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Abstract

The National Center for Biotechnology Information (NCBI) Taxonomy includes organism
names and classifications for every sequence in the nucleotide and protein sequence
databases of the International Nucleotide Sequence Database Collaboration. Since the
last review of this resource in 2012, it has undergone several improvements. Most
notable is the shift from a single SQL database to a series of linked databases tied to
a framework of data called NameBank. This means that relations among data elements
can be adjusted in more detail, resulting in expanded annotation of synonyms, the ability
to flag names with specific nomenclatural properties, enhanced tracking of publications
tied to names and improved annotation of scientific authorities and types. Additionally,
practices utilized by NCBI Taxonomy curators specific to major taxonomic groups are
described, terms peculiar to NCBI Taxonomy are explained, external resources are
acknowledged and updates to tools and other resources are documented.

Database URL: https://www.ncbi.nlm.nih.gov/taxonomy

Introduction

As a central resource utilized by all major public sequence
databases in the International Nucleotide Sequence
Database Collaboration (INSDC; 1; http://www.insdc.org),
the National Center for Biotechnology Information (NCBI)
Taxonomy plays a vital role in structuring communication

concerning all forms of life on Earth. Association of
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the correct organismal names with genetic and genomic
data is foundational to nearly every aspect of biomedical,
agricultural and ecological research. Accurate taxonomy
is a crucial link between natural history and experimental
science (2) and essential to investigation of phenomena
related to human welfare such as emergence of pathogens,
dispersal of invasive species, loss of biological diversity and
climate change.
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The NCBI Taxonomy consists of a single, hierarchically
arranged list of organismal names across all domains of
life. These names are correct, current and valid according
to the best authorities within the separate taxonomic dis-
ciplines and codes of nomenclature. The NCBI Taxonomy
also contains numerous informal names existing outside
of the codes of nomenclature. The classification used is
phylogenetic, to the degree feasible, reflecting our current
understanding of organismal relationships and is regularly
updated to reflect new information.

Communication about the identity of research organ-
isms is complicated by the fact that organismal names do
not remain static. Taxonomists commonly change names
to reflect revised species concepts, following rules laid out
in the several codes of nomenclature. Two names may be
merged, and one made a synonym of the other if data
indicate two described species are in fact one. Name com-
binations change when taxonomists move species from one
genus to another. Under certain conditions, spellings of
names are emended. Hence, over time the scientific liter-
ature may refer to a single species by different names and
authors may fail to use the most up-to-date nomenclature
when they publish.

A desire to better capture these complexities and to
make NCBI Taxonomy data more findable, accessible,
interoperable and reusable (the FAIR data principles; 3)
prompted several recent enhancements to the way we cap-
ture, curate and display information on organismal names.
These are described below, within an overview of the NCBI
Taxonomy.

From One Database to Several

The NCBI Taxonomy was initiated in 1991 with the imple-
mentation of Entrez, the search and retrieval system for
NCBI’s databases. Entrez provided the first system to link
nucleotide and protein sequences from numerous disparate
sources with different taxonomic classification systems (4).
As described in more detail in an earlier paper (5), the need
for a centralized classification quickly became apparent as
multiple resources had to exchange and link their records.
A draft classification was initially provided to a taxonomy
database management tool developed by Scott Federhen of
NCBI. A subsequent series of taxonomy workshops, involv-
ing a broad range of biological specialists, produced a uni-
versal classification. In 1995, NCBI Taxonomy was reim-
plemented in a Sybase SQL Server (subsequently migrated
to a Microsoft SQL Server). A year later the first version
of NCBI Taxonomy Web Browser (NCBI TaxBrowser) was
presented to the public. In the same year, the INSDC decided
to use the NCBI Taxonomy as the sole source for taxo-

nomic classification in order to maintain consistency among

databases. This included the decision that all issues regard-
ing nomenclature and classification would be resolved prior
to the public release of any sequence data.

INSDC partners now send requests for any new organ-
ism name (taxonomy consultations) to NCBI Taxonomy
curators before final data release. Consequently, the NCBI
Taxonomy pages display only those names that are linked
to public sequence entries. This involves several processes
initiated to maintain the organism names in GenBank.
One example, the Taxon3 data service allows for com-
prehensive use of taxonomic information in various NCBI
processes since 2004. Other improvements include the ini-
tiation of the NCBI BioCollections database (to verify data
on biorepositories linked to sequence data) in 2006 with
a public release in 2018 (6) and the implementation of
NameBank in 2007. NameBank forms the core of NCBI’s
improved array of taxonomic databases, providing com-
prehensive taxonomic data only some of which is tied to
public records. A transition from the previous database to a
more comprehensive NameBank-centered data system was
completed by 2018 (Supplementary Figure S1). A major
enhancement was the addition of type strain and type spec-
imen information to the database (7). This advanced the
development of enhanced taxonomic information attached
to public sequence records (8).

Figure 1 summarizes the flow of taxonomic informa-
tion and its usage by various resources. An example of
a taxonomic data entry is partially shown with various
unique identifiers, tracking synonyms, authorities, publi-
cations and type information. The full entry is shown
in Supplementary Figure S2. The information flow from
the NCBI submission process (exemplified by the NCBI
Submissions Portal), INSDC partners and other resources
are curated via the TaxEdit submission tool. Taxonomic
information from the NCBI Taxonomy servers is then prop-
agated to various external and internal resources via public
and non-public file transfer protocol (FTP) files and NCBI
Taxonomy services and displayed in the NCBI TaxBrowser.
It also serves to inform the submissions tools, modulat-
ing automated queries to submitters. Only a few NCBI
applications and tools utilizing taxonomic information are
highlighted, such as the pathogen pipeline and the Genome
Workbench that enable users to prepare genome data for
NCBI submission, but many others also rely on taxo-
nomic input. Solid lines indicate direct database interac-
tions, while broken lines indicate indirect ways of sharing
information, e.g. emailed taxonomy consultation requests
and files downloaded by taxonomic curators. NCBI Tax-
onomy resources are indicated in orange, general NCBI
resources are in blue and the external INSDC resources
in grey. Some additional data flows such as taxonomy
corrections generated by RefSeq and other NCBI resources
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Figure 1. Summarized flow of NCBI Taxonomy information.

are not shown. Several aspects highlighted in Figure 1 will
be discussed in more detail throughout this document,
but additional information on the structure of NCBI and
INSDC resources can be found in previous publications and
references therein (1, 9, 10).

Tracking Multiple Entities for Each Taxonomy
Node in NameBank

In the NCBI Taxonomy, the term ‘name’ is used in a
broad sense, applying to any string of text used to indicate
the organism or lineage values in a record. There is a
distinction drawn between formal and informal names.
Formal names are governed by the rules of the codes of
nomenclature and can be associated with type material or
defined ranks (see later sections). Informal names follow
internal curation rules that are modified and changed by
practical considerations and driven by common usage and
needs of submitters. For example, informal names lacking
species epithets are commonly applied to GenBank records.
These terms do not follow the exact application in all the
codes of nomenclature, and strategies for dealing with such
instances are discussed further on.

Each entry in the INSDC databases maps onto an entry
in the NCBI Taxonomy at the rank of species or below
(an exception is made for patent entries). Since Octo-
ber 2018, the NCBI Taxonomy has been migrated from
a single database to a system that incorporates several
databases, focused around the central resource NameBank.

This resource provides a framework for data that are not
included in NCBI Taxonomy and contextualizes them. A
streamlined schema of the database and the relationship
between various resources and NameBank is shown in
Supplementary Figure S1.

Each TaxNode (equating to a node in a taxonomic tree)
has the following:

Taxonomy identifier and primary name

This is shared by all names for a specific TaxNode. Each
TaxNode has a stable, unique numerical identifier, the tax-
onomy identifier (TaxId). Each TaxId has a labelled primary
name (a formal or informal name) that appears on the NCBI
records.

In publications, this can be standardized as a primary
name with its TaxId displayed as:

‘NCBI:txid’ followed by a number, e.g.
Homo sapiens NCBI:txid9606

This information is also displayed in the NCBI
TaxBrowser.

NameBank entity identifiers and secondary
names

The biggest change in the new system is the addition of sepa-
rate, stable and unique name entity identifiers for secondary
names and their properties managed in NameBank. Formal
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Table 1. Relational terms in NCBI Taxonomy

Name category

Description

Number per TaxNode/TaxId

Primary name

This is the designated label for the TaxNode and its TaxId.

One per TaxNode.

Formal relational terms for secondary names

Current name

Basionym

The currently accepted name chosen out of all synonyms for
the TaxNode. Will often overlap with primary name (except
in a few cases).

The originally described name, attached to the

type material and species description.

Up to one per TaxNode (where indicated).

Up to one per name (where indicated), one to
more per TaxNode.

Homotypic synonym

Names generated after the basionym (e.g. by moving it

None to several per TaxNode.

to a different genus), but sharing the same type.

Heterotypic synonym
mentioned above.

Names with a different basionym and type from those

None to several per TaxNode.

Informal relational terms for secondary names

None to several per TaxNode.

None to several per TaxNode.
None to several per TaxNode—can be
duplicate across TaxNodes.

Acronym Mainly used for viruses.

Equivalent Used for informal names which are related but not synonyms. None to several per TaxNode.
Includes Used for informal names which forms a subset of a name.

In-part Used for formal names which forms a subset of a name.

Blast name Informal name for groups of organisms.

Common name
comprehensively added.
Genbank acronym
flat files.
Genbank synonym
flat files.
Genbank common name
flat files.

Informal names in common usage—these are not
Ensures an acronym name type is displayed prominently in
Ensures a second synonym is displayed prominently in

Ensures a vernacular name is displayed prominently in

Up to one per TaxNode (where indicated).

None to several per TaxNode.

Up to one per TaxNode but excluding other
genbank name types (where indicated).
Up to one per TaxNode but excluding other
genbank name types (where indicated).
Up to one per TaxNode but excluding other
genbank name types (where indicated).

Nonpublic terms for secondary names

Misspelling Used for searches only.

Unpublished name Used for searches only.

None to several per TaxNode.

None to several per TaxNode.

secondary names under the NCBI system will consist of a
Latin binomial or trinomial (consisting of the genus name
and species epithet and infraspecies if present) as well as
its authority (the person(s) who described the species) and
the year of its valid publication. In the NCBI Taxonomy,
this is the current name for the TaxNode labelled as Homo
sapiens:

Homo sapiens Linneaus, 1758 (with NameBank Entity
Id N3004444, which is not displayed publicly).

Informal secondary names are also tracked. A taxonomic
example with various identifiers and properties as displayed
in the non-public TaxEdit curation tool is shown in
Supplementary Figure S2. Additionally, the relational
terms, specifying relationships among the different names
are shown in Table 1. This makes it possible to accurately
label the original name attached to a species description

(basionym, also referred to as basonym) as well as the

currently accepted name in NCBI Taxonomy (current
name). The labels can also distinguish between different
synonyms: heterotypic synonyms and homotypic synonyms
(see discussion under Codes of Nomenclature). Homotypic
(or objective) synonyms are names based on the same
type (see discussion of type material). Heterotypic (or
subjective) synonyms are based on different types that
were considered distinct taxa when first proposed, but
subsequently considered to belong to the same taxon as
documented in a publication or other authoritative source.
This relationship often relies on taxonomic opinion and,
consequently, is treated with careful verification by NCBI
curators. Heterotypic synonyms can also include their own
separate basionyms. The other relational terms used by
NCBI Taxonomy are listed in Table 1.

Another set of name-related terms comprises those per-
taining to nomenclatural status and is listed in Supplemen-
tary Table S2. These rely mainly on definitions from the
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codes of nomenclature, addressed in more detail in the
section on the four codes of nomenclature below.

Processing Taxonomic Information

Taxonomy services are provided to several databases
internal to NCBI, e.g. those in GenBank (9) and RefSeq
(11; Figure 1). One such service is the Taxon3 service,
which is not public, and provides several taxonomy-related
attributes when queried with a name. NCBI has developed
a specialized system to keep the content of sequence records
synchronized with changes made in NCBI Taxonomy.
The process runs weekly, refreshing organism name, type
material, lineage and other values on anywhere from tens
of thousands to tens of millions of sequence records each
cycle. This ensures that taxonomic-related queries in Entrez
will return accurate subsets of sequences for the organisms
that a user is interested in and that the organism names will
reflect the latest classification. Importantly, the definition
lines at the top of GenBank records, and shown in Basic
Local Alignment Search Tool (BLAST) results, updates
on a different schedule, so the most up to date taxonomy
information will always be found in the organism source
modifier on a record. The external databases in the
INSDC (1) consumes a set of non-public FTP dump files
and also relies on several taxonomy services. When an
organism name on a new record is not present, a taxonomic
consultation request is generated and is handled by one
of the specialists in the NCBI Taxonomy group. These
curators maintain the database with TaxEdit, a customized
software tool. A new javascript version that interacts
with the updated taxonomy data system was released in
2018. Curators make changes to the NCBI classification as
they become aware of updates in the taxonomic literature
with an emphasis on changes resulting from molecular
phylogenies. There is daily interaction between taxonomy
curators and indexers processing new data entries for
GenBank, as well as with the other INSDC partners.

Four codes of nomenclature

Independent codes of nomenclature have been drawn up
by disparate scientific communities to provide rules for
naming. The NCBI Taxonomy deals with names validated
in four principal codes. These are the International Code of
Nomenclature for algae, fungi and plants, (12; also abbre-
viated as ICN but referred to here as ICNafp), the Inter-
national Code of Nomenclature of Prokaryotes (13; abbre-
viated as ICNP) and the International Code of Zoological
Nomenclature (14; abbreviated as ICZN). The viruses are
governed by the International Code of Virus Classification
and Nomenclature (15; also referred to as the ICTV Code
and abbreviated here as ICVCN).

The independent codes are focused on names within
their purview. Only rarely are names of a group of organ-
isms governed by more than one code. This is the case
for Cyanobacteria (or Cyanophyta). Both the ICNafp and
ICNP apply to this group and this makes tracking these
names more complicated. Additionally, the codes do not
treat names similarly. For example, the ICNP explicitly
states: ‘the nomenclature of prokaryotes is not independent
of botanical and zoological nomenclature’. However, this is
not the case for the other codes and as a result, multiple
genus names and a few species names are duplicated within
the NCBI classification and can present a challenge to
curators and database managers. NCBI Taxonomy deals
with three types of duplicated names:

1. Independent use within separate codes of nomencla-
ture, e.g. genus Morganella (including species of enter-
obacteria, mushrooms and scale insects covered by
three codes of nomenclature; a total of 89 unique
names across 194 TaxNodes).

2. Valid duplication at different ranks within a single
code, e.g. the fly genus and subgenus Drosophila
(which also has a duplicate genus of mushrooms
mentioned in point 1; a total of 23 unique names
across 47 TaxNodes).

3. Unresolved lineage placement, e.g. the yeast genus
Candida that consists of many unrelated species; a
total of 211 unique names across 430 TaxNodes).

In all cases, these names should be identified by a note
‘duplicate name’ in the NCBI TaxBrowser and have unique
TaxIds and other NameBank Entity Ids. For more details
on historical treatment of these names and dealing with
duplicate binomials see (5).

Resources online and in print

Nomenclatural and taxonomic databases have long been
available to verify the validity of taxonomic names and
have greatly expanded in number and sophistication. A
list of the top sources of information for taxonomic cura-
tors is presented in Table 2 with 23 principal sites that
are used weekly (16-37) and a running list of additional
sites that are used occasionally (Supplementary Table S1).
There is no direct association between these sources, and
NCBI Taxonomy and curators rely on the information
provided on their web interfaces and other data services.
When required, there is email communication with external
database managers to clarify specific queries. No database is
error-free or complete, including NCBI Taxonomy, so con-
sulting the primary literature remains essential. Fortunately,
descriptions of new taxa as well as older papers, through
organizations such as the Biodiversity Heritage Library,
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Table 2. A selection of external resources relied on by NCBI Taxonomy curators

Database name

URL

Note

Principal sites (used weekly)
AlgaeBase (16)

Amphibian Species of the World (17)

American Society of Mammalogists (ASM)
Mammal Diversity Database (18)

Avibase (19)

Deutsche Sammlung von Mikroorganismen
und Zellkulturen (DSMZ) (20)

Eschmeyer’s Catalog of Fishes (21)
Global Lepidoptera Names Index (22)

International Committee on Taxonomy of
Viruses (ICTV) (23)

Index Fungorum (24)

Index Herbariorum (25)

Integrated Taxonomic Information System

(ITIS) (26)

International Plant Names Index (IPNI) (27)
List of Prokaryotic names with Standing in
Nomenclature (LPSN) (28)

MycoBank (29)

Nomenclator Zoologicus (30)

Pan-European Species directories
Infrastructure (31)

Reptile Database (32)
Tropicos (33)

Wilson & Reeder’s Mammal Species

of the World (34)

World Checklist of Selected Plant Families
(35)

World Flora Online (36)

World Register of Marine Species
(WoRMS) (37)

https://www.algaebase.org

http://research.amnh.org/vz/herpetology/a
mphibia/index.php
https://mammaldiversity.org/

https://avibase.bsc-eoc.org/
https://www.dsmz.de/services/online-tools/
prokaryotic-nomenclature-up-to-date

https://www.calacademy.org/scientists/proje
cts/eschmeyers-catalog-of-fishes
https://www.nhm.ac.uk/our-science/data/lepi
ndex/

https://talk.ictvonline.org/taxonomy/

http://www.indexfungorum.org

http://sweetgum.nybg.org/science/ih

https://www.itis.gov

https://www.ipni.org
http://lpsn.dsmz.de

http://www.mycobank.org
http://ubio.org/NomenclatorZoologicus/
http://www.eu-nomen.eu/portal/
http://www.reptile-database.org
https://www.tropicos.org
https://www.departments.bucknell.edu/biolo
gy/resources/msw3/
https://wesp.science.kew.org/home.do

http://www.worldfloraonline.org

http://www.marinespecies.org

Covers algae in the broad sense as
photosynthetic eukaryotes excluding
embryophytes.

Regularly updated published by the American
Museum of Natural History.

Regularly updated database of mammal
taxonomic and biodiversity information.
Complete data on birds.

Compilation of all names of bacteria and
archaea that have been validly published
according to the ICNP.

Authoritative reference for taxonomic fish
names.

Searchable database for world’s Lepidoptera
names

Provides list of species, classification and
exemplar GenBank accessions.
Comprehensive data on fungi.

Database of the world’s herbaria.

A partnership of federal and international
agencies to provide an authoritative
taxonomic information on plants, animals,
fungi and microbes.

Most complete tracheophyte database.

List of prokaryotic names with standing in
nomenclature.

Comprehensive data on fungi.

List of the names of genera and subgenera in
zoology from the tenth edition of Linnaeus,
1758, to the end of 2004.

Annotated checklist of species occurring in
Europe, aiming to cover the Western
Palearctic biogeographic region.
Comprehensive data on reptiles

Especially good for bryophytes and New
World tracheophytes

Online version of 3rd edition (2005) without
subsequent updates.

Especially good for monocots.

Supersedes The Plant List (http://www.thepla
ntlist.org).

A comprehensive and updated list of names
and synonymies for marine organisms and for
some terrestrial invertebrate groups.

are becoming increasingly accessible online. The expanded
in-house taxonomy curation tool, TaxEdit, allows for links
using document identifiers (e.g. PMC, PMID or DOI) and
citations to be attached to TaxNodes and names in the
database, which are then displayed in the NCBI TaxBrowser

(Figure 5).

Labelling Hierarchical Information and the
Limitations of Ranks

The NCBI Taxonomy is grounded in phylogenetic sys-
tematics but also uses traditional hierarchical ranks first
proposed by Linneaus in the 18th century. These rank

names remain in use even though they cannot fully reflect
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phylogenetic relationships. The NCBI Taxonomy uses most
Linnaean ranks defined in the four codes of nomencla-
ture, but also uses group names that are in common use
and cannot be assigned a traditional rank. We assume
that any taxonomic group should be monophyletic, i.e.
contain all descendants of a single ancestor (although in
practice this is not always fulfilled). Where possible, the
following seven traditional ranks are universally applied
throughout the classification. The highest level in NCBI
Taxonomy is superkingdom (viruses, eukaryota, archaea,
bacteria), followed by phylum (245 public entries), class
(~380 public entries), order (~1500 public entries), family
(~9200 public entries), genus (~92 000 public entries) and
species (~1.8 million public entries). In the NCBI classifica-
tion kingdom (Metazoa or animals, Viridiplantae or green
plants and Fungi) is only applied to eukaryotes. Besides
these, several additional expanded ranks, e.g. subphylum
and superfamily are also used. These are defined as formal
ranks in NCBI Taxonomy. It should be noted that some of
the higher ranks, e.g. superkingdom, are treated differently
in various sources. Such instances will have to be reeval-
uated continually by curators. Complete statistics on the
numbers of different groups are on the NCBI Taxonomy
statistics page: https://www.ncbi.nlm.nih.gov/Taxonomy/ta
xonomyhome.html/index.cgi?chapter=statistics.

A second group of ranks comprises those that are
included in NCBI classification out of practical necessity.
This includes incertae sedis, unclassified and environmental
names. They are non-hierarchical names that reflect
either uncertainty of placement in a specific rank or
represent informal and poorly defined names in the NCBI
classification. Any other designated rank that matches
no existing formally defined rank is assigned a ‘no rank’
value in NCBI Taxonomy. ‘No rank’ names may appear
in between any ranked TaxNodes in the lineage without
breaking the ranking order and can be found above and
below species rank. For example, a number of these names
include strains that were originally assigned for genome
data and placed below species, but as the number of
entries grew this practice was abandoned out of practical
necessity. The legacy strain level names are being kept
as part of the classification but new names are generally
not being created (38). Another group with a mix of
formal and informal names and names in common use that
cannot be assigned to formal rank is made up of ‘clades’,
monophyletic groups recognized in phylogenetic studies
and which have not been assigned a formal rank. These
include PACMAD and BOP clades in grasses, the numerous
groups and subgroups in the fly genus Drosophila and
several important TaxNodes near the root of Metazoa,
e.g. Eumetazoa, Bilateria, Amoebozoa or the Sar clade.
PhyloCode is a nomenclatural code separate from the four

ones mentioned earlier. It is specifically intended to address
the problems stemming from the treatment of ranks when
applied to phylogenetic trees and is dedicated to the naming
of clades. A recent update has been published and it remains
to be seen how broad its usage will be (39). Recent NCBI
Taxonomy updates have resulted in some previous rank
names being made public and not lumped together as ‘no
rank’ anymore. A list of these and other most common rank
and group names is shown in Supplementary Table S3.

Progress on Documenting Sequences for All
Known Species

The addition of new species to science and thus also to
the INSDC databases continues apace. How many more
species are still awaiting discovery? This question was posed
in a review of the taxonomy resources at NCBI in 1996
(40). At the time, the number of TaxNodes with formal
species names in the NCBI Taxonomy was roughly 20 000.
When the NCBI Taxonomy was last described in 2012,
the number had grown to about 235000 (5) and today it
surpasses 460 000. These account for nearly a quarter of
total described species of all organisms, which are estimated
as more than 1.85 million based on several sources. In
addition, over 1.34 million species-ranked TaxNodes in
NCBI Taxonomy are not identified with formal names,
with a majority that can be referred to as ‘dark taxa’ (41).
Estimates of total species on earth vary widely (42-45) but
in any scenario, the ones that are registered in our databases
represent only a small fraction of this total.

The accumulation of biodiversity in NCBI databases
is visualized in Figure 2. This analysis was made of the
addition of new species names to NCBI Taxonomy for each
year from the inception of the database to the present.
Scientific binomials for most major groups display a steady
increase, with metazoans demonstrating the fastest rate of
accumulation. This is largely due to intensified research
activities on invertebrates, especially insects, which account
for about 75% of all known metazoan species, based on
numbers from Species2000 (46). An increased slope for
their number can also be observed between 2008 and 2009,
a result of submissions from a series of Barcode of Life
projects (47, 48).

In order to further reveal the progress towards doc-
umenting known species, an estimate was done of valid
species still absent from NCBI Taxonomy (Figure 3). For
each principal group of organisms, the proportion of
validated, described species in NCBI Taxonomy to total
described species recorded in related source databases was
calculated (17-19, 21, 27, 32) for every year since 1995.
Bacterial names were recorded over time from several
publications and validation lists in the International Journal


https://www.ncbi.nlm.nih.gov/Taxonomy/taxonomyhome.html/index.cgi?chapter=statistics
https://www.ncbi.nlm.nih.gov/Taxonomy/taxonomyhome.html/index.cgi?chapter=statistics
https://academic.oup.com/database/article-lookup/doi/10.1093/database/baaa062#supplementary-data

Page 8 of 21

Database, Vol. 2020, Article ID baaa062

300

250

200

150

100

Number of species names(thousands)

<)
o
«

1995
1996
1997
1998
1999
2000
2001
2002
2003
2005

&
(\\
?
>
o
o«
\a“xs\
cee®
) \nwe\
\l-\(\d\?
Fungi
Bacteria
Archa;i Viruses
5 8 8 9 2 8 9 3 w8 58 9
&8 R R R 8 8 R R R R R R®

o
& & & &

Year of species name entry in NCBI Taxonomy

Figure 2. Species names added over time to NCBI Taxonomy. The first occurrence of each species in the NCBI Taxonomy was determined by the
created date of its associated TaxNode. This date represents the first addition of the species into the database irrespective of subsequent name

changes.

>

=)

S

S

X

©

=

3 5 describey

= 60 5° R

£ ((\\0 /@u"

: | S8 %

= ()

4 3, %

w0 |2 3

G = &

2 w 115

22 s,

<] Ly

&

0

m © N ® @ 8 = N @ = m
2 2 5 2 8 8 3 & 8 3 8
2 2 2 2 &8 8 8 8 8 g8 8
4 2 2 2 3 8 8 R 88 8 R

Year of species name entry in N

mvertebrates 83%

Fungi g9,

Virig;
plantae (green
Plants )

8,
C, "
feriy 19

N © @ © o &N m T 1 8 N © o

5 8 8 8 2 8 8 3 8 28 & & 2

S 8 8 5 o5 © © © © © © ©° o

& R R R R B B 8 R R ® R &
CBI Taxonomy

Figure 3. Estimate of the percentage of formal species names missing from the public NCBI databases. Curves were generated by plotting the
number of formal species in the NCBI Taxonomy against the running total of described species in the corresponding group by the end of the year.
The IJSEM was used as the source for bacteria. The International Plant Names Index (IPNI; 27) was used as the source for the green plants. The
Species 2000 Annual Checklist (46) was used as the source for invertebrates and Fungi. Vertebrate data were collected from the Catalogue of Fishes
(21), Amphibian Species of the World (17), the Reptile Database (32), Avibase (19) and the American Society of Mammalogists (18). Archaea and
viruses were omitted for having a small number of species and a specialized process for reporting new species, respectively.

of Systematic and Evolutionary Microbiology (IJSEM). All
groups show a near linear accumulation with no hint of
reaching a plateau, with bacteria being the only group
that approaches a complete coverage of known species.
Metazoa were divided into vertebrates and invertebrates
in this analysis to highlight the stark difference in their
relative representation. Invertebrates, together with fungi,
are the most ‘incomplete’ groups, with only 17% of total
known species present in the sequence databases. However,
difficulties in tracking relationships of synonyms among

databases undoubtedly decreased the accuracy of these
estimates.

Curation: Structuring Information from
Varied Sources

Differences in dealing with names and sequences

It is important to make a distinction between the cura-

tion of organismal names on records and curating their
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underlying data. Taxonomy curators are focused on the
names themselves and publications associated with them.
In the past names attached to submissions were wholly
reliant on submitters’ input. More recently, however, NCBI
has started to verify grossly misidentified submissions by
comparing them against references. Validated marker gene
libraries have proven to be effective tools in identifying
contaminants and misidentified organisms during sequence
submission. RNA sequences are routinely compared to
reference sets derived from type material. Sequences that
diverge significantly from established type material are
returned to the submitter for comment or correction. More
comprehensive changes have also been made by comparing
prokaryotic genome data. These specific areas of curation
and the focus on challenges presented by specific taxonomic
groups are discussed in more detail below.

Defining and annotating type material ties
sequences to names

The type concept is fundamental in the codes of nomencla-
ture. One or more types are designated as an objective stan-
dard to fix the scientific name of the species or infraspecies
(subspecies, variety or forma). The type of a species or
infraspecies is designated when it is newly described and
illustrates the trait(s) that distinguish it. Viruses rely on a
list of names approved by the International Committee on
Taxonomy of Viruses (ICTV) and a regular updated file
that contains the name of the exemplar isolate and the
corresponding GenBank accession number(s).

NCBI Taxonomy curation over the past decade has
greatly improved documentation and data tracking of type
strains and specimens (7). This spurred the development
of additional tools to improve and enhance the taxonomic
information attached to public sequence records. Under
the ICNafp and ICZN, types usually consist of dried or
pickled specimens or physiologically inactivated cultures.
Prokaryotic types under the ICNP (bacteria and archaea)
are nearly always living cultures (type strains). Types may
be indicated by collector name and number plus institu-
tion code where a specimen is deposited and/or institution
accession or bar code number. A summary of the type ter-
minology used by NCBI Taxonomy and formally accepted
by the INSDC is shown in Table 3. The complete set of
terms is listed online (http://www.insdc.org/controlled-vo
cabulary-typematerial-qualifer). The terms are divided into
name-bearing types (also known as nomenclatural types)
and non-name-bearing types. The latter are considered of
lower nomenclatural importance because they are derived
from specimens that serve to inform and expand the concept
of the preceding set of types and will generally be different
genetically, although still potentially closely related.

Certain terms not used in nomenclature are used as
internal GenBank terms. For example, the term ‘type mate-
rial’ refers to specimens or cultures where the kind of
type is unknown. An additional term included is ‘reference
material’ or ‘reference strain’. These terms can include spec-
imens or cultures that do not have nomenclatural standing
but nevertheless could have value for taxonomic identi-
fication. These include ‘Candidatus’ prokaryotic names,
which are names proposed for new species that have not
been formally described by the ICNP. ‘Candidatus’ names
can be searched in Entrez Taxonomy (discussed further in
section) using a term as a filter in Entrez: candidatus current
name|[filter].

Facilitating access to specimen and strain
information with NCBI BioCollections

An increasingly important part of the curation of type
material is the use of standardized terms to indicate in which
biorepository they reside. This applies to any record with a
physical sample. To address this, the NCBI BioCollections
database has been created. This is a curated data set of
metadata for culture collections, museums, herbaria and
other natural history collections connected to sequence
records in GenBank (6). The NCBI Biocollection database
is used to support ‘structured voucher’ annotation in the
sequence entries submitted to INSDC. Darwin Core data
standards developed by the Biodiversity Information Stan-
dards (TDWG, formerly the Taxonomic Database Working
Group) is used for the structured annotation. The Darwin
Core standard triplet format for specimen data consists
of three parts: the universally recognized acronym for the
institution that holds the voucher specimen, the institution’s
code for the collection in which the voucher specimen is
kept and the unique specimen identifier, all separated by
colons, for example:

/specimen_voucher = “USNM:FISH:425122”.

Unlike museum specimens and culture collections, the
standard format for herbarium and fungarium vouchers
includes the collector’s name and number followed by
the herbarium code. This differs from the Darwin Core
format adopted by the NCBI Taxonomy and is discussed
in more detail elsewhere (6). While most specimen voucher
identifiers submitted with GenBank records are listed in the
correct /specimen_voucher field, there are a large number
that are not and will therefore escape annotation. There
are limitations to the Darwin Core format, as it is not uni-
versally unique, and future endeavors will include assessing
changes and adaptations to utilize other commonly applied
standards (49).


http://www.insdc.org/controlled-vocabulary-typematerial-qualifer
http://www.insdc.org/controlled-vocabulary-typematerial-qualifer
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Table 3. Commonly used type terminology (for complete list of accepted terms see www.insdc.org)

Kind of type Code of nomenclature

Definition

Name-bearing types

Holotype ICNafp, ICZN

Type strain ICNP

Neotype ICNafp, ICZN

ICNP
ICNafp

Neotype strain
Isotype

There is only one holotype, usually a single specimen, and the
‘name-bearer’ of its described taxon. It serves as the standard to
which all subsequent examples of the described taxon are
compared.

Equivalent term to holotype used for prokaryotes. There can be
multiple co-identical type strains, cultured from a single source.
If the holotype is lost or destroyed, a neotype specimen is
designated from a collection considered to be representative of
the original holotype. There is only one neotype.

The equivalent term to neotype used for prokaryotes.

One or more duplicate specimens from the holotype collection
can be deposited in other institutions. Usually the collection
number is the same as the holotype, but the institution code has
to be different. Iso- can be appended to other kinds of types to
indicate duplicates, e.g. isosyntype, etc. Isotype is not a formally
accepted term in the Zoological Code.

Non name-bearing types and additional terms

Paratype ICNafp, ICZN
Epitype ICNafp
Culture from -type ICNafp

Reference material/Reference strain not designated in any code

One or more additional specimens chosen to further illustrate
traits in the described taxon.

In botanical nomenclature only, a type designated to expand on
the original holotype concept. There should be only one epitype.
Also, sometimes designated ex-type, e.g. ex-holotype, etc. There
can be multiple of these. The types of cultivable, microbial
eukaryotes must be inactivated and one or preferably more
living cultures is extracted from the type and maintained in
living culture collections.

The reference material and reference strain qualifiers are not
types, but internal INSDC terms used to capture any reference

strain or material exclusively of types.

Curation: unique challenges for each

taxonomic group

Curation of prokaryotes (NCBI:txid2, NCBI:txid2157) The term
‘prokaryotes’ designates two main groups of superficially
similar, but evolutionarily divergent organisms, which have
traditionally been studied using similar methods—bacteria
and archaea. New names and new combinations published
in the IJSEM and other sources are monitored. Priority
is given to taxonomic names validly published under the
ICNP (13). New names published in other journals besides
IJSEM are added to the taxonomy with an ‘effective name’
flag. Effectively published names have no standing in the
nomenclature and can be submitted to IJSEM for validation
(50). Effectively published names can now be searched in
Entrez Taxonomy (see section) using a filter as an additional
search term in Entrez (effective current name[filter]). For
instance, this search currently yields more than 2000
names: root[organism| and effective current namelfilter].

Unpublished prokaryotic names receive placeholder names
usually of the form <Genus> sp. <strain_identifier>
or < higher_rank> bacterium/archaeon <strain identifier>
until the proposed new name is either effectively or validly
published.

Obligately endosymbiotic bacteria that are not identified
at species level are added with their host name (e.g. Wol-
bachia endosymbiont of Drosophila simulans; Rickettsia
endosymbiont of Achalcus cinereus). Informal Phytoplasma
names are added with host name in single quotes and dis-
ease type (if available, e.g. ‘Echinacea purpurea’ witches’-
broom phytoplasma; ‘Phoenix canariensis’ lethal yellowing
phytoplasma). Single quotes are placed around the scientific
name of the host organism to clarify that the data are from
the phytoplasma and not the host organism. There are many
legacy names for which common names are used for host
species instead of the scientific name. In such cases, single
quotes are not used.
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NCBI offers a BLAST data base of validated 16S
ribosomal RNA sequences from bacterial and archaeal
type strains. A comparison of new 16S ribosomal RNA
sequences to this data base is an effective way to check
sequence quality and taxonomic identity of the source
organism. As part of the NCBI prokaryotic genome
submission process, GenBank now performs an average
nucleotide identity analysis to identify and correct misiden-
tified genomes during submissions (51). This method is
also applied as a routine consistency check to support
identification and classification of existing public genome
assemblies in GenBank. Data on type strains are collected
mostly from original publications and from external
sources, such as the German Collection of Microorganisms
and Cell Cultures at the Leibniz Institute (DSMZ; 20) and
the National Collection of Type Cultures (NCTC), one of
four Culture Collections of Public Health England (52).
The collected data are analyzed and curated and then
used to find and correct misidentified and contaminated
genome assemblies. A full list of available type strains
can be obtained via FTP (see link under FTP Resources).
The process provides taxonomic validation of genomes
at the time of submission to GenBank, corrects many
misassigned genomes already in GenBank and aids in
flagging contamination. Using the methods described in
a recent paper (51), over 2000 previously misidentified
prokaryotic genomes were identified and corrected.
Approximately 70 new prokaryotic genome submissions
per month are found to be misidentified and submitters are
contacted before the data are released.

Until 2014, strain-level TaxNodes were assigned for
all genome samples, primarily for those of prokaryotes
(38). This practice has now been halted for prokaryotes
and eukaryotes, but legacy strain-level names remain
with unique TaxIds in the NCBI Taxonomy. Another
change, since August 2017, was to discontinue the practice
of assigning specific TaxNodes for each metagenome-
assembled genome. It is anticipated that the number of
such submissions will continue to grow and will begin to
include more organismal data from taxa outside of the
prokaryotes.

Curation of green plants (NCBl:txid33090) Green plants or
Viridiplantae are a clade covered by the ICNafp (12) and
comprise 18 classes of green algae, plus embryophytes. As
of January 2020, over 167 000 species and infraspecies of
Viridiplantae were linked to public records in the NCBI
Taxonomy, comprising ~40% of all described species.
Embryophytes have been the focus of intensive phylogenetic
research for decades, culminating in comprehensive,
consensus-based classifications by collaborations such as
the Angiosperm Phylogeny Group (APG; 53) and the

Pteridophyte Phylogeny Group (54). This has had the
effect of largely stabilizing higher classification down
to the family level. However, classification at this level,
and especially below it, remains in flux. For example,
relationships within the pea family (Fabaceae) remains
uncertain, and teasing out phylogenetic structure at the
subfamily, tribal and infrageneric levels is an ongoing focus
of study.

Relationships among green algal groups (Viridiplantae
minus embryophytes) remain poorly understood, present-
ing challenges to correct classification. Consensus-based
phylogenies such as the APG classifications are still a distant
goal for green algae. Further complicating matters is the rel-
ative lack of morphological traits in many green algal taxa,
such as unicellular coccoid species of the genus Chlorella.
Formal species may be poorly circumscribed and molecular
analyses often show that strains attributed to the same
species may in fact be widely separated. For this reason, taxa
submitted as a simple ‘Genus sp.’ (e.g. ‘Chlorella sp.’) are
usually assigned unique TaxIds because individual strains
may later be recognized as new species.

Curation of green plant names poses some unique chal-
lenges. As one example, hybrids among species, and even
among multiple genera, are common in plants. Hybrids
between two species are treated as a species like any other,
either as the hybrid formula (e.g. Populus alba x Pop-
ulus glandulosa) or as a named hybrid (e.g. Populus x
canadensis Moench, 1785). Although hybrids are typically
indicated with a multiplication sign (‘x’), the letter ‘x’
is used in the NCBI Taxonomy because many external
databases encounter difficulties in translating non-ASCII
characters. Because the hybrid sign (x or x) is used very
inconsistently in the literature, the same name without the
hybrid sign may be added to a hybrid for search pur-
poses, e.g. Populus canadensis is added as a synonym of
Populus x canadensis. Intergeneric hybrids are effectively
treated in the same way as a named genus (e.g. x Triti-
cosecale) or as a hybrid formula (Thinopyrum x Triticum)
in cases where no formal name has been described. Com-
plex hybrids of uncertain parentage, which are particularly
common among cultivated plants, are given the non-unique
name of ‘Genus hybrid cultivar’, e.g. ‘Rosa hybrid cultivar’,
which is unsatisfactory in some ways, but avoids the prob-
lem of creating cultivar level TaxNodes for many cultivated
plants.

Only the ICNafp recognizes variety (varietas) and form
(forma) as infraspecies below subspecies. In practice, most
cases apply to green plant names. Although the ICNafp
accepts a name in the format ‘Genus species subsp. X var.
Y f. 2, the shorter version ‘Genus species f. Z’ is adopted
in NCBI Taxonomy with the longer format added as a
synonym. Infraspecies are often treated in databases and
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monographs as synonyms of the parent species because
morphological traits used to distinguish such infraspecies
may be variable or unreliable. However, the NCBI Taxon-
omy curators have adopted a more lenient approach on
the grounds that infraspecies may be distinct at the genetic
level if not at the morphological level. Autonyms can pose a
problem, especially for cultivated plants, where two distinct
TaxNodes exist for the same taxonomic entity, such as Zea
mays and Zea mays subsp. mays. Autonyms, especially for
economically important plants, are generally avoided where
possible. Some of these issues may concern fungi as well,
which is governed by the same code and are discussed in
more detail below.

Curation of fungi (NCBI:txid4751, NCBI:txid4762) Fungal names
are governed under the latest ICNafp (12) with specific
sections only applying to this group (55). Currently, the
NCBI classification contains nine phyla based on genome
comparisons (56) but up to 16 are accepted in the liter-
ature (57, 58). This will have to be reassessed as more
data emerge. NCBD’s classification includes phyla that have
disputed classifications outside of the fungi, such as the
Cryptomycota (also known as Rozellomycota or Rozellida)
and Microsporidia but follows the majority opinion of the
mycological community (59). Placing these lineages and
several other unicellular eukaryotic groups within fungi
remains under scrutiny and it is possible that this will
have to be readjusted in accordance with new data. It
should be noted that the plant pathogenic group, Oomycota
(NCBI:taxid4762), traditionally studied by mycologists, are
curated similarly to fungi, although these are an unrelated
group of protists.

A major challenge in fungal taxonomy is dealing with
adjustments to the classification from the dual name system
after changes to the nomenclature adoptions of the Mel-
bourne Code (60). Historically, sexual forms (teleomorphs)
and asexual forms (anamorphs) could not always be linked
with certainty in fungi. This resulted in the practice of
using different genus and species names for a single species,
depending on whether an investigator observed a sexual or
asexual stage. Where connections were known, the teleo-
morph name was recommended to be treated preferentially
although in practice, this rule was applied variably. With the
increasing use of DNA sequence data for classification, this
system has become untenable as exemplified by the decla-
ration of a universal DNA barcode (61). With adoption of
the Melbourne Code, all fungal names are treated equally,
resulting in synonymy of teleomorph and anamorph genera
where data supported it. Curators at NCBI have focused on
one such example (species in Hypocrea synonymized with
their Trichoderma anamorphs) to introduce a large scale
update to the NCBI Taxonomy based on recommendations

by the scientific community (62, 63). The work of updating
these names will continue.

The annotation of type material in NCBI Taxonomy

(7) has greatly enhanced the NCBI curated database Ref-
seq (11), specifically focusing on certain targeted loci (set
up as a separate BioProject; 64). The interaction between
NCBI Refseq curators, selecting and verifying high quality
sequence markers and NCBI taxonomists investigating and
correcting parts of the classification has resulted in the
current release of a high-quality set of marker sequences
for ribosomal genes from type material covering the major
lineages of fungi. The RefSeq group uses the nomencla-
ture, classification and type material curation provided by
NCBI Taxonomy. However, during fungal RefSeq curation
of targeted loci such as ITS, 28S and 18S data as well
as genomes, discrepancies of the phylogenetic placement
are sometimes observed. After ruling out the possibility
of bookkeeping errors, these taxonomic disagreements are
reported for review by a taxonomist, resulting in several
improvements to the NCBI Taxonomy.
Curation of wunicellular eukaryotes other than green algae
(NCBI:txid2759 excluding NCBI:txid33090, NCBI:txid33208) The
higher classification of the eukaryotes largely follows
the Adl er al. consensus classification proposed by a
large group of experts published in 2012 and revisited in
2019 (59, 65). However, in the interest of nomenclatural
and taxonomic stability, NCBI has been conservative in
adopting close to 10 eukaryotic supergroups that have
been suggested in the past 20 years (66). Instead, NCBI
has opted to present a simpler hierarchy with 20 basal
eukaryotic taxa such as the Viridiplantae, Rhodophyta,
Opisthokonta, Alveolata or Stramenopiles. The monophyly
of these taxa is well established and often based both on
molecular phylogenies and morphological or cell-biological
characteristics.

In contrast to the traditional kingdoms/supergroups
such as the green plants, fungi or multicellular animals,
the eukaryotic supergroups are often based entirely
on molecular phylogenetic studies. Of the original six
eukaryotic supergroups (66), NCBI has adopted three
(Opisthokonta, Amoebozoa and Rhizaria) all of which
are still considered to be monophyletic. Among the three
original supergroups that NCBI did not recognize, Excavata
and Chromalveolata are now superseded by taxa with
different compositions whereas the monophyly of the
Archaeplastida is currently not strongly supported (66).
In 2019, NCBI adopted additional high-level eukaryotic
groups (59): Haptista (Centroplasthelida and Haptophyta),
Sar (Telonemia, Stramenopiles, Alveolata and Rhizaria),
Discoba (Euglenozoa, Heterolobosea, Jakobida) and the
Metamonada.
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Curation of Metazoa (NCBI:txid33208) The monophyletic king-
dom Metazoa comprises all multicellular animals. Their for-
mal names are regulated by the ICZN. With few exceptions,
all metazoan organism names in the database associated
with sequence records are treated as either species or sub-
species. The NCBI Taxonomy contains ~220 000 formal
animal species names, nearly 15% of the total described
living animal species, estimated at 1.5 million in a 2013
study (67). These also represent approximately half of
all names in the NCBI Taxonomy. Vertebrates are rela-
tively well represented, but a large portion of invertebrate
taxa remain unsampled (Figure 3). For example, although
roughly one-fourth of all formal species in the database
belong to insects (~119 000), they account for barely over
10% of all published insect species that are estimated to
number more than 1 million (67).

The classification of major metazoan lineages generally
follows the broad consensus of recent phylogenomic studies
(68-71) while taking a conservative approach to areas that
remain contentious or unresolved (e.g. whether Xenacoelo-
morpha is the sister group to all other Bilateria (72) or is
a clade inside Deuterostomia (73)). Names and concepts
of major metazoan lineages have remained largely stable
among the 35 phyla and superphyla recognized in the NCBI
Taxonomy: 27 were registered at the inception of NCBI
Taxonomy in 1995, with only 5 added since 2000. However,
evolutionary relationships among these groups have been
adjusted several times. For example, Mesozoa (Dicyemida,
Orthonectida) that had been placed outside of Eumetazoa
are now moved next to Platyhelminthes and Gastrotricha
within Lophotrochozoa (74), and Placozoa also has been
moved from outside to inside Eumetazoa (75). Cheatog-
natha, formerly considered a deuterostome group, is now
sibling to Rotifera, Gnathostomulida and Micrognathozoa
within the protostome clade Gnathifera (68). At class and
ordinal levels, the classification has been revised in recent
years for several groups, e.g. mammals, birds, fishes and
various invertebrates. Significant taxonomic changes at the
family rank and below have been the norm during this time
in Metazoa (e.g. 76)

Like other groups in the NCBI Taxonomy, curation of
metazoan taxa typically includes adding new names, updat-
ing synonyms and other actions based on peer-reviewed
publications. For competing taxonomic opinions and treat-
ments, newer research, incorporating phylogenetic studies
and using advanced methods, is often given more weight.
Prevalence of opinions in the field is considered but is not
always a deciding factor in making decisions. In specific
cases, tracing long and complicated histories of taxonomic
and nomenclatural revisions and locating old or rare litera-
ture, especially in languages other than English, is required.
Other taxonomy databases that are actively maintained by

experts are frequently consulted when metazoan names and
classifications need to be verified. Some examples of these
databases are listed in Table 2. However, it is very common
for zoological taxonomy databases to be specialized to a
limited scope (for invertebrates, often at the level of order
or lower-ranked groups; Supplementary Table S1).

The increase in zoological names has accelerated in
recent years (Figure 3). Along with larger phylogenetic stud-
ies and taxonomic revisions, research projects on DNA
barcoding have contributed significantly to the volume of
species names entered in the NCBI Taxonomy. Typically,
users submit data sets to GenBank from their accounts in
the BOLD system (47, 77) before the associated articles are
published. Also, NCBI periodically receives direct update
requests from data managers at BOLD to revise organism
names for larger quantities of records.

Curation of viruses (NCBI:txid10239) NCBI’s virus taxonomic
treatment is largely based on the classification and nomen-
clature provided by the ICTV. The ICTV (https:/talk.i
ctvonline.org) provides two regularly updated key files,
the Master Species List and the Virus Metadata Resource
(VMR; 15, 23). The VMR contains the name of the exem-
plar virus (isolate) for each ICTV species as well as the
corresponding GenBank accession number(s).

The nomenclature of viruses is different from that of
cellular organisms in that species names can include num-
bers and hyphens and can consist of a varying number of
elements. Some names resemble the binary species names
of animals and plants, e.g. Giessen reptarenavirus is a
species in the genus Reptarenavirus. However, a single word
name like ‘Astarnavirus’ is currently a valid ICTV viral
species name, as is a multi-word name like “Tomato mild
yellow leaf curl Aragua virus’. According to the ICTVN,
names approved by the ICTV are called ‘accepted names’
while names that are not accepted but conform to the
ICTVN are called ‘valid names’. Most of the viral names
submitted at NCBI are not from ICTV accepted names. For
example, although the ICTVN states that species names
shall not consist only of a host name and the word virus,
names like ‘Rat astrovirus’, ‘Mouse cyclovirus’ etc. are still
submitted in great numbers to the sequence databases. The
current release (01 May 2020) of the VMR recognizes
7917 exemplars and additional isolates organized into 6590
viral species. Of these, 240 virus species names are with-
out a GenBank accession number (labeled ‘No entry in
GenBank’) and they are therefore not present in the NCBI
Taxonomy either. In addition to the ICTV names, the NCBI
Taxonomy comprises another 30 000 viral species currently
not accepted by the ICTV so that the ICTV species currently
represent only about 20% of the total. However, it should
be noted that ICTV names have a higher average nucleotide
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count because many non-ICTV virus names are associated
with very few sequence records.

The NCBI taxonomy group makes great efforts to stay
current and update viral taxon names and classification
following the release of each ICTV update. One of the
major recent changes was the introduction of several taxa
at the highest level of the virus classification, including
among others, the Riboviria, for most RNA viruses and the
Duplodnaviria, for double-stranded DNA viruses. In addi-
tion, the information stored in NCBI Taxonomy can now
be used to retrieve organism names and sequences directly
by their type of genome. For example, to get the names of
ssRNA(+) viruses, one could query Entrez Taxonomy using
this query: ‘positive sense single stranded dna virus’[filter].
All these search terms are available as filters in the online
dictionaries for Entrez search terms.

Historically, GenBank has largely relied on submitter
information for the classification of viruses that are not
(yet) recognized by the ICTV. That caused a large number
of viruses to be classified only into the ‘unclassified viruses’
or ‘unclassified phages’ because no further information was
available at the time of sequence submission. Now, however,
complete or nearly complete phage genomes are classified
according to phylogenies provided by the NCBI RefSeq
virus group that is responsible for resources dedicated
to virus information (78, 79). The validations of taxo-
nomic data by the NCBI virus group use several approaches
including BLAST, PASC HMM models and nucleotide and
protein phylogenies. The group frequently interacts with
outside stakeholders to direct subspecific classification for
human pathogens as, e.g. flu, dengue and Ebola virus.
Regular interactions with the ICTV also occur to clarify
problematic placements and drive conversation. For the
NCBI taxonomy group, the results of the NCBI virus group
taxonomy validation are now the most important tool
to allow placement of the non-ICTV viruses within the
framework of the ICTV classification.

Curation of artificial and non-organismal sequences (NCBI:txid81077)
Vectors are treated with specific naming conventions,
e.g. Cloning vector <identifier>, Expression vector
<identifier>, Transposon vector <identifier>, Shuttle

vector <identifier>.

Plasmids are annotated with their host organism:
/organism="“Escherichia coli”
/plasmid=“<plasmid name>"

Plasmids that are isolated from the environment are
annotated as:

/organism="“uncultured bacterium”

/plasmid=“<plasmid name>

/lab_host=“Escherichia coli”

Anything with “Plasmid” in the /organism name and
“Plasmid” in the lineage is a legacy entry, not corresponding
to current rules. Artificial and other sequences are dealt
with on a case-by-case basis, but single names such as “syn-
thetic organism” can cover a range of possible submissions.

Formatting informal names

Unpublished or provisional names Unpublished taxonomic
names are not allowed in NCBI records (with a few
exceptions). Consequently, these names are internally
flagged as ‘unpublished’ in the NCBI Taxonomy. The public
records in INSDC databases and the NCBI TaxBrowser
are labelled with the relevant strain identifier to facilitate
the updates when the new species name is published
(for prokaryotes) or with a temporary name consisting
of submitter initial and the submission year (all other
organisms). Unpublished names are not visible to the public
but are searchable in Entrez. It is made clear to submitters
that it is their responsibility to notify NCBI when a new
name associated with their sequence submission(s) has been
published. Unfortunately, most submitters do not do so.

NCBI Taxonomy staff attempt to find such names, but
this is not a primary responsibility and there is no specific
time cycle associated with such updates. When potential
updates are found, a taxonomist specializing in the group
in question reviews the paper, updates the NCBI Taxonomy
record if appropriate and adds additional information such
as authority, citation and type specimens. Since NCBI Tax-
onomy staff started documenting updates 2 years ago (80),
~7000 additional names that were initially submitted as
unpublished are now accurately released (Figure 4). When
a provisional name is substantially changed during publica-
tion, it is unlikely to be discovered in this process. In order
to address this problem fully, other ways of encouraging
submitters and journals to communicate updates should be
explored in the future. One possibility is to improve the
standardization of keywords in PubMed and other abstract
aggregators in order to communicate clearly the presence of
novel taxonomic names (80).

Names lacking species epithets require several formats NCBI Taxon-
omy curators and GenBank indexers are often required to
deal with unique situations. In many instances the codes of
nomenclature do not apply, and the resultant names reflect
practical solutions that may have to be changed over time.
These names include so called ‘open nomenclature terms’
that can express varying degrees of uncertainty in labelling.
Examples for these terms and abbreviations include: sp.
(species), aff. (affinis = ‘related, but not identical to’) nr.
(‘near’), cf. (confer = ‘compare to’), etc.
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Figure 4. Total number of names labeled as unpublished in NCBI
Taxonomy, over time.

Historically, the NCBI Taxonomy used a unique name
when a record was submitted without a species name. To
cut down on the number of taxonomic updates required,
NCBI Taxonomy has been adding names without requiring
the addition of a strain or another unique identifier since
2017. Currently, this is restricted to viruses and most
microbes, including prokaryotes (bacteria and archaea)
and eukaryotes (fungi, stramenopiles and unicellular
eukaryotes), whereas the remaining names in Metazoa
and Viridiplantae will continue to be treated as before.
If a text string provided by a submitter is not sufficiently
different to separate it from other similar names generated
from separate submissions, an epithet is appended to it,
which comprises submitter’s initial and year of submission.
For prokaryotes informal names for genome sequences are
added with strain identifier except for genome assembled
from metagenomes. If a sequence is from a potentially new
species, it is treated differently (see section on unpublished
names).

Quotation marks are used to demarcate certain informal names These
(single or double) are used in several different circum-
stances. For example, effectively published prokaryotic
names are indicated with double quotes. Elsewhere in
the NCBI Taxonomy, single quote names have been used
to indicate manuscript names (nomina inedita) where
the name has either made its way into the literature or
become public in the NCBI Taxonomy without formal
nomenclatural description.

Square brackets communicate known misclassification In bacteriol-
ogy, the standard and accepted practice is to use square
brackets to indicate names that are validly published
but misclassified and have not yet undergone a formal

nomenclatural revision. Outside of prokaryotes this usage,
although not the convention, is applied to communicate:

1. Valid species names known to be misclassified but for
which the correct classification is uncertain.

2. Valid species names not formally transferred to the
generally accepted genus through a nomenclatural act.

The following citation is added to such names in the NCBI

TaxBrowser: ‘Square brackets ([ ]) around a genus indicates
that the name awaits appropriate action by the research
community to be transferred to another genus.’

Multiple Ways to Access NCBI Taxonomy
Information

The NCBI Taxonomy links to numerous internal and exter-
nal resources (Figure 1). Under the NCBI TaxBrowser, two
different kinds of web pages are supported. Hierarchy pages
present the taxonomic classification, while taxon-specific
pages summarize all the information associated with a
taxonomic entry. The hierarchy pages are also customized
to display a table of linked counts of entries in other
Entrez databases. Taxon-specific pages will display the
names associated with that entry (except for misspellings
and unpublished names). The lineage can display a full or
abbreviated classification. Manually curated information is
displayed as well. This includes type material and comments
annotated by the taxonomic curators as well as relevant
literature and type material information with hotlinks as
appropriate (Figure 5). This is explained in detail in a
previous publication (35).

In 2019, the NCBI TaxBrowser was updated in several
ways. The Entrez table has been expanded to include
a column with links to records from type material for
relevant resources and links were introduced directly to
the biorepositories as well as specimen and strain pages
from the type material listed. Additionally, the page layout
has been updated to display homotypic and heterotypic
synonyms, current names, authorities and type strains.
An example species page is illustrated in Figure 5. This
is a yeast species first described from brined cucumbers
in 1950 as Brettanomyces versatilis (https://[www.ncbi.
nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=27304).
Taxonomic changes are documented, indicated by homo-
typic synonyms. In several cases, publications for the name
changes are indicated and linked where possible as in the
most currently accepted name change to Wickerbamiella
versatilis. Type material is indicated with the original species
name and links to associated NCBI records are shown in the
Entrez table. A name with a separate type, Debaryomyces
tamarii, is also indicated as a heterotypic synonym. This
was first described as an invalid name in 1954 and only
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Wickerhamiella versatilis [ Fowerecoras
| Database rame [Direct links {Lieks from
Taxonomy ID: 27304 (for refecences in articles please use NCBItxid27304) | - 22
current name !
Wickerhamiella versatilis (Etchells & T A. Bell) de Vega & Lachance, 2017 in [de Vega C et al (2017)) I )é
basionym: Brettanomyces versatilis Etchells & T A Bell, 1950 1n (1930)) [Genome 1
culture from type matenal of Brertanomyces versariis: ATCC;60131, CBS;:1752. BCRC;21411. I opset 6
DB\'PG 6690, IF0;0652. IFO;10056. JCM;$068, JOM;$270, NCYC:972, VKM:Y:772, i Ned Comral b5
versatilis (Etchells & T. A Bell) Lodder & Kreger, 1952 RA Experiments 1L
CMM versatilis (Exchells & TA Bell) SA. Mey. & Yarrow, 1978 [[[dentical Protein Groups 5[
NCBIBLAST name: budding yeasts - 4
Rank: ([Bio Samplc 3 1
Genetic code: Translation table 1 (Standard) bnembl\ | 1]
M genetic code: Transl table 3 (Yeast Mitochondgial | | ]
Other names: 1
Debaryomyces tamarii Y. Ohara & Nonom. ex Van der Walt & Johmn. 1975 in [van der Walt et al. (1975)]
culture from type matenal of Debaryomyces ramarii: CBS;4333, NRRL;Y-6665
Luncage full ) _
sellular organisms. Eukarvota. anhaﬂkmll. Eungi. Dikarya: Ascomyeata: m&mi&m
Notes:
1) Nom. inval’ (= nomen invalidum, = invalid name) refers to a name not lished in with rules
2) Debaryomyces' tamarii Ohara & Nonomura is no longer considered a member ol‘lhc genus Debaryomyces. Nakasi etal. (1998) l.n‘l"be Yeasts (4thed)
Comments and References:
de Vega C ctal (2017), PubMed: abstract
de Vega C, Albaladejo RG, Guzman B, Steenhuisen SL, Johnson SD, Herrera CM, Lachance MA. 2017, Flowers as a ir of yeast diversi| of
\\wk:dmm:lhmu fa sp. nov., and Wickerhamiella natalensis £a. sp. nov. from South African flowers and pollinators, and transfer of related Candida
species to the genus W as new FEMS Yeast Res 17(5)
Ehells ctal. (1250)
Etchells JL, Bell TA. 1950. Classification of yeasts from f¢ ion of 1ally brined ia 4:87-112
van der Walt etal (1975)
Walt JP van der, Johannsen E. 1975, The genus Torulaspora Lindner, CSIR Research Report. 325:1-23
Ohara et al, (1954)
Ohara Y, Nonomura, H. 1954, Yeasts occumng in a mash and koji of tamari-soya. Part 4. On the four strains including Debaryomyces tamani nov. sp. Journal of the
Agricultural Chemical Society of Japan. 28:837.840
E I Inf tion R (NCBI LinkOut)

Groups interested in panticipating in the LiakOut program should visit the LinkOut kome page.
A list of our cusrent non-bibliographic LinkOut providers can be foued here.

Information from sequence entries

Organism modifiers

Miso 19 2] Miso 22 2] _ is0 83 (2) INBRC 10650 (1. 1]
NCIM3540 (1 1] [NRRL Y-6652 [ 4 1] foH3GI 2) [sN-183)

[CICYRNOSS (11] [CICYRNO61 (11]

Disclai The NCBI v database is not an authorntative source for ! or classification - please consult the relevant scientific literature for the
most reliable information.
Comments and questions to info@ncbi.nlm nih gov

Figure 5. NCBI TaxBrowser example page.
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validated in 1975. In both cases, publications are indicated
and notes attached by the curators.

At the bottom of the taxon-specific pages, additional
layered information sets are found as shown in Figure 5.
For relevant organisms, this can include genome informa-
tion with links to resource information in other databases.
Another set of links are External Information Resources
or NCBI LinkOut (see below). Another block below this
displays the modifiers such as strain, isolate or culture col-
lection associated with the organism in GenBank sequence
entries. Finally, each page includes a disclaimer emphasizing
that primary sources should be used to confirm taxonomic
information.

In contrast to the hierarchical view in the NCBI
TaxBrowser, Entrez Taxonomy provides a uniform index-
ing, search and retrieval engine. This supports Boolean
queries and includes search fields common across all
Entrez databases. A number of common Entrez queries
are presented in (5). Two recently added search options
were added as filters, candidatus current namelfilter] and
effective current namelfilter], as mentioned previously.

LinkOut is a service that allows for direct links from
NCBI databases to external, validated resources that are
provided by third parties. Taxonomically informative links
can be made from sequence records or from TaxBrowser
pages by request (Figure 5). LinkOut can also be built into
catalog database software (e.g. Arctos). More details are
in the NCBI help resources: https://www.ncbi.nlm.nih.gov/
books/NBK3805/.

The full text FTP files of the complete database are
updated and deposited every hour at the Taxonomy FTP
site as taxdump files. There are now two versions of the FTP
taxdump files—the previous unchanged version and a new
version with additional options that include the taxonomic
lineage of taxa, information on type strains and material
and host information. The most important files in both
sets of FTP files are nodes.dmp (which maps TaxIds to
their parent TaxIds) and names.dmp (which maps names to
TaxIds). Other files in both sets are delnodes.dmp that lists
TaxNodes that have been deleted from the database, as well
as TaxNodes that were once public but are no longer linked
to any public sequence entries. Also, merged.dmp maps
secondary TaxIds onto primary TaxIds for taxa that have
been synonymized in the database. The new FTP option
includes important information on type material, changed
lineages and hosts. We recommend that the new version be
used, but both options will be supported for the foreseeable
future.

ftp://ftp.ncbi.nih.gov/pub/taxonomy (legacy version)
ftp://ftp.ncbi.nlm.nih.gov/pub/taxonomy/new_taxdump
(updated, expanded version)

ftp://ftp.ncbi.nih.gov/pub/taxonomy/taxdump_archive/
(archive of taxdump updates for each month since 2014)

ftp:/ftp.ncbi.nlm.nih.gov/genomes/ASSEMBLY_REPO
RTS/prokaryote_type_strain_report.txt (complete set of
type stains, including co-identical strains)

Yet another powerful option to retrieve data from NCBI
Taxonomy is the public NCBI taxonomy services. Those
services provide an application programming interface to
NCBI Taxonomy that allows search, browsing and data
retrieval in real time. C++ programmers have the option
of accessing taxonomy lookup services using NCBI C++
toolkit (https://ncbi.github.io/cxx-toolkit/). In other pro-
gramming languages, the eutils can be used to access NCBI
Taxonomy. Eutils also has a server-side mechanism that
allows users to perform complex searches and download
results in a user-defined format. A detailed guide on eutils
can be found here: https://www.ncbi.nlm.nih.gov/books/
NBK1058/.

The Batch Entrez tool provides a more efficient method
to download bulk numbers of records from a variety of
databases. More information can be found here: https:/
www.ncbi.nlm.nih.gov/sites/batchentrez?db=taxonomy.

SourceCheck (srcchk) reads a set of GenBank accessions
and returns associated metadata, such as taxonomy infor-
mation, strain identifiers, specimen vouchers, etc. It is now
available as a standalone tool: ftp://ftp.ncbi.nih.gov/toolbo
x/ncbi_tools/cmdline/.

The Taxonomy Common Tree generates a taxonomic
tree rooted at the last common ancestor of user-defined
nodes (species or other ranks) https://www.ncbi.nlm.nih.go
v/Taxonomy/CommonTree/wwwcmt.cgi.

A live summary of the numbers of Taxonomy Statistics,
all public entries in the NCBI Taxonomy, broken down by
user-defined taxonomic group, date or rank is available:
https://www.ncbi.nlm.nih.gov/Taxonomy/taxonomyhome.
html/index.cgi?chapter=statistics.

Taxonomy Status Report. This allows users to enter
names, individually or in bulk and retrieve reports on
whether the names are in the NCBI Taxonomy, their TaxIds
and their status (for example: primary name, synonym,
etc.) https://www.ncbi.nlm.nih.gov/Taxonomy/TaxIdentifie
r/tax_identifier.cgi.

The NCBI Tree Viewer (TV) is a graphic display tool
for phylogenetic trees. It can read tree data in ASN, Newick
and Nexus formats and supports functions such as zooming
and navigation, displaying in different formats and layouts,
collapsing and expanding branches and rooting at midpoint
or user-selected nodes. https://www.ncbi.nlm.nih.gov/tools/
treeviewer/. More capabilities are available in the NCBI
Genome Workbench: https://www.ncbi.nlm.nih.gov/tools/
gbench/.
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A complete set of NCBI tools can be found here: https://
www.ncbi.nlm.nih.gov/guide/all/.

Future Challenges: Expanding Taxonomic
Information and Improving Accuracy

The NCBI Taxonomy is the product of a core team of eight
curators and four developers with contributions from other
NCBI staff. This team relies on a larger environment of
resources and scientific publications to produce a working
taxonomy. We have highlighted some of our work and
sources in this paper, with a focus on newly released ones.

Dealing with taxonomic accuracy is a longstanding chal-
lenge (81), affected by misidentified, incomplete and out
of date records. We urge submitters to update the taxo-
nomic names on their data, particularly for records with
informal names (82). An additional, persistent problem
remains: dealing with splitting one species into two or
more. GenBank records attached to the name will not adjust
automatically and will consist of a mixture of the species
before and after the split. These can be manually updated,
but this is too time consuming to be practical and it rarely
happens. Records obtained from type vouchers and other
reference material present a potent link between old and
new names, emphasizing the importance of attaching type
annotations to records. In organisms where genomes and
type material are readily available, improvements are most
likely. NCBI has made a major shift by setting up a pipeline
to verify the taxonomic names assigned to prokaryotic
genomes and has already extended it to fungi, but these
changes are purposefully quite conservative and limited
by the number of trustworthy genomes obtained from
type material. Large-scale sequencing projects, focused on
extending the data from type strains will have a major
impact on this work (83, 84).

There is also a broader focus on annotating all speci-
mens, strains and other samples acting as sources of bio-
logical data (85). Processes relying on voucher information
to update taxonomy will necessitate the careful and pre-
cise treatment of any voucher material during submission.
Where it is feasible, NCBI Taxonomy intends to follow
the work of external groups setting up data standards
(e.g. 49, 86-88) and highlight the contribution of vari-
ous biorepositories (89) by making explicit links possible.
In addition to processing large data sets from barcod-
ing projects and keeping the NCBI Taxonomy updated
(90), a large increase in taxonomic information attached
to genome data from several large biodiversity projects,
such as the Darwin Tree of Life project (https://www.darwi
ntreeoflife.org/) and UniEuk (91) through our partners at
European Bioinformatics Institute (EMBL-EBI), is expected.
There are several other efforts underway.

Many other challenges remain. In the next few years,
NCBI Taxonomy curators will have to extend the known
taxonomic information for each TaxNode and its con-
stituent entries, the vast majority of which remain incom-
plete. At a minimum, if the original name (basionym)
information is associated with every relevant name, it will
eliminate unintentional duplications in the NCBI Taxon-
omy. Other efforts will include extending links to primary
literature, improving the annotation of type material and
adapting to changes in classification driven by in-depth
genome sampling. We will continue to be dependent on
essential work done by those producing the external sources
referenced in this paper and the input of diverse experts
extending sampling across the tree of life. Collaborative
projects such as Catalogue of Life Plus (92) could be
especially valuable. Members of the research community
are encouraged to communicate errors, updates and incon-
sistencies via the NCBI helpdesk (info@ncbi.nlm.nih.gov)
or to send these directly to gb-admin@ncbi.nlm.nih.gov.

Despite these and other challenges, public sequence data
can serve as a reliable source for biodiversity research in
the future (93) but it will require continued commitment,
development and input from reliable, external sources.

Supplementary data

Supplementary data are available at Database online.
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