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ii. Summary/Abstract

The use of DNA has helped to improve and speed up species identification and
delimitation. However, it also provides new challenges to taxonomists. Incongruence
of outcome from various markers and delimitation methods, bias from sampling and
skewed species distribution, implemented models, and the choice of methods/ priors
may mislead results and also may, in conclusion, increase elements of subjectivity in
species taxonomy. Lack of direct diagnostic outcome from most contemporary
molecular delimitation approaches and need of reference to existing and best
sampled trait reference systems, reveals the need of refining criteria of species
diagnosis and diagnosability in the current framework of nomenclature codes and
good practices to avoid nomenclatorial instability, parallel taxonomies, and

consequently more and new taxonomic impediment.
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1. Introduction

DNA taxonomy' - to characterize species based on DNA sequences - have become
a well-feasible and highly effective in the past two decades (1, 2, 3, 4). Meanwhile,
the array and number of markers (Table 1) as well as approaches for species
identification and delimitation have considerably diversified (5, 6, 7). Among these,
DNA barcoding (1) is one of the most popular ones (4, 8). DNA taxonomy has
increased the quality and reproducibility of species’ characterization and enabled
rapid assessments of biodiversity (9). A major advantage of DNA Barcoding is the

ability to standardize and automatize species recognition by using a single,

1 do not refer to the older but stricter definition in which DNA taxonomy was meant as a framework to
replace the Linnean name-based taxonomy (see (4, 11)). Since Tautz's et al. proposal (11) was not
accepted, the term is being used in the above, wider sense in most of the literature (3).



standardized gene fragment (e.g., (1, 5, 7, 10)) which already includes (by definition)
all its potential characters. DNA-based species delimitation made way for the direct
inference of species boundaries from unknown samples (712), allowed association of
different life stages with each other (13), and the study of environmental DNA and

bulk samples (9).

2.Species, barcodes, and taxonomy

2.1 From species to barcodes

The approach of matching unknown samples with DNA sequences of known
(identified and named) specimens is the basic principle behind the DNA-based
species identification approach. The known specimens are recruited from
(morphospecies-informed) reference libraries which are being built in the various
DNA barcoding initiatives which are ultimately mirrored in NCBI, EMBL or BOLD (74).

However, these currently cover not more than ca 2-3% of World’s known species

diversity (Fig. 1). The success of identification is strictly linked to the completeness of
these libraries (in terms of species and coverage of their variation). Libraries are
often geographically quite restricted.

Successful identification results are supposed to capture unambiguously the “match”
between reference and query sequences. This is ultimately linked to the question,
how to define “match™? This definition is scientifically strictly linked to the recognition
of species boundaries since libraries are not supposed to reflect the entire spectrum
of genetic variation of each species.

Another issue for the success and long life of the reference libraries is the
continuously curated taxonomic consistency (15). Integration of large-scale data and
a consideration of an evolving taxonomy (new synonymies, newly discovered species
etc.), not only in invertebrates, makes a strictly organized and regulated data
processing and taxon entry/referencing system indispensable. Alternative
nomenclatures (by different specimen providers or by updated taxonomy in time)
may effectively mess up the reference libraries and make quality checks of and
identification with barcode data very tedious or impossible. The same problem is

known from decades of faunistic literature in diverse arthropod groups (e.g., beetles)



having a continuously evolving taxonomy. Here, auxiliary numerical species
identifiers have been in successful use for almost 36 years in a limited geographical
extent (16, 17).
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Fig. 1. Approximate schematic estimate of trait information content and species coverage of
different character traits used for diagnosing species in the light of validly described taxa (grey
vertical line). (Categories of taxonomic investigation (used as follows: Linnean style descriptions (ca 2
lines, morphology), 19th century’s description (one page text, no images, morphology), 20th century’s
description (one page text, with images, genitalia figures, morphology), Morphometric data/ Artificial
intelligence (on 2D images), DNA barcodes, Genomic data (AFLP, RADseqgs), 3D CT scans, 3D surface
images, full genomes). Descriptions based on words (black), images (white) and molecular characters

(grey).

BOLD is a good example for clear and sustainable reference data requirements. The
same we cannot say about current taxonomic science and how it is organized (see
(18)). ZOOBANK (19) was a good beginning, in terms of standards and rigor (e.g., for
the availability of new species names from electronic publications in the era of digital

information). To meet the needs for a modern taxonomic science and biodiversity



data mining/management as well as today’s standards of digital data sharing and
integration policies, more rigor and standardization might be needed (particularly in
the publication step), which however, will not come without costs for the underfunded

science taxonomy.

2.2 From DNA barcodes to species

Since the beginning, there have been a vivid controversy about how to use DNA
markers and in particular single gene barcodes in the context of species taxonomy
(e.qg., (4, 11, 20, 21, 22, 23, 24, 25) and many more). The discussion intensified again
after some authors have been starting to formally describe and name species
exclusively using barcodes (e.g., (26, 27, 28)°; see also (18, 29, 30, 31, 32, 33)). In
this context it became evident (18) that criteria of a species diagnosis, which is
essential foundation for the availability of a newly established taxon name, are

ambiguous in the Code for Zoological Nomenclature (34).

2.3 Taxonomy and nomenclatural stability

In past, taxonomic and nomenclatural stability was mainly challenged by two issues:
1) misused taxon names due to poor species descriptions and lacking revision of the
type specimens (also due to lack of clear rules and guidelines in shape of a code of
nomenclature until 19" century; (35)), and by 2) competing species hypotheses
derived from different species concepts (e.g., (36)) or different authority ‘opinions’
(e.g., (37); see also (38)).

So far, problems of competing species concepts have affected mainly the vertebrate
taxonomist’s community (36). Invertebrate taxonomists instead mainly have been
focusing on morphology, for a variety of reasons but probably most of all because
they mainly have been experiencing most of their examined specimens as dead
vouchers in collections. A major trigger behind this tendency has been apparently to

observe and recognize their species alive and the number of “taxonomists” dealing

2 In some cases, diagnoses were made specific by highlighting diagnostic nucleotide positions, and in
others, such as (27), delimitation was based on threshold clustering (2%) as implemented in the
Barcode of Life Index Number (BIN; (39)).



with the same group of organisms in a respective geographic area (including also the
large rapidly interfering user community, e.g., conservation managers and
ecologists).

Particularly in vertebrates (and more recently not only), probably due to the many
“authorities” but also due to the fact that many vertebrate species are more
considered by conservation and wildlife observations, there is a tendency of a wish of
democratically or autocratically (by the scientific community and key users) decided
taxonomies (expressed as lists of accepted taxa, e.g., (38, 40, 41, 42, 43)). Such
ideas are opposed by calls for an only science-based taxonomy on the other hand
(44).

While cataloging life has been used since the very beginning of taxonomic research
and has been very important to the user of taxonomy, taxon lists (peer-reviewed or
not) have now in the era of cybertaxonomy an enormous impact. They are being
replicated on the internet among the users and are generally also used as taxon
backbone for large biodiversity information databases such as GBIF, NCBI, BOLD,
etc. However, sometimes these lists lose track of their original reference, include

errors or different lists are competing against each other (42).

A related, but more recent problem is that traditional, previously mainly morphology-
based taxonomies (in invertebrates) are being challenged by minimalistic approaches
that seek to define species not relating to existing diagnostic reference systems (i.e.,
morphology) (28) partly without proper diagnoses. Despite we are used to
controversy, what is new here is the dimension of number of taxa affected and the
sudden shift to an imaginary, non-existing species concept (BINs; (39)), and the
potential that such rather harmful approaches are copied by other scientists. A similar
threat and a potential factor favoring a taxonomic impediment, many scientists see in
the establishment of new taxa without using physical specimens (i.e., type
specimens) at hand of photos or images (45, 46, 47), or environmental DNA (18, 48,
49).

Beyond the scope of this discussion, but to be mentioned to complete the overview of
issues hampering taxonomic and nomenclatural stability, are by far more extreme
cases which are known under the term “taxonomic vandalism”. Many cases were
clearly addressed as such (e.g., (50, 51, 52, 53)), while other needed centuries to
resurface (e.g., (54); see (55)).



With the rise of DNA-based species delimitation in the last two decades, the above-
mentioned challenges have been additionally complicated by a major weight of DNA-
based approaches in the taxonomic treatment of species, particularly revealing often
common patterns of cryptic biodiversity often revolutionizing the definition of widely
accepted species. However, what matters here are not only the incongruent results
with morphology-based species diagnoses but also the inconsistencies among DNA-
based delimitations itself (Fig. 2) deriving from a multitude of molecular markers
(Table 1), sampling issues, or different methodological approaches of species
delimitation (not necessarily based on different species concepts) (Table 2) and/or
their prior choices using the same data and species concepts (e.g., (33, 56, 57, 58,
59)).

0.5 ®
BIN
0.4 . °
bPTP
0.3 TCS
o 02
9
© 0.1 °
'-cE: o morphospecies
o6 0.0 e ABGD P50
o
o mIPTP
-0.1 ®
ABGD P48
-0.2
°
03| ABGD P43 mPTP
e ASAP 2nd
04 ® ¢ ASAP 1st

-0.30  -0.15 0.0 0.15  0.30 0.45 0.60
Coordinate 1

Fig. 2. Incongruence of results of various species delimitation approaches as graphically
expressed by principal coordinate analysis (PCoA) of species delimitation results on pairwise match
ratios (56) based on a study case of scarab chafer beetles (59).



3. Diagnosability

3.1. Bias for the objective diagnosability of species and the problems of the

nature of species

With the integration of different, possibly competing species concepts (82) it became
clear that in the process of speciation many of these concepts can be
accommodated. An ideal delimitation method is thus not linked to any particular
mechanism of reproductive isolation but based on detecting the ultimate outcome of
speciation — i.e., the genetic isolation on an evolutionary timescale (83), or also
morphological divergence as an expression of the former. Traditionally, species have
been identified and described using morphological traits which is why in one or
another form morphological characteristics for almost all species exist (Fig. 1).
However, morphological characters may be subject to stasis, convergent evolution,
or polymorphisms as they can be under similar selective pressure.

Morphology has other shortcomings:

1) when used in quantitative traits analysis of morphometric data, its
multidimensional variation makes it difficult to objectively define distinctive
entities (e.g., clustering) (57). Traits that differ between some species can be
noise to diagnose others which is why taxonomists traditionally seek
hierarchical comparisons (of only two or few taxa) in which the variation is
distributed over a lesser number of dimensions (i.e., axes). Therefore,
statistical testing for species differences needs an a priori assignment of
species membership to be tested which may easily lead into circularity with a
priori bias (58).

2) Morphological characterizations of taxa (diagnoses) are generally based on
verbal descriptions or verbal coding of discrete character states. The more
taxa are known, the more characters and character states become evident.
Diagnoses of taxa then need to be updated to consider newly enclosed, new
taxa, which is why morphology-based taxonomy needs updates by taxonomic
revisions (the situation may be alleviated by more thorough digital imaging of
specimens and the use of highly informative genital organs, for example in

insects).



Both phenomena underlie probably also the phenomenon of the so-called “cryptic
species”, as many species once distinguished by molecular characters can

subsequently also be differentiated easily by morphology.

Instead, molecular genetic data are supposed to provide additional information about
many factors related to species identification, including population identities, levels of
recent or ancient gene flow, degree of hybridization, and phylogenetic relationships
among prospective species (83). Empirical studies of DNA- and integrative taxonomy
in the almost past two decades have demonstrated that a DNA-based species
delimitation is very complex, too (95).

The oversimplified assumption that the “barcode gap” in a single mitochondrial
marker will distinguish species (84, 85), has been recognized as flawed and
methodologically outdated (8). Despite its apparent simplicity and increasingly low
cost, mtDNA (e.g., COl) is not perfect for inferring species boundaries due to many
issues: species delimitation and identification based on information from a single
mitochondrial gene is prone to errors due to extrachromosomal inheritance and
accordingly reduced rate of gene flow, little recombination, incomplete lineage
sorting, sex-biased dispersal, asymmetrical introgression, and/or Wolbachia-
mediated genetic sweeps (86, 87, 88, 89). Coalescence times are three to four times
faster than in nuclear markers (90, 91). Its inaccuracy is also result of widely
occurring mitochondrial paraphyly of species, which increases with geographical
upscaling and more extensive sampling of the analyzed data (92), common sex-
biased dispersal and thus biased patterns of COIl divergence as well as ancestral
polymorphism leading to false “cryptic” diversity (e.g., (98, 93)). The species number
inferred with COI data may in such cases exceed the true species number up to ten
times (58), while outcome with different delimitation methods based on even the
same marker and sampling can be consistently incongruent (Fig. 2) (33, 59), even if
samples are not subject to geographical sampling bias (94). Consequently,
divergence in mtDNA is not always stringently a result of speciation, particularly if it is
not correlated with evidence from nuclear genomic DNA and/or morphology.

The outcome of species delimitation is affected by the choice of the method of
species delimitation (33, 56, 65, 95), but also by factors which could be summarized
as the nature of species and their assemblages such as (unbalanced) sampling (see

(33)), effective population size (of each species), fluctuation of effective population



size (within a group of taxa whose species limits are to infer), and depth of
phylogenetic sampling (33, 56, 95). Singletons (i.e., species occurring with a single
specimen only) do not impact the delimitation if they are not too abundant (56). Even
highly sophisticated multispecies-coalescent approaches using multi-gene nuclear or
genomic DNA data have been found to be highly sensitive to subjective initial prior
choices for the analysis parameters (e.g., the population mutation rate (theta) is
generally unknown; (87, 58)) and result easily in over-splitting of true species (58, 96,
97, 98, 99). Subsequent correction with an empirics-based genealogical divergence
index (gdi; (80)) may work for some cases but is to some extent also biased (as
thresholds for species boundary are not inferred directly from the data; (70))
(showing a certain analogy to the barcode gap approach).

All'in all, as highlighted already in (18), results of a DNA taxonomy (and not only that
of DNA barcodes) need to be critically discussed to derive final conclusions.
Depending on the case, the outcome may be yet subjective (i.e., if someone refrains

to diagnose and name all over-split entities).

3.2 From species delimitation to species diagnosis

Independently from the molecular markers used, DNA-based species delimitation
can be subdivided into validation methods (predefined entities are tested) and de-
novo inference methods (68) (without a priori defined entities). Alternatively, we may
distinguish character-based, distance-based, and tree-based methods (4, 60). Some
need a calibration with known morphospecies, and are consequently to consider
quite circular (e.g., AGBD, ASAP). With the time of doing empirical research using
DNA taxonomy, it became quite evident that it is not difficult to diagnose divergent
nucleotides in molecular data (e.g., between populations) but rather hard to infer the
coherence of the divergent populations. This might have been the reason while
population aggregation analysis and cladistic haplotype analysis, as character-based
species inference, were almost completely abandoned in literature. What today
methods of species delimitations offer as output are statistical likelihoods or
probabilities of group membership of a number of certain specimens to a taxon, in
which also these probabilities are subject to empirical thresholds (7100).

Consequently, contemporary methods used provide any substantial evidence or



basis for a species diagnosis which is not derived. Since Article 13.1.1 (34) states
that a criterion of a name’s availability is the presence of a “description or definition
that states in words characters that are purported to differentiate the taxon”,
additional input/ information from the taxonomist would be required. If a simple group
assignment based on such delimitation approaches’ output shall fulfill the
requirements of the Code (example: (28)), the Code would need to be revised to
implement such a thing. The potential ambiguity of considering simply mentioned
base pairs as a species diagnosis was indicated by (18), which is where lies the
dilemma of the current Code (34). In consequence, either quite a number of names
of the aforementioned example (28) (I stopped counting after some dozens) might
result validly available, or even not.

Either way of interpretation, giving a diagnosis in this way is a nonsense (and
fortunately it was only a short COIl fragment and not part of a genomic USCO marker
set composed of several thousands of nucleotide base pairs) as the statement of
diagnosis is not logically comprehensible in terms of human language (this is what |
suppose is the intended demand of Article 13.1.1; (34)).3

Consequently, even more sophisticated cases that employ DNA-based species
delimitation shall implement a meaningful character-based diagnosis for establishing
a new animal species. And it becomes evident and logical, that meaningful can mean
only a diagnosis based also on characters and morphology.

In contrast to that, according to (101), the International Code of Nomenclature for
algae, fungi, and plants (702) allows descriptions* of new species exclusively based
on DNA sequences, although the code interestingly does not explicitly specify that
either (Art. 38.1, (102)°).

3.3 A continued plea for integration®

3 Based on that, | am afraid that the names in (28) lacking other diagnosis than base pair
abbreviations would be invalid.

4 According to (101), “A description gives the physical properties of the taxon, e.g. morphology, colour,
odour, flowering time, chromosomes, chemical properties, or DNA sequence data”; but see also see
(109).

5 The term description is not defined in the glossary, in contrast to the term diagnosis ("a statement of
that which in the opinion of its author distinguishes a taxon from other taxa (Art. 38.2); a diagnosis (or
a description) is required for valid publication of a name of a new taxon (Art. 38.1(a)”).

6 - if not, there is a risk of more taxonomic impediment

10



From the above said follows that a meaningful implementation of DNA-based species
delimitation (i.e., DNA taxonomy) implies an integrative taxonomy approach ((703,
104); see also the majority of examples summarized in (29)). Integrative taxonomy
was introduced as a comprehensive framework to delimit and describe taxa by
integrating information from different types of data and methodologies (22, 105, 106).
Although there have been different concepts on how and to which degree to integrate
data (e.g., (104, 107, 108)), it was found that in simultaneous analyses always prevail
splitting data (58).

However, computational power is currently the biggest problem to analyze large data
sets of many taxa, specimens, and genes using for example the multispecies
coalescent (74). This hampers some more robust testing for integrating different
types of data or taxon sampling, but also imposes a huge time frame until data are
ready for evaluation (10, Dietz et al, unpublished data). Analyses running for weeks
is not really what we need to face biodiversity crisis.

Thus, take home message in this context: morphology is THE essential and likely
most meaningful proxy for species diagnoses, even if species are circumscribed
based on genomic evidence, no matter which other information is included in data
analysis.

Continuously new approaches are suggested with more informative and better
resolving data (e.g., (7, 10, 110)). However, only, if these data cover sufficiently
World’s biodiversity (Fig. 1), we can properly employ them to discover the unknown.
None of these methods can be exclusively taken not into account for so far
accumulated data in regard to discovering new species due to their lack of
connection with the other known species not investigated for this new trait.

In this context, although single marker DNA barcoding has been found to be
imperfect in capturing true species boundaries, it would be unwise to abandon this
well working approach for species identification and environmental monitoring,
especially now that reference libraries appear to become more and more complete
for at least some defined geographical areas.

The same applies for morphology, the only trait system for which data exists for
(almost) all known species. Filling up species knowledge with new, more informative
data types (e.g., WGS data, 3D images, MicroCTs, etc.) is expected to be
complementary for so far rather than exhaustive (vision of many major natural history

museums; (111)).

11



Learning from the debate of past 30 years about the taxonomic impediment (112,
113, 114), we may have understood its major causes and, hopefully, also how to
avoid a further aggravation (18). A liberal interpretation and extension of the code(s)
in the sense of (101) would allow the growth of incompatible trait sets that need
continuous (taxonomic) “revision” to complete taxon sampling for one or the other
trait. This would hardly allow us with the limited resources (113) to complete our
knowledge about world’s biodiversity. Just imagine, taxa barcoded only for the COI 3-
prime end, would never be captured (i.e., match) with Hebert's COI barcode (i.e., the
5-prime end of COlI; (1)), only until the moment both fragments are captured.
Mammals and frogs, which traditionally have been sequenced for other mtDNA
markers ((115, 116, 117), e.g., CytB and 16S, respectively, are partly less well
covered in COIl databases and risk to be captured less confidently if their marker is
not especially addressed. Even worse, the use of AFLP or RAD sequences, whose
recovery is often highly (i.e., study case) specific, would hardly allow reproducible
data that are comparable with previously obtained data (7). A scenario of n-different
parallel taxonomies (where n is the number of different traits being exclusively used
for species diagnosis) was already predicted by (18) with reference to morphology
and any potential DNA marker-based taxonomic system.

The only solution and chance to not renounce on modern high-throughput species
recognition or highly informative genomic DNA approaches including all possible
evidence (and traits) that allows to recognize new species, is to work integratively,
and just to keep sticking with morphology. Agreement (see paragraph below) on at

least one(some) reference system(s) will prevent us from wasting future resources.

4. Future perspectives

4.1 Good practices, codes, nomenclatural stability

The major goal of nomenclatural regulations (34, 102) is stability of each taxon’s
nomenclature. Given the experience from the past (see above), it is to question
whether the approach of codes to not infer with issues of species delimitation and
diagnosis is wise and yet timely since taxonomic uncertainty and taxonomic

impediment are two sides of the same medal (see also: (40, 118). The
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(mis)conception that taxonomy (i.e., species diagnoses and delimitation) and
nomenclature/ nomenclatural stability are unlinked (“...types are name-bearers, not
‘standards for species delimitation’...” (119)) is perceived as an abnormality to
everyone working with taxonomy, since taxonomic entities are generally marked with
names. No nomenclatural stability without taxonomic stability. Neglecting these
minimal common foundations and the complexity of taxonomy as a science (by non-
emending the codes) is simply spoken comparable with a situation in which traffic
rules from Linnean times or of 100 years ago (almost non-existing) are applied to
today’s traffic chaos. They do not entirely reflect what we know and what taxonomy
needs.

This is particularly crucial, since taxonomy is experiencing a renaissance as
hypothesis-based science, with DNA barcoding as its flagship (apart from its
methodological pros and cons), after decades of neglect and shortage of funding. Its
label of being not a science but a subjective, opinion driven field of descriptive
biology is what drew off funding and made it unattractive for students to start with and
to follow as a professional career. Instead, the success of DNA barcoding catalyzed
the development and empirical exploration of new data systems (genomic data, 3D
morphological data, and mass spectrometry, e.g., (7, 110, 120)), computing power,
and a manifold of methodological approaches for species identification and
delimitation which has increased the capabilities to infer species diagnoses in many
ways. All this fertilized ideas of boosting up the discovery of species and to integrate
results from different lines of evidence (103, 105, 121), also with the aim to quantify
competing species hypotheses and to simultaneously analyze different lines of
evidence (77, 104).

The past 30 years of good practice agreements in biological sciences have shown
that scientific rigor can be implemented in agreed (even nomenclatorial) rules, and in
the long run, from which the entire scientific community benefits. This starts with
proper citation of the published records (digital object identifier (DOI) system),
species registration (Zoobank), the deposition of voucher specimens on which
scientific results are based, the submission and sharing of data (BOLD, GBIF, NCBI,
Dryad, etc.), peer-review, minimal data standards (BOLD). If we would have more
such good practice agreements implemented with the Code(s), museums would not
need to invest huge resources for the digitization of their collections (if done

automatically upon publication of every taxonomic revision, in a similar way as
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sequences are uploaded to NCBI for any molecular study published since the early
1990ies; (122)), distribution data could flow into global data bases, and images could
be collected in shared databases for immediate access and artificial intelligence
applications.

Agreed standard trait sets would help to use more efficiently resources and most of
all would avoid parallel taxonomies like those have existed in the old times when the
taxonomists did not know the species of contemporary colleagues.

With more such agreements many resources could be used more efficiently. But of
course, there must be acceptance in the different scientific communities, which also
implies more interdisciplinarity, i.e., molecular biologists need to be involved more in
taxonomy and species discovery, while taxonomists (including scientists being
commissioners in the nomenclatural commissions) need to study and get training in
modern methods of taxonomy. In other words, the entire community needs to move
to a new level of understanding.

The current codes already include several such recommendations for a good
scientific practice, so why not update them when our knowledge has improved to a
level that we do understand that we need them. Defining species without a reference
specimen (type) based on images or DNA sequences alone, should be possible but
should remain an exception when justified. Such a reference specimen allows further
data exploration and hypothesis verification, and thus allows for continuous
improvement of scientific rigor. Codes do not need to justify poor scientific practice
from the past (i.e., describing species based on drawings or images) keeping such
rules alive (a cutoff date, as for the electronic publications or type specimen concept
would do it very well).

And new technologies are at the doorstep for which we need to be ready, either to
use them for our goals (rapid species discovery) using image analysis (e.g., (123,
124, 125, 126, 127)), but also to keep species identification (particularly approaches
that do not retain a reference specimen) clearly separate from species taxonomy and
discovery. In this context, natural history museums need also to realize that virtual (or
extended specimen) collections may at maximum enhance the use of the physical
specimens but alone (111) they are of only limited use for uncovering the global
biodiversity compared to the resources they consume since major taxonomic
research and species diagnosis continue to be sustainable and scientifically sound

only if specimen based.
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4.2 Solutions and conclusions

Nomenclatural codes urgently need updates to be more explicit about species
diagnoses and should impose for data compatibility and consequently for more
sustainability to avoid waste of resources, parallel taxonomies, and new taxonomic
impediment (standard trait reference systems, e.g., morphology, COI barcodes etc.)
(see also (29, 128)). Integration of taxonomic publications and (meta)data
digitization/ databasing (collection records, images) would be crucial to implement
too but it goes partly beyond the principal topic here and requires most of all
generally more funding (storage, data management). Solutions should also consider
the issues of exclusive access to funding and barcoding facilities which is seen by
some researchers as a continuation of a not-inclusive policy (31, 33) and which could
enforce more integrative than exclusive solutions. Therefore, morphology SHALL
become a mandatory diagnostic trait in the ICZN and should obligatorily accompany
any other diagnosis of a species being recognized by an alternative species concept.
Different species concepts are reconcilable (82), and a hypothesis-based taxonomy
should seek to perform this process of reconciliation through integrative approaches
(30, 103, 121).
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Table 1. Common markers in modern DNA taxonomy (from (7), modified) (wg = whole genome).

Origin of Taxonomic Copy number Variability Orthology assessment Alignment Data generation
marker presence/
number of
markers
COIl/ Cyt b mitochondrial universally many high, but often insufficient easy to homologize; easy targeted PCR,;
present; normally to discern closely related NUMTSs can pose genome skimming,
one variant taxa problems wg sequencing
ribosomal nuclear (18S, universally many In many groups homologizable difficult, numerous targeted PCR/ DNA
DNA 288S) or present; few resolution insufficient in insertions/deletions or ITS enrichment,
mitochondrial markers closely related species; hamper comparison across genome skimming;
(16S) ITS more variable broad taxon sampling wg sequencing
RADs nuclear not universal; unknown unpredictable, but difficult or impossible difficult or impossible across highly protocol
many markers typically high across distantly related distantly related species specific
species
UCEs nuclear wide universal almost all nearly none; the flanking flanking regions bordered flanking regions can be target DNA
presence single-copy regions are analyzed, normally by only one difficult enrichment;
whose degree of homologizable ultra- genome skimming;
variability is unpredictable conserved element wg sequencing
(orthology of flanking
regions questionable)
metazoan nuclear near universal single-copy in variability of coding Ortho DB (Introns usually easy target DNA
level presence of 978 > 90 % of sequence sections excluded) enrichment;
USCOs genes in Metazoa species sufficiently high genome skimming;

wg sequencing
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Table 2. Popular methods and approaches of modern DNA taxonomy (for details see
also (6, 60)).

Method Main Species Inference Implied
references inference basis monophyly

single locus

Population aggregation analysis (61) validation character yes

Statistical parsimony analysis (TCS) (62, 63) de novo character no

Cladistic haplotype analysis (64) validation tree yes

Generalized mixed yule coalescent (12, 65) de novo tree yes
(GMYC)*

Distance-based clustering (e.g., (66) de novo distance no
SPIDER)

Automatic barcode gap discovery (67) de novo distance no
(AGBD)

Poisson tree process modeling (68, 69) de novo tree yes
(PTP)*

Barcode index number (BIN) system (39) de novo distance no

Assemble species by automatic (70) de novo distance no

partitioning (ASAP)

multi locus

Population structure analysis (71) validation character no
(Structure)

Population structure analysis (72) validation character no
(Admixture)

Bayesian phylogenetics & (73, 74) validation tree yes
phylogeography method (BPP)

Brownie (75) tree yes

Bayes factor delimitation (BFD) (76) validation tree yes

Integrated BPP (iBPP) (77) validation tree yes

DISSECT (78) de novo tree yes

Trinomial distribution of triplets (79) de novo tree yes
model (tr2)

BPP combined with genealogical (80) validation tree + yes
divergence index (gdi) distance

Multi-locus species delimitation (81) de novo tree yes

using quartet frequencies (SODA)

25



