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Abstract: Increasingly, molecular data are used in support
of new taxa (species or genera). Understanding species’
delimitation is key in this process, and also an essential
prerequisite for a stable taxonomy and classification
as well as for conservation. The strongest approach to
delineate species is to utilize the congruence between
the distribution of morphological characteristics and the
molecular phylogenetic tree structure. One key aspect
here is the inclusion of multiple samples per species.
The approach is applicable irrespective of data source,
Sanger sequencing or NGS approaches. A set of scenarios
and recommendations for a best practice workflow are
presented here for taxonomists considering to include
molecular phylogenetic data in support of new taxa.
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Introduction

The last few years have seen a remarkable
increase in the number of species new to science
as exemplified by the plant family Gesneriaceae in
China (Moller et al., 2016; Méller, 2019; Wen etal.,
2019, 2021). Increasingly molecular analyses are
included in publications, in support of taxa (species
or genus), and this comes with opportunities
and challenges (e.g, Meier & Wheeler, 2008).
Approaches to include molecular data, when
executed properly, can successfully support
and delineate new species and examples can be
found in the literature (e.g., Boluda et al., 2022;
Hassanpour et al., 2023) and has been integrated in
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modern species concepts (De Queiroz, 2007). Here
we describe an approach utilizing the congruence
of morphological characteristics with a molecular
phylogenetic tree structure (e.g, Duminil & Di
Michele, 2009; Ranasinghe et al., 2016; Janeesha
etal., 2023).

Since the addition of molecular data is
comparatively costly compared to traditional
taxonomic work, authors might want to consider
the appropriate use of molecular data. In some cases
for new species that are morphologically distinctly
different from all other existing congeners
perhaps morphology itself can be enough. For
example the resupinate flowers of Boea resupinata
Zich & B.Gray (2021) are unique in the genus, as
are the monochasial branching inflorescences of
Primulina anisocymosa F.Wen, Xin Hong & Z.J.Qiu
(Hong et al., 2019). In these cases, the addition of
molecular data to these studies may increase the

support but are not necessarily needed.

In other cases, molecular data has been essential
in systematically placing a new species in the
correct genus. For instance, the morphological
circumscription has recently widened in some
Gesneriaceae genera, such as Oreocharis Benth.
(Méller et al., 2011b), or Primulina Hance (Wang
et al., 2011; Weber et al, 2011a), after their
redefinition based on molecular phylogenetic
studies. The widening of morphological diversity
in a genus can cause uncertainties in the

placement of new species in the correct genus
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and the addition of molecular data are helpful in
this respect e.g., by demonstrating these species
fall within the clade of a particular genus with
strong support. This is neatly demonstrated in
the genus Petrocodon Hance. It was, in its first
inception, characterised by a white sub-urceolate
corolla, and two stamens in anterior position
(Hance, 1883). It was expanded to include species
with purple, red or yellow flowers, cylindrical
to infundibuliform corollas, and five stamens in
actinomorphic corollas (Weber et al., 2011b). This
morphological widening of the generic concept in
Petrocodon, and the availability of molecular data
in public databases, has prompted the inclusion
of molecular phylogenetic analyses in support of
new taxa. The placement of Petrocodon hunanensis
X.L.Yu & Ming Li when described was also
supported by molecular phylogenetic analyses (Yu
etal., 2015), perhaps because the four stamens were
outside of the generic diversity of Petrocodon at that
time. Another example of generic misplacement
is Primulina guangxiensis Yan Liu & W.B.Xu,
which was moved to Petrocodon (as Petrocodon
guangxiensis (Yan Liu & W.B.Xu) W.B.Xu &
K.F.Chung) after molecular phylogenetic analyses
were performed (Liu et al., 2011; Xu et al., 2014).
Here, hidden homoplasies in corolla morphology
caused the species to be systematically placed in
the wrong genus due to its similarity in corolla
morphology with the type species of Primulina, P.
tabacum Hance.

At the generic rank, the addition of molecular data
is essential for the establishment of new genera
showing a paucity of morphological differences,
eg, for Glabrella Mich.Moller & W.H.Chen,
where the only diagnostic characters for the
genus are the glabrous appearance of the plant
and the presence of short stems, distinguishing
it from Oreocharis (Méller et al., 2011b, 2014).
Another example is Langbiangia Luu, C.L.Hsieh &
K.F.Chung, that differs only by spirally-arranged
leaves from Primulina (with opposite phyllotaxis),
or by its acaulescent habit and unilocular ovary
from Deinostigma W.T.Wang & Z.Y.Li (caulescent

and at least basally bilocular ovary) (Luu et al.,
2023). Indeed, without molecular data species
of Middletonia C.Puglisi would have remained in
Paraboea (C.B.Clarke) Ridl. (Puglisi et al., 2016).
The genus differs from Paraboea only by a farinose
glandular indumentum on the ovary and free and
erect anthers. At species rank, there are a number
of examples where molecular data has been critical
in identifying species which are genetically distinct
but have very similar morphology to other species
in the genus. These include Oreocharis oriolus ].Hu
& F.Wen (Hu et al., 2023), Henckelia umbellata
Kanthraj & K.N.Nair (Kanthraj et al., 2023) or
Petrocodon ainsliifolius W.H.Chen & Y.M.Shui and
Petrocodon viridescens W .H.Chen, Mich.Modller &
Y.M.Shui (Chen et al., 2014).

Morphology-driven molecular phylogeny-
supported species delimitation

The present guide is based on an approach that is
based on the congruence between clade structure
and distribution of morphological characteristics
at the tips of a phylogenetic tree (¢f., Ranasinghe et
al., 2016; Janeesha et al., 2023). Congruence of the
distribution of morphological characteristics with
the clade structure of molecular phylogenetic trees
are seen as a critical step in the delimitation of
species, including new ones. Carried out properly,
this combination of molecular phylogeny and
morphological characters in delimiting species
is a very powerful method resulting in a stable
taxonomy. It could also be helpful in the selection
of characters for diagnosing new taxa from existing
ones (cf. Nishii et al., 2015). A few fundamental
criteria to infer the molecular phylogenetic tree
against which the morphology is to be evaluated
should be considered, such as ingroup and
outgroup sampling, inclusion of relevant samples,
number of samples per species, molecular
marker choice, source of existing molecular
data, phylogenetic tree-building algorithms, and
presentation of results. In the following a practical
guide to sampling and analysis of morphological-
molecular phylogenetic species delimitation is

provided.



A pragmatic and practical approach to
phylogenetic species delimitation

Fundamental toanyapplication of a species concept
is the delimitation of a species, and molecular
data have opened the window to new tools (e.g,
Meier & Wheeler, 2008). There is no fundamental
difference between the use of Sanger or NGS data
for species delimitation, except perhaps for deep
mega-sampled studies, which are expensive and
often impractical for the description of a single
species. For pragmatic reasons, here, we focus on

a molecular phylogenetic approach.
1. Sampling

Ingroup: The species under study are members of
the ingroup and should include ideally all existing
species in a genus, but at the least those covering
the full geographic or morphological range, with
particular attention paid to including peripheral
ones (geographically or morphologically), as these
often include key samples. Those species that are
morphologically similar to the new species and
those occurring nearby should also be prioritised.

It is also very important to include type species
of genera in cases where there is the potential for
generic boundaries to be redrawn. Without these,
new generic delimitation cannot be reliably drawn
as the placement of some species remain uncertain
(e.g., Wen et al., 2022).

It would be difficult to prescribe a minimum
proportion of included species as this would
depend on the species number in a genus and the
question being asked, but as a good starting point
we would propose a minimum of two-third of
the species in a genus. Needless to state that the
ingroup samples should be a natural, monophyletic
group. Where this is not immediately clear from
previous published work, the inclusion of several

outgroup samples is required (see below).

Outgroup and root: Suitable outgroup samples should
not be part of the ingroup, be closely related to the
ingroup, and not too distant as to cause sequence
alignment ambiguities as likely in some published
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studies (eg, Hong et al, 2019). The outgroup
should also include the samples on which to root
the phylogenies. Information on suitable outgroup
candidates and species to root the trees usually
come from previously published studies and should
be consulted and cited as such. The purpose of the
outgroup samples and rooting of a phylogenetic
tree is to provide polarity (the direction of
evolutionary change) and a reference point for the
genetic diversity among the study samples. The use
of several outgroup samples is required to further
test the monophyly of the ingroup samples.

Sampling size: One of the most critical aspects in
species delimitation is the decision on the number
of samples for a target species to be included and
can be between a single sample or population
genetic-level sampling of 20-30 individuals (eg.,
Luikart & Cornuet, 1998; Ward & Jasieniuk, 2009;
Hale et al., 2012). The latter might be too high for
species delimitation, but a single sample per species
is insufficient as it does not represent the genetic
depth of a species and is one of the most common
errors (eg., Guo et al., 2015; Yu et al., 2015). The
use of single samples per species in phylogenetic
analyses is appropriate for unravelling relationships
between species but does not delimit the species (see
Fig. 1). This is illustrated in the very comprehensive
phylogenetic analysis, that despite the inclusion of a
large number of species (> 80% of the genus) does
not provide evidence for a new species as only one
sample per species was included (Xu et al., 2023).

Here, we follow recommendations from DNA
barcoding, where the use of 5-10 individuals
per species is suggested (Meyer & Paulay, 2005;
Knowles & Carstens, 2007), and for globally
distributed species this is increased to 11-15 to
capture the full genetic depth of a species (Yao et
al., 2017). It should perhaps be mentioned at this
point that DNA barcoding is widely applied for the
identification and delimitation of taxonomically
well-understood species but is not suitable for
undescribed species (Meyer & Paulay, 2005; Meier
& Wheeler, 2008).
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(a)

sample flower habit species
number colour
oG
— 2 white rosette
— 5 white  caulescent 1l
|— 8 blue caulescent I
l— 11 red caulescent \Y)
(b)
sample flower habit species
number colour
oG
1 white  rosette
2 white  rosette
3 white  rosette
4 white  caulescent
5 white  caulescent 1
6 white  caulescent
7 blue caulescent
|—|__[ 8 blue caulescent 1
9 blue caulescent
10 red caulescent
11 red caulescent v
12 red caulescent
(©)
sample flower habit species
number colour
oG
1 white  rosette
—l__L— 2 white  rosette
3 white  rosette
4 white  caulescent
—L_L- 5 white caulescent Il
6 white  caulescent
10 red caulescent
8 blue caulescent
9 blue caulescent 1l
4 blue caulescent
1" red caulescent
12 red caulescent

Fig. 1. Examples of the effect of the number of samples included
per species in phylogenetic analyses on the interpretation of species
delineation: a. Phylogram with one sample per species (I-Ill) and a new
species IV (red flowered). The phylogram does not delimit the species as
the genetic depth of the species are unknown; b. Phylogram with three
samples included per species (I-1V), where the phylogram shows that the
samples of the new species IV (red flowered) conform to species limits as
they forma single clade without overlapping genetic ranges; . Phylogram
with three samples included per ‘species’, with the red-flowered samples
scattered amongst those of the blue-flowered samples, indicating that the
genetic gene pool of the two flower colour forms overlap and perhaps a
species showing flower polymorphism exists.

For species delineation, we recommend the use
of five samples per species, though a minimum
would be at least three from different populations
(e.g., Tan et al., 2023). These should come from
areas across the distribution range of the species,
and wider distributed ones should be represented
by proportionally more samples. The reason for
the inclusion of multiple samples of all species in
the analysis is to detect the genetic boundaries
and discontinuities between all species, to
effectively delimit each species from the others,
including any potential new ones (see Fig. 1).
Where the new species is known from only
the type locality, at least three samples should
come from most distant parts of the population
to capture any genetic variation that may exist

across the locality.
2. Choice of molecular marker(s)

There is, in principle, no difference between the
source of molecular data for species delimitation,
whether from Sanger sequencing or NGS
approaches, though the latter are sometimes
impractical for the establishment of a single new
species, and the analysis is then often compromised
by the number of samples included due to cost

implications.

Molecular data come principally from three
different genomes, mitochondrial, chloroplast
and nuclear, each with their own characteristics
and caveats (e.g., McKain et al., 2018; Tyszka et
al., 2023). The mitochondrial genome is often
too slowly evolving for species delimitation
in plants, though they are sometimes used
for population-level analyses within species
where genetic variation have been found (e.g.,
Grosser et al., 2023). The chloroplast and nuclear
genomes contain genes, introns and spacers,
with increasing rates of evolution (e.g., Small et
al., 1998; Stoebe et al., 1999; Shaw et al., 2005,
2007, 2014), with overall the nuclear genome
(3 x) and chloroplast (16 x) evolving faster than
mitochondrial genes (Wolfe et al., 1987; Drouin
et al., 2008).



Selection of suitable candidate markers heavily
depends on the taxonomic range studied. The
aligned matrices should not contain ambiguously
alignable regions and these should be removed
before analysis (e.g, Moéller & Cronk, 1997). At
species level for example, most often the nuclear
ribosomal internal transcribed spacers (ITS) and
chloroplast intron/spacers (e.g., atpB-rbcL, rpl16,
trnL-F, trnH-psbA) are used (e.g., for Gesneriaceae
see Moller & Clark, 2013).

The nuclear ribosomal internal transcribed spacer
region (ITS) is the most-often used nuclear
marker due to its abundant copies per cell and
the availability of universal primers. The often-
used original primers from White et al. (1990)
were designed for fungi, although modified ones
are available that are specific for plants (eg,
Moller & Cronk, 1997; Douzery et al, 1999).
The ITS copies are greatly homogenised through
concerted evolution (Wang et al., 2023), though
this breaks down where hybridisation is involved
or more than one NOR locus (containing the
ITS copies) per genome exist (Moller et al., 2008;
Puglisi et al., 2011; Zhou et al., 2017), where loci
can diverge requiring cloning of PCR products
(Denduangboripant & Cronk, 2000; Xiao et al.,
2010), as direct sequencing results in unusable
polymorphic electropherograms. An elegant
workaround would be an NGS approach using
amplicon sequencing (amplicon-seq) (Nishii et al.,
in prep) that can filter out majority copies (Paton,
2023).

The mitochondrial and chloroplast genomes
are usually uniparentally
angiosperms usually maternally (e.g, Mogensen,
1996; Greiner et al., 2015), while nuclear genomes
are biparentally inherited. Thus, the evolutionary
history of a species is differently reflected by the
three genomes, and incongruences/discordances
between their phylogenies have been recorded
repeatedly (e.g, Soltis & Kuzoff, 1995; Rose et
al., 2020, and others). The underlying processes,
hybridisation and incomplete lineage sorting,
compound the analytical problem and are currently
difficult to differentiate (e.g., Pelser et al., 2012; De
Villiers et al., 2013; Qin et al., 2023). Phylogenies

inherited and in
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based on markers from one genome therefore
represent gene trees rather than species trees.
Thus, to fully unravel the status of a species, data
from more than one genome, i.e., chloroplast and
nuclear origin, have to be included. The number
of markers is equally important and accuracy in
delimitation increases with increasing number
of marker (e.g., Knowles & Carstens, 2007). The
more the better to obtain stable phylogenetic
topologies, though minimum values have been
discussed depending on the level of taxonomic
sampling (Wortley et al., 2005). The application
of NGS-based methods is beneficial here, as these
can cover hundreds of loci (e.g., Ogutcen et al.,
2021; Yang et al., 2023).

3. Data sources

Commonly, freshly silica-dried leaf material is used
for DNA extraction (using mini preps e.g., Doyle
& Doyle, 1987; or commercial products), PCR
amplification and sequencing. Though in some
cases it is desirable and possible to use material
from herbarium specimens although this may
require booster PCRs (e.g., Méller & Cronk, 2001;
Sirkinen et al.,, 2012), or NGS approaches (eg.,
Ferrari et al., 2023). Ideally, herbarium extractions
and sequencing should be repeated to check for
reproducibility. Obtaining data from herbarium
specimens has the advantage that the specimens
serve as, often verified, voucher specimens.

One of the most utilized sources for published
sequence data is that of the NCBI, a data
repository established in 1979 at the Los Alamos
National Laboratory (US) and named GenBank in
1982 (https://en.wikipedia.org/wiki/GenBank).
The database presently contains > 2.45 billion
sequences, but these need to be treated with
some caution when utilizing them for analyses, as
these are uncurated submissions and often have
no associated voucher specimen information
and contain many erroneous entries, as recently
indicated in Li et al. (2022). In addition, often only
single samples per species are available making
them of limited use for species delimitation (see
above “1. Sampling”).
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4. Matrix building and alignment

DNA sequences evolve by base substitutions and
indel (insertion and deletion) mutations, thus
over evolutionary time diverge in length between
species. A sequence alignment has the primary
aim to adjust for these length differences by
inserting alignment gaps in order to achieve this
and to ensure that base pairs within a characters
are homologous. Many programmes are available
for an automated alignment (see https://www.
bionity.com/en/encyclopedia/List_of_sequence_
alignment_software.html), the
recently popular MAFFT (https://mafft.cbrc.jp/
alignment/server/) (Katoh et al., 2019). To ensure

including

the primary homology of sequence positions
the automated alignment need to be checked
and optimised manually. Hypervariable regions
where alternative alignment options exist need
to be excluded as these would otherwise result
in spurious tree topologies and/or lower branch
support (e.g,, Moller & Cronk, 1997).

5. Phylogenetic tree building

Three methods are predominantly used to
reconstruct phylogenetic  trees, Maximum
Parsimony (MP), Maximum Likelihood (ML),
and Bayesian Inference (BI). The first is character-
based, the latter two substitution model-based.
There are many sources describing the theoretical
and practical application of these methods (e.g.,, Page
& Holmes, 1998; Felsenstein, 2004; Nei & Kumar,
2000; Lemey et al., 2009; Baum & Smith, 2012). The
methods have advantages and disadvantages: BI
and ML have the advantages of providing a single
phylogenetic tree, while MP analyses can result
in one to many equally most-parsimonious trees,
and these are usually combined into a consensus
tree where the topology resolution is sometimes
reduced. Though this is not a problem for species
delineation when this concerns nodes that reside
within a species clade. Best practice would be to
perform at least two analyses, a character-based
(e.g., MP) and a substitution model-based (e.g., BI
or ML) method as the data are analysed differently

(see above), and the resulting topologies can be
believed with more confidence when identical (or
congruent) topologies for the two methods result.

Branch (or clade) support for the tree topology
comes in various forms depending on the
phylogenetic method used. For ML and MP,
bootstrap analyses are usually performed, for
ML often with fewer replicates (1,000) because
of the computational complexity of ML. For
reproducibility of results in MP bootstrap analyses
at least 10,000 replicates should be run and can
be achieved even with larger matrices of several
hundred samples by switching on TBR (tree-
bisection-reconnection, a branch swapping option
to optimise the trees) and switching off MulTrees
(to obtain only one tree per replicate) in PAUP
to speed-up the bootstrap analysis (Spangler
& Olmstead, 1999; Moller et al., 2009). Branch
support values for Bl analyses come in the form
of posterior probabilities, generated from the 50%
majority-rule consensus trees sampled trees in a
BI run minus the burn-in, though these are not
identical to ML/MP bootstrap values and can
often be too optimistic (e.g., Méller et al., 2009).

There are other tree-building methods based
on genetic distances between species, such as
Neighbor Joining (NJ) or UPGMA (often used
in DNA barcoding), though these are based on
distance matrices and the distances calculated
depend on the distance option used, ranging from
uncorrected distances to model-based ML distances
but the resulting topologies can differ (e.g., Kim et
al., 1993; Tateno et al., 1994). These are not explicit
phylogenetic character-based methods though, and
the danger of using distance methods is that natural
groups (as defined as shared characters by descent
from a single common ancestor) can be missed
particularly where fast evolving, or poor sequences,
matrix misalignments or large taxonomic
distances are involved. Then, phylogenetically
distant samples may appear genetically closer to
phylogenetically unrelated samples and fall in the

wrong clade (Fig. 2).
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Fig. 2. Example of potential tree topology differences between
parsimony and distance-based tree-building methods: a. Parsimony
and b. Distance-based, where sample 10 falls among the blue samples;
note the excessively long branch of sample 10.

When data from different genomes are used, e.g,
chloroplast and nuclear, tests for their combinability
are available, such as the incongruence length
difference (ILD) test (or partition homogeneity
test) (Farris, 1995a, 1995b; Cunningham, 1997;
Barker & Lutzoni, 2002). Where the test detects no
incongruence, the data can be combined. Where
there is significant incongruence, the phylogenetic
data should be analysed separately, and the trees
are shown separately (e.g, Xu et al., 2013; Huang
et al, 2017). Although there are some reported
issues with the ILD test (discussed in Hipp et al.,
2004), one should adapt Swoffords (1991: 329)
“admittedly non-Popperian position that an
ambiguous solution that contains the truth is, in
many situations, preferable to an unambiguous
solution that is wrong.” On the other hand, in cases
where known phenomena, such as hybridisation or
incomplete lineage sorting that results in topology
incongruence and/or non-monophyletic taxa that
cause the ILD test to fail (e.g., De Villiers et al,
2013), a pragmatic approach could regard only
incongruences of key nodes supported by higher
than 75% bootstrap values and/or 0.95 posterior
probabilities as significant enough to prevent
combination of datasets (Nishii et al., 2015) (an
example is provided in Fig. 3). As an alternative,
samples of known hybrid origin could be excluded
from the analysis and the ILD test repeated (eg.,

Moller et al. 171

Moller et al., 2020).The ILD test can also be used
to interrogate the data quality if performed for
sequences originating from different, or the same,
genome with uniparental inheritance like those
from the mitochondrion or chloroplast where
there should be no incongruence (eg., Ranasinghe
etal., 2024). Failure of the ILD test here can point to
a technical, rather than biological, issue concerning
laboratory procedures, and the samples in question
should be checked and, in the best case, sampling
and sequencing repeated.

sample sample

nuclear number number chloroplast
0oG oG
1T — 1
- z
100 o 7 100

4 4
L5} 5
6 6

99 ; g 60

100 9 10 100

10>< 9

99 "M 1 50
12— 12

Fig. 3. Example of topology incongruences between nuclear and
chloroplast phylogenies, where a combinability test, such as ILD, is
likely to result in statistically significant incongruences; the reversed
positions of samples 3 and 7 are highly supported true incongruences
because of the maximum branch support values for the main clades
(bold numbers), and in this case separate phylogenies should be shown;
the reversed positions of samples 9 and 10 are not consistently highly
supported, only for the nuclear tree (99%; with 60% in the chloroplast
tree), and the data could be analysed combined; only relevant branch
support values are shown.

6. Presentation of results

The reporting of genetic differences/distances
between and within species is useful when
multiple samples per species are included in the
analysis and can be used to check for genetic
discontinuities, ie., show genetic species limits.
The reporting of this parameter just for the new
species, however, is not useful as it does not put it
in context with its closest phylogenetic relatives
and cannot demonstrate a genetic distance
between the species, or independent status of a

new species (see Fig. 1b,c).

BI and ML analyses have the advantages of
providing a single phylogenetic tree which
should be displayed to show branch lengths as
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average genetic substitutions along the branches
(Fig. 4a,b). Similarly, a single MP phylogenetic
tree depicted as a phylogram shows the number
of genetic changes that occurred along the
branches (Fig. 4c-e). MP analyses can result in
many equally most-parsimonious trees, and when
these hypotheses are combined into a consensus
tree, the link to branch lengths are lost (Fig. 4d).
In this case the display of one of the phylograms
and the consensus tree is recommended.
Trees, depicting branch lengths or substitution
rates, illustrate clade depths, important for
the visualisation of the distribution of genetic

diversity across a tree, and allows a quick

(a) (b)

Bl sample ML sample
number number
oG oG
1 1
2 2
3 3
4 4
5 5
6 6
it 7
8 8
9 9
10 10
11 87, 11

== 0.01 changes 12 = 0.01 changes 12
(e) (H

MP sample MP sample

tree #3 number MR number

overview of the genetic distinctness and limits
of species including the distinctness of a new
species. This is not possible with trees depicted as
cladograms as is usual for consensus trees which
are often seen in published work (consensus
trees can be 50% majority rule consensus trees,
depicting only branches that occur in 50% or
more of all most parsimonious trees, or a strict
consensus tree where only those branches are
depicted that are in all most parsimonious trees;
Fig. 4f,g). Phylograms can also be informative of
data or alignment quality, where poor sequence
data or misaligned sequences will appear with
excessively long branches (e.g., Fig. 2).

(c) (d)

MP sample MP
number tree#2

sample
number

tree #1

MP sample MP
strict number BS

sample
number

Fig. 4. Example of results for the same data from Bayesian Inference (BI), Maximum Likelihood (ML), and Maximum Parsimony (MP) analyses: a. 50%
majority rule consensus BI tree with average branch lengths and posterior probabilities along the branches. Note the polytomy, absent in the ML analysis;
b. Most likely ML tree depicted as phylogram with bootstrap values, note the fully resolved tree topology despite polytomies in the MP analysis (f, g),
where the ML tree has branch support values below 50% (indicated with asterisks). These branches are likely artefacts and not real; c—e. Phylograms
of three equally MP trees; f. their 50% majority rule consensus tree; g. their strict consensus tree. Note the absence of proportional branch lengths in
(f) and (g); h. Parsimony bootstrap tree. Note the topology of the bootstrap tree is different from any other MP tree. Note also that a bootstrap tree is not
a phylogenetic tree. Note further that trees (f~h) are depicted as cladograms because they represent summary trees of several to many individual trees,
and the link to character changes along the branches are lost.



7. Examples of interpretation of results of
morphological-molecular phylogenetic
species delimitation

Example 1, complete species delimitation: Samples
1-9 represent existing species I (white flowers and
rosette habit), II (white flowers and caulescent
habit) and III (blue flowers and caulescent habit),
and samples 10-12 represent a new species IV (red
flowers and caulescent habit). In this example,
full congruence between molecular phylogenetic
tree topology and morphological characteristics
is present and the four species are successfully
delimited, with the new species being sister to

species III (Fig. 5).

sample flower habit species
number colour
oG
1 white  rosette
white  rosette
3 white  rosette
4 white  caulescent
5 white  caulescent 1
6 white  caulescent
7 blue caulescent
8 blue caulescent 1]
9 blue caulescent
10 red caulescent
11 red caulescent v
12 red caulescent

Fig. 5. Example 1 with complete delimitation of species. The
samples fall in four clades, each clade comprises samples with unique
combinations of characteristics, and four distinct species can be defined.
Example of species delimitation in Henckelia Spreng.
(Gesneriaceae) based on ITS sequences: Six samples
per species, representing two populations per
species were included for analysis. The three
species, Henckelia moonii(Gardner) D.J.Middleton
& Mich.Moller, H. wijesundarae Ranasinghe &
Mich.Moller, and Henckelia walkerae (Gardner)
D.J.Middleton & Mich.Moller, each formed
a clade in a larger phylogeny of all Sri Lankan
Henckelia species (Ranasinghe, 2017). Based on
this analysis, the six samples of H. moonii were
selected as outgroup and root. The new species,
H. wijesundarae, was originally recognized by
Thwaites (1864) as Chirita walkerae var. f. It
was later described by Clarke (1883) as Chirita
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walkerae var. parviflora C.B.Clarke, then changed
by Theobald & Grupe (1972) to Chirita walkerae
subsp. parviflora (C.B.Clarke) Theob. & Grupe.
A few years ago, it was synonymised by Weber
et al. (2011a) under Henckelia walkerae and
eventually recognised by Ranasinghe et al. (2016)
as Henckelia wijesundarae. The last step was based
on their morphological-molecular phylogenetic
study of freshly collected material of 2-4 samples
per population from six populations of three
species. The analysis showed that the new
species consistently differs from its sister species,
Henckelia walkerae, in at least six qualitative

morphological characters (Fig. 6).

Example 2, polymorphic species: Samples of a new
species (red-flowered) are scattered among samples
of an existing one, species III (blue-flowered)
(Fig. 7). Incongruence between the molecular
phylogenetic tree and morphological characters
exist, seen as variable flower colour for species III
including the newly collected samples. Two possible
scenarios can be envisaged: either one species
polymorphic for flower colour is accepted, or,
since the two clades of species III are not that close
genetically, additional morphological characters
could be sought. In the second scenario, additional
morphological characters, e.g., leaf sclereids (absent/
present) and pollen (single/tetrads), support the
molecular topology and a redefinition of species
III results in two newly defined species, Il and 1V,
with polymorphic flower colours, but consistent
leaf sclereids and pollen characteristics (Fig. 7b). In
this scenario, our approach provides immediately
two hard, qualitative, diagnostic characters, leaf
sclereids and pollen, and such consistent characters
could be used straight away in diagnoses (cf.
Nishii et al., 2015). Qualitative characters, such as
size, shape, or degree of fusion of organs, may be
unsuitable for taxon delimitation, because of their
difficulty in scoring, high levels of variation and
homoplasy, and the resultant scattered distribution
of states across a phylogenetic tree (eg., Atkins et
al., 2021).
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3 |Henckeliamoonii_BLG.2a
92 Henckelia moonii_BLG.2b
1

2 [~ Henckelia mooniiKTG.RH.a

[=X
=3
o
=
[T
-
=]
(=]

Henckelia wijesundarae KNY.a
25
100 Henckelia wijesundarae KNY.b
74 Henckelia wijesundarae KNY.c
100 Henckelia wijesundarae RBG.1a
Henckelia wiiesundarae RBG.1b
Henckelia wijesundarae RBG.1e | |
Henckelia walkerae KIK.b
Henckelia walkerae KIK.e
100 Henckelia walkerae KIK.a
|1| Henckelia walkerae LKD.b
63 Henckelia walkerae LKD.c
Henckelia walkerae LKD.d
— 1 change

Filament
tooth
absent

Free
calyx
lobes

Fig. 6. Example of delimitation of three species in Henckelia Spreng. (Gesneriaceae) based on ITS sequences and sampling of six samples from
two populations per species, and characters (stigma, sepals, calyx, filaments, abaxial leaf surface) separating the two species Henckelia walkerae
(Gardner) D.J.Middleton & Mich.Méller and H. wijesundarae Ranasinghe & Mich.Mdller. Numbers above and below branches are the number of
nucleotide changes and bootstrap values respectively. Modified from Ranasinghe et al. (2016)..

If incongruence between molecular tree topology
and morphological data persists after adding
additional morphological characters (Fig. 7c),
perhaps it represents a case of incomplete lineage
sorting or involves hybridisation, and irrespective
of methods/data used to address the problem
(for molecular data often seen as discordance/
incongruence in tree topologies between
different genome markers, or multiple nuclear
markers), the issue is not solvable but results in a
polymorphic species (Knowles & Carstens, 2007;
Nopporncharoenkul et al, 2016). These plants
may have often a complex evolutionary history
which cannot be easily solved, except with much
larger sampling and multi-genomic data (eg,
Joly et al., 2009; Kong et al., 2023, and references
therein). Studies of tropical rainforest taxa,
such as Andira Lam. have recovered examples of
non-monophyly where widespread dominant
tropical rainforest taxa have morphologically
distinct, often range-restricted taxa nested within
them (Pennington & Lavin, 2016) which do not
necessarily require taxonomic redefinition as they

are seemingly examples of incipient speciation,

with their progenitor species showing incomplete
lineage sorting. The authors advocate “that using
a coalescent framework for species delimitation
may result in better agreement with traditional
morphological delimitations than methods based
on genetic exclusivity criteria.”

In Gesneriaceae, a highly complex case of non-
monophyly seems to be represented by the genus
Raphiocarpus Chun, as the species fall in several
clades of subtribe Didymocarpinae (Méller et al.,
2011a). This does not seem to represent a case of
incipient speciation as the clades have a significant
genetic depth (Msller et al, 2011a), and is not
based on too few markers (ITS and trnLF), as an
extensive NGS study of several hundred markers
shows a similar pattern of non-monophyly (Yang
et al., 2023). This is more likely representing a case
similar to Chirita, where the species are grouped
by a plesiomorphic characteristic (Weber et al.,
2011a), which is uninformative for a phylogeny-
based classification. In this case, only an in-depth
sampling across the distribution range of the genera
involved, i.e.,, southern China and particularly the



presently relatively poorly sampled Vietnam would
be necessary to resolve this case.

(a)

sample flower habit species
number colour

oG

1 white  rosette

2 white  rosette

3 white  rosette

4 white  caulescent

5 white  caulescent 1
6 white  caulescent

7 blue caulescent

10 red caulescent

8 blue caulescent 1l
11 red caulescent

9 blue caulescent

12 red caulescent

(b)

sample flower
number colour

habit leaf scl. pollen species

oG

1 white  ros. absent tetrad

2 white ros. absent tetrad |
3 white ros. absent tetrad

4 white  caul. absent single

L white  caul. absent single I
6 white  caul. absent single

7 blue caul. present single

10 red caul. present single Il
8 blue caul. present single

11 red caul. absent tetrad

9 blue caul. absent tetrad IV
12 red caul. absent tetrad

sample flower
number colour

habit leaf scl. pollen species

oG

1 white  ros. absent tetrad

2 white  ros. absent tetrad |
3 white  ros. absent tetrad

4 white  caul. absent single

5 white  caul. absent single I
6 white  caul. absent single

7 blue caul. absent single
10 red caul. present tetrad

8 blue caul. present single Il
1 red caul. absent tetrad

9 blue caul. absent single
12 red caul. present tetrad

Fig. 7. Example 2, polymorphic species: a. Samples of a new species
(samples 10-12) scattered among samples of an existing species
(samples 7-9); b. Additional characters (leaf sclereids: absent/present;
pollen: single/tetrads) indicate the existence of two species with
polymorphic flower colours; €. Or confirm the existence of one species
with complex character combination (see text for further explanations).

Example 3, species in a polytomy: In this example, a
new species has identical or very similar sequence

data as the samples of the blue-flowered species,
and thus the phylogeny involves a polytomy (Fig.
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8a). If the polytomy is only present in a parsimony
consensus tree, ie, represents a soft polytomy,
perhaps applying another phylogenetic method,
e.g, Bl or ML may resolve the polytomy. If a hard
polytomy exists, ie., in the absence of parsimony
informative sequence differences between the
samples 7-12, perhaps the acquisition of additional,
faster evolving molecular markers can resolve the
polytomy. In the example here, the new species
IV is successfully delineated from species III after
adding more molecular markers (Fig. 8b).

(a)

sample flower habit species
number colour
oG
1 white  rosette
2 white rosette
3 white  rosette
4 white  caulescent
5 white  caulescent 1]
6 white  caulescent
7 blue caulescent
10 red caulescent
8 blue caulescent 1]
1 red caulescent
9 blue caulescent
12 red caulescent
(b)

sample flower habit species
number colour
oG
1 white  rosette
2 white  rosette
3 white  rosette
4 white  caulescent
5 white  caulescent 1
6 white  caulescent
g blue caulescent

I-Ii 8 blue caulescent 1]
9 blue caulescent
10 red caulescent
1" red caulescent \Y)
12 red caulescent

Fig. 8. Example 3, species in a polytomy: a. Samples of a new species
and an existing species have very similar or identical sequences and
fall in one polytomy; b. After the addition of data from an additional
marker/s, the two species are resolved as two separate species.

8. Workflow

For convenience a workflow for morphological-
molecular phylogenetic species delimitation is
assembled showing the main steps and key points
to consider:
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workflow

Key points to consider

Sampling

-

Ingroup: geographical / morphological diversity
Outgroup: several outgroup samples
Samples per species: 3—5 individuals

Species per genus: > %/,

Molecular marker selection

suitably evolving / taxonomic range
nuclear (nr) and chloroplast (cp)

congruence between nr and cp data

-

Data sources

silica-gel dried leaf material
herbarium specimens; in replicates

public databases; rogue sequences?

-

Matrix alignment

automated (e.g., MAFFT)

manual adjustments

-

Phylogenetic tree building

BI, ML and/or MP
posterior probabilities (BI),
and/or bootstrap values (ML,MP)

-

Presentation of results

-

MP/ML as phylogram with bootstrap branch
support values)

MP as consensus tree (MP) with bootstrap
branch support values

BI: with average branch length and posterior
probabilities

Concluding thoughts

The above recommendations are designed to
encourage taxonomists to use molecular data
most effectively by applying a few common-sense
provisions to effectively delimit new taxa (species
or genera). Once a sufficiently large baseline data
set is assembled based on multiple samples per
species, the efforts required for the addition of
new ones is relatively small and would require the

gathering and inclusion of multiple samples of the
new species. The congruence of morphological
characteristics obtained from these samples with
the resulting tree topologies will further support
the protologue descriptions by focussing on key
characters and strengthen the resulting taxonomic
decisions. It is hoped that the above pragmatic
approach will be helpful to guide and encourage

future molecular-morphological taxonomic work.
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