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With a global crisis in species extinction, the field of taxonomy has
been under pressure to speed-up the description and naming of new
species before they disappear. This led to passionate debates in the early
2000’s about the utility and limitations of DNA barcodes for taxonomy.
In response to this debate, Integrative Taxonomy was developed as a
way to incorporate DNA sequences into species discovery and species
identifications, while maintaining that “traditional” taxonomic research
is fundamental to delineating and understanding species. In the ten years
since Integrative Taxonomy was proposed, DNA sequences have become
prevalent in species description and have been widely used in biodiversity
surveys. DNA sequences have become a valuable tool for species dis-
covery but cannot greatly speed up species description which require
careful work by trained experts. With the proliferation of DNA barcodes,
there is increased need to link newly discovered species with proper na-
mes and describe their natural history. High-throughput sequencing has
revolutionized many fields of biology, and will undoubtedly be incor-
porated into alpha-taxonomy in the future. However, in order to move
forward with Integrative Taxonomy, it is fundamental that DNA sequences
can be linked to individual specimens, and the use of multiplex identifiers
with high-throughput sequencing has not yet matched the low cost of
uni-directional Sanger sequencing. Only by linking DNA sequences to
specimens can individual variation within species be described and can
fundamental questions of “which species have been described?” and
“which species are new for science?” be answered.

HNHTEI'PATUBHASI CUCTEMATHUKA:
JAECATD JIET IPUMEHEHMSA U B31JIA/A B BYAYIIEE

Tpuma I'ynaunr, benya Jleiipa

B cBs3u ¢ mmobanbHON yrpo30i BEIMUPAHUS BHIOB CHCTEMAaTHKa OKa-
3asach mepei He0OXOAUMOCTHIO YCKOPESHUSI OTIMCAHUSI 1 MMEHOBaHHS HO-
BBIX BHUIOB MPEKIC MX ncuesHoBeHus. B waugane 2000-x IT. 310 mpHBEIIO
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K TOpSYMM J1e0aTaM 1o MOBOAY BO3MOXXHOCTEH M OTpaHUYEHHH HUCIOJIb-
3oBanus [IHK-6apkoaunra B cucremaruke. B kauecTBe peaklinu Ha 3TH
J1e0aThl BO3HUKIIA MHTETPaTHBHASI CHCTEMATHKa KaK CII0CO0, COUCTArOIINI
ucnonb3oBanne JJHK-cHKBEHCOB B BBISBICHHH W UIICHTU(QHUKAIMH BUJIOB
C IpU3HaHUEM (yHJaMEHTaJIbHOCTH KTPAIUIUOHHBIX» CHCTEMAaTHYECKHX
UCCIEI0BaHU ISl HOHMMaHHMS TPaHUIl ¥ Tpuposl BUAoB. Crycerst 10 et
nocie (GOpMYIHPOBKH HJI€H MHTEIPATHBHON CHCTEMAaTHKH HMCIIOIb30Ba-
Hue JIHK crano npesanupoBaTh B ONMUCAHUH BUAOB M MOIYYHJIO HMIMPO-
KO€ IpUMEHEHHE B M3y4eHUN OmopasHooOpasus. CexBenunposanue JTHK
CTaJIO Ba)KHBIM MHCTPYMEHTOM JUIS BBISIBIICHUS BHJIOB, HO OHO HE MOXET
CYIIECTBEHHO YCKOPUTH OITMCAHUE BH/IOB, KOTOPOE TpeOyeT BHUMATEIb-
HOTO HCCIIEJOBaHMs KBaMH(UIIMpoBaHHBIX crenuanucToB. [llupokoe pac-
npoctpanenue JJHK-6apkonuHra mpuBogUT K HEOOXOIUMOCTH «CBSI3bI-
BaHUS» BHOBb OTKPBIBAEMBIX BHJIOB C COOTBETCTBYIOUIMMH Ha3BAaHUSIMHU
U OIHMCaHMA X OHOJIOTHH. BBICOKOIIPOM3BONUTEIEHOE CEKBEHUPOBAHHE
JHK peBontonnoHu3upoBano MHOTHE pa3Jiebl OMOIOTHH U B OymayliemM
HECOMHEHHO Oy/IeT BKJIIOUEHO B ajbda-cucremariky. OmHaKo Juis pa3Bu-
THSI HHTETPaTUBHOM CHCTEMATHKH KpaitHe BaxxHO, 4T00b! JJHK-crkBeHCHI
MOIVIN OBITH «IIPUBSA3AHBI» K KOHKPETHBIM 9K3EMIUIIPaM, a HCIOIb30BaHHE
MHOKECTBEHHBIX WACHTH()HKATOPOB HAa OCHOBE BBICOKOIIPOM3BOIUTEIb-
HOTO CEeKBEHHPOBAHMS ITOKA HE CPABHIIOCH MO JOCTYIHOCTHU C MPOCTHIM
cexkBeHupoBanueM o Courepy. Tomsko «cBs3piBanue» JJHK-cukBeHcOB
C 9K3EMIIISIPAaMH MOJKET ITO3BOJINTH OIMCHIBATH BHYTPUBHIOBYIO U3MEH-
YMBOCTB M MOITy4YaTh OTBETHI HA KJIIOUYEBBIE BOIIPOCHI: €4TO 3a BUIBI OBLIN
OIMCAHbI?» M «KAaKHe BHIbl — HOBBIE IJISI HAYKU ?».

1. Introduction

Taxonomy has deeply changed in the first
decade of the 21st century. A major change
is that DNA sequences are now routinely in-
cluded in papers on species diversity, which
was not the case ten years ago. This radical
change cannot be understood out of a his-
torical context which is worth briefly pre-
senting here.

Inavisionary paper entitled “The Biolog-
ical Diversity Crisis” (the shorter “biodiver-
sity” had not come yet to existence), Wilson
(1985) expressed a series of ideas that laid
the foundation for most of the discussions
that were to come on species diversity and
taxonomy. Those ideas include the urgent
need to explore the earth’s species diversity
so that attempts could be made to conserve
it, the fact that millions of species are still
undescribed and unknown, and, importantly,

the lack of taxonomists who could describe
species. After the Convention on Biological
Diversity, in 1992, by the United Nations, the
interest and concern for biodiversity contin-
ued to grow internationally. For instance, the
US National Science Foundation launched its
PEET (Partnership for Enhancing Expertise
in Taxonomy) program in 1995 (Rodman,
2007), as an attempt to support taxonomic
studies of poorly known taxa and train a new
generation of taxonomists.

Interestingly, in the exact same decade,
i. e., the 1990s, Sanger sequencing became
increasingly affordable. It is the second piece
of that historical puzzle. In the early 1990s,
getting DNA sequences was time-consuming
and expensive, reserved to some rare labs
of molecular systematics. By 2000, Sanger
sequencing had become fast, common, and
inexpensive.
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Finally, one should not forget a third and
essential piece of the puzzle, the conceptual
development of phylogeography, which also
took place during that same period (Avise et
al., 1987; Avise, Ball, 1990; Avise, 2000). In
the 1990s, DNA sequences (and, for the most
part, mitochondrial COI sequences) were al-
ready part of phylogeographic studies in ex-
ploring intraspecific variation. In that regard,
phylogeography played a critical pioneer-
ing role. Other important concepts emerged
during the last decade of the 20th century as
well, such as Moritz’s (1994) Evolutionary
Significant Unit (ESU), which also directly
depends on the use of DNA sequences for
delineating species-level units.

With the new century came new discus-
sions around the general theme of “what
taxonomy for the 21st century?” or “what
future for taxonomy?”. By 2000, the time
was ripe to incorporate modern scientific
advances into taxonomic practice. A con-
ceptual framework was in place, which had
already demonstrated that species-level units
could be delineated and species variation ex-
plored using DNA sequences. A technique
was routinely available and cheap. And, ob-
viously, huge needs existed because most of
the Earth’s species diversity was — and still
is — unknown and that we were — and still
are — lacking the taxonomists to study it. As
often in science, but most especially in tax-
onomy, discussions quickly became heated.
Any new proposal was seen by taxonomists
as a direct attack coming from outsiders who
did not know the field of taxonomy. There
were a few years (mostly from 2002 to 2005)
during which the exchanges were quite live-
ly, to say the least. That was the context in
which Integrative Taxonomy was defined
(Dayrat, 2005).

The idea of integrative taxonomy came
up mostly as an attempt to provide a con-
structive response to the unfruitful debate

generated by the first publications on DNA
barcoding and DNA taxonomy (e. g., Baker
et al., 2003; Hebert et al., 2003; Tautz et al.,
2003). Indeed, as soon as the use of short
fragments of DNA sequences for identify-
ing species was proposed, quarrels arose
over taxonomy between — with only a slight
exaggeration — those supporting molecules
and those supporting morphology. Amain is-
sue in that debate was that the different tasks
of taxonomy were not distinguished clearly
enough. Taxonomists discover, describe,
name, classify, and identify species. Those
different tasks are all connected but they each
present distinct challenges.

The fundamental idea on which Integra-
tive Taxonomy is based is that, because spe-
cies delineation is difficult, it should be based
on as many tools available as possible. It is
pointless to argue whether molecules or mor-
phology should be used to delineate species.
Instead, the variation of different kinds of
data (DNA sequences, morphology, behav-
ior, etc...) should be studied and integrated
to obtain a broad view on species boundaries.
Since 2005, many authors have adopted In-
tegrative Taxonomy as a sound approach to
species delineation — Dayrat’s (2005) paper
has been cited more than 400 times so far.

In the present contribution, we review the
changes that took place in the last ten years
and led to DNA sequences now playing a ma-
jor role in alpha-taxonomy. We also discuss
some challenges that remain regarding inte-
grative taxonomy. Looking into the future,
we discuss the use of high-throughput next-
generation sequencing in alpha-taxonomy
and the challenges associated with it.

2. The major role of DNA sequences
in biodiversity research

DNA barcoding (Hebert et al., 2003) and
DNA taxonomy (Tautz et al., 2003) claimed
that short fragments of DNA had the prom-
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ise to speed up taxonomy and help solve the
biodiversity impediment. The idea behind
was simple. There are not enough taxono-
mists given the huge diversity that remains
to be discovered and traditional taxonomy is
too slow. One of the strongest criticisms ex-
pressed about those DNA-based approaches
was that they neglected the link with tradi-
tional species names and, through them, a
goldmine of information accumulated over
more than two centuries about species (Day-
rat, 2005; Teletchea, 2010; and references
therein). Species diversity could be explored,
but the link with the past literature would be
lacking. Obviously, DNA sequences would
need taxonomists because only they could
go through the taxonomic literature to find
species names and retrieve valuable biologi-
cal information.

However, the most important issue in the
original papers on DNA barcoding and DNA
taxonomy probably was that species delinea-
tion and species identification were confused.
Differences between species identification
and species delineation are deep and it is
essential to understand them. Species iden-
tification should be as easy, fast, and as reli-
able as possible. A distinctive, external color
trait may be enough or DNA sequences may
be needed, as in the case of cryptic species.
It should not matter which data are best or
necessary for identification. Species identi-
fication is what comes at the very end, after
the real hard work has been done. Indeed,
species units should first be delineated before
they can be identified, regardless of whether
itis based on DNA sequences or morphology.

Species discovery starts in the field, when
individuals are collected, but new species
are not necessarily recognized as new in the
field. Hypotheses are often formed in the
field based on observations of morphology,
habitat, and behavior. Evaluation of these
hypotheses with taxonomic research is then

needed and often reveals some taxa with high
morphological variation, as well as unseen
cryptic diversity. Yet, field collecting may
not be done by experts, which can make de-
scribing species more difficult if notes and
photographs do not describe relevant natural
history information. The core of taxonomic
research is the delineation of species bounda-
ries, which addresses the following question:
given a number of specimens, what species
are there? It seems simple, but in reality it is
complicated because of individual and even-
tually other kinds of within-species variation.
Everything in life varies and variation is the
essence of biodiversity but it also is the rea-
son why studying it is so difficult.

As the core of taxonomic research, de-
lineating species boundaries should not be
done as fast as possible, because fast research
rarely rhymes with good research. It is un-
fortunate because the need for taxonomy is
immense, i. e., considerable amounts of new
species wait to be discovered and described.
Anybody with any bit of taxonomic experi-
ence will agree that working on a taxon in
which new species have been described (and
new names created) recklessly and carelessly
in the past is basically a taxonomic night-
mare. So, poor-quality work is not an op-
tion. Some would argue that current species
descriptions include character information
that is not useful in diagnosing species, and
that more concise species descriptions are
needed. This has led to the recent creation
of the term “turbo-taxonomy”, which has
been applied to recent descriptions of spe-
cies in hyper-diverse groups of invertebrates
(Butcheretal., 2012; Riedel etal., 2013). As
the expertise of taxonomists is greatly needed
to address undescribed biodiversity, there is
certainly a need to be efficient in producing
species descriptions. At the same time, this
methodology may be less applicable in less
diverse groups or those with complicated tax-
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onomic history. A lesson from the past tells
us that the best service to future taxonomists
and future users of taxonomic data is to pro-
duce good work, i. e., accurate species units.
It may take time, which unfortunately we do
not have a lot of given the multiple threats to
biodiversity and a lack of experts, but there
is no such thing as fast and good science, at
least not in the realm of taxonomy.

When standardized DNA-based appro-
aches to taxonomy were first proposed (Bak-
eretal., 2003; Hebertetal., 2003; Tautz etal.,
2003), they generated vigorous debate. While
some were ardently opposed to using DNA
sequences for taxonomy (Ebach, Holdrege,
2005) or believed it would be too inefficient
(Hotynski, 2010), others were enthusiastic
about how it could revolutionize taxonomy
(Miller, 2007) and the proposal gained many
supporters (Blaxter et al., 2005; Valentini et
al., 2009; Teletchea, 2010; Mitchell, 2011).
For animals, a region of the mitochondrial
cytochrome oxidase | gene (COI) was se-
lected as a barcode region due to the ease
of PCR amplification in a broad variety of
taxa, and a mutation rate that enables many
closely related species to be distinguished. In
plants and other gross taxonomic groups it
has been debated which locus should be used
asa DNA barcode and in some cases multiple
loci are used (Kress, Erickson, 2008; Zim-
mermann et al., 2014).

The choice of a mitochondrial marker for
the animal DNA barcode was controversial
because the mode of mitochondrial inherit-
ance and the evolution of the mitochondrial
genome differ from the nuclear genome and
therefore the two genomes may differ in how
they estimate evolutionary relationships (Ru-
binoff, 2006). Also, gene trees may not repre-
sent species trees and the analysis of a single
molecular marker should be interpreted cau-
tiously regarding the evolutionary history of
a group (Degnan, Rosenberg, 2009). Others

have pointed out the potential difficulty in
determining a “barcode gap”, or a universal
threshold separating intraspecific and in-
terspecific diversity (Meyer, Paulay, 2005;
Hickerson et al., 2006). The potential limi-
tations and debate about using a mitochon-
drial marker have been discussed in many
reviews of DNA barcoding (Waugh, 2007;
Frézal, Leblois, 2008; DeWalt, 2011) and do
not need to be repeated here, but suffice it to
say that the limitations have not prevented
the adoption of DNA barcoding.

As the number of groups in which DNA
barcoding has been applied has grown, it
has become clear that levels of genetic di-
vergence representative of multiple species
will differ between taxonomic groups, and
therefore a standard and universal threshold
for delineating species is not practical. How-
ever, that does not interfere with the ability of
individual studies to delineate species within
their respective taxonomic groups. The iden-
tification of a “barcode gap” as a threshold
for delineating species within a group has
not be found in all taxonomic groups and
may be complicated in species-poor data
sets; in these cases, other loci and data are
needed to delineate species (Meyer, Paulay,
2005; Meier et al., 2006; Boyer et al., 2007;
Piganeau etal., 2011; Dellicour, Flot, 2015).
There is also likely to be a few taxa in any
group that present additional challenges for
delineation (van Velzen et al., 2012). Yet in
many taxa there is a barcode gap that enables
reliable species-level delineation which can
be tested using different analytical methods
(Lefébure etal., 2006; Puillandre etal., 2012;
Fujisawa, Barraclough, 2013).

DNA sequences are now frequently used
to examine intraspecific genetic diversity
within morphospecies, and this has resulted
in many discoveries of morphologically
cryptic lineages that need further study
(Bickford et al., 2007). DNA sequences have
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the additional benefit of standardizing bio-
diversity surveys of unknown groups across
systems so that data can be compared, and the
completeness of sampling can be analyzed
with DNA sequence accumulation curves
(Smith et al., 2009). While there will be a
degree of error in initial estimations using
mitochondrial DNA, DNA sequences have
been undoubtedly useful in biodiversity sur-
veys, especially in groups in which morpho-
logical identifications are difficult or time-
consuming (Bhadury et al., 2006; Hajibabaei
etal., 2011). DNA sequencing has also been
invaluable in revealing cryptic microbial
biodiversity from environmental samples
via metagenomics, which is now being done
with high-throughput sequencing (Roesch et
al., 2007; Rajendhran, Gunasekaran, 2011).
It has been more difficult to define “species”
in many of the microbial taxa compared to
metazoans due to frequent horizontal gene
transfer. Thus, the taxonomic status of many
molecular operational taxonomic units of
microbes remains uncertain, although dif-
ferent strategies are being developed to pro-
duce molecular operational taxonomic units
that approximate species (Caron et al., 2009;
Bruno et al., 2015). Bibliographic searches
reveal that DNA sequences are now perva-
sive in studies of biodiversity (Teletchea,
2010). Interestingly, many studies use COI
sequences to estimate biodiversity or cryptic
diversity without explicitly characterizing it
as a barcoding approach (Faurby etal., 2011;
O’Loughlin et al., 2011; Liu et al., 2013),
and many others use the same locus (COI) to
study phylogeography within species (Abel-
lanetal., 2009; DeBoer et al., 2014; Einfeldt
etal., 2014).

It is pertinent to point out here that there
are fundamental differences in approaches
between the use of COI sequences in bio-
diversity surveys (with a reference or not to
DNA barcoding) and their use in phylogeo-

graphic studies or broader systematic stud-
ies. While information about the origin of
species is relevant to understanding species
diversity, it is not strictly needed in order to
delineate and describe species. It often re-
quires research at the population level which
is beyond the scope of biodiversity surveys.
For phylogenetic studies, there is a clear need
to utilize more than one marker in order to
better reconstruct species relationships and
resolve geographic or ecological patterns
in speciation. Using both nuclear and mito-
chondrial DNA sequences enables taxa to be
more confidently supported and more accu-
rately represent species diversification. It has
therefore become expected that phylogenetic
studies should utilize multiple genetic loci to
investigate the evolutionary history of a par-
ticular clade and this has become common
practice (e. g., Frey, Vermeij, 2008; Leav-
itt et al., 2013; Tamar et al., 2015). Ideally,
biodiversity surveys could also incorporate
multilocus data to delineate species (Fujita
et al., 2012), but large numbers of individu-
als are usually sequenced in order to get an
estimate of species diversity, and there is
often not enough time or resources to se-
quence multiple loci from a large number of
samples in order to comprehensively inves-
tigate phylogenetic relationships at multiple
levels. With many undescribed species need-
ing the attention of taxonomists, obtaining
multilocus data for each species description
will often not be the best use of resources.
Efforts recently emerged to incorporate
DNA barcoding into broader studies in biodi-
versity and ecology (Kerr etal., 2007; Janzen
et al., 2009; Ward et al., 2009; Leray et al.,
2012; Dinca et al., 2015) and a large amount
of sequence data is continually being added
to databases (e. g., Genbank, CBoL). Amajor
challenge that we already face is the curation
of those sequences, from the permanent stor-
age of an actual specimen associated with a
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particular sequence to the species binominal
name attached to that sequence. In that re-
gard, Integrative Taxonomy provides us with
a framework for linking the new and massive
acquisition of COI sequences with other data
on species diversity, such as natural history,
historical literature, past museum collections,
etc... Needless to say, challenges remain.
Some are discussed below.

3. Current challenges in
Integrative Taxonomy

The past ten years have shown that the
scientific community has broadly and en-
thusiastically adopted the use of DNA se-
quences in biodiversity studies. Regardless
of the heated exchanges that took place in
the early years after the emergence of DNA
barcoding, DNA sequences are now routinely
used in species diversity studies, often with-
out any reference to barcodes or barcoding.
However, important challenges remain with
respect to the integration of the data from
DNA sequences with all the rest of taxo-
nomic information (Padial et al., 2010; Tan
et al., 2010; Jorger et al., 2014).

Many DNA sequences are being accumu-
lated, mostly because it is technically easy
and fast — little training is required. There
is no question that it is a great thing for bio-
diversity and taxonomy because molecular
data are clearly invaluable. DNA sequences
can provide quick and amazingly interesting
biodiversity estimates. So, if nothing else,
they say how many species there are within
a particular region or taxon, given a number
of individuals. For people interested in some
biogeographic or ecological questions, a spe-
cies count may be enough. However, trying
to answer the question “what species are
there?” is far more informative that the ques-
tion “how many species are there?” Far more
informative but far more complicated as well,
because it requires to deal with taxonomic

data with which only well-trained experts
are normally familiar, such as the taxonomic
literature, nomenclatural history, natural his-
tory, behavior, anatomy, and within-species
variation of traits. So, in other words, as
insightful as getting DNA sequences is to
answer the question “how many species are
there”, it only is a beginning and not an end
in itself. And it is the beginning of studies
that can take a long time and sophisticated
taxonomic training. DNA sequences will not
speed-up taxonomic research because the
core of Integrative Taxonomy means dealing
with the question “what species are there?”
which requires considerable training, addi-
tional data, and time.

How cryptic species have been dealt
with in the recent years illustrates well the
current reality of biodiversity studies. DNA
sequence data has revealed the presence of
morphologically cryptic species across the
tree of life, but it often is unclear to the us-
ers of this sequence data whether species
names already exist and could be applied
to those units, or if new names are needed.
This is especially prevalent in invertebrates,
in which biodiversity is high but still poorly
known. Often, a complex of cryptic species
is referred to by the name of a known spe-
cies and cryptic species are given a numeric
designation (e. g., Hebert et al., 2004; Garcia-
Morales, Elias-Gutiérrez, 2013; Dayrat et al.,
2014). The naming of new species can be left
for subsequent publications, but often these
cryptic species end up left in limbo without
a subsequent effort to address naming. This
data on the presence of cryptic species is
being left for future study by other taxono-
mists, but in some cases there may be no
other expert working on the group who can
name the species. If the species names are
not addressed at the time species are being
studied, it could be a long time before the
names are addressed.
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So, at the core of the integration of DNA
sequences with other taxonomic data are the
species names. Suppose a series of species
that are well delineated. Which species have
been named in the past? Which species are
new to science? Answering these two ques-
tions means that one has to deal with the no-
menclatural history of a taxon. There is no
way out. In that regard, it is worth reiterating
here again the critical importance of check-
lists of species names. These are frequently
not considered of high scientific importance
but should be valued for their essential con-
tribution to the biodiversity studies. Without
checklists of species names, the biodiversity
of agroup cannot be investigated, at least not
within a context of Integrative Taxonomy.
Identifying all the species names created
within a given group, those available for
use and those not available, makes it possi-
ble for investigators to apply names — old
or new — to species being delineated. And,
as surprising as it might seem to some peo-
ple, a fact is that putting together a species
checklist is far more time consuming and
difficult than delineating species using COI
sequences. Nomenclature is not a mere for-
mality that can be overlooked for biological
studies. Without names, DNA sequences are
disconnected from historical data on natural
history and geographic distribution. It is im-
portant that we do not let this divide between
traditional taxonomy and DNA sequence data
continue to grow and potentially generate a
gap between these types of data.

Another key aspect of the Integrative
Taxonomy which requires enormous time
efforts and expertise is the actual descrip-
tion of the species that need to be described,
i. e., all the species new to science and all
the species that have been named in the past
but remain poorly known and need to be re-
described properly. Indeed, beyond names,
closely-related species are entities that dif-

fer in ways that need to be described. Dif-
ferences in nucleotide sequences certainly
are part of biodiversity, but other differ-
ences should not be neglected. Morphologi-
cal, anatomical, behavioral, and ecological
differences between closely related species
need to be described for species diversity to
take all its deep and real meaning. Biodiver-
sity goes well beyond counting species in a
location or in a group. Biodiversity is about
the characteristics of each of those closely-
related species. Unfortunately, there remains
a bottleneck in the number of trained experts
who can describe species once they are de-
lineated. And, unfortunately, describing spe-
cies is time consuming, but it is necessary
in order to provide useful information to all
scientists that seek to study species and their
communities.

Finally, it may be worth reinforcing here
the critical importance of natural history data
directly collected in the field. Experts should
be present in the field when surveying bio-
diversity whenever possible. Taxonomists
are above all naturalists, and one has to be
an expert in a particular group to know what
traits to pay attention to, what natural history
data to collect, etc... Collectors bringing all
kinds of specimens from the field play an
immense role in biodiversity studies, but the
eye of an expert is irreplaceable. Regardless
of how they are collected in the field and by
whom, natural history data are critical for
the species diversity. It needs to be included
in papers and attached to voucher specimens
being deposited in museums or somewhere
accessible to other researchers (Martin, 1990;
Funk et al., 2005).

In cases where organisms were fixed in
formalin for study, there are two types of
vouchers which need to be deposited for
species identifications: specimens preserved
for anatomy and those which have been used
for DNA sequencing. Molecular sequences
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need to be directly linked in papers to cata-
logued voucher specimens so that they can
be referenced or evaluated by others. Many
DNA barcode sequences in databases like
GenBank are misidentified, and when ques-
tions arise about the identity of the organ-
isms they often cannot be checked because
they lack voucher specimens. In addition,
taxonomic identifications may need to be
updated as additional data is collected, and
therefore the original specimens need to be
available. Currently, determining the reli-
ability of a taxonomic identifications used for
a DNA barcode requires searching through
the original papers to determine which speci-
mens were used for sequencing. To address
this problem, Chakrabarty and colleagues
have proposed a revised system for authors
to rank the reliability of taxonomic identifi-
cations in sequence databases based on the
material used for sequencing, i. e., type and
non-type sources (Chakrabarty et al., 2013).
If the GenSeq system were to be used in fu-
ture submissions, it would help those using
DNA barcodes for species identification to
recognize the reliability of the taxonomic
identifications.

We also wish to emphasize again the
importance of within-species variation. The
perils of describing a species from one speci-
men have been acknowledged for a long
time; an obvious risk is that the same spe-
cies is liable to be described multiple times
with different names, causing a great deal of
confusion. The same principle applies to us-
ing DNA sequences for species diversity. In
particular, sampling species from across their
geographic range is important as it provides
information about intraspecific genetic vari-
ability, and makes future species identifica-
tion more accurate (Bergsten et al., 2012).

Ultimately, as was originally emphasized
(Dayrat, 2005), Integrative Taxonomy should
take place within a revisionary framework.

Unfortunately, like checklists of species na-
mes, revisions are highly regarded only by
a small fraction of researchers. Regardless
of that, taxonomic revisions allow compre-
hensive studies in which everything that
matters in taxonomy (individual variation,
nomenclatural history, field data, effective
species delineation, etc...) can be integrated
properly. However, taxonomic revisions take
time and expertise.

4. Taxonomy in the era of
high-throughput sequencing

Rapid advances in high-throughput se-
guencing have revolutionized many fields in
biology with applications from human health
to ecosystem diversity. Genomic studies have
gone beyond sequencing the human genome
to sequencing the human microbiome (Gill et
al., 2006; Turnbaugh et al., 2006; De Filippo
et al., 2010) and have great potential to im-
prove our understanding of genetic diseases.
As the cost for high-throughput sequencing
has declined in recent years, it has become
increasingly feasible to pursue genomic stud-
ies of non-model organisms. The ability to
sequence a genome or analyze large numbers
of genes from a species at lower cost opened
up new investigative directions for answering
evolutionary questions. While the analysis
of such large amounts of data presents many
computational challenges, phylogenomics
has begun to be applied to understanding
the deep evolutionary relationships across
taxa (Prasad et al., 2008; Finet et al., 2010;
Meusemann et al., 2010; Kocot et al., 2011).

Analyzing entire genomes or using tran-
scriptomes to analyze large numbers of
loci is considered ideal for answering chal-
lenging evolutionary questions: more data
should resolve problems in identifying the
relationships between organisms. A variety
of next-generation sequencing techniques
have begun to be applied to systematics and
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phylogenetics such as restriction-site-associ-
ated DNA sequencing (RAD-seq), RNA-seq
and hybrid enrichment, which all involve
sequencing many regions of the genome
without PCR. Those methods may be used
to address various biological questions, but
there are also various limitations: RAD-seq
is a useful technique for sequencing the same
regions from multiple individuals without a
lot of time invested, but is most appropriate
for investigating shallowly diverged groups;
RNA-seq cannot be used for many samples
previously collected because high-quality
RNA is required, and hybrid enrichment
techniques require significant time and mon-
etary investment to design capture probes
(Lemmon, Lemmon, 2013). Sequencing
large genomic regions from a many speci-
mens becomes less practical when evolution-
ary relationships are being examined across a
large diversity of species. In these cases, one
approach is to modify standard PCR proto-
cols and then pool the PCR products into a
high-throughput sequencing run.

Pooling PCR products in a high-through-
put sequencing run is already common pro-
tocol in microbial genomics (Roesch et al.,
2007; Stoeck et al., 2010; Webster et al.,
2010). For microbes, the 16S ribosomal DNA
is the standard genetic marker used to distin-
guish taxonomic units. To analyze diversity
in a sample, the 16S region is amplified from
DNA in the sample and multiplex identifiers
(MIDs) can be attached to different envi-
ronmental samples (Kozich et al., 2013) in
order to pool them all into a sequencing run.
Bioinformatics programs can later demulti-
plex the sequences using the unique barcode
tags. With high sequencing coverage from
new high-throughput sequencing platforms,
it is now possible to multiplex more samples
while retaining adequate sequencing depth,
thus reducing the cost per sample. Genetic
sequencing has proved especially useful

for quantifying taxonomic units for bacte-
rial communities and microbiota difficult to
identify morphologically. High-throughput
sequencing has also proved useful to investi-
gating fungal diversity (O’Brien et al., 2005;
Unterseher et al., 2011). As high-throughput
sequencing has been advanced on the 454
(Roche), MiSeq (Illumina) and lon Torrent
(Life Technologies) sequencing platforms,
additional methods and protocols have been
developed to multiplex samples for sequenc-
ing in high-throughput sequencing runs as
well as many bioinformatics pipelines pro-
duced for analyzing the data. In theory, these
techniques used for analyzing microbial di-
versity are applicable to other taxa as well.
With the recent advances in the length of se-
quencing reads and decreasing prices, are we
ready to start applying high-throughput se-
quencing to analyzing metazoan biodiversity?

The application of high-throughput se-
guencing to investigating animal species di-
versity depends on how we view biodiversity.
Studies interested in quantifying changes in
species richness across a landscape differ in
their approach to those seeking to discover
unknown species. Recognizing species will
require utilizing genomic regions with higher
rates of evolution that those investigating
phylogenetic relationships between anciently
diverged taxa. In the case of studying alpha-
taxonomy, each DNA sequence needs to be
directly linked to an individual specimen.
Ever since Darwin, the core of taxonomy has
been to examine variation to delineate spe-
cies. Thus, our understanding of species di-
versity significantly increases when individu-
als are examined from many localities across
their geographic range. Studying diversity at
the species-level requires sequencing large
numbers of individuals, and differs essen-
tially from investigations at higher levels of
taxonomic hierarchy which usually utilize
much fewer individuals per taxon.
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The development of new techniques to
use high-throughput sequencing to sequence
targeted regions of the genome instead of
random portions has made it possible to focus
on a few genetic markers which are homolo-
gous across taxa and known to be phyloge-
netically informative. With these approaches
amodest number of loci may be utilized from
each sample, but a larger number of samples
are able to be analyzed. However, to investi-
gate the relationships between closely related
species, including the discovery of cryptic
species, we need to be able to match indi-
vidual sequences to individual specimens.
Therefore, we cannot attach one MID tag
to all samples found in a particular location
and pool them for high-throughput sequenc-
ing. For higher-level taxonomic questions
sequences might be easily matched to ex-
tremely divergent taxa without unique MID
tags, but for closely related species in need
of delineation, each individual needs its own
MID tag. In metazoans, the cytochrome oxi-
dase subunit | (COI) is a widely used marker
for species delineation. Several studies have
pioneered investigating metazoan diversity
with high-throughput sequencing by apply-
ing MIDs to PCR products (targeted ampli-
con sequencing or parallel tagged sequenc-
ing) for several loci known to be useful for
phylogenetic inference (Bybee et al., 2011;
O’Neill et al., 2013; Clarke et al., 2014).
These studies have proved that techniques
developed to distinguish different environ-
mental DNA samples in a high-throughput
sequencing run can be adapted to identify-
ing sequences from individual organisms for
biodiversity studies.

The concept of using MIDs is an essential
one for taxonomy. Using DNA sequences to
delineate species requires being able to link
each individual sequence back to an actual
specimen. Attaching a unique MID to a sam-
ple containing a variety of species is quite

economical, but attaching a unique MID to
each individual specimen adds a significant
cost. Compared to studies of microbial and
fungal diversity that seek to look at species
richness within a sample, many more MIDs
are needed to pool PCR products from a large
number of metazoans in a sequencing run in
order to match sequences back to individuals.
While the cost of sequencing has declined,
the cost for producing primers to attach MIDs
to PCR products has not declined greatly.
One way to reduce the cost of indexes is to
use a dual-indexing approach, which allows
the MIDs to be used in different combina-
tions to uniquely identify a larger number of
samples (Fadrosh et al., 2014).

Protocols to add MIDs to the PCR prod-
ucts in a second step after amplification have
also been developed (so that the MIDs can
be reused for multiple genomic regions from
the same individual), but they still do not
reduce the cost significantly enough when
a large number of individuals (hundreds)
would be combined in a run. The costs
for sequencing a high number of individu-
als in a high-throughput sequencing run is
significantly higher than sequencing fewer
individuals for a larger number of genes
because of the need for a greater number of
MID tags. In order to sequence 576 samples
for several loci in a sequencing run would
require a set of 24 forward and 24 reverse
purified indexing primers, in addition to
the original PCR primers with adapters to
attach the indexes, which results in a high
initial (financial) investment to adopt this
methodology. Utilizing high-throughput
sequencing without using MIDs to label
each individual specimen would entail los-
ing critical data. In fact, sequences would
then be useless for taxonomic study. We
would be limited to say how many species
exist in a particular environmental sample,
but we could not go back to the specimens
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that have been collected and do the actual
taxonomic work, especially describing new
species. In comparison, the cost of investi-
gating species diversity is still lower using
uni-directional Sanger sequencing, follow-
ing up with sequencing in the reverse direc-
tion from selected individuals and sequenc-
ing of additional loci as needed.

Another issue for current high-throughput
sequencing technologies is rarely mentioned.
In order to use targeted amplicon sequencing
of PCR products, the size of the PCR prod-
ucts must be smaller than the read length
in Sanger sequencing. Clarke’s study using
the lon Torrent only used 133 bp of the COI
region compared to the 710 bp routinely se-
quenced using Folmer primers (Clarke et al.,
2014). Using other sequencing technology,
Bybee and collaborators sequenced the 28S
and 18S regions frequently used in metazoan
phylogenetics, but had to divide the genes in-
to PCRs of 4 overlapping regions of 400-600
bp to assemble them in the 454 run (Bybee et
al., 2011). The Illumina MiSeq has advanced
to producing read lengths up to 600 bp (300
bp paired end reads) but, in practice, the
length of a locus that can be sequenced with
this technology must still be less than 600 bp
in order to have overlap between the reads so
that there would not be a gap in the middle
of the sequence with low coverage. Sequenc-
ing technology will undoubtedly advance to
the point that sequencing reads will be long
enough to accommodate longer PCR frag-
ments, but sequencing much smaller regions
of a gene with high-throughput sequencing
would compromise the number of informa-
tive sites that can be used for phylogenetic
analysis compared to Sanger sequencing.

Many studies have championed the
cost-savings that can be achieved using
high-throughput sequencing. Certainly the
amount of sequences produced for the cost
has drastically declined on some sequencing

platforms. However, in the case of sequenc-
ing for taxonomy, it is necessary to utilize
the longest sequencing reads available so
that the entire sequence with its” MID can
be obtained and linked back to a given indi-
vidual specimen. If these MIDs were to be
re-used for many sequencing runs, the over-
all cost could eventually be cheaper than
bi-directionally sequencing thousands of
specimens with Sanger sequencing. Yet, the
initial investment for the MIDs is quite high.
It is therefore still currently much cheaper to
sequence large numbers of specimens with
uni-directional Sanger sequencing than to
pool high numbers of MID-labeled PCR
products for a few loci into a high-throughput
sequencing run.

High throughput sequencing has revolu-
tionized diverse fields of biology by allowing
us to gain a great deal of genomic data from
diverse taxa to understand deep evolutionary
relationships and many aspects of organis-
mal biology. There is great promise that this
technology will one day revolutionize alpha-
taxonomy by allowing us to sequence many
genomic regions from a large number speci-
mens and still be able to match sequences to
individual specimens at a low cost.

5. Conclusion

In 2010, the United Nations declared the
International Year of Biodiversity to high-
light the multitude of threats species are fac-
ing and to encourage international collabo-
ration to address challenges in conservation.
Yet, even with public awareness of threats
to species diversity and efforts to protect it,
undescribed species are going extinct faster
than they can be recognized (Vitousek et al.,
1997; Hooper et al., 2012; Costello et al.,
2013). The biodiversity crisis described thirty
years ago by Wilson (1985) is still ongoing.
In fact, its pace does not cease to increase.
So, massive and effective efforts are needed
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to explore the Earth’s species diversity. Any
constructive initiative is welcome!

Regardless of (or maybe thanks to) the
heated exchanges that took place for a few
years following the first publications on
DNA barcoding and DNA taxonomy, single-
marker DNA sequences have been embraced
as an important step in evaluating species
diversity, despite the imperfect nature of the
data. In particular, DNA sequence data can
greatly enhance our taxonomic knowledge
when morphological differences are rare,
confusing, rare, or simply absent. New ap-
plications of DNA barcode data continue to
be developed, including metabarcoding of
environmental samples to estimate commu-
nity composition, monitor biodiversity over
time or to detect invasive species, as well as
match different life history stages and sex-
ual dimorphism to a species (Taberlet et al.,
2012; Ji et al., 2013; Bohmann et al., 2014;
Glowska et al., 2014; Puncher et al., 2015).

Taxonomy and taxonomists are too often
unfairly and negatively criticized. It goes
without saying that our field could still be
improved. However, taxonomists are not
responsible for the two most important is-
sues with respect to biodiversity: the fact that
species diversity has been under attack for
decades due to all kinds of human activities,
and the lack of funds and jobs in taxonomy.
Also, the fact that DNA sequences have been
adopted so enthusiastically by taxonomists
in the past decade shows that taxonomy can
— and in fact does — change, even radi-
cally. Routinely using DNA sequences for
evaluating species diversity is a great thing
for taxonomy. Clearly, taxonomy rejuvenated
in the past ten years.

One of the major negative criticisms of
taxonomy has often been that it is too slow.
The promise that getting DNA (COI) se-
quences is going to speed up taxonomy to
the point where unknown species diversity

would rapidly become known is an illusion.
Knowing that a species exists thanks to a
few COI sequences merely is a first step to-
wards knowing that species. Is it new to sci-
ence or has it been already named? If already
named, what have naturalists said about it in
past years? What is its general biology? How
can it be recognized in the field? In what mi-
crohabitat is it found? Is it common or rare?
How does it differ from closely-related spe-
cies? How does it interact with other species?
What are its adaptations (physiological, be-
havioral, morphological) to its habitat? All
those questions, among others, cannot be
answered by COI sequences alone but they
are the actual steps that are needed to know
a species. The taxonomists who can answer
those questions have skills and expertise that
cannot be acquired overnight. And good tax-
onomic research takes time, like all research.
In that regard, we wholeheartedly agree with
Tan and collaborators when they claim that
“DNA sequences will not speed-up taxonom-
ic research, but will lead to the estimation of
more accurate species boundaries based on
a more satisfactory amount of data” (Tan et
al., 2010, p. 59).

High-throughput next-generation sequenc-
ing has not yet reached the point where it
can be used as quickly or cost-effectively as
standard Sanger sequencing techniques for
taxonomic studies of biodiversity. However,
it clearly is going to become real in the near
future. Sooner or later, it will be possible to
sequence longer fragments of genes from
well-tagged individual genomes that will be
directly and unambiguously connected to
specific individual specimens. Looking into
the future, however, it is essential that DNA
sequences obtained for biodiversity research,
whether through Sanger sequencing or next-
generation sequencing, can be matched to in-
dividual specimens so that species can contin-
ue to be properly described by trained experts.
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There is a difference between knowing
that a species exists and knowing that spe-
cies. Integrative Taxonomy provides a gene-
ral framework to help people to know spe-
cies better. Let us hope we can get to know
as many species as possible as their decline
inexorably continues.
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