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Genome sequencing of type strains promises to revolutionize prokaryotic systematics by greatly improv-
ing the identification of species, elucidating the functional properties of taxonomic groups, and resolving
many of the ambiguities in the phylogeny of the higher taxa. Genome sequences could also serve as the
type material for naming prokaryotic taxa, which will greatly expand the nomenclature governed by the

Bacteriological Code to include many fastidious and uncultured organisms and endosymbionts of great

biological interest.
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The genome sequencing of type strains promises great advances
in the systematics of prokaryotes. In addition to improving the gen-
eral understanding of prokaryotic biology, these advances include
improved: (1) identification of prokaryotic species, (2) identifica-
tion of functional characteristics useful for resolving taxonomic
groups, and (3) resolution of the phylogeny of higher taxa. For
many prokaryotic species, the genome sequence could also replace
live cultures as the type material. This practice would be especially
useful for prokaryotes that are difficult to cultivate or maintain in
culture collections.

A major goal in prokaryotic systematics is to delineate the rela-
tionships of new isolates with the type strains that serve as the
basis for taxonomic classification. The focus on type strains fol-
lows from the development of the Bacteriological Code [28] and the
Approved List [51]. Prior to the Approved List, tens of thousands
of bacterial names were present in the literature [52]. However,
the descriptions associated with many of these names were so
vague that it was impossible to know to what the names referred.
Many of the names were also redundant, with the some orga-
nisms possessing multiple names. The Approved List discarded all
names that were ambiguous, retaining about 2500 names that were
either clearly associated with a biological specimen, i.e. a culture, or
detailed and unambiguous descriptions. The Bacteriological Code
theninsured that all future names would possess clear descriptions,
usually by deposition of a representative culture in a public culture
collection. It also introduced a system for naming the higher taxo-
nomic ranks based upon the genus names of the type strains and a
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system of priority. For instance, strain ATCC 6051 is the type of
the species Bacillus subtilis, and B. subtilis is the type species of the
genus Bacillus. Its priority is determined by the date of its original
description, in this case by Ehrenberg in 1835. By the rules of pri-
ority, any species that is described after Ehrenberg that includes
strain ATCC 6051 must be named B. subtilis. Similarly, any genus
thatincludes B. subtilis must be named Bacillus. Because the Bacteri-
ological Code specifies that the name of the higher taxonomic ranks
is determined by the name of the genus, the higher taxonomic ranks
are similarly constrained. Thus, the family and order that include
strain ATCC 6051 must be named Bacillaceae and Bacillales, respec-
tively, unless they include a species with greater priority, i.e. validly
described at an earlier date. This system allows for naming novel
species by inserting them into the existing taxonomy. For instance,
a new species similar to B. subtilis might be named Bacillus. A new
species less similar to B. subtilis might be given a unique genus name
but included in the family Bacillaceae. An even less similar species
might be given unique genus and family names but included in the
order Bacillales. This clever system insures the stability of names by
preventing subsequent authors from overwriting the established
nomenclature with their own names.

Two decisions are paramount in this system. One, is the iso-
late a new species? Two, if an isolate is a new species, what
higher taxonomic classifications are appropriate? Genomics will
play important roles in addressing both of these questions.

Genomics for species delineation

In the original proposal for the delineation of species based
upon genome similarity [59], two measures of genetic relatedness
were proposed to set the boundary for prokaryotic species. The first
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measure was the change in the melting temperature (or ATy) of
heteroduplex DNA formed upon annealing the DNAs from the two
strains to be tested. The ATy, is directly related to the sequence
identity of the DNAs, and a ATy, of about 5 °C, the cutoff proposed
for prokaryotic species, corresponds to an average sequence iden-
tity of about 92% between the hybridizing DNA [7,18]. A second
measure was also suggested to be of equal importance, the extent
of DNA-DNA hybridization (or DDH). This would be the fraction of
DNA capable of forming heteroduplexes under optimal conditions,
usually 25 °C below the melting temperature of the homoduplexes.
Importantly, it was the DNA sequence itself and not the method
used for determining relatedness that was proposed as the ultimate
standard for prokaryotic species delineation [59].

These criteria can now be replaced by Overall Genome Related-
ness Indices (or OGRI) derived from the genome sequences [9]. ATy,
and DDH are laborious to determine and prone to errors [21,50].
With the availability of many new genome sequences, it is now
possible to calculate surrogates for both ATy and DDH with a
very high precision directly from the genome sequence [3,14,46].
This approach will provide the highest possible resolution and
much higher reproducibility in delineating species. The average
nucleotide identity (or ANI) is a good surrogate for the ATy, because
it only compares the sequence identity of DNAs that meet a cer-
tain threshold of similarity, usually defined by a BLAST score [23].
ANI is readily determined at EzGenome or JSpecies, which calcu-
lates the ANI based upon either the BLAST algorithm or the rapid
alignment tool MUMmer [9,46]. The Genome Blast Distance Phy-
logeny tool (GBDP) offers multiple ORGIs to estimate the DDH and
genome sequence identity [2,3]. For closely related strains, these
genome-based tools yield values highly correlated with DDH and
other measures of genome relatedness [3,14,46]. Lastly, specl is a
species identification tool developed to form species clusters based
on 40, universal, single-copy phylogenetic marker genes [36].

Recent work suggests that criteria based upon surrogates either
of the ATy or DDH may yield substantively different results
depending upon the taxon [32]. Because they measure very dif-
ferent properties of DNA, each of the cutoffs have very different
implications for genetic relatedness [17,47]. ANI, formula d4 of
GBDP and specl measure sequence identity. They are similar to the
standard measures of phylogenetic relatedness and measure the
diversity acquired during the accumulations of substitutions and
deletions by neutral and other evolutionary processes. In contrast,
surrogates of DDH, such as formula dg of GBDP, measure the fraction
of DNA that is homologous between two strains or the shared gene
content and should reflect the prevalence of horizontal gene trans-
fer (HGT) and other processes that insert or remove genes. Given
that these are very different evolutionary processes, it is possible
for the DNA of two stains to exceed the species cut off by one crite-
rion but not the other. In fact, the ratio of the ANI and ORGIs based
upon formula dg of GBDP, a surrogate of DDH, varies about two-fold
among different prokaryotic lineages [32].

There are several advantages for using measures of sequence
identity, whether or not they are based upon the entire genome,
such as ANI or formula d4 of GBDP, or small groups of genes, such as
specl or multilocus sequence analyses [12,34,36]. Sequence iden-
tity is widely used in phylogenetic studies and is supported by a
solid theoretical understanding of the evolutionary processes and
a wealth of experimental evidence. Second, sequence identity has
clock-like properties and provides the promise of correlation with
times of divergence [25]. Discovery of divergence times of prokar-
yotic groups will enable correlation of the formation of species with
the fossil record, the established evolutionary record of eukaryotes
and the geological record [4,6]. Third, sequence identity has been
used to proposed thresholds for higher taxa in addition to species
[29,62]. Thus, classification can proceed by a uniform set of criteria
from ancient to modern groups.

In contrast, surrogates of DDH possess many disadvantages. One
of the major arguments for surrogates of DDH is that it extends
a tradition of DDH as the major genetic criterion for prokaryotic
species delineation [34]. This argument neglects the practical and
theoretical difficulties of DDH. Although the DDH has been widely
used, the accuracy of values reported in the literature is generally
quite low [17]. DDH is not symmetrical. Thus, the DDH of strain A to
strain B may be different from that of strain B to strain A. When this
occurs, there is no theoretical basis for choosing the lessor or greater
value or an average of the values. The DDH is also sensitive to the
genome size, which is known to vary within species. Thus, even
though DDH has been widely used to delineate prokaryotic species,
it lacks a precise physical and chemical interpretation. While the
‘average’ DDH may provide a good sense of prokaryotic diversity,
the particular values for any lineage are suspect.

Genomics for identification of functional properties of
taxonomic groups

In addition to setting the criteria for delineation of species,
genomics can play an important role in how thresholds are applied.
While thresholds are necessary to maintain uniformity in taxo-
nomic ranks among phylogenetic lineages, there are many reasons
why they should be applied flexibly [12,35]. First, no matter what
threshold is chosen, there will be certain groups that fall just below
or above the threshold and would be inappropriately subdivided or
grouped, respectively (Fig. 1). A related problem is the difficulty in
applying thresholds to all strains in a species. For instance, if the
threshold is 95% similarity, strains A and B may both possess 95%
similarity to the type strain but <95% similarity to each other. In
these cases, there may be little value in grouping these strains as
separate species. Lastly, there will likely be some lineages where
the evolutionary processes are so complex that comparisons of
sequence similarity are of little value (Fig. 1D). Genomics will help
recognize these lineages and avoid creation of superfluous species.
Thus, thresholds are necessary but not sufficient for classification,
and other factors such as the physiology and ecology of the groups
being classified will have to be considered [49].

Because genome sequences provide enormous insights into the
biology of organisms, they are an excellent tool for identifying
features that will assist in the final classification [45]. For com-
plex processes, such as development, stress response, quorum
sensing, more will be inferred from the genome sequence than ever
directly measured for most species. Likewise, for many fastidious
organisms, more will probably be known about their physiology
and metabolism from their genome sequence than it will ever
be possible to observe directly. The genome sequence also pro-
vides enormous insights into the evolutionary processes within
a group. By revealing deep insights into the biology of the orga-
nisms, genome sequencing will reveal the functional criteria most
appropriate for creating biologically relevant classifications.

Historically, polyphasic taxonomy has served this role. Polypha-
sic taxonomy analyzes the relationships among prokaryotes by
combining many types of evidence, from ecological to molecular,
and often includes sequence as well as growth and chemotaxo-
nomic data [10,19,56,58]. However, many of the growth tests and
chemotaxonomic analyses are time-consuming and expensive to
perform [57]. Because of their low reliability, the type strains must
often be reanalyzed each time a new isolate is added to a group
[56]. Importantly, these methods often provide very limited infor-
mation about the biologically relevant properties of an organism
or those properties likely to play a significant role in an organ-
ism’s persistence in the environment or evolution. For instance,
growth experiments are typically conducted in laboratory media
with enormous quantities of single substrates. By their very nature,
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Fig. 1. Thresholds are necessary but not sufficient for species delineation. Thresh-
olds based upon an Overall Genome Relatedness Index or OGRI is indicated by the
dashed line in four hypothetical situations. Lineages with different biological prop-
erties are indicated by different colors. In (A) the threshold correctly distinguishes
between two lineages with different properties. In (B) the threshold fails to distin-
guish between the two lineages, and they are inappropriately grouped together. In
(C) the threshold inappropriately separates the two lineages into four by splitting
the two groups with similar biological properties. In (D) the important biological
properties of the strains are not distributed according to the phylogeny and it is
inappropriate to differentiate specific lineages based upon thresholds.

these conditions are artificial with little relevance to environmental
conditions where low concentrations of mixtures of substrates are
common. Not surprisingly, growth rates common in the laboratory
are seldom observed in nature. Similarly, while the chemical com-
positions of membrane, cell walls, and other cellular components
are of occasional interest, they seldom provide insight into dif-
ferences in the functional properties of closely related organisms.
While polyphasic taxonomy was once good practice, genomics pro-
vides so much more genetic and functional information that this
approach is unlikely to provide additional taxonomic insight. As

the database of genome sequences becomes more complete, the
usefulness of many chemotaxonomic tests will continue to dimin-
ish. For this reason, it is recommended that they be discontinued
for most descriptions of species.

Genomics for delineation of higher taxa

The same concerns that exist at the species level also occur at
the higher taxonomic ranks. In addition, the phylogeny of the taxo-
nomic groups becomes critical at the higher taxonomic ranks where
phylogenetic trees based upon single genes often fail to resolve the
tree. For instance, 16S rRNA gene trees fail to resolve branching
patterns of most of the orders within the class Actinobacteria [33].
Complete or draft genome sequences can overcome many of these
limitations. Because many more genes are available for analysis,
paralogous genes and genes with evidence for horizontal genetic
transfer can be avoided. Likewise, it would be possible to correct for
compositional differences resulting from changes in the G+ C con-
tent or other factors and concatenate protein sequences to improve
the phylogenetic signal. Thus, genomics may resolve many of the
deep branches in the phylogenetic tree of prokaryotes.

Genomics in the description of novel species

The opportunity genomics provides to microbial systematics
is enormous, and we should expect that genome sequences will
become common in descriptions of new species. The sequences
are just too valuable not to determine. Moreover, the value of
the sequences increases with the size of the data base of genome
sequences. According to a search of the NCBI database, at the end of
2014 complete or draft genome sequences were available for about
3600 type strains of prokaryotes. The DOE-]GI initiatives, such as
the Genomic Encyclopedia of Bacteria and Archaea (GEBA) and the
Thousand Microbial Genome (KMG) projects, seek to increase this
valuable resource [24,26,61]. Thus, we should envision and plan for
a future in which genome sequences are available for the majority
if not all 12,000+ species type strains. For this reason, it is rec-
ommended that whenever possible the description of new species
include a high quality draft or better genome sequence [8].

The genome sequence could also serve as the type material
for species descriptions. There is no inherent conflict with this
approach and the principles if not the rules of the Bacteriological
Code. The principles of the Code only require that species be unique
and completely identified prior to naming [60]. In 1990, the Bacteri-
ological Code allowed for descriptions and preserved specimens to
serve as the type [see Rule 18a [28]]. For example, Pasteuria ramosa
isan obligate parasite of nematodes which has never been cultured,
and the type material is the extensive description by Metchnikoff
[37].

The requirement for type strains composed of live cultures is rel-
atively modern and follows from two related changes in the rules.
The first created the designation of candidatus for taxa of uncultured
prokaryotes where the phylogeny was known by sequencing of sin-
gle genes from environmental DNA and the morphology was known
based upon fluorescence in situ hybridization or similar techniques
[13,27,42]. These changes were adopted to prevent the creation
of large numbers of poorly described taxa based upon clones of
16S rRNA or other genes from environmental samples. Because
candidatus names do not possess priority, a second nomenclatu-
ral system was created. The reasons given for this special category
were the following. The sequence of a single gene is not repre-
sentative of the organism and that the “whole capability of the
organism must be considered in taxonomic arrangements” [41]. In
addition, polyphasic taxonomy is necessary for a proper classifica-
tion [42].In summary, the molecular methods used at the time were
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not sufficiently precise to uniquely identify a prokaryotic species.
However, these arguments did not anticipate the wealth of infor-
mation available in the genome sequence, which is representative
of the entire organism and greatly exceeds the requirements for
candidatus status.

Currently, descriptions of new species also require the deposi-
tion of type strains in two public culture collections [27,40]. A major
goal for this rule is to allow for an unequivocal identification of the
species. Prior to widespread genome sequencing, additional pheno-
typic and genotypic tests were necessary to insure the uniqueness
of isolates. Thus, a living culture of the type strain had to be pre-
served to serve as the standard for the description of future isolates.
However, when genome sequences are available, comparison of
these sequences can serve this purpose. Thus, while there may be
many other excellent reasons to deposit cultures in publically avail-
able collections, the requirements for systematics can be met by the
genome sequence alone.

The requirements for deposition of live cultures strongly biases
prokaryotic nomenclature towards organisms that are easily cul-
tivated by public culture collections. For instance, in the last ten
years pure or highly enriched cultures have been obtained for a
number of nitrifying archaea related to Candidatus Nitrosopumilus
maritimus [5,11,16,22,30,31,39,43,44]. These fastidious prokary-
otes are key components of the N-cycle and among the most
abundant archaea in the ocean and soil. With one exception [53],
most of the species remain candidatus in spite of extensive char-
acterization and genome sequences. Thus, they are much better
characterized than anticipated by the original candidatus proposal
[42]. Similarly, many endosymbionts require complex growth con-
ditions that are difficult to replicate in the laboratory. For instance,
Candidatus Criblamydia sequanensis was isolated from river water
by co-culture in the amoeba Acanthamoebia castellanii [55]. Given
these exacting growth requirements, it is not reasonable to expect
that viable cultures will ever be maintained by public culture
collections. By preventing the formal description of fascinating
and important prokaryotes like these, the rules encourage the
development of an informal nomenclature unregulated by the
Bacteriological Code and threaten to undue the decades of effort
necessary to create the modern system [15].

Lastly, preservation of cultures of type strains comes at enor-
mous expense and requires maintaining large culture collections
dedicated to this purpose. Using genome sequences as the type
material will provide an opportunity to reallocate resources in cul-
ture collections to the study of the most important and valuable
cultures. The current system of type strains was developed when
the number of known species was in the thousands. The number of
described species is now about 12,000, and the number of species
on earth is probably in the millions [62]. The current system where
cultures of type strains must be preserved would require expansion
of the culture collections at least a hundred-fold to fully describe the
richness of prokaryotic life on earth. An alternative is to use genome
or other sequences, which can be easily stored on electronic media,
as the nomenclatural type material for new taxa. Culture collections
can then focus of preserving the most biologically interesting cul-
tures that are likely to be of the greatest scientific and economic
value.

Genome sequence as type material

Therefore, it is recommended that the genome sequence be
allowed serve as the type material when it has been obtained from
either a clonal population or a single cell. In this case, samples of
the DNA should be submitted to public culture collections to insure
the authenticity of the sequence. When the genome sequence is
not possible, as might be the case for obligate endosymbionts,

multilocus sequence analyses would be a suitable alternative if
it can be shown to provide an unambiguous identification of
the species. However, metagenomes or other genome sequences
inferred by combining sequences from many closely related but not
identical strains are inherently ambiguous and are not suitable type
material. This recommendation should be implemented by revision
of parts of Rules 18a and 27 [3], which describe the requirement of
the type of a species or subspecies [28], as below:

[Rule 18a]. The type material of a species or subspecies must
unambiguously identify the taxonomic group and is a desig-
nated strain or other material. A type strain is made up of living
cultures of an organism which are descended from a strain des-
ignated as the nomenclatural type. The strain should have been
maintained in pure culture and should agree closely in its char-
acters with those of the original description (see Chapter 4C).
The type strain may be designated in various ways (see Rule
18b, ¢, and d). Sequence of genomic DNA may also serve as
the type material when it unambiguously identifies the species.
When possible, it should be a high quality draft or better genome
sequence. As new methods are developed, they may serve as the
type material so long as they unambiguously identify the species
or subspecies and can be readily archived and compared.

[Rule 27 [3]]. The type of the taxon must be designated. In the
case of species or subspecies the culture collection numbers of
at least two publically accessible service collections in differ-
ent countries where a subculture of the type strain has been
deposited must be indicated. In the case of sequences the catalog
numbers of at least two publically accessible service collections
in different countries where a sample of the DNA that has been
deposited must be indicated.

Inthisregard, itis important to distinguish between the minimal
practice which is demanded by the Bacteriological Code and good
practice which is dependent on the specific research field [54,57].
The system of nomenclature envisioned in the Bacteriological Code
requires that the description of a novel species be sufficiently
unambiguous to assign priority. For many taxonomic groups, the
sequences of a relatively small number of genes, such as those used
in multilocus sequence analyses, fulfill this requirement as well as
the genome sequence [12,19,57], and this topic has been reviewed
in depth in another article in this issue [48]. Similarly, under some
conditions genome sequences with very low coverage are able to
distinguish novel species [3,46]. Lastly, for patent or other strains
whose distributions are limit by law or contract, genome sequences
with the commercially valuable sequences deleted would also sat-
isfy the minimum requirements for taxonomy. In the future, other
technologies may be discovered that also meet this standard and
should also be suitable type material for nomenclatural purposes.

In contrast, good practices are relative, and criteria consid-
ered crucial to some fields are often irrelevant or impossible for
others. For instance, the taxonomic descriptions of thermophiles
often include detailed growth responses to temperature. The
descriptions of anaerobes often include fermentation profiles, and
descriptions of plant pathogens often include host ranges. Descrip-
tions of novel taxa from these groups would poorly serve their
communities if they lacked these data. Good practices should be
enforced by reviewers, editors, and granting agencies during peer
review and not the Bacteriological Code.

For the reasons given above, it is neither possible nor desirable to
define universal good practices; it is possible to describe a reason-
able set of criteria that could be considered by authors, reviewers
and editors [54,57]. If the draft genome sequence is the type mate-
rial, it should comprise >30-fold coverage. For genomes less than
5 mb, the number of contigs should be <150. For larger genomes,
the number of contigs should be <400. These goals would be readily
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achieved by Illumina 100 bp pair-end sequencing for most prokary-
otes. At this sequencing depth, the mol% G + C of the draft sequence
would be close to the true value, which is evidence that large gaps
are absent [20]. Moreover, >97% of the genes would be identified,
and ANIs would be close to the true values (J. Chun, personal com-
munication). The sequence should also be accompanied with the
appropriate metadata [1]. As appropriate, this would include basic
information about the original sample from which the strain was
isolated, such as geographic location (longitude and latitude), time
and date of collection, depth or altitude, and any special condi-
tions. It would also include basic properties of the organism, such
as the temperature, pH and salinity ranges and optima, doubling
time under optimal conditions, relationship to O, carbon sources,
and terminal electron acceptors. The cell shape, motility, and abil-
ity to form endospores or other resting cells should be reported.
Recommendations should also be provided for good growth media,
storage conditions, and availability, i.e. deposits in culture collec-
tions.

Similarly, distribution of cultures plays integral roles in scien-
tific communication and reproducibility and is invaluable to the
progress of many fields of bacteriology [38]. Some journals such as
those published by the American Society for Microbiology require
sharing of biological materials as a condition of publication. Thus,
deposition of type strains in culture collections or sharing with
other investigators is good practice in many fields of microbiol-
ogy. However, in some fields it is clearly impossible or impractical.
Sometimes the growth conditions are so extreme that culture col-
lections cannot maintain them. Sometimes legal restrictions on
the distribution of the strains preclude deposition, such as patent
strains. Whatever the reason, decisions the suitability of deposi-
tions of type strains of novel species are best made by specialists in
the taxonomic group.

Recommendations

Itis proposed that the sequence identity of homologous genes be
accepted as the new criterion for delineation of species. Sequence
identity could be based upon measures of the entire genome such as
ANIand distance formula d4 of the GGDC package, selections of spe-
cific genes such as specl or multilocus sequence analysis, or similar
criteria deemed to be appropriate for each prokaryotic group. The
similarity of gene content or DDH will then become a describable
property of the species, as important to describing the properties
of the group as its habitat, cell envelope structure, metabolism and
other biological properties.

Given the enormous value of genome sequences to understand-
ing the systematics and other biological properties of a species, the
genome sequence of the type strain should be included as part of
the description of all new taxa whenever possible.

The genome sequence may serve as the type material for
description of novel taxa. However, the sequence must be derived
from either a clonal population or a single cell, as is currently the
case for axenic cultures. When the genome sequence is not pos-
sible, as might be the case for obligate endosymbionts, multilocus
sequence analyses would be a suitable alternative if it can be shown
to provide an unambiguous identification of the species. To verify
the authenticity of the sequence, samples of the DNA should be
submitted to public culture collections.
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