plant DNA was
obtained by dissecting the katydid and isolating the digestive tract, which was placed in a
microcentrifuge tube for DNA extraction [40].

2.2. DNA Extraction and Amplification

DNA was purified and amplified as described in Symes et al. [40]. Briefly, DNA
was purified from dissected digestive tracts following the manufacturer’s instructions
using the QIAGEN DNeasy Plant Mini Kit (Qiagen 69104; Qiagen, Hilden, Germany)
with the following modification. After initial homogenization with micropestles, 50 μL of
AP1 buffer was added and the sample was further crushed before adding the 350 μL of
AP1 buffer. Primers were utilized to amplify three conserved regions of the plastid genome
following the procedure described in [43] (Table S1). Of the three regions, the rbcL region
has the highest sequence conservation across plant species and is easy to sequence, the
psbA/trnH region is intermediate in variability, but sometimes difficult to interpret, and the
matK region is highly variable, but often difficult to amplify. PCR reactions were prepared
using 5 μL template, 20 μL GoTaq Green PCR mastermix (Promega M7122; Madison, WI,
USA), 0.5 μM F and 0.5 μM R primer, and water to a final volume of 40 μL. Thermocycler
(ABI Veriti 96-well, model 9902) conditions for rbcLa and psbA-trnH were: 95 ◦C for 3 min,
35 cycles (95 ◦C for 30 s, 55 ◦C for 30 s, 72 ◦C for 1 min), 72 ◦C for 10 min and for matK
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were: 95 ◦C for 3 min, 40 cycles (95 ◦C for 30 s, 50 ◦C for 30 s, 72 ◦C for 1 min), 72 ◦C for
10 min. Samples were analyzed with rbcLa and psbA-trnH primers first, and then PCR was
conducted with matK primers if needed to achieve a minimum of two successful primer
sets per sample.

For positive samples, the remaining 30 μL of PCR product was purified using a
Wizard PCR Clean-Up System (Promega A9281; Madison, WI, USA) and resuspended
in 50 μL nuclease-free water. 2 μL of purified PCR product was mixed with 25 ng of
the appropriate forward primer for the amplicon (rbc, rbc_SI_For; psb, psbA3’f; matK,
matKfor_KIM3F) in a 15 μL reaction volume and sequenced using Sanger sequencing
through Genewiz (Genewiz, South Plainfield, NJ, USA). Sequences were trimmed using
Geneious and a 0.1 error probability limit. Following editing, sequences were exported in
FASTA format for analysis with BLAST. Sequence data is available in FASTA format with
the Supplementary Materials.

2.3. Identification of Plant Species

Sequences were assigned to plant species using the BLAST tool in Geneious based
on identity similarity and query coverage between sequences from the gut samples and a
custom reference database containing BCI-specific plant barcodes (rbcL, psbA/trnH, matK)
for trees ([43]), shrubs, and lianas (Kress, unpubl). (Table S2) For samples with successful
amplification for two or three of the gene markers, plant species identification was assigned
if there was a match for the highest sequence similarity across multiple gene markers. If
there were multiple taxa with the same similarity, identification was made to genus or
family level. If there was no overlap between two or three gene markers, the sample was
labeled as “Conflict”, indicating that different primer sets match different plant taxa. For
samples with successful amplifications for only one gene marker, plant species identification
was made to the species with the highest percent identity and query coverage. If more
than one plant had similar identity and coverage, sequences were assigned to the level
of concordance in the cluster (genus or family). Data visualizations were created with
Microsoft Excel and Powerpoint.

2.4. Growth Height Assignment

Plants with species- or genus-level identification were assigned a growth height
category based on the “plant growth form” data in the relevant overview page for each
plant species from the Encyclopedia of Life [46]. Plants were binned into the following
categories with the maximum height listed: Shrub (6 m), Understory tree (Tree 15 m, Tree
20 m, Tree 25 m), and Canopy Tree (Tree 30 m, Tree 40 m, Tree 70 m). In one case (genus
Ocotea), genus-level identification was included because all species in that genus fell in the
same growth category.

3. Results

Successful plant sequences were recovered from the stomach contents of 71 insects
representing 17 Neotropical forest katydid species. These katydid species consumed a wide
variety of plant families, with each katydid species consuming multiple families of plants
(Figure 1), and multiple katydid species consuming the same plant species. Comparing
2016 to 2017, katydids sampled from the same locations were often eating different plant
families in different years (Figure 2).

In total 27 species of host plants were determined from the gut contents of the sampled
katydids by DNA barcodes (Table 1 and Table S3). These 27 species were distributed
across 22 genera in 16 families and 12 orders and were phylogenetically spread across the
23 orders of flowering trees on Barro Colorado Island (Figure 3 and Figure S1). The largest
numbers of species were found in the Fabales (six species), Sapindales (six species), and
Laurales (three species). The remaining nine orders each had one or two species of host
plants. Relatively few or no host species were detected in the speciose orders Gentianales,
Rosales, Malpighiales, and Myrtales.
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Figure 1. Plant families recovered from the stomach contents of six common katydid species on Barro
Colorado Island, Panama. “Conflict” indicates that different primer sets show different plant species
identifications for a given individual katydid.

Figure 2. Map of katydid collection localities on Barro Colorado Island, with pie charts representing
the plant families that were recovered from katydid stomachs by location and year. Each black dot
represents a light capture location, with lights divided into three spatially and elevationally clustered
zones. The inset pie charts represent the plant families that were sequenced in a given zone and year.
“Conflict” indicates that different primer sets show different plant species identifications for a given
individual katydid.
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Table 1. Plant species identified by DNA barcoding from the digestive tracts of Neotropical katydids.

Katydid Species Plant Order Plant Family Plant Genus Plant Species Growth Habit

Anaulacomera “wallace” Laurales (2 *) Lauraceae (2 *) Nectandra (2 *) lineata (2 *) Understory tree (10–25 m)

Anaulacomera furcata (v)

Ericales * Sapotaceae * Pouteria * fossicola * Understory tree (10–25 m)

Fabales (2 + 1 *) Fabaceae (2 + 1 *)

Inga sp

Swartzia * simplex * Understory tree (10–25 m)

Tachigali versicolor Canopy tree (>25 m)

Laurales * Lauraceae * Nectandra * lineata * Understory tree (10–25 m)

Rosales * Cannabaceae * Trema * micrantha * Understory tree (10–25 m)

Sapindales Sapindaceae Cupania cinerea Understory tree (10–25 m)

Anaulacomera spatulata

Ericales Lecythidaceae Gustavia superba Understory tree (10–25 m)

Fabales (1 + 2 *) Fabaceae (1+2 *)
Inga (2 *)

goldmanii Understory tree (10–25 m)

punctata Understory tree (10–25 m)

– –

Laurales (3 *) Lauraceae (3 *) Nectandra (3 *) lineata (3 *) Understory tree (10–25 m)

Sapindales Sapindaceae Cupania rufescens Understory tree (10–25 m)

Arota festae

Fabales * Fabaceae * Inga * –

Malpighiales * Malpighiaceae * Malpighia * romeroana * Shrub (<6 m)

Sapindales * Anacardiaceae * Anacardium * excelsum * Canopy tree (>25 m)

Ceraia mytra Lamiales Bignoniaceae Jacaranda copaia Canopy tree (>25 m)

Docidocercus gigliotosi Malpighiales Malpighiaceae Malpighia romeroana Shrub (<6 m)

Dolichocercus latipennis

Celastrales (1 + 1 *) Celastraceae (1 + 1 *) Maytenus (1 + 1*) schippii (1 + 1 *) Understory tree (10–25 m)

Laurales (6 + 1 *) Lauraceae (6 + 1 *)
Nectandra (5 + 1*) lineata (5 + 1 *) Understory tree (10–25 m)

Ocotea – Understory tree (10–25 m)

Malvales Malvaceae – –

Santalales Olacaceae Heisteria concinna Understory tree (10–25 m)
Sapindales Meliaceae Guarea – Understory tree (10–25 m)

Euceraia insignis Sapindales (2 *)
Anacardiaceae * Anacardium* excelsum* Canopy tree (>25 m)

Sapindaceae * Cupania* – Understory tree (10–25 m)

Hyperphrona irregularis Fabales * Fabaceae * Inga* –

Idiarthron major Fabales (2 *) Fabaceae (2 *)
Dipteryx* oleifera Canopy tree (>25 m)

Inga* –

Lamprophyllum micans

Gentianales Rubiaceae Chimarrhis parviflora Understory tree (10–25 m)

Laurales (1 + 1 *) Lauraceae (1 + 1 *) Nectandra (1 + 1 *) lineata (1 + 1 *) Understory tree (10–25 m)

Sapindales (1 + 1 *) Anacardiaceae (1 + 1 *) Anacardium (1 + 1 *) excelsum (1 + 1 *) Canopy tree (>25 m)

Microcentrum “polka” Fabales * Fabaceae * Inga* –

Microcentrum championi

Laurales Lauraceae Ocotea puberula Understory tree (10–25 m)

Malvales Malvaceae Luehea seemannii Canopy tree (>25 m)

Sapindales (1 + 1 *)
Anacardiaceae * Spondias * radlkoferi * Canopy tree (>25 m)

Sapindaceae Cupania cinerea Understory tree (10–25 m)

Montezumina bradleyi
Fabales (3) Fabaceae (3) Inga (3) –

Laurales (3) Lauraceae (3) Nectandra (3) lineata (3) Understory tree (10–25 m)
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Table 1. Cont.

Katydid Species Plant Order Plant Family Plant Genus Plant Species Growth Habit

Phylloptera dimidiata

Caryophyllales Nyctaginaceae Guapira standleyana Canopy tree (>25 m)

Fabales * Fabaceae * Swartzia * simplex * Understory tree (10–25 m)

Malpighiales (1 + 1 *)
Malpighiaceae Malpighia romeroana Shrub (<6 m)

Phyllanthaceae * Margaritaria * nobilis * Understory tree (10–25 m)

Malvales (2 + 1 *) Malvaceae (2 + 1 *) Ceiba (2 + 1 *) pentandra (2 + 1 *) Canopy tree (>25 m)

Sapindales * Sapindaceae * Cupania * latifolia * Understory tree (10–25 m)

“Waxy” sp.
Fabales Fabaceae Inga sp

Sapindales Anacardiaceae Anacardium excelsum Canopy tree (>25 m)

Plant species listed are supported by two or more primer sets. Plant species with * are supported by a single primer.
The paranthetical number indicates the number of individual katydids associated with the identified plant.

Figure 3. The phylogenetic distribution of plant species in the diets of katydids on BCI. The evolution-
ary relationships of the 23 orders of flowering plants found on BCI are represented in the branching
diagram (modified from Figure 1 in [39]; see Figure S1 for a full representation of the species diversity
of trees in the 50-ha forest dynamics plot). Circled numbers indicate the number of host plant species
per order detected in the gut contents of katydids, as determined by DNA barcoding.

Most katydid species were consuming plant species that could grow into the canopy
layer (Figure 4). However, some katydid species were foraging on plants that never grow
higher than the understory.
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Figure 4. Maximum published growth height for the plants contained in the katydid diet, shown
by katydid species. In the case of repeated plant height values, points are jittered slightly to show
all data. Plants that could not be identified to species or genus level are not included due to
variability of family-level maximum growth height. Katydid species abbreviations (Aw: Anaulacomera
“wallace”; Af: Anaulacomera furcata; As: Anaulacomera spatulata; Afe: Arota festae; Cm: Ceraia mytra;
Dg: Docidocercus gigliotosi; Dl: Dolichocercus latipennis; Ei: Euceraia insignis; Im: Idiarthron major;
Lm: Lamprophyllum micans; Mc: Microcentrum championi; Mb: Montezumina bradleyi; Pd: Phylloptera
dimidiata; Ws: Waxy sp.).

4. Discussion

The results of our study do not support the hypothesis that Neotropical katydid
species specialize their diet by host plant. By extracting plant DNA from the digestive
systems of katydids, we were able to use DNA barcoding to identify which plant species
and/or families were recently consumed. Individual katydids of the same species often
had multiple and different plant families in their digestive systems, indicating that katydid
species were not specializing on single host plants. In addition, the use of multiple primers
sometimes recovered different plant species from the same katydid, providing evidence
that katydids would feed on a diversity of plants even at short timescales. Consequently,
dietary specialization on a specific host plant is not providing these species with a means
of facilitating mate localization in the face of intense predation on signaling males and
mate-searching females.

In contrast, the katydid species studied here were consuming a wide variety of plant
families (16) and orders (12) comprising over half the orders of plants found on BCI. While
many plant families and orders appeared in the katydid diet, some were particularly
well-represented. Within the katydid samples that yielded a single identified plant order,
27% of the samples were Laurales and 23% were Fabales. No other plant family or order
comprised more than 8% of the samples (Table 1). The abundance of Laurales and Fabales
in the diet appears to be consistent with the relative abundance of stems of these plant
orders on Barro Colorado Island, although species diversity in several other lineages, such
as Gentianales, Myrtales, Rosales, and Malpighiales, is equally high or higher, suggesting
that katydids may avoid some lineages of plants in favor of others [47–49]. Furthermore,
it should be noted that the katydid specimens were collected primarily in January when
certain trees may be in the young leaf stage and hence easier to digest than other species.
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If this is the case, then our results may in part be dependent on tree phenology. Further
sampling at different times of the year in different seasons is certainly warranted.

The dietary composition of katydids provides one-directional information about the
height at which katydids are foraging. Because even canopy emergent tree species start
as saplings, the presence of canopy species in the katydid diet does not necessarily mean
that the species was consumed in the canopy. In contrast, when katydids are eating shrubs
and understory trees, it is strong evidence that the species is foraging low in the forest.
While sample sizes are small for some katydid species, katydid species that are observed at
ground level are in fact consuming understory vegetation (e.g., Docidocercus gigliotosi [22])
(Figure 4).

One notable finding was that many plant families were detected in only one year. In
part, the year-to-year differences likely reflect the fact that there are many plant families and
most were represented with relatively low frequency. However, the fact that some plant
families are well-represented in one year and rare or absent in others suggests that there
may be times when particular plant families or individual plants are especially palatable.
For example, in a given sampling location on a given night, multiple katydids of multiple
species had the same plant in their stomach (Table S3), perhaps reflecting a nearby feeding
opportunity that attracted multiple species of katydid.

Transient feeding opportunities on particular plants would be consistent with what is
known about the palatability and phenology of many tropical plants. Even though leaves
may persist for several years, 25–70% of leaf damage occurs in the weeks when leaves
are expanding [50,51]. In response to herbivore pressure, tropical plants have evolved a
variety of strategies to minimize their window of vulnerability to herbivores [27]. Herbivore
evasion strategies can include exceptionally rapid expansion of leaves, delayed greening,
and synchronous flushing, strategies that minimize exposure to herbivory by compressing
the window when leaves are maximally palatable [52,53].

The possibility of short-term feeding windows on specific plants is also supported by
anecdotal field observations during this study, where katydids of multiple species were
observed aggregated on a tree a few days before the tree produced substantial and obvious
new growth (L. Symes, personal observation).

If katydids do aggregate to exploit transient feeding opportunities, co-localization
on food sources might still facilitate mate finding, even for diet generalists. There are
several avenues of investigation that could provide information on whether katydids
aggregate to feed on plants during leafout. One strategy is to bait traps with plant volatiles
such as benzyl nitrile, phenyl acetaldehyde, and/or 2-phenylethanol [54,55] to determine
whether these chemical compounds are attractive to katydids, suggesting targeted feeding
on vulnerable plants. A second strategy is to deploy long-term acoustic recorders and test
for periods of time when a single location on the landscape has an elevated number of
katydid calls, reflecting aggregation or one or more katydid species in an area for a short
period of time. Understanding whether katydids aggregate on plants that are producing
new leaves is important for understanding herbivore pressures on the forest vegetation,
patterns of food availability for insect predators, and impacts of habitat patch size on insect
populations and foraging effectiveness.

The results of DNA barcoding, when applied to Neotropical forest katydids, helps to
define previously unseen connections between plants and herbivores, including connections
that occur out of sight in the forest canopy. The generality of the katydid diet is more or
less consistent with observations on other species in other locations, but underscores our
lack of knowledge of how animals with rare short-range signals find each other in tropical
forests. Our observations also suggest several avenues for future research.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d14020152/s1, Table S1: Primers utilized for DNA barcode
amplification; Table S2: List of accessions of DNA barcodes for BCI trees/shrubs/lianas used in
BLAST searches; Table S3: List of katydid samples, plant BLAST result, and collection metadata.
Figure S1: The phylogenetic distribution of plant species in the diets of katydids on BCI.
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Abstract: The drivers of invasion success of alien species remain, to some extent, a matter of debate.
Here, we suggest that the services (the benefits humans obtain from a species) provided by alien plants
could predict their invasion status, such that alien species providing more services would be more
likely to be invasive than not. The rationale for this expectation is that alien species providing multiple
services stand a better chance of being introduced in various numbers and multiple times outside
their native range (propagule pressure theory). We investigated this hypothesis on alien woody
species in South Africa. First, we defined 12 services provided by all the 210 known naturalized alien
woody plants in South Africa. Then, we tested for a phylogenetic signal in these services using a DNA
barcode-based phylogeny. Finally, we tested for potential links between the services and invasion
status by fitting GLM models with appropriate error families. We found a phylogenetic signal in most
services, suggesting that closely related species tend to provide similar services. Counter-intuitively,
we consistently found that alien non-invasive species tend to provide more services, or even unique
services, in comparison to alien invasive species. Although alternative scenarios are plausible to
explain this unexpected finding, we speculate that harvesting alien plants for human benefits may
limit their invasion ability. This warrants further investigation.

Keywords: alien woody plants; horizon scanning; DNA barcode; predicting invasion success;
environmental policy; propagule pressure

1. Introduction

Over the past four centuries, some alien woody plants were introduced intentionally
into South Africa to meet the growing human demands for various goods and services
(charcoal, timber production, ornaments, dune stabilization, medicine, etc.; [1–5]). The
selection and use of plants by humans have been shown to be non-random, but this non-
randomness has been widely demonstrated for native plants (e.g., [6–10]). However, it
is increasingly shown that alien species intentionally selected and introduced into new
environments for human use (e.g., medicine) are also non-random selections from local
floras (e.g., [11]; see [12] for further references). While some of the introduced alien plants
fail to establish a viable population in their recipient environments, many others have
naturalized, and some of the naturalized species have become invasive [13]. Alien invasive
plants are naturalized plants that produce reproductive offspring, often in very large
numbers, at considerable distances from their points of introduction, and thus have the
potential to spread over a considerable area [14]. Although some of the invasive species
pose a severe ecological threat to their recipient systems [15–17], the levels of threat are not
equal; some species are strong invaders and pose high ecological and economic threats,
while others are weak invaders [12,18,19].

In the face of these threats, a massive research effort has focused on understanding the
predisposition of alien plants to invasion success in a foreign environment [5,20–23]. The
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findings reported in these studies are, to some extent, contradictory. This is because the
drivers of invasion of some taxa in an environment do not explain the invasion of other taxa
or the same taxa in different habitats [23–27], thus revealing the environment-dependent
nature of invasion and the need for case-specific management solutions. Here, we propose
that the services that alien species provide, and which motivate their introduction into a
new environment, should better predict the invasion status of these species (naturalized vs.
invasive) in their recipient ranges. There are two reasons underlying this expectation.

Firstly, since functions (ecological or physiological) generate services, and functional
traits correlate with the invasion status of species in South Africa [21], services should also
predict the invasion status of alien species. Several studies have tested, albeit indirectly,
this potential link between services and invasion by focusing only on the link between
functional traits and invasion [21,28]. Secondly (and this is the most critical basis for our
expectation), an alien species that provides a diverse array of services is more likely to be
introduced independently multiple times and in various numbers into new environments
than an alien species that provides only one or a few services [9,29]. However, we also
acknowledge that multiple independent introductions in large numbers may not necessarily
be due to a diverse array of services, but rather could be driven, for some species, by a
single service of high use-value for local communities. These alternative scenarios match
the prediction of the propagule pressure theory [30], also termed “introduction effort” [31],
which is the number of individuals introduced into a new environment and how often the
introduction events occur [30,32].

In the present study, our aim is to link the services of naturalized woody plants to
their invasiveness status in South Africa. Specifically, we ask the following questions: Are
plant species selected and used by humans a random selection with regard to the services
they provide? Does the total number of services (used as a proxy for propagule pressure)
of alien species predict their invasion status? We explored these questions using the alien
woody flora recorded as intentionally introduced to South Africa [21].

2. Materials and Methods

2.1. Native and Alien Woody Flora of South Africa

The present study focuses on South Africa but literature across Southern Africa,
which includes Botswana, Lesotho, Mozambique, Namibia, South Africa, Swaziland, and
Zimbabwe, was also consulted for the purpose of a comprehensive documentation of
information. For example, native and alien plants to South Africa and their uses have been
reported in various sources across Southern Africa. The Southern Africa’s woody flora
comprises approximately 2200 native species [21,33,34]. Of this native flora, 1190 species
are included in the present study. This list includes 210 intentionally introduced alien
species now documented as naturalized in South Africa. In total, 1400 species are included
in our study, of which 1190 species are native, and 210 species are naturalized alien species.

2.2. Categorization of Alien Species

First, naturalized alien species were categorized into invasive and non-invasive fol-
lowing Bezeng et al. [20,21] as their study provides the most recent and comprehensive
record and categorization of alien woody species in South Africa. In South Africa, the
NEMBA list of alien plants is the official list of species considered as invasive and non-
invasive (naturalized) in South Africa. The list is generated, through a lengthy process,
by the government of South Africa through the Department of Environment, Forestry
and Fisheries (DEFF). The process through which the list of alien species is generated can
be summarized as follows: An Alien Species Risk Analysis Review Panel (ASRARP) is
established and tasked to conduct the invasion risk analysis of alien species in the country.
This panel, formed of various experts in the field of biological invasion, uses the framework
of [35] for alien invasion risk analysis. This framework is grounded on the following five
risk assessment criteria: background (of the alien species), likelihood (of the species being
introduced to the country, naturalized and invasive), consequences (environmental and
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socio-economic), management (of the alien species) and reporting (summary of the risk
assessment and risk recommendation). Before ASRARP makes a final decision on the risk
status of a given species, the opinions of at least two experts, generally one local and one
international, are consulted. The list of South Africa’s alien species used in the present
study emanated from this process and additional expert consultations [21].

2.3. Record of Services of Woody Flora (Native and Alien) in South Africa

We documented through an intensive literature search the different services these
species (native and alien) provide to humans in South Africa. First, we used the Web
of Science (WoS) to retrieve existing scientific ethnobotanical studies in the region. Sec-
ond, we searched for each species by using combinations of keywords such as “scientific
name of species”, “Southern Africa”, “Botswana”, “Mozambique”, “Namibia”, “South
Africa”, “Swaziland”, “Lesotho”, “Zimbabwe”, “uses”, “usages”, and “benefit”. We
also made use of Google and Google Scholar for scientific and grey literature using sim-
ilar keywords to retrieve online resources such as regional and country-specific jour-
nals, proceedings, technical reports, herbarium and commercial websites informing on
the uses of woody plants in our dataset. The Southern African Plant Invaders Atlas
(http://www.agis.agric.za/wip/, accessed on 1 March 2017) was also consulted. In addi-
tion, we consulted key books on the regional flora such as Trees of Southern Africa, Field
Guide to Trees of Southern Africa, and Guide to Trees Introduced into Southern Africa [33,36,37].
Additionally, plant uses in South Africa were retrieved from the Prelude Database for Medici-
nal Plants in Africa (http://www.africamuseum.be/collections/external/prelude; accessed
on 10 February 2017), a unique database where medicinal plants and uses across the
entire African continent since 1847 are documented and frequently updated. Finally,
services of plants were updated by consulting the global dataset of plant uses of plants
documented on the WEP database (National Plant Germplasm System GRIN-GLOBAL;
https://npgsweb.ars-grin.gov/gringlobal/taxon/taxonomysearcheco.aspx, accessed on
May 2021) and Diazgranados et al. [38]. All the different services (uses) retrieved from this
wide and intensive literature search were grouped into 12 distinct categories of services
(Table S1).

2.4. Phylogeny of the Southern Africa’s Woody Flora

The phylogenetic tree used in this study is the most comprehensive DNA-based
phylogeny ever assembled for both native and alien woody flora of Southern Africa in
one of our recent papers [21]. In summary, this phylogeny was based on a matrix of
the two DNA barcode regions matK (942 bp) and rbcLa (552 bp) generated in two recent
studies (ref. [34] for native flora and ref. [21] for alien flora; sequences available since
2015 on www.boldsystems.org;). Although four markers are proposed as plant barcodes,
the two regions matK and rbcLa have been shown to be efficient in several ecological
studies, e.g., [21,34]. The phylogeny includes 1400 native and alien taxa representing
117 families and 562 genera. The reconstruction of the phylogeny follows the classical
widely established Bayesian method (see details in [21]). Importantly, four independent
runs of MCMC were performed, each for 100 million generations, sampling every 1000
generations. The MCMC log files for convergence using the effective sample size (ESS)
statistics in Tracer v.1.5 [39] were evaluated, and all ESS values >100. Finally, the resulting
tree files from the four runs were combined in LogCombiner v.1.7.5 [39], down sampling 1
in 20,000 trees, and discarding the first 25% trees as burn-in. The maximum clade consensus
(MCC) phylogeny was generated with TreeAnnotator v.1.7.5 [39]. This MCC phylogeny is
used for all phylogenetic analyses in the present study.

2.5. Data Analysis

• Test of phylogenetic signal in services provided by alien woody species

Prior to the analysis, the phylogeny was pruned off the native species. To test whether
species used by humans are randomly selected with respect to the services they provide,
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a matrix of species and service categories was first created for each plant invasion status
(alien non-invasive and alien invasive). In this matrix, the 12 categories of services (Table
S1) were transformed into binary data, as follows: 1 (if a species provides a given service),
and 0 (if not). Then, using the phylogenetic tree of Southern Africa’s flora pruned to have
only alien species to South Africa, we applied the D statistic [40] on this binary data to
assess whether species used for a particular service are phylogenetically more closely
related than expected at random (test of phylogenetic signal). D statistic has the advantage
of measuring both a phylogenetic signal and its strength. The strength of the signal was
interpreted as follows: D < 0 means strong signal; D = 0 means presence of signal under
Brownian Motion model; D between 0 and 0.5 means moderate signal; D between 0.5 and 1
means weak signal; D = 1 means no signal; D > 1 means over-dispersion. The statistical
significance of the observed D value was tested by comparing the observed D value to 0
(expected value for a phylogenetically conserved pattern under a Brownian Motion model)
and 1 (random expectation). The p values for significance tests were reported as PBM
(giving the result of testing whether D was significantly different from 0) and Prand (giving
the result of testing whether D was significantly different from 1). In the scenario of a D
value falling between 0 and 1 but being statistically different from 1, this implies that the
observed D value shows moderate/weak signal but is non-random. If D value is between
0 and 1 but not statistically different from 1, then the observed value is moderate/weak
and not different from random.

• Tests of link between services provided by alien plants and their invasion status

To test if services can be linked to invasion status, we tested whether the diversity
of services provided by alien plants (i.e., total number of services for each alien species)
correlates with their invasion status. This analysis was carried out by fitting two types of
GLM models on “number of services” (response variable) versus “invasion status” (pre-
dictor). On one hand, we fitted a Poisson GLM (given the response variable is count data
and on the other, we fitted a phyloGLM as implemented in the R library Phylolm [41]. The
difference between both tests is that the latter corrects for phylogenetic nonindependence
of species, allowing us to assess the potential influence of phylogeny on the result reported
in the former test.

Finally, we tested whether there was a direct potential link between each service
and the invasion status. The test was run by fitting a binomial GLM since invasion
status (response variable) was measured as a binary variable (invasive vs. non-invasive
following NEMBA).

3. Results

Firstly, we found evidence for non-random selection of alien species intentionally
introduced to South Africa for the services they provide, although most phylogenetic sig-
nals were weak to moderate (Table 1). Specifically, we found support for phylogenetically
non-random selection of alien species for 75% of services, i.e., 9 services out of 12.

Secondly, we found a correlation between the number of services and invasion status,
such that alien non-invasive species tend to have more services than the invasive species
(Figure 1; β = −0.28 ± 0.09, p = 0.003). When we corrected for the phylogeny, our finding
still confirms this pattern (β = −0.38 ± 0.39, p = 0.04).
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Table 1. Results of phylogenetic signal test in the services provided by alien plant species using D statistic. The p values for
tests of significance were reported as PBM (giving the result of testing whether D was significantly different from 0) and
Prand (giving the result of testing whether D was significantly different from 1). A weak-to-moderate significant signal was
detected in 9 out of 12 services.

Categories of Services of
Woody Species (n = 1400)

Counts of States Estimated D Prand PBM Interpretation

Service 1 Human Food (edible
fruits, edible starchy roots,

edible nuts, beverages)

0 = 169
1 = 39 0.5145573 <0.001 0.002 Weak signal, but

non-random

Service 2 Livestock (Fodder
and forage)

0 = 193
1 = 15 0.6435349 0.006 0.01 Weak signal, but

non-random

Service 3 Medicinal (Human
and animal

treatment-medicinal oils,
purgatives, skin infections,

ringworms and
other ailments)

0 = 178
1 = 30 0.6578688 <0.001 <0.001 Weak signal, but

non-random

Service 4 Body and house care
(perfume, essential oils for
hair and skin, face and Skin
Mask, Exfoliants and Wash,

Polishes, Soaps,
detergents, Shampoos)

0 = 196
1 = 12 0.5787294 0.001 0.047 Weak signal, but

non-random

Service 5 Coloring Substances
(Tanbarks, Dyes and Inks)

0 = 200
1 = 8 1.022189 0.508 <0.001 No signal, random

Service 6 Insect Attractants
Repellents (Butterflies, Bees,

Ants, Bugs, Mosquitoes
and Worms)

0 = 172
1 = 36 0.5870513 <0.001 0.001 Weak signal, but

non-random

Service 7 Hunting Fishing
(Fish and Arrow Poison)

0 = 207
1 = 1 −2.105872 0.093 0.766 NA (there is only one

state for 1)

Service 8 Soil Management
(Soil Stabilization,

Sand-binding, Dune
Stabilization and Dune

Reclamation)

0 = 191
1 = 17 0.2478724 <0.001 0.0217 Moderate signal, but

non-random

Service 9 Fuels Biofuels
(Firewood, Woodchips,
Biofuel and Charcoal)

0 = 179
1 = 29 0.7891897 0.02 <0.001 Weak signal, but

non-random

Service 10 Construction and
Manufacturing Materials

(Poles, Fence Posts, Timber,
Shelter, Fibers, Ropes, Fish
Nets, Carving, Windbreak,
Hedging and Screening)

0 = 97
1 = 111 0.6462119 <0.001 <0.001 Weak signal, but

non-random

Service 11 Ornamental
(Indoor and Outdoor

Ornament, Street Trees
and Shade)

0 = 32
1 = 176 0.4971587 <0.001 0.001 Moderate signal, but

non-random

Service 12 Cultural Religious
(Traditional, Magical,

Religious/Spiritual Values)

0 = 204
1 = 4 0.9566721 0.352 0.046 No signal
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Figure 1. Relationships between the number of known services provided by alien species and their
invasion status.

Finally, when we tested for the link between each of the 12 services and invasion status,
we found that, among the 12 services recorded, only three services (food, medicine, and fuel)
show significant correlations with invasion status, but this correlation is negative (Figure 2),
as follows: food (β = −1.20 ± 0.37, p = 0.001); medicine (β = −1.31 ± 0.41, p = 0.00124);
fuel (β = −0.88 ± 0.42, p = 0.03), implying that these services tend to be provided by
non-invasive species.

  

(a) (b) (c) 

Figure 2. Relationships between invasion status and each service category. Only the three services that show significant
correlation with invasion status are presented, which are as follows: (a) food, (b) medicine, (c) fuel. Invasion status is coded
as follows: 0 (non-invasive) and 1 (invasive). The following are for service ‘food’: 0 (a species is not used as food) and 1 (the
species is used as food). Same for medicine and fuel.
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4. Discussion

The phylogeny used in the present study, and reconstructed using two markers of
DNA barcodes for plants (rbcLa + matK), has been used in several studies to test various
ecological hypotheses [21,34]. Using this DNA barcode phylogeny, our study indicates that
there is a phylogenetic signal in the services provided by intentionally introduced alien
woody plant species used by humans in South Africa. From a phylogenetic perspective, this
is an indication of non-random selection of alien plants. However, taxonomic non-random
plant selection was initially suggested almost four decades ago to explain human–plant
interactions, particularly for native plants used in traditional medicine [6,41,42]. This was
later supported in several other studies, but mostly for native plants used in traditional
medicine [8,43–45]. Nonetheless, only a few studies have tested whether this taxonomic
signal translates into a phylogenetic signal (e.g., [46,47]). In addition, the question of
whether alien species introduced into a new environment follow the general pattern of non-
random selection is not yet widely explored (but see [48]). The present study contributes
to filling such a gap, showing that alien woody species in South Africa are not randomly
selected; phylogenetically closely related alien species, intentionally introduced into the
region, tend to provide similar services. Can services then be used to predict the invasion
status of these alien species?

Contradicting evidence has been provided in several studies that investigated the
correlates of invasion success, suggesting the context specificity of invasions. Because
species’ functional roles (ecology and physiology) in ecosystems are linked to the services
that they provide to humans [49], and functional traits drive invasion success [21,28],
our expectation is that the services should also correlate with invasion success [29]. In
addition, if an alien species provides a higher number of services, the chances are greater
for that species not only to be sought after, but also to be introduced in a high number and
independently multiple times into new environments. This is predicted in the propagule
pressure theory [30–32]. Indeed, the propagule pressure theory has been demonstrated in
several studies for different taxa in various geographic regions [30,50,51]. In the present
study, we found a significant correlation between the number of services (which may
indicate propagule pressure) and invasion status, but, contrary to expectation, it is alien
non-invasive species that provide more services than invasive species. This pattern is
maintained whether we corrected for phylogeny or not, and supports the finding reported
in a recent study that naturalized plants provide more services than plants that are not
naturalized [29].

This counter-intuitive finding may be expected if our dataset comprises a large propor-
tion of unintentionally introduced alien species (this is not the case). It is also possible that
an alien species can be introduced both intentionally and unintentionally into an area. This
possibility may a priori complicate the detection of a strong correlation between services
and invasion status. However, in our case, we focused only on alien species recorded as
intentionally introduced and for which the services these species provide to humans are
relatively well documented. As such, even if some of these intentionally introduced species
are also transported through unintentional introduction pathways, this would simply
increase the propagule pressure of the species and would support our expectations of
strong relationships between the number of services (used as proxy for propagule pressure)
and invasion status. Furthermore, even if we assume that some of the alien species in our
list (Table S1) are unintentionally introduced, the fact that these species are now recorded
as providing some services to humans implies that humans may further cultivate these
species (for the services they provide), thus contributing to the spread of the species. In
such a scenario, our hypothesis of a strong relationship between services and invasion
would still hold, since we are not analyzing species’ traits, but the services they provide.
This scenario would actually make it meaningless to distinguish between intentional and
unintentional introduction, since what matters in our approach is the services that species
provide (not their ecological traits). In addition, the counter-intuitive finding reported here
could possibly be because alien non-invasive species might not yet have enough residence
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time in their new environment to become invasive. It could also be because the variable
“number of services” is not a strong proxy for propagule pressure, as an alien species
with a high number of services may not necessarily be introduced multiple times in an
area; a species S1 with only one known service may be introduced several times and more
often than a species S2 with multiple services if those multiple services are less valuable to
communities (i.e., lower use value) than the single service of S1. A further possibility is
that the lack of positive relationships between the number of services and invasion status
could be because of the differences in species’ performances (ecological, physiological)
in different environments/habitats in the same country; alien species providing a similar
number of services for different human communities may perform differently in different
environments or ecosystems. Another possibility is that the NEMBA alien categorization
itself may be a source of concern, due to human misjudgment or bias, or decisions that
are not ecologically informed, since the NEMBA list was generally criticized for not being
science-based (it was allegedly influenced by politics). Potential bias in the list may perhaps
lead to the unexpected results that we found. However, the fact that our findings mirror
what was recently reported at the global scale (see ref. [29]) means that the NEMBA list
may not be a profoundly biased representation of alien invasion status in South Africa.
These various scenarios that potentially explain our findings call for future studies that
link species’ use values to their alien invasion status.

When we tested the link between invasion status and each of the service categories,
only three services (food, medicine, and fuel) correlated significantly, in a negative direction,
with invasion status, suggesting that these services tend to be provided by non-invasive
species. All these findings confirm that alien non-invasive species tend to provide more
services to humans than alien invasive species, corroborating a recent finding that natu-
ralized species provide more services to humans at the global scale [29]. These findings
prompt the following key question: by harvesting alien plants for human use, do humans
limit their ability to invade? Although we did not test this hypothesis, we strongly suspect
this possibility, given that alien plants providing more services, or even specific services
(food, medicine), tend to be non-invasive (naturalized) or are geographically constrained.

Overall, by aiming to link services to invasion, this study pointed to potential roles
played by human choices of specific products (e.g., plants for medicine) in driving species
invasion. Our tests reveal unexpected evidence that alien non-invasive species provide
more or unique services to humans in comparison to alien invasive species, supporting
the recent similar finding reported at the global scale (see ref. [29]). Although a number of
scenarios are plausible to explain our finding, we suggest that human utilization/harvest
of alien species may constrain their ability to spread and become invasive. This requires
further investigations. Other studies in other geographies have shown the following similar
finding with that reported in the present study: the uses of alien plants by humans deter-
mine their outcome along the introduction–naturalization–invasion continuum [52–54].
Our study also provides additional evidence that DNA barcodes, initially thought of as a
taxonomic tool (e.g., [55]), can be used beyond taxonomy and for ecological investigations
(see reviews in ref. [56]).

Supplementary Materials: The following are available online at https://www.mdpi.com/1424-281
8/13/11/553/s1: Table S1. The raw data collected for the present study. The definitions of Services
1–12 are in Table 1.
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Abstract: The identification of floral visitation by pollinators provides an opportunity to improve our
understanding of the fine-scale ecological interactions between plants and pollinators, contributing
to biodiversity conservation and promoting ecosystem health. In this review, we outline the various
methods which can be used to identify floral visitation, including plant-focused and insect-focused
methods. We reviewed the literature covering the ways in which DNA metabarcoding has been used
to answer ecological questions relating to plant use by pollinators and discuss the findings of this
research. We present detailed methodological considerations for each step of the metabarcoding
workflow, from sampling through to amplification, and finally bioinformatic analysis. Detailed
guidance is provided to researchers for utilisation of these techniques, emphasising the importance
of standardisation of methods and improving the reliability of results. Future opportunities and
directions of using molecular methods to analyse plant–pollinator interactions are then discussed.

Keywords: DNA metabarcoding; pollen; pollinators; pollen metabarcoding; plant–pollinator interac-
tions; DNA barcoding; honeybees; bumblebees; hoverflies

1. Background

Understanding the relationship between plants and pollinators is vital for biodiversity
conservation, food security, and ecosystem sustainability [1,2]. Worldwide, there are
approximately 350,000 animal pollinator species, of which insects contribute a significant
proportion [3]. Despite the importance of pollinators, evidence of declines in species
richness and abundance are increasing across the globe [4,5]. The most significant drivers
of decline are land use change, pesticides, climate change, pests, and pathogens [6–9].

DNA metabarcoding provides a powerful tool for investigating pollinator foraging
preferences and should be a standard part of the ecologist’s toolkit. The aim of this review is
to describe the range of approaches and methods available, along with their opportunities
and challenges. We thoroughly explore the ecological questions that can be answered from
identifying floral visitation across a range of species and habitats and present a summary of
findings from the literature. The entire pollen metabarcoding workflow is described along
with considerations and guidance for each step, in the hope of inspiring more researchers
to adopt these techniques.

Identifying floral visitation can provide an insight into the resources used by insects
and the pollination services they deliver [10]. Whilst the methods described here do not
directly detect the process of pollination [11], we use the term pollinators as a general term
to refer to flower-visiting insects.
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2. Methods for Identifying Floral Visitation by Pollinators

Floral visitation studies may be plant- or insect-focused. Examples of insect-focused
methods include observational methods such as mark recapture using paint, plastic
tags [12], or harmonic radar [13]. In addition, waggle dances, used by honeybees to
communicate the location of resources to the colony [14], can be de-coded to elucidate
forage preferences and behaviour [15]. Floral visitation may also be investigated by iden-
tifying the pollen collected by the insect. Pollen microscopy has been widely utilised for
diet characterisation by identifying pollen grains obtained from body parts of individu-
als, e.g., mouthparts [16], scopa [17] and entire bodies [18,19], or honey [20,21] and nest
provisions [22,23]. However, the identification of pollen grains to species level using light
microscopy is difficult and time-consuming [24]. In recent years, automated machine
learning systems have been developed to identify pollen from images and are showing
great promise [25–27].

Pollen may also be identified by DNA metabarcoding: a process involving large-scale
identification of unknown taxa within a mixed sample using DNA barcode markers and
high-throughput sequencing [28–30]. The DNA contained in the sample is compared
to a reference library composed of DNA sequences of a standard genetic marker. For
plants, parts of the genes coding for ribulose bisphosphate carboxylase large subunit (rbcL)
and maturase K (matK) are recommended as standard markers due to their universality
across land plants [31]. However, the length of matK (around 800 bp) and the requirement
for multiple primer combinations to gain taxonomic coverage makes it less suitable for
amplicon-based metabarcoding [32]. Instead, additional markers such as the non-coding
nuclear internal transcribed region ITS2, the trnL intron, and the non-coding intergenic
spacer trnH-psbA are often used, either alone, or alongside rbcL for increased species
discrimination [33]. DNA metabarcoding has been used to successfully identify pollen
from provisions within nests [34–36], honey [37–39], proboscises [16,40], guts [41,42], and
the legs or bodies of insects [43–45] (Table S1).

Shotgun metagenomics is an alternative tool which can be used to identify taxo-
nomic diversity within a mixed sample using untargeted sequencing of genomic fragments
mapped to whole genomes or barcode regions [46,47]. By mapping genome-skims to a
constructed reference library of plastid genomes, Lang et al. [48] demonstrated quantitative
identification of >97% taxa in mixed pollen samples. The advantages of metagenomic
methods are the option of PCR-free processes which reduce possible amplification biases,
the ability to output long read lengths, and the increased taxonomic resolution compared to
targeted sequencing of specific regions [46,49]. The main limitation facing whole-genome
studies is that currently, few whole plant genomes are available, resulting in difficulties
assembling reference material [46]. A further promising approach is the use of reverse
metagenomics to map long reads produced by the MinION to genomic skims, a method
which has produced semi-quantitative identification of plant species in mixed pollen
loads [49].

Plant-focused methods of identifying floral visitation provide an alternative per-
spective to insect-focused methods. Interactions between plants and pollinators can be
characterised through observing which insects visit plants (plant-focused) [50–53]. Two
methods are commonly adopted: timed observations of plants with the frequency of each
insect visit recorded [53,54], and transect or plot walks where individuals within a survey
area are identified when visiting plants [52,55,56]. For both methods, insects are either
identified in the field or captured for later identification. An example of a more novel
plant-focused approach to elucidating floral visitation is through the method of obtaining
residual insect DNA from flowers [57]. Similarly, the identification of ‘microbial signatures’
specific to pollinators within nectar can also be used to elucidate visitation [58,59].

3. Plant vs. Pollinator Perspective of Foraging

Recording floral visitation from the perspective of the plant or the insect will yield
varying information [60–63], and each method of recording visits from either perspective
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has its advantages and disadvantages. Plant-focused surveys using visual observations
are the most common method of analysing plant–pollinator interactions, providing a
quantitative measure of the frequency of interactions between species [55]. A key advantage
of visual surveys is that there is an opportunity to supplement observational data with
environmental metadata such as the time of interaction [64], weather conditions [65], plant
colour [66], and horticultural variety [67], which can be used to explore further questions
surrounding foraging behaviour. In addition, the type of resource (pollen, nectar, or resin)
collected by pollinators can be identified [55], a vital component of pollinator ecology. It is
often possible to identify both the plants and insects to species, providing pollinators are
retained for identification through morphology or DNA barcoding [68].

The characterisation of interactions between plants and pollinators using plant-focused
observations are usually grouped at the species level [52] due to difficulties tracking
individuals [12]. This means that quantitative data (e.g., frequency of visits) can only
be gained at the species level and information regarding individual foraging trips is
inaccessible. Moreover, the period of observation is often limited both spatially and
temporally, resulting in a bias towards abundant pollinator species [63]. As a result,
interactions may be missed [62] and those of rare individuals may appear more specialised
than in reality [63]. As a result, sampling effort is a major determining factor of the number
of relationships which are recorded [69]. Further, the method used to observe interactions
(e.g., transects, timed observations) will also lead to biases which should be considered
when constructing networks [70]. Increasing the sampling effort by increasing the time
spent surveying can increase the likelihood of capturing rare interactions and thus reducing
the incidence of specialisation [71]. Identifying floral visitation through molecular analysis
of remnant DNA on flowers provides an opportunity to increase the temporal scope of
plant-focused surveys, whilst increasing the likelihood of detecting rare interactions in
comparison to plant-focused visit surveys [57].

The use of visual and electronic aids to track insects such as paint, plastic tags [12], or
harmonic radar [13] provides information on individual foraging to be determined, offering
a different perspective compared to plant-focused observations. DNA metabarcoding and
pollen microscopy allow for an increased insight into interactions which may be missed
through observations [42,61,72–75]. These methods are free from the spatial limitations
of observations which come as a result of visual bias, e.g., height [19], as they provide a
record of any resources which have been accessed by the individual which may be up
to several kilometres away [76]. For example, by analysing pollen loads of bumblebees,
Carvell et al. [77] found that the dominant plant in pollen loads was not always the plant
the bee had been caught on, demonstrating that observation of floral networks does not
reveal all interactions with visitors.

Arstingstall et al. [78] found that when comparing plant–pollinator networks charac-
terised by DNA metabarcoding of pollen to those constructed from observations of foraging
bees, networks constructed from molecular analysis had increased species richness and
reduced specialisation. By identifying the pollen assemblage carried by insects, it is pos-
sible to gain a semi-quantitative measure of frequency of use per individual (discussed
in detail within the methodological considerations) [44,79]. The collection of insects for
pollen analysis also allows specimens to be retained for identification through traditional
morphology or DNA barcoding [68].

Nevertheless, insect-focused methods of identifying floral visitation are not free from
biases or limitations. Some insect-focused methods of tracking pollinators can also suffer
from spatial limitations such as tag ranges [13]. During observations the time spent foraging
can be recorded; however, it is difficult to distinguish the temporal range of pollen found
on an insect’s body. Further, the identification of pollen from insects does not provide
information on whether plants were visited to collect pollen, or incidental pollen transfer
through visitation for nectar or resin collection, or, indeed, pollen that has collected on the
body of an insect whilst it has been flying. Interactions observed through visual surveys can
be undetected using DNA metabarcoding and pollen microscopy, owing to their rarity [74],

145



Diversity 2022, 14, 236

pollen accessibility [73], or use for nectar with limited or no pollen production [42,80].
These factors reduce the amount of pollen transferred to the insect and therefore identified.
However, whilst rare interactions may still be missed through the identification of pollen,
they are more likely to be captured than through plant-focused surveys [63].

Whilst both pollen microscopy and DNA metabarcoding yield valuable individual-
level information on foraging, identification of plant taxa using DNA eliminates the need
for expert palynologists for microscopy. Although also time-consuming and initially
expensive [81], molecular processes may be easily scaled up [82,83]. In pollen microscopy, a
small sub-sample is fully identified and used to estimate the composition of the total pollen
load [63], whereas molecular analysis can sample the entire pollen assemblage on the body
of an insect [45,84]. Although there is some congruence between the taxa which are difficult
to identify using microscopy and those which are indistinguishable using DNA, e.g., some
taxa within the Rosaceae family [38], both methods may detect additional taxa when
compared to the other [83,85]. In comparing pollen microscopy and DNA metabarcoding,
several authors have found higher taxonomic resolution of plant taxa identified [16,86]
and a greater number of species detected [83,85–87] using DNA metabarcoding. For
example, when comparing the use of metabarcoding and microscopy to characterise pollen
transport networks in moths, Macgregor et al. [16] found that metabarcoding detected more
interactions per moth species. This was likely due to the increased discriminatory power of
metabarcoding which allows some pollen types to be separated to a lower taxonomic level
than through microscopy [16]. Both methods, however, are subject to the stochasticity of
detecting rare taxa [87,88].

The method used to identify floral visitation is dependent on the type of question
being asked. In order to create highly resolved plant–pollinator interaction networks, it is
recommended that a combination of plant- and insect-focused methods are used [16,62,63,89].

4. Using DNA Metabarcoding to Answer Questions about Pollinator Foraging Preferences

The use of DNA metabarcoding to answer ecological questions about pollinator for-
aging preferences has increased rapidly over recent years alongside key methodological
developments (Table S1). A range of taxonomic groups have been studied; however, the
research is predominately focused on wild bees (e.g., Bombus, Megachile, Osmia), managed
bees (e.g., Apis mellifera, Tetragonula carbonaria), and hoverflies (Syrphidae). The ques-
tions addressed can be broadly grouped into four topics: (1) How does foraging change
throughout time and space? (2) How is foraging affected by resource availability? (3) How
are resources partitioned between species and individuals in a plant–pollinator network?
(4) What is the relationship between plant use and pollinator health?

4.1. How Does Foraging Change throughout Time and Space?

DNA metabarcoding provides a useful method for monitoring plant use across wide
spatiotemporal scales, such as multiple countries or regions [90] and, when compared with
historical data, time periods over decades or centuries [38,91,92]. The reproducibility of
DNA metabarcoding allows for continued sampling of foraging across a species’ entire
flight period, providing an understanding of plant selection at specific time points. When
assessing foraging habits of pollinators throughout the year, it is often found that the
amount and diversity of pollen collected is strongly influenced by season, most likely
influenced by the phenology of surrounding plants [45,93–95]. In addition to tracking
contemporary foraging habits, DNA metabarcoding has been shown to be a useful tool
for analysing pollen from historical specimens [91,96,97]. By sequencing plant DNA from
pollen obtained from museum specimens, Simanonok et al. [97] successfully identified
the plants used by an endangered bumblebee species over 100 years, vastly improving
current knowledge of resource use and mechanisms of decline. Similarly, analysing the
pollen DNA within UK honey and comparing the plant diversity to samples characterised
65 years prior using microscopy revealed landscape-scale shifts in foraging habits due to
changes in agricultural intensification, crop use, and the spread of invasive species [38].
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Long-range movements can be tracked by identifying pollen on migrating insects [40,98].
Suchan et al. [98] detected plant species endemic to Africa on butterflies using DNA
metabarcoding, significantly improving the understanding of migration patterns which
were previously limited when using traditional techniques. As well as increasing the
spatial scale of studies, pollen metabarcoding has highlighted the importance of trees and
woody species to pollinators, plants with flowers which are often visually restricted and
therefore may be missed during observational surveys [37,99]. Whilst most of these spatial
assessments of foraging focus on geographic differences, only one study has specifically
demonstrated the ability of pollen metabarcoding to elucidate changes in resource use
across elevational gradients to better understand how climatic changes in the environment
impact foraging of a solitary bee [41].

4.2. How Is Foraging Affected by Resource Availability?

A key area of research in pollinator foraging ecology is understanding why specific
plants are used and whether this is driven by preferences relating to characteristics of
the plant, e.g., nectar quality [100], or simply a result of resource availability [101]. By
conducting floral surveys and comparing the flowering plants available to the plants
identified in honey using DNA metabarcoding, de Vere et al. [37] found that honeybees
only used 11% of genera available. Park and Nieh [94] also used a metabarcoding method
along with herbarium records to illustrate that honeybees used between 2.7 and 10% of
flowering species available over three seasons.

Insect visitation can be influenced by the abundance of floral resources in a land-
scape [102], which is affected both temporally by plant phenology [103] and spatially by
habitat type [104]. Timberlake [105] utilised a null model method and DNA metabarcoding
of pollen samples collected from bumblebees within farmland to illustrate that floral choice
was not always driven by the abundance of plant species, nor their nectar availability. By
identifying plants which are visited more than expected compared to their abundance,
management recommendations can be given for maintaining appropriate floral provision
aimed at the effective conservation of bumblebees on farmland [105]. Likewise, Jones [106]
found no significant correlation between the abundance of plant taxa in the landscape
and the abundance of plants found in honey samples each month. However, Nürnberger
et al. [107] found that the number of plant genera in pollen loads of honeybees identified by
metabarcoding was lower when floral availability was reduced. Recent work by Quinlan
et al. [108] suggests that whilst honeybees may sometimes preferentially select plants found
in high abundance, this is dependent on the time of year and nutritional demand.

DNA metabarcoding can be used to monitor how spatiotemporal changes in resource
availability across landscapes affect the diet of wild and managed bees [90,104,109–111].
By assessing honeybee diet across gradients of land use, multiple authors have found that
the richness and diversity of pollen collected is not strongly linked to the composition of
surrounding landscapes [39,83,111,112]. Instead, seasonality of resources appears to be the
greatest driver of diet, irrespective of land use [93,95].

4.3. How Are Resources Partitioned between Species and Individuals in Plant–Pollinator Networks?

The use of DNA-based methods for identifying species interactions allows complex
networks to be constructed and analysed [16,89]. Constructing accurate networks is impor-
tant to help fully understand their structure, as the level of specialisation and generalisation
of networks, species, or individuals can affect their robustness against environmental
change [113,114].

A number of authors have used molecular approaches to assess resource partitioning
within large plant–pollinator networks [16,84,115]. Elliott et al. [116] used DNA metabar-
coding to construct an interaction network between honeybees, native bees, and the floral
resources used to identify resource overlap. The number of known floral hosts of many
species were increased compared to the previous literature based on observational studies,
improving the understanding of how wild and introduced bees co-exist in a landscape [116].
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The ability to identify an individual’s entire pollen assemblage results in the valuable
characterisation of interactions at varying hierarchical levels throughout a plant–pollinator
community [117]. To date, of the studies that have identified resource partitioning within
plant–pollinator networks using DNA metabarcoding, all have found that generalised
networks or species are made up of specialised individuals [44,84,115,118]. This presents a
promising area of research to further investigate the levels of specialisation and generalisa-
tion exhibited by pollinators.

4.4. What Is the Relationship between Plant Use and Pollinator Health?

Floral resources vary in the quality of their nectar and pollen rewards [100], and con-
sequently, the diversity of resources used has been found to impact pollinator fitness [119].
Insights into the nutritional ecology of pollinators can be unearthed using DNA metabar-
coding, by quantifying the relationship between plant taxa found and either the protein,
carbohydrate, lipid, and amino acid content of pollen [111,120,121] or the physiological
glycogen, lipid, and protein levels of insects themselves [122].

As well as affecting the nutritional quality of provisions, the plant species visited by
pollinators may also influence the bacteria present in the nest [123]. DNA metabarcoding
allows plant–microbe relationships to be explored, increasing the understanding of plant–
pollinator interactions throughout an insect’s lifecycle. The relationship between the diversity
of pollen species collected and the diversity of the microbiome appears complex. How-
ever, both positive and negative associations have been found between particular pollen
types and bacteria [124–126]. For example, Voulgari-Kokota et al. [126] found that the pres-
ence of Acinetobacteria in pollen provisions of solitary bees was positively associated with
the presence of some taxa such as European goldenrod (Solidago virgaurea), oxeye daisy
(Leucanthemum vulgare), and yarrow (Achillea millefolium), but negatively associated with
spear thistle (Cirsium vulgare), red poppy (Papaver rhoeas), and sycamore (Acer pseudoplatanus).

The identification of pollen in nests has also been used to investigate the relationship
between mass-flowering crops and the prevalence of parasites in nests of mason bees (Osmia
spp.), finding that increased abundance of resources may help to reduce transmission by
diluting parasite transmission through reducing visitation frequency per flower [127].

5. Key Methodological Considerations for Using DNA Approaches and Their Challenges

5.1. Study Design and Sampling

Careful considerations are required for every stage of the molecular approach, from
the initial stages of study design to the downstream bioinformatic analysis (Table 1). Firstly,
the nature of the study system must be considered in order to understand the information
which will be produced. For example, sampling pollen from a single bee which is actively
foraging will yield different results to pollen collected through pollen traps or honey, as
the latter methods represent the foraging efforts of multiple bees over numerous trips [37].
In addition, morphological features such as body size and pilosity (hairiness) of insects
can influence the number and diversity of pollen retained [128]. Pollen may be transferred
from plants visited solely for nectar [55], and some plants do not produce nectar at all [129].
In addition, nectar can itself be contaminated with pollen as a result of plant visitors [130].
Therefore, molecular analysis of pollen generates information on which plants have been
visited for both pollen and nectar collection. Another important consideration is that the
presence of pollen on insects does not assume pollination has occurred [10], and therefore
the identification of pollen represents floral visitation only. It is also important to consider
that when identifying plant material within nest provisions, contamination may occur from
multiple sources of plant DNA such as pollen provisions or leaf or soil material used to
build nests [86].

Capturing methods such as on transect walks or during observations will also in-
fluence the number and diversity of insects caught and therefore the resulting sampling
universe. The flight times of insects and phenology of plants must also be considered due to
their influence on foraging. For example, sampling one species across its entire flight period
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will provide a more complete picture of resources used compared to studies undertaken
within a shorter time period, which have limited information on the total resources used.
Further, the time of day at which pollinators are sampled will affect the resultant species
collected [131].

The nature of pollen sampling from insect bodies results in a risk of cross-contamination
occurring in the field; therefore, samples should be collected using a combination of nets
and sterile tubes, with nets changed regularly and sterilised between surveys [44]. Air-
borne pollen may also contaminate samples [61], leading some authors to use thresholds
to exclude rare taxa (reviewed in [132]) or removing all wind-pollinated species from
analysis [133]. However, it should be noted that rare taxa may include real interactions,
and some pollinators are known to visit wind-pollinated plants [134,135]. Further work to
quantify the prevalence of residual pollen left on plants by insect visitors would be useful
to infer thresholds for removal [78].

The method of preserving samples may also affect the success of the study [136].
Whilst successful sequencing of pollen from historical specimens is possible [91], samples
should be preserved quickly to avoid degradation of DNA. Most pollen metabarcoding
studies have preserved samples by freezing at −20 ◦C; however, recent work by Quaresma
et al. [137] suggests that the use of silica gel for preserving pollen should not be overlooked,
particularly when samples are collected by citizen scientists.

Table 1. Key considerations required for each step of the pollen metabarcoding workflow.

Step Description of Method Consideration Recommendations

Sampling

Plant DNA can be captured
through a number of sampling

methods:

Source of pollen influences
information obtained

Collect insects in sterile pots and replace
nets if any pollen transfer is suspected

Morphological features of insects,
such as body size and pilosity
(hairiness), can influence the

amount of pollen retained

1. Pollen obtained from
individuals collected from light
traps, on transects, or within
observational plots

Capture methods influence the
number and diversity of insects

caught

2. Pollen obtained from within
nest provisions Contamination may occur

3. Pollen obtained from honey
samples

Sampling period limits the
knowledge which can be gained

Sample preservation Avoidance of DNA degradation Preservation method may affect
downstream success

Store pollen samples at −20 ◦C or dry
using silica gel to limit degradation of

DNA

DNA extraction Extraction of DNA from pollen

Quantity of DNA obtained is
affected by extraction method

Membrane-based commercial kits offer
a fast and simple way of yielding DNA,

although they are costly

Success of DNA extraction may
depend on pollen type and source

Additional purification step is required
for honey samples, e.g., Zymo OneStep

PCR Inhibitor Removal Kit

Contamination may occur

Stringent cleaning procedures are
required using 10% bleach solution

before and after each process
Use of filter tips

Use of negative controls

Choice of marker will influence
which taxa are recovered and their

taxonomic resolution

We recommend a multi-locus approach
using rbcL [138,139] and ITS2 [140,141]
Primer recommendations in Table S2,

Supporting Information

Contamination may occur

Stringent cleaning procedures are
required using 10% bleach solution

before and after each process
Use of filter tips

Use of positive and negative controls

Amplification
PCR amplification of extracted

DNA using primers which target
specific region of interest

Biases may be introduced through
primer specificity

Complete three rounds of PCR per
sample and pool
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Table 1. Cont.

Step Description of Method Consideration Recommendations

Multiplexing and library
preparation

Addition of nucleotide sequences
to primers to allow for pooling of
samples and compatibility with

sequencing platforms

Each method has a trade-off
between multiple factors

including overall cost, risk of
contamination and PCR efficiency

Tag-jumping can occur causing
misidentification

Index strategy used should be based on
research question and experimental

set-up
A two-step PCR approach allows for

cost-effective indexing

Sequencing Identification of nucleotide
sequences

Sequencing strategy is dependent
on choice of marker

Illumina MiSeq (2 × 300 bp) allows
sequencing of rbcL and ITS2

Reference library
Comparison of DNA sequences to

a reference library for
identification

Identifications made through
DNA metabarcoding will only be
as good as the reference library

Create a reference library which is
appropriate to the question being asked
and ensure that it is complete and well

curated
Species may be incorrectly

assigned during automated
processes

Requires manual verification steps by
someone with knowledge of relevant

plant taxaBioinformatic analysis
Automated processes used to
curate sequences for analysis

including quality control Metabarcoding data are
considered to be semi-quantitative

Treat proportion of sequences as relative
read abundance for analysis

5.2. DNA Extraction

Numerous DNA isolation methods exist which can influence the quality of the DNA
template [142,143]. Membrane-based isolation techniques are most commonly used for
pollen metabarcoding studies, providing a fast and simple way of yielding DNA, although
they are costly [142]. Regardless of the technique used, standard principles are followed:
first the pollen cell wall (exine) is lysed to enable access to genomic material whilst prevent-
ing DNA degradation. Methods for pollen exine rupture can be chemical or mechanical,
e.g., bead beating (the most common method) [143]. This lysis step is followed by degrada-
tion of the cell membrane, removal of contaminants, and finally precipitation of DNA from
protein. Prior to amplification, additional purification steps may be required to remove
PCR inhibitors, a common step when using honey as a source of pollen [38].

5.3. Amplification

The choice of barcode marker is regarded as one of the most important considerations
of DNA barcoding studies and its applications, ultimately affecting the number of taxa
recovered and the level of species discrimination obtained [32]. DNA barcode markers
require high universality so that a large proportion of species in a sample are amplified,
but also low intra-specific and high inter-specific variation for effective species discrimina-
tion [33]. Short markers allow for amplification of degraded DNA; however, these come
with a caveat of reduced taxonomic resolution [144].

There is no single marker which meets the ideal requirements for a plant barcode [31,32].
For pollen metabarcoding, five regions are commonly used: rbcL, ITS2, matK, trnL, and
trnH-psbA (Table S1). A multi-locus approach is recommended to ensure the greatest
number of taxa are identified [24,38,144]. The length of matK (800 bp), restricts its use in
metabarcoding due to limitations in read length on standard sequencing platforms [32].
Therefore, it is recommended that rbcL and ITS2 are used for pollen metabarcoding, due to
their ability to identify taxa at varying taxonomic levels along with additional taxa unique
to one marker which provides accurate identification of plant species within mixed pollen
samples [38,45,78].

Contamination may also occur in the laboratory; therefore, stringent cleaning pro-
cedures are required to minimise these risks. The use of controls (negative in extraction,
positive and negative in PCR amplification) helps in the identification of sources of con-
tamination and should be sequenced with samples [38,145]. If sequences occur in negative
controls, the number of reads of each taxon should be removed from all samples [81].

5.4. Multiplexing and Library Preparation

The ability to scale up metabarcoding studies relies on the use of sample-specific labels
in the form of unique sequences of nucleotides which are attached to amplicons. These
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unique identifiers allow hundreds or thousands of samples to be pooled for sequencing
(multiplexing), significantly increasing the capacity of one sequencing run. Methods for
indexing of samples occur either during the initial PCR amplification through nucleotide
additions to amplicons or through a secondary PCR amplification along with adapters to al-
low successful sequencing (library indices) (reviewed in [146]). Each of the methods comes
with trade-offs between many factors, mainly the risk of cross-contamination, efficiency of
PCR amplification, and overall cost [146]. The two-step PCR approach is most widely used
in pollen metabarcoding studies (Table S1), allowing a cost-effective approach to sample
labelling whilst allowing effective detection of cross-contamination, but comes with the
caveat of increased risk of biases due to an additional amplification stage [146].

5.5. Sequencing

Following amplification of DNA, the sequencing strategy used is dependent on a
variety of factors including the choice of marker, with most studies thus far utilising
the Illumina MiSeq platform. Although concerns are raised over the maximum read
length of Illumina platforms (2 × 300 bp) [29,98], multiple studies have demonstrated
successful sequencing of longer markers such as rbcL (around 500 bp) along with additional
adapters and primers [45,80]. Newer sequencing technologies such as the MinION (Oxford
Nanopore Technologies) and SMRT platform (PACBIO, Pacific Biosciences) produce longer
read lengths, but they generate less reads than Illumina [29]. The development of ultra-deep
short read sequencing technologies such as Illumina NovaSeq provide an opportunity to
increase sequencing depth and improve the detection rate of taxa. The requirement for
high quality and quantity of input DNA may be a limiting factor for some applications of
these technologies [49].

5.6. Reference Library

The accuracy of DNA barcoding is reliant on a comprehensive reference library [32,147].
The creation of large-scale, complete DNA barcode reference libraries for a national flora
has been achieved in the UK [32,139] and Canada [148] using a multi-locus approach,
allowing reliable species identification in subsequent pollen metabarcoding studies [37,38].
The curation of reference libraries from chloroplast genomes and nuclear ribosomal DNA
sequences can also provide coverage of standard barcodes; however, these methods are
more costly [149]. If a complete regional reference database is not available [150], then
authors are encouraged to compile custom, relevant reference libraries using the sequences
available in GenBank (https://www.ncbi.nlm.nih.gov/genbank/, accessed on 27 January
2022). Curation of these libraries is required, however, to identify and remove incorrect
sequences [78,112,116,151]. It is critically important to understand the coverage of the
reference library being used compared to the plant taxa that could be detected [32].

5.7. Bioinformatic Analysis

The quantity of data produced from DNA metabarcoding studies requires automated
processes for curation of sequences, including steps for quality control. The main purpose
of this process is to remove any additional nucleotide sequences (index tags, adapter tags,
and primers) and to separate each sample for subsequent analysis (demultiplexing). The
reduction of the need for expert taxonomists to identify pollen grains is often cited as one
of the major advantages of molecular methods over pollen microscopy [91]. However,
few authors have highlighted the importance of having good knowledge of the taxonomic
group in question (i.e., plants in pollen metabarcoding), including their distribution and
phenology for accurate species identification [37,38,83,152]. Misidentifications may occur
during the bioinformatic process due to low interspecific variance [32] or incorrectly identi-
fied sequences in GenBank [153]. In order to mitigate misidentifications, deployment of a
manual verification step in the assignment process, underpinned by botanical expertise,
will reduce incorrect species assignments.
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5.8. Towards Standardisation of Methods

Although each step of the pollen metabarcoding process has a range of different
approaches, only certain elements of the entire pollen metabarcoding workflow have
been reviewed [132,143,146], leaving a large proportion of the study design to the authors’
discretion. Without a standardisation of approaches, comparison of results across multiple
studies must be interpreted with caution. Until each stage has been critically reviewed
and a robust, standardised approach is established, we encourage researchers to carefully
assess the considerations outlined in Table 1 for guidance prior to conducting a pollen
metabarcoding study. Further, we call upon authors to be transparent in reporting every
aspect of their molecular methods to ensure studies are reproducible, utilising supporting
information where word limits are restricting.

5.9. How Quantitative Is DNA Metabarcoding?

Finally, there is continued debate over whether DNA metabarcoding may characterise
pollen samples in a quantitative manner, with mixed results across studies [74,85,86,154,155].
Quantification has been found to be affected by a combination of marker and primer used,
pollen type, mixture characteristics, and PCR conditions [88,156–158]. It is likely that
relationships between the proportion of DNA reads and pollen counts are more likely
for the most abundant taxa within a sample [83,159]. Similar to microscopy, rare taxa
are difficult to detect using pollen metabarcoding [87]. Whilst this is a limitation, studies
examining insect floral resource use often place greater focus on those plants detected at
higher abundance. For this reason, along with the potential biases which can occur, DNA
metabarcoding should be considered as semi-quantitative and relative read abundance
used for downstream analysis [160]. We do not recommend the use of presence/absence
approaches due to rare taxa being overstated and abundant taxa devalued [160].

6. Opportunities and Future Directions

The use of DNA metabarcoding as a tool to investigate pollinator foraging has allowed
increased insight into the interactions between plants and pollinators; however, it is still a
developing field. Most studies focus on the identification of pollen; however, other plant
material may be used to identify relationships between insects and plants. For example,
recently, the characterisation of resin within the nests of solitary bees through DNA metabar-
coding has been suggested as a promising approach to identify which plants are important
for nest building [161]. DNA metabarcoding is also not free from limitations. Overall,
the greatest limitation is the cost and reproducibility of the molecular techniques [162],
which determine which methods are used. Whilst the interpretation of data remains semi-
quantitative, future work may lead to the ability to accurately measure pollen abundance,
significantly improving the application of this technique [157,158]. Quantification may
be improved by using PCR-free approaches which also provide a greater representation
of the genome [46]. Recent work by Bell et al. [46] has demonstrated that whole-genome
shotgun sequencing of pollen DNA is a reliable method for identification of pollen species
mixtures. However, coverage of eukaryotic organisms in reference libraries remains low,
and assembly of whole genomes is currently more expensive than metabarcoding per
sample [46]. It is likely that DNA metabarcoding will remain the standard technique until
genome-level coverage improves. Until then, genome-skimming techniques may hold
promise to identify beyond the species level, e.g., to population or individual, if the nuclear
genome is retained [163].

7. Final Remarks

This review describes the range of approaches available to investigate floral visitation
by pollinators using DNA metabarcoding. We demonstrate how the ability to yield valuable
individual-to-community-level information on foraging over large spatiotemporal scales
allows for a breadth of ecological questions to be explored, for the benefit of both the
conservation of pollinators and the maintenance of the ecosystem services they provide.
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DNA metabarcoding has become a standard tool for the characterisation of complex plant–
pollinator interactions, allowing for an improved understanding of threatened global
biodiversity.
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Abstract: DNA barcoding has transformed the fields of ecology, evolution, and conservation by
providing a rapid and effective tool for species identification. The growth of DNA barcodes as a
resource for biologists has followed advances in computational and sequencing technology that have
enabled high-throughput barcoding applications. The global DNA barcode database is expanding to
represent the diversity of species on Earth thanks to efforts by international consortia and expanding
biological collections. Today, DNA barcoding is instrumental in advancing our understanding of how
species evolve, how they interact, and how we can slow down their extirpation and extinction. This
review focuses on current applications of DNA barcode sequences to address fundamental lines of
research, as well as new and expanding applications of which DNA barcoding will play a central role.

Keywords: high-throughput sequencing; species interactions; metabarcoding; symbioses

1. Introduction

The fields of ecology, evolution, and conservation are being transformed by novel
resources and techniques in the biological sciences. One of these, DNA barcoding, has now
realized its potential for the research community. Since the concept of DNA barcodes was
first introduced in 2003 [1], tens of millions of barcode sequences have been made publicly
available in reference databases for comparative research applications across the Tree of Life
(Table 1). The growth of DNA barcode data in public repositories has been driven by several
factors, including advances in sequencing technology, novel database management and
other computational software, and the expansion of national and international consortia
that support DNA barcode sequencing. Recent reviews have highlighted the growth of
DNA barcode applications for phylogenetics and taxonomy (e.g., [2]). Other overviews
suggest that DNA barcoding is a resilient field that will continue to grow as sequence
databases are enriched, throughput expands, and automation provides an ever-expanding
user-community with increased accessibility to DNA barcodes, as reported by [3]. This
review highlights the advances and applications in DNA barcode sequencing that have
been leveraged for novel research in ecology, evolution, and conservation.

1.1. Accurate and Reliable Identification of Species in Taxonomy, Ecology, Evolution,
and Conservation

Hypothesis testing is at the heart of the biological sciences and is the standard for how
we understand the complexity of the natural world. For most biodiversity research, the
reliability and repeatability of hypothesis testing is dependent on accurate identifications
of the species under investigation. Faulty identifications can result in faulty hypotheses.
A fundamental challenge for any biologist, therefore, is to determine in a reliable and re-
peatable fashion the correct identification of any given biological sample. “DNA barcodes,”
i.e., standardized short sequences of DNA between 400 and 800 base pairs long, which in
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theory can be easily isolated and characterized for all species on the planet, were originally
conceived to facilitate this task [1]. By combining the strengths of molecular biology, se-
quencing technology, and bioinformatics, DNA barcodes offer a quick and accurate means
to recognize previously known, described, and named species and to retrieve information
about them.

Table 1. Diversity and number of barcode sequences available in the Barcode of Life Data System
(BOLD) database, taxon labels follow the BOLD format.

Taxon Barcode Sequences Available 1

Animals 11,607,692
Acanthocephala 2302
Acoelomorpha 20

Annelida 112,010
Arthropoda 11,486,730
Brachiopoda 326

Bryozoa 4529
Chaetognatha 1775

Chordata 877,866
Cnidaria 32,680

Ctenophora 649
Echinodermata 326

Entoprocta 76
Gastrotricha 1351

Gnathostomulida 24
Hemichordata 263
Kinorhyncha 720

Mollusca 258,885
Nematoda 36,513

Nematomorpha 408
Nemertea 6443

Onychophora 1394
Phoronida 172
Placozoa 20

Platyhelminthes 41,262
Porifera 9668

Priapulida 151
Rhombozoa 48

Rotifera 13,758
Sipuncula 1367
Tardigrada 3175

Xenacoelomorpha 18
Fungi 178,231

Ascomycota 99,779
Basidiomycota 71,120

Chytridiomycota 293
Glomeromycota 3529

Myxomycota 235
Zygomycota 3275

Plants 572,154
Bryophyta 22,675

Chlorophyta 18,286
Lycopodiophyta 1338
Magnoliophyta 454,329

Pinophyta 7661
Pteridophyta 11,671
Rhodophyta 56,194

Protists 10,463
Chlorarachniophyta 67

Ciliophora 819
Heterokontophyta 7238
Pyrrophycophyta 2339

Total 12,368,540
1 Data accessed from https://www.boldsystems.org/index.php/TaxBrowser_Home, accessed on 26 January 2022.

For plants, DNA barcoding has truly become a universal tool for hypothesis testing
by expanding the ability to identify a species at all stages of its life history (i.e., fruits,
seeds, seedlings, mature individuals both fertile and sterile) from damaged or preserved

162



Diversity 2022, 14, 213

specimens, as well as environmental samples with multiple species. Accordingly, DNA
barcodes have been applied to address fundamental questions in ecology, evolution, and
conservation biology, such as: how are species assembled in communities; what is the
extent and specificity of multispecies interactions in well-studied and previously poorly
known environments; and where are the most evolutionarily rich habitats for priority
conservation and natural area protection in this age of habitat degradation [4,5]. With
regard to the applied users of taxonomy, DNA barcodes also serve as a means to identify
regulated species, invasive species, and endangered species.

1.2. Generating, Applying, and Sharing DNA Barcodes
1.2.1. Sequencing Technology

Advances in sequencing technology have radically transformed the potential for DNA
barcoding over the last decade by significantly reducing costs and time [6]. The current
state-of-the-art sequencing platforms can rapidly sequence tens to hundreds of millions
of short-length DNA fragments (50–300 base pairs with Illumina) or tens to hundreds
of thousands of long DNA fragments (10,000–30,000 base pairs on PacBio® and Oxford
Nanopore). The scale of targeted sequencing projects has expanded such that a single
researcher can generate barcode sequences from hundreds or thousands of extracted DNA
samples in a matter of hours [7–9]. The expanding scale of sequencing presents a great
opportunity for the barcoding community, as it allows for rapid generation of a universal
DNA barcode library across the Tree of Life. This is critical, as high-throughput sequencing
leads to a better curated database of barcode sequences from known species, but also a
greater representation of sequences from unidentified species (e.g., dark taxa, [10]). The
universal library of DNA barcodes from known species is being populated at an increasing
pace, but the global scientific community still lacks reference barcode data for a majority of
species across all major lineages (Figure 1).
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Figure 1. Numbers of species and DNA barcodes across the Tree of Life. The number of species in
each of the four major groups of organisms on Earth (blue bars) according to the Catalog of Life are
given along with the number of published barcode sequences in BOLD (green bars). Inset shows the
major green plant clades (blue bars) with the number of barcode sequences in BOLD (green bars)
adjacent to the number of accepted species (according to [11]). The estimated percentage of all species
with DNA barcode sequences for that group is provided above the bars in this plot.
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As the sequencing technology landscape continues to expand (also see Section 3 be-
low), so does the traditional view of DNA barcodes. Longer sequence reads have led some
researchers to consider longer barcode sequences with potentially greater discriminatory
power for taxonomic identification. A number of recent studies have presented “super-
barcodes” [12,13] or “ultra-barcodes” [14,15] as approaches that leverage whole organelle
genomes (e.g., the chloroplast) or a combination of organellar and ribosomal DNA to
provide significantly longer sequence data for barcoding. The super- or ultra-barcoding
approach has been most commonly used for plants, which present a number of challenges
to traditional DNA barcoding. Another alternative for traditional DNA barcoding leverages
high-throughput sequencing technology to “skim” the genome (e.g., genome skimming,
low-coverage sequence reads from a whole genome) as a universal barcode [16]. This
approach circumvents the need for PCR, which can be problematic for preserved specimens
with degraded DNA and also provides a method for less ambiguous reference databases
for taxonomic identification [17]. Regardless of where the standard for DNA barcode
technology is headed, barcode sequence databases will benefit from a growing number of
sequences generated for known species.

1.2.2. Novel Computational Resources and Software

The Barcode of Life Data System (BOLD, https://www.boldsystems.org/, accessed on
26 January 2022 [18]) has been the core bioinformatics resource dedicated to hosting DNA
barcode sequence data since it was launched in 2007. In addition, many computational
resources and software have been developed to accommodate the expanding role of DNA
barcodes. Some of these packages (e.g., MDOP [19]) help researchers to organize DNA
barcoding data before uploading to databases, such as BOLD and NCBI’s Genbank, and
still others are designed to assess the quality of data that have already been made publicly
available (e.g., BAGS [20] and MACER [21]). The quality of DNA barcode data can be
impacted by a number of factors, including poor sequence annotation, a lack of physical
specimen vouchers, poor sequence quality, and incorrect consensus sequence building.
The last of these factors is especially problematic for DNA barcoding methods based on
high-throughput sequence reads. Fortunately, several recent software packages have been
developed to address challenges with consensus sequence building, such as PIPEBAR,
OverlapPER [22] and NGSpeciesID [23].

Taxonomic assignment is key for downstream applications of DNA barcode sequences
and the accuracies of approaches, which assign sequences from unknown taxa to a rec-
ognized barcode sequence, are critical [24]. Despite the development of several tools to
accurately assign sequences to taxa represented in barcode sequence databases, compar-
ison across software has demonstrated that it remains challenging to accurately assign
sequences to taxa at or below the level of genus [25]. Taxonomic assignment methods are
being developed and refined rapidly, with several options published in just the last four
years. Among these are the QIIME2 feature classifier [26], IDTAXA [27], MeTaxa2 [28],
and Basta [29]. Although the methodology to perform taxonomic assessment is quickly
evolving, older methods are accurate, still perform well, and continue to be used, such as
Kraken2 [30], Protax [31], and the longstanding BLAST tool [32]. Beyond these methods,
other options are optimized for clade-based metabarcoding reference databases (e.g., Fungi:
funbarRF [33]) or have been developed as part of custom pipelines that have more specific
user needs (e.g., the Anacapa Toolkit [34]). Ultimately, the ability of any computational
method to accurately match a sequence from an unknown species is dependent upon
well-curated, annotated, and comprehensive reference sequence databases. Focus should
remain on populating DNA barcode reference databases with high-quality sequence data
from accurately identified and vouchered collections.

1.2.3. National and International Sequencing Consortia

The effort to contribute DNA barcode sequence data is coordinated worldwide through
both national and international organizations. Coordination of international barcoding
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activities began in 2004 with the Consortium for the Barcode of Life, followed by the
International Barcode of Life Project (iBOL, https://ibol.org/, accessed on 26 January 2022)
in 2008. National efforts have also been launched in Austria (ABOL), Finland (FinBOL),
Germany (GBOL), the Netherlands (NBOL), Norway (NorBOL), and Switzerland (Swiss-
BOL) to name a few. Most recently, BIOSCAN [35], an international project organized by
iBOL, was initiated and includes 1000 researchers in over 30 countries with the objective of
generating DNA barcodes to discover species, to understand species interactions, and to
monitor species in a global biological surveillance system. Once achieved, the collective
goals of these organizations will result in a DNA barcode library for nearly all species
on Earth.

In the nearly two decades since DNA barcodes were first proposed, other ambitious
and sweeping networks have emerged that also reflect the fundamental goal of the DNA bar-
coding community: to leverage organismal DNA to understand life on Earth. One of these,
the Global Genome Biodiversity Network (GGBN, https://www.ggbn.org/ggbn_portal/,
accessed on 26 January 2022 [36]) represents a network of well-curated tissue collec-
tions that seeks to develop standards, share collection information, and facilitate bio-
diversity genomics research. More recently, the Earth BioGenome Project (EBP; https:
//www.earthbiogenome.org/, accessed on 26 January 2022) was launched [37] as a “moon-
shot” [38] for biology that aims to sequence whole genomes of all eukaryotic species on
Earth in ten years. Although not specifically aimed at DNA barcode loci, EBP will indirectly
provide a wealth of sequence data for the major DNA barcode loci of plants, animals, and
fungi. DNA barcoding, which was originally considered to be at one end of the sequence
spectrum, is now converging with entire genomes [39]. These global efforts, which have
been described as “networks of networks,” build connections among more localized, often
national endeavors.

The organization of DNA barcoding projects has often followed geopolitical bound-
aries and the most common denominator for large sequence programs reflects local, re-
gional, or national funding structures. Some examples of these at a regional and national lev-
els include the African Centre for DNA Barcoding (https://www.acdb.co.za/, accessed on
26 January 2022 [40]), the Canadian Centre for DNA Barcoding (https://ccdb.ca/, accessed
on 26 January 2022), and the China Plant BOL (Barcode of Life) Group [41]. In a similar way,
the United Kingdom’s Darwin Tree of Life Project (https://www.darwintreeoflife.org/, ac-
cessed on 26 January 2022 [42]) takes a geopolitical approach toward their goal to sequence
the whole genomes of all eukaryotic species in Britain and Ireland. These focused, localized
research networks contribute to international goals that help support the shared priority of
advancing a global understanding of biodiversity and facilitate the use of DNA barcodes
and other genetic tools for broader ecological, evolutionary, and conservation purposes.

1.2.4. Building the Plant DNA Barcode Library

With more than half a million plant DNA barcode sequences available today in the
Barcode of Life Data Systems (BOLD, Figure 1), continuing to populate the global library is
a major effort of botanists. In addition to the national and multinational projects described
above, building the plant DNA barcode library can be enhanced by taking advantage
of a number of diverse efforts, such as forest monitoring plots, individual lineage-based
taxonomic studies, and regional floristic efforts. Forest monitoring plots, such as the
Smithsonian’s Forest Global Earth Observatories (ForestGEO) and the National Science
Foundation’s Long Term Ecological Research (LTER) sites, are rich resources because they
have well-verified identifications, vouchered collections, and individually tagged trees
that can be revisited by botanists if necessary [43–46]. Even if no specific monitoring
plots have been established, many studies have generated DNA barcode libraries for
specific habitats [47], plant communities [48], or regional taxa [49–51] and are thereby
expanding the global plant genetic library. Individual taxonomists are also generating
DNA barcodes for specific groups of plants as either standard markers (e.g., [52–55]) or as
an offshoot of their basic molecular phylogenetic investigations aimed at understanding
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evolutionary relationships. Preserved museum specimens can also be used to generate
DNA barcodes [56]. It is significant that one recent study has encouraged a large-scale effort
to sequence DNA barcodes from all types of specimens [57]. All of these DNA sequences
add to the library of standard DNA barcode markers even if they do not carry the official
GenBank DNA barcode designation.

Other efforts to generate DNA barcodes for entire regional floras are in some cases
complete or just getting underway. One of the most impressive is the library that has been
built for identifying the vascular plants of Canada [58], which includes sequence records
(rbcL, matK, and ITS2) for 96% of the 5108 species known from that country. Another
success story for plant DNA barcodes is the China Plant Barcode of Life [41]. This sixteen-
year project has now generated and made available for use 120,000 DNA barcodes for
16,000 species, representing a significant sampling of the entire flora of China. Other
examples are the recently completed DNA barcode library for the plants of the UK [59],
and work that has started on the flora of the Arabian peninsula [60].

1.3. The Purpose and Structure of This Review

Today, more than ever, DNA barcodes are being used to advance our understanding
of how species evolve, how they interact, and how we can slow down their extirpation
and extinction (e.g., [61–63]). As sequencing technologies have improved and sequencing
costs have declined, the use of DNA barcoding is skyrocketing and some of the most
exciting prospects for using this new taxonomic tool are being realized. A number of
comprehensive reviews of the application of plant DNA barcodes to the fields of ecology,
evolution, and conservation have been provided in the past [5,64–68]. This review and the
Special Issue of Diversity of which it is a part focus on current areas of research as well as
new applications of DNA barcodes that are the direct result of the accumulation of barcode
reference sequences, including past trials, experiments, and applications of this twenty-first
century biological tool (Figure 2).

 

Figure 2. A graphical representation of DNA barcoding today. DNA barcode applications in ecology
(left), evolution (top), and conservation (right) are supported by a foundation of collections, metadata,
and informatics (bottom). These applications are facilitated by increasingly large DNA barcode
reference databases (center circle) that are reciprocally built from and contribute to the major biological
disciplines. National and international initiatives that support the growth of DNA barcode reference
databases are core resources (green circle).
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2. Current Applications

2.1. Improving Taxonomy and Species Identification
2.1.1. Defining Species Boundaries

Taxonomists have been using morphological features for the identification of both plants
and animals since before the time of Carl von Linné. Yet, even after centuries of taxonomic
work, perhaps only 20 percent of the species on Earth have been formally named [69]. Much
work remains to be done. DNA barcoding provides a relatively new and significant tool to aid
in the determination of species boundaries and discovery of new taxa. Entomologists have
been pioneers in incorporating DNA barcode technologies for species discovery in the tropics,
where the majority of biodiversity is found (e.g., [70–73]). Although the discriminatory power
of barcode markers for plants is less than for insects, botanists have also used DNA barcodes
as a taxonomic resource. Early studies, which have mostly focused on trees in tropical forest
monitoring plots (e.g., [62,74,75]), demonstrated the difficulties of using DNA barcodes
in plants (also see [76] for a recent study on African trees). However, the same studies
also pointed out the advantages of being able to accurately identify sterile and juvenile
specimens that lack morphological features required for identification. Costion et al. [77]
applied a three-locus DNA barcode to estimate tree species diversity in a taxonomically
poorly known tropical rain forest plot in Queensland, Australia, and concluded that DNA
barcodes were a significant aid in rapid biodiversity assessment and determination of
cryptic tree populations. A similar study in a central African rain forest plot recognized the
high discriminatory power of barcode markers at the genus-level (95–100%), but somewhat
lower species-level success (71–88%) in identification, especially in species-rich clades [78]
or those with high rates of molecular evolution.

One of the major issues faced by plant taxonomists and ecologists attempting to
use DNA barcodes in diverse forests, especially in the tropics, is that many species are
new to science, therefore lack Latin binomials, and/or are members of poorly circum-
scribed species complexes that are difficult to identify even with traditional morphological
data. Inventories and assessments of plant diversity in these habitats can be greatly en-
hanced by building DNA barcode libraries of these taxa [79]. Standardizing the DNA
barcode markers and bioinformatics tools being used in different forest inventory projects
(e.g., RAINFOR, http://www.rainfor.org/, accessed on 26 January 2022; the Amazon Tree
Diversity Network [80], CForBio, http://www.cfbiodiv.org/, accessed on 26 January 2022;
and ForestGEO [43]) will provide more confidence in identifications and maybe even allow
rapid discovery and description of unknown taxa in these species-rich forests [79].

In addition to discovering new species, the introduction of integrative taxonomy has
encouraged closer collaboration among biologists with different backgrounds, and in turn
has promoted the use of DNA barcoding as a new tool in a broad taxonomic toolkit [81]. For
very poorly documented regions or “understudied and hyperdiverse” taxa, DNA barcoding
can be a key part of integrative workflows for species description and identification [82].

2.1.2. Regional Biodiversity Assessments

DNA barcode studies both benefit from and serve a key role in support of local and
regional biodiversity assessments, including floristics. In many biodiverse regions, where
species diversity is poorly known, collections-based exploration and inventory studies are
vital for alpha taxonomy and conservation. Modern approaches to field expeditions employ
a variety of strategies to collect and document species, which often include the collection
of various data to inform biodiversity studies. These data incorporate traditional natural
history specimens, photographs, ecological notes, and, more recently, vouchers intended for
genetic and/or genomics research [83]. The collection of genetic vouchers and sequencing
of DNA barcodes in standard species inventories help to build the global barcode reference
database [84] as mentioned above, and often result in surprising discoveries of cryptic
diversity (e.g., [85–87]).
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2.2. Quantify Species Diversity
2.2.1. Species Richness and Phylogenetic Diversity

Fundamental to biodiversity research is the quantification of organismal diversity.
Different approaches to this task may provide different interpretations by ecologists, evolu-
tionary biologists, and conservation biologists regarding the role that biodiversity plays
in ecosystem function, niche allocation, and species preservation. Phylogenetic diversity
was proposed as a metric that quantifies diversity by summing the branch lengths of a
given phylogenetic tree [88,89] and is arguably a more descriptive measure of biodiver-
sity than alternative indices such as simple species richness and abundance [90]. DNA
barcoding provides an efficient and rapid resource for generating phylogenies to measure
phylogenetic diversity, particularly when combined with metabarcoding [91].

It should be noted however that despite the utility of DNA barcoding approaches in
diversity assessment, limitations exist. Winter et al. [92] described some of the limitations
of phylogenetic diversity insofar as the metric is applied to conservation applications. And
although phylogenetic diversity has been lauded as an indicator of species interactions and
ecosystem functions [93–95], caution has been urged against using this measure alone to
conserve functional trait diversity in ecosystems. The growth of DNA barcode databases
and new sequencing methods are facilitating the ability to analyze and understand phy-
logenetic diversity, but if these data are to be used as predictors for conservation and
estimates of ecosystem function, they need to be carefully evaluated in combination with
detailed trait databases. Among the earliest uses of DNA barcoding to quantify biodiversity
were investigations of community assembly and function in long-term forest monitoring
plots in Panama.

2.2.2. BCI as an Exemplar Tropical Field Site for DNA Barcoding

More than a decade ago the first community phylogeny based on DNA barcode
sequence data was published for the trees in a forest dynamics plot on Barro Colorado
Island (BCI) in Panama [62]. This publication set off a storm of new investigations that
were able to add a well-supported evolutionary perspective to understanding species
diversity and assembly in plant communities (e.g., [96–100]). The DNA barcode phylogeny
generated for the approximately 300 species of trees on BCI also served as a template
for a number of investigations of functional traits. The evolutionary context of such
characteristics as soil associations [101], leaf toughness [102], wood nitrogen concentration
and life-history strategies [103], foliar spectral traits [104], and anti-herbivore defense
traits [105] was found to vary in each of these functional traits across the tree species in the
BCI plot. Although some have concluded that phylogenetic indictors are not always tied to
ecological determinants of community assembly [106], both phylogenetic- and trait-based
approaches have greatly enhanced the understanding of community structure and function
on BCI.

Belowground interactions among species have also been investigated at BCI using
the DNA barcode library for trees. Jones et al. [107] mapped the belowground distribution
of all trees and lianas greater than one centimeter in diameter using their genetic DNA
barcode signature. Comparing underground species distributions with aboveground
distributions showed that species interactions and spatial overlap was greater belowground
than expected based on aboveground stem densities. Although this study raised several
questions about methodology and analysis, it concluded that the potential for using DNA
barcodes in this type of investigation was high.

The DNA barcode library for trees on BCI has now been expanded to include many
of the shrubs and lianas as well as some epiphytes that occur in the forest on the island.
Efforts to build DNA barcode libraries and apply DNA barcode methodologies to other
groups of organisms (e.g., insects [108]) are underway. This rich genetic resource will
greatly enhance future studies of ecological interactions and evolutionary signal in this
tropical forest community in Panama.
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2.3. Determining Community Structure and Species Interactions
2.3.1. Community Evolution and Assembly

DNA barcoding has played a significant role in expanding collaboration between sys-
tematists, who focus on species identification and evolutionary relationships, and ecologists,
who investigate species interactions and patterns of associations [109]. As noted above for
work conducted on Barro Colorado Island in Panama, plant DNA barcoding has been a
boon to community ecologists seeking to understand the factors, such as species diversity
pools and functional traits, that control the assembly of species into ecological communi-
ties [100,106]. Estimating a third component that may determine species assembly, namely
evolutionary history, has always been hampered by the lack of well-resolved phylogenetic
hypotheses on species relationships in communities. Determining if species in a community
are more closely related than by chance (phylogenetic clustering), more distantly related
than by chance (phylogenetic overdispersion), or randomly distributed across the plant
tree of life is now readily ascertained by building a DNA barcode-based phylogenetic tree.
The assumption follows that species in a community that are phylogenetically clustered
are more likely to have similar ecological niches (i.e., phylogenetic niche conservation) and
have been assembled via abiotic filtering. The contrasting assumption is that phylogenetic
overdispersion in a community is the result of biotic interactions among sympatric species.
Based on these assumptions the impact of evolutionary history on community structure
has been investigated using DNA barcodes across stages of forest succession [99], among
habitats within a forest type [62,110,111], among forests across habitat gradients [112], and
among communities across an entire country [113,114] and across the globe [45,115]. The
generation of such community phylogenies has great promise for further testing the basic
assumptions and rules governing species assemblies in plant communities (see [45]).

2.3.2. Herbivory and Food Webs

The accurate and repeatable identifications of species is imperative if we are to fully
understand the ecology and evolution of interactions among partners in natural and human-
altered environments. This requirement is especially true for specialized interactions,
including mutualisms and antagonisms. The application of DNA barcodes as species-level
markers has revolutionized our ability to track species interactions and the community
networks they form, in boreal, temperate, and tropical habitats.

Food web interactions have been greatly clarified with the application of DNA bar-
codes. Smith et al. [116] using the CO1 DNA barcode marker were able to verify the food
web structure of the spruce budworm and its numerous parasitoids to understand the pop-
ulation dynamics of this major pest of trees in boreal forests. The utility of DNA barcodes
to identify the diversity of host plants for herbivorous beetles have been demonstrated
in both neotropical [62,117] and Asian tropical forests [118]. These early studies used a
limited number of molecular markers and were only able to identity the hosts at the generic
or familial level.

The most comprehensive analyses between herbivorous beetles and their host plants
have been conducted by García-Robledo and colleagues [72,73,119]. The host-specific rela-
tionships between rolled-leaf beetles in the genera Cephaloleia and Chelobasis (Chrysomeli-
dae) and plants in the order Zingiberales have been well-studied by ecologists [120], but
the application of DNA barcodes to both the beetles and the hosts have provided a much
more detailed and quantitative measure of these interactions [74]. One of the advantages of
using an easily extracted DNA barcode is that the beetles can be identified at any of their
life stages and not only as adults as in most previous investigations using morphological
features [119]. Once the basic network of food web interactions is established using DNA
barcodes, comparisons can be made across habitats, elevations, and temperature gradients.
Most recently Palmer et al. [121] have extended this methodology to the interactions among
katydids and their host plants in a wet forest habitat in Panama. They found that, in general,
these insects consumed a broad range of flowering plants and were rarely specialists on
only a few species. It has been shown in numerous cases (e.g., Hebert et al. [70]) that
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DNA barcodes can detect the presence of cryptic species, especially in insects. This power
of DNA barcoding has greatly improved the understanding of species boundaries in the
rolled-leaf beetles, allowing for more precise mapping of the insect–host networks. The
detection of these cryptic species clearly demonstrated that the elevational distributions
and thermal tolerances of the beetles was much narrower than previously thought, which
will have an impact on the food web networks as climate change differentially impacts
both host and herbivore migrations [73].

DNA barcodes have also altered our view of why tropical biomes are so diverse. It has
long been held that specialized ecological interactions, which are common in tropical forests,
will lead to reproductive isolation and speciation, and hence greater biotic diversity in the
tropics. One such specialization is that between tropical flowers and the nectar-robbing
floral mites that are caried from plant to plant on the bills of hummingbird pollinators [122].
This specialization allows floral mites to easily find mates and reproduce, because many
conspecifics accumulate in the flowers of only a few species of plants. This “mating
rendezvous hypothesis” [123] accounted for the host specialization in these mites. However,
using DNA barcode markers to identify the mites, rather than morphological identification,
has now shown that most floral mites are generalists and not specialists [124]. The mating
rendezvous hypothesis is no longer supported, at least for mite diversification.

This detailed understanding of herbivore–host interactions using DNA barcodes has
also been applied to large mammalian herbivores. In a semiarid African savannah, Kartzinel
et al. [125] determined the extent that sympatric mammalian browsers and grazers could
partition their diets. After building a library of plant DNA barcodes for the local flora,
they quantified the diet breadth, composition, and overlap for seven co-occurring mammal
species, ranging in size from dik-diks to elephants using DNA metabarcoding. Earlier
conclusions on competition and coexistence in these habitats based on low-resolution
analyses were shown to be misleading, according to the more high-resolution taxonomic
data provided by the metabarcoding results. This work in Africa has now been extended
to demonstrate that the abundance and diversity of food plants is negatively associated
with their mammalian herbivores, apparently to avoid consumption [126]. The same type
of DNA barcoding protocol has also been adapted to tracking and identifying the vectors
of bird-dispersed fruits and seeds in the field [127] in order to build a quantifiable network
of frugivores and seed dispersal interactions.

2.3.3. Symbiotic Relationships and Plant-Pollinator Interactions

Symbioses, perhaps the most characteristic of “species interactions,” entail very close
relationships between two or more species living together, and DNA barcodes have facili-
tated researchers studying such close interactions [128]. In some groups (e.g., fungi, [129]),
DNA barcoding has revolutionized the field, especially where symbiotic partners are very
closely associated and interactions often exist at a cellular level (e.g., in lichens [130]). The
use of DNA barcodes to understand symbioses is common in all major clades, including
arthropods [131], vertebrates [132], green plants [133], and fungi [134]. An especially pow-
erful tool for symbiosis-based research is metabarcoding [135], which allows for pooled
sequencing from closely associated, symbiotic organisms that are otherwise difficult to
isolate. The application of DNA barcodes to more closely track and untangle symbiotic
relationships is still in its infancy (see below Section 3.1).

The interactions between plants and pollinators is a symbiotic mutualism that is
critical for the survival of both partners. An understanding of the dynamics of these
interactions is a priority for plant and insect ecologists to conserve biodiversity and to
protect the agricultural crop supply chain. DNA barcodes have been explored for more
than two decades as a means to identify plants from the insects that have visited them
as pollinators [136]. Given the nature of pollination dynamics, samples removed either
from plants or their pollinators can include a mixed community of pollen and, therefore,
metabarcoding approaches provide a unique tool to identify the diversity contained in
these mixed samples [137,138].
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Clare et al. [139] were among the first to apply metabarcoding to study plant–pollinator
interactions, extending the concepts earlier proposed by Valentini et al. [68] and Soininen
et al. [140]. A key threshold for advancing these methods is a comprehensive DNA barcode
sequence reference database. For example, the first national DNA barcode sequence reference
database of Wales [141] has provided a benchmark for DNA metabarcoding studies of plant–
pollinator interactions and this has recently grown into a comprehensive database for all of the
United Kingdom [59]. Together, these databases have proven powerful for reconstructing bee
foraging behavior [142–144]. These and other studies [145–147] have built a strong foundation
for using DNA metabarcoding to study plant–pollinator interactions.

2.4. Protecting Species
2.4.1. Forensics and Monitoring Traffic in Endangered Plants

It is abundantly clear to all biologists that biodiversity is under severe threat across the
globe due to natural resource overutilization and exploitation, major habitat degradation,
and climate change caused by humans. Biodiversity conservation is imperative. DNA
barcoding, as a tool primarily for species identification, can be used in three general ways to
further biodiversity conservation: (1) to accurately monitor and thereby protect endangered
species subject to illegal commercial trade (i.e., point-of-origin tracing [148,149]), (2) to track
biological invasions, and (3) to provide data that will assist in the estimation of phylogenetic
diversity for setting conservation priorities [150].

Although DNA barcode-based discrimination at the species-level is not possible in
all groups of organisms, DNA barcodes have been utilized for forensic identification
of algae [151], plants [152,153], invertebrates [154], and vertebrates [155]. A significant
driving force in developing DNA barcode technology for plants has been the need for an
accurate and inexpensive tool for the identification of illegal timber products, especially
those listed in the Convention on International Trade of Endangered Species (CITES). For
example, in tests of the commercially important mahogany family (Meliaceae), most of
the standard DNA barcode markers fell short of expectations for discriminating species,
although the nuclear ribosomal internal transcribed spacer (ITS) was able to identify some
species in this family [156]. A higher level of discrimination using standard markers was
demonstrated among commercially important and threatened species of trees collected at
timber processing plants in the tropical dry forests of India [157]. This same success was
demonstrated in timber species found in Araucaria rain forests of the southern Atlantic
coast of Brazil [158], which contains many threatened species of trees, especially in the
family Lauraceae. In Madagascar, a recognized biodiversity hotspot, Hassold et al. [159]
used DNA barcodes in an effort to monitor illegal timber trade, especially in species of
rosewood (Dalbergia in the Fabaceae). They demonstrated the limitations of the standard
genetic markers in identifying closely related species of this genus, although some success
was achieved. In addition to timber trees, DNA barcode libraries have been developed
for other taxonomic groups of threatened and endangered plant taxa listed in CITES,
e.g., orchids [160]. Currently no more effective tool than DNA barcoding exists for accurate
identification of products sold in public markets [161–163] or as illegally harvested species
intended for trade intercepted at ports [164,165]. As global DNA barcode reference libraries
grow, so too does the capacity to enforce conservation laws and to monitor illegal trade in
endangered plants.

Traditional medicines, teas, and herbal supplements are another important component
of the commercial need for accurate plant species identifications by regulators and quality
control specialists. It is estimated that medicinal plants account for billions of US dollars
in annual revenues in the United States alone [166]. From the initial use of plant DNA
barcodes, applications to monitor this market have been in development [167]. However,
many of these trials to use DNA barcodes to identify commercial medicines and herbal
supplements have shown limited success in discriminating among species. Some of the
major obstacles have been the lack of comprehensive DNA barcode libraries required
to make accurate comparisons among species of herbal teas and supplements, and the
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absence of standardized taxonomy and common names listed in the herbal catalogs and
pharmacopeias (e.g., Stoeckle et al. [168]; de Boer et al. [169]). Building the required DNA
barcode libraries (see below) and unifying the taxonomy in the literature on traditional
medicines are challenges for the future.

2.4.2. Tracking Biological Invasions

The field of conservation biology has also benefited from the accuracy of DNA barcod-
ing methods to trace biological invasions. It has been estimated that the control of invasive
species costs more than $27 billion annually in the United States alone [170]. Fast detection
can significantly reduce the cost of controlling biological invasions, and DNA barcodes
and metabarcoding in particular have been demonstrated to provide the earliest inva-
sive species detection methods available [171]. For example, one of the most widespread
threats to marine ecosystems is the invasive zebra mussel, Dreissena polymorpha, and recent
studies [172], using metabarcoding (or environmental DNA), have proven this method
to be cost effective for early detection of this species in marine environments. Studies
that quantify regional biodiversity using DNA barcodes have also proven effective for
identifying biological invasions [173], where higher than expected phylogenetic diversity
may result from the occurrence of non-native or invasive species.

In some groups of plants, invasive and weedy species are remarkably difficult to
visually distinguish from non-invasive, endemic species, and several studies suggest DNA
barcoding will facilitate proper identification and management by non-specialists. For ex-
ample, current DNA barcodes in many plant taxa are unable to distinguish taxa at or below
the genus-level, but new paradigms in barcode sequencing provide greater distinction of
closely related species. Wang et al. [174] have advocated the use of super- or ultra-barcodes
(e.g., whole chloroplast genomes) to monitor and detect flaxleaf fleabane, Conyza bonariensis,
because, unlike traditional plant DNA barcodes, these super-barcodes are able to distin-
guish among closely related species in this diverse and difficult to identify genus.

2.4.3. Conservation Assessment

The taxonomic impediment [175] is also a significant problem in assessing species
diversity and making accurate species determinations for conservation monitoring. This
case is especially true in tropical biomes, where biodiversity is poorly known and a greater
number of species lack verified scientific names. Species identification by non-taxonomists
can be extremely difficult, especially when using non-fertile specimens often only labeled
as “morphospecies” [176]. In such cases, DNA barcoding offers a solution for more uniform
and accurate identifications, recognizing that some logistical hurdles may still impede the
widespread use of DNA barcodes in this fashion [177].

In the relatively poorly known tropical forests of northern Queensland, Australia, it
has been demonstrated that plant DNA barcodes can play a key role in estimating species
richness and thereby determining conservation priorities [77]. Similarly, in the fragmented
rain forest habitats in South Eastern Queensland, Shapcott et al. [61,169] generated plant
DNA barcodes for 86% of the flora (770 species in 111 families) and calculated phylogenetic
diversity (PD; see Owen [178]) measures for each of the 18 subregions in the area. For these
forests, which have lately received renewed conservation attention and are taxonomically
rich at the generic-level and less so at the species-level, species richness may not be the
most appropriate measure for setting conservation priorities. The phylogenetic diversity
estimates calculated from the DNA barcode data were used to prioritize subregions for
conservation action and it was concluded that the local floristic patterns were consistent
with both ancient ecological refugia and recent lineage range expansions [179].

Even though the Earth may be undergoing its sixth major extinction with extinction
rates over one thousand times that of “normal” periods [69], observing an extinction event
is rare. For plants the extinction of only 571 species over the last several hundred years
has been carefully documented [180]. On the island of Palau in Micronesia, plant DNA
barcodes were used to verify that a narrow range endemic tree described in the 1980s
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known from only two mature individuals was Timonius salsedoi Fosberg and Sachet in
the family Rubiaceae [181]. Subsequently, after a typhoon hit the area, a survey of the
island revealed that both trees had perished. Although previously assessed as Critically
Endangered by IUCN criteria, it is suspected that this species is now extinct [181].

DNA barcodes have significant potential as a tool for understanding and enhancing
conservation efforts. Using standardized and comparable genetic information for species
across broad geographic regions can have a substantial impact on basic biodiversity research
(e.g., Mi et al. [112]; Erickson et al. [45]; Pei et al. [98]), as well as conservation monitoring
and priority assessments in threatened habitats, in local communities, and across large
geographic regions (e.g., Shapcott et al. [61]).

3. Looking Forward: The Expanding Technological Spectrum of DNA Barcodes

3.1. Metabarcoding

DNA metabarcoding [135] has emerged as a powerful technique to rapidly characterize
species composition, species interactions, and—when combined with trait databases—functional
aspects of biological diversity in communities. This method leverages high-throughput
sequencing technology to sequence and/or extract DNA barcodes from pooled community
or environmental samples. These samples represent DNA isolated from multiple species
or other taxa that have been collected in bulk and targeted sequencing is performed on
libraries enriched with (typically) DNA barcode amplicons [182]. Metabarcoding is an emer-
gent field that leverages expansive DNA barcode sequence databases and the increasingly
high-throughput capacity of DNA sequencing technology.

This technique allows ecologists to explore species interactions through a new lens and
is illuminating species distribution and occurrence from ecosystems and habitats that have
remained all but invisible. Metabarcoding is able to provide high-resolution inventories
from the hidden worlds of below-ground microbial diversity [183], freshwater [184] and
marine [185] benthic communities, and the movement and dispersal of airborne fungi [186]
and plants [187]; however, this method is dependent upon well-curated reference collections
and databases [188].

Beyond enhanced characterization of species communities, metabarcoding has been used
to explore species interactions in a variety of contexts. Some of the earliest applications of
DNA metabarcoding involved the analysis of vertebrate diets [189] and this method remains
a powerful tool for understanding herbivory and predation (see [125,190–192]). More recently,
metabarcoding has been used to reconstruct plant–pollinator networks [146,147] and identify
economically important taxa [155] or those relevant to human health [193,194].

DNA metabarcoding was developed using short-read high-throughput sequencing
platforms and while these are still the norm, they pose some limitations for the technique [8],
especially for longer DNA barcode loci (e.g., matK for plants). As the technological stan-
dard moves toward long-read sequencing approaches, new sequencing platforms and
software [195] are being developed. Some recent programs (e.g., Sahlin et al. [23]) have
already been used to successfully extract DNA barcode sequences from mixed samples in
previously published long-read data.

3.2. Super- and Ultrabarcoding

Much of the expanding role of barcodes in the past decade has been driven by the
rapid growth of high-throughput sequencing technology. As opposed to traditional DNA
barcodes, which target individual loci or a set of short loci with universal primers, “super-
barcodes” and “ultra-barcodes” have been proposed as alternatives that compare infor-
mation from entire organellar genomes and/or other long regions [12,13]. For plants,
whole chloroplast sequencing has been common for over a decade [196]. Super- and ultra-
barcoding provide some unique advantages over traditional barcoding. For example, in
some large clades (e.g., the green plant tree of life), traditional DNA barcode loci are not
present in all taxa [197] and universal PCR primers often don’t exist for some taxa in a
given clade (see [8]). In these cases, ultra-barcoding provides a simple solution to chal-
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lenges with traditional DNA barcodes, in which the entire chloroplast genome can serve as
one single, long barcode locus or in combination with other loci (e.g., nuclear ribosomal
DNA, [14]). Moreover, some traditional DNA barcode loci (e.g., matK, ca. 1000 bp) are
simply too long for amplicon-based approaches using short-read sequencing platforms.
Lastly, chloroplast genomes are abundant and typically easy to sequence even from re-
calcitrant (i.e., old and/or preserved) tissues and it’s increasingly common to assemble
whole organellar genomes from off-target reads even in targeted/capture-based sequencing
applications [198].

As sequence databases grow, the concept of super- or ultra-barcodes is certain to
follow. Rather than viewing alternative barcoding strategies as either/or choices, novel
DNA barcoding strategies are complementary to locus-based markers, and each contributes
to a growing, cumulative database of well-curated data for molecular species identification.

3.3. Macrogenetics

Computational science, international collaboration, and data accessibility are facilitat-
ing massive, integrative research across the biological sciences. Driven by the era of “big
data” and increasingly interoperable datasets, new and emerging fields of research are mak-
ing it possible to pursue “big questions” like never before. These expanding opportunities
have led to the emergence of new fields of study and one of these, “macrogenetics” [199],
has been facilitated by the growth of publicly available genetic and genomic datasets. The
concept for this field is intended to echo that of “macroecology” and emphasizes the integra-
tion of large-scale datasets in genetics with other large, interoperable databases [200], such
as the Global Biodiversity Information Facility (GBIF, [201]), WorldClim [202], DRYAD [203],
the International Nucleotide Sequence Database Collaboration (INSDC [204]), and BOLD.
DNA barcodes provide a vital source of information that can facilitate the emerging field of
macrogenetics and indeed, the development of BOLD is credited as one of the key advances
that underlies macrogenetics.

As a new and emerging field, macrogenetics is presented as the intersection of several
biological foundations, united by large-scale genetic resources and including rich ecological
data, collections science and museomics, biogeography, phylogeography, and evolutionary
biology [200]. The promise of this new field is to synthesize big data across biological
disciplines using genetic data to facilitate priorities for ecology, evolution, and conservation
at global scale. Undoubtedly, the expanding role of DNA barcodes will play a central role
in the development of macrogenetics. It is an exciting time to study ecology, evolution,
and conservation.

4. Conclusions

In nearly two decades since DNA barcodes were first proposed, a remarkable increase
has taken place in the representation, use, and integration of DNA barcodes across the
biological sciences. Although sequence variation in traditional DNA barcodes is often insuf-
ficient for species-level discrimination in many large clades, the advances in computational
and sequencing technology are changing the concept of DNA barcodes, from just a few
loci to large, genome-scale sequences from organelles or genome-skim data. As technology
expands and genome sequence representation increases across the Tree of Life, we envision
a future in which the concept of DNA barcodes extends to a much larger interpretation of
genome space. DNA barcoding continues to evolve with methodological and technological
advances in conjunction with the increasing accessibility to high-throughput sequencing
and the growing database of whole genome sequences fostered through international
consortia, such as the Earth BioGenome Project [37,38]. A diversity of genetic tools is espe-
cially needed in clades, such as green plants, with highly complex genomes that require
significant resources to assemble [205]. Until there is a corresponding breakthrough in
computational capacity for the comparative analysis of large and highly complex genomes,
DNA barcode sequences will play a vital role for species identification in community
ecology, evolutionary biology, and conservation. DNA barcodes are a powerful resource
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and the databases that maintain them continue to grow as they complement and bene-
fit from the rapidly expanding frontiers of computational science and high-throughput
sequencing technology.
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