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ARTICLE INFO ABSTRACT

Keywords: ) . To date, far less than 1% of the estimated global species of Bacteria and Archaea have been described and
Not-yet-cultured microorganisms their names validly published. Aside from these quantitative limitations, our understanding of phenotypic
Tax°“°”l‘y and functional diversity of prokaryotes is also highly biased as not a single species has been described
?;ﬁf;:;;sture for 85 of the 118 phyla that are currently recognized. Due to recent advances in sequencing technology

and capacity, metagenomic datasets accumulate at an increasing speed and new bacterial and archaeal
genome sequences become available at a faster rate than newly described species. The growing gap
between the diversity of Bacteria and Archaea held in pure culture and that detected by molecular methods
has led to the proposal to establish a formal nomenclature for not-yet-cultured taxa primarily based on
sequence information. According to this proposal, the concept of Candidatus species would be extended
to groups of closely related genome sequences and their names validly published following established
rules of bacterial nomenclature. The corresponding sequences would be deposited in public databases
as the type. The suggested alterations of the International Code of Nomenclature of Prokaryotes raise
concerns regarding (1) the reliability and stability of nomenclature, (2) the technological and conceptual
limitations as well as availability of reference genomes, (3) the information content of in silico functional
predictions, and (4) the recognition of evolutionary units of microbial diversity. These challenges need
to be overcome to arrive at a meaningful taxonomy of not-yet-cultured prokaryotes with so far poorly
understood phenotypes.

International Code of Nomenclature of
Prokaryotes

© 2018 Elsevier GmbH. All rights reserved.

Current challenges in understanding microbial diversity

Despite decades of cultivation and isolation attempts, only
about 14,000 species of Bacteria and Archaea, probably represent-
ing 0.1-0.001% of the estimated global species number, have so
far been validly published [47] (Fig. 1). Even more significantly,
laboratory cultivation has returned predominantly isolates from
four bacterial phyla (Proteobacteria, Actinobacteria, Firmicutes, and
Bacteroidetes), many of which are easily cultivated on existing,
commercially available media. On the opposite, only 10% of the
described species are affiliated to the other 29 other bacterial and
archaeal phyla that contain cultivated representatives, and no sin-
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gle isolate is currently available for 85 phyla [47]. One important,
but often grossly underestimated, challenge is the repeated fail-
ure of subculturing, purifying and preserving interesting candidates
from promising primary enrichments. Despite recent advances in
cultivation technology, these latter key steps of the retrieval of
novel microorganisms have remained particularly tedious and time
consuming. In addition, a comparatively small number of labora-
tories is actively involved in systematic cultivation trials targeting
novel types of bacteria. As a result, progress in the description of
novel species has been rather slow, i.e. on the order of 600-800
novel species year~!, and the severe bias towards the cultivation
of only four major bacterial phyla has remained and even become
more pronounced over the past years [47].

Due to advances in high-throughput sequencing technology,
new 16S rRNA gene sequence types have been accumulating
exponentially in the databases over the past 15 years and new
species-level operational taxonomic units (OTUs) were recognized
at a rate that exceeded the rate of species description almost 100
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Fig. 1. Increase in numbers of rRNA sequences (blue columns) and OTUs (orange columns, defined as OTUs with 98.7% similarity of their 16S rRNA genes) in SILVA REF 114
[76], as well as of validly published species names (red dots), and Candidatus species (green dots) between 1980 and September 2017. Numbers of rRNA sequences were
compiled from https://www.arb-silva.de/documentation/release-132/and their “Former statistics”, accessed in March 2018. The numbers of species were extracted from
“Prokaryotic Nomenclature Up-to-date” (Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures, Germany, accessed in September 2017). Candidatus
species were searched with the keyword “candidatus” in LSPN (http://www.bacterio.net/), JSEM (http://ijs.microbiologyresearch.org/content/journal/ijsem), Sciencedirect
(https://www.sciencedirect.com) and PubMed (https://www.ncbi.nlm.nih.gov/pubmed), accessed in May 2018. From all the returned articles, publication years and the
names of the Candidatus were extracted from the article titles, followed by manual curation to remove duplicates. Only Candidatus species and subspecies were included in

the analysis. Numbers of OTUs in SILVA REF 114 were taken from Yarza et al. [76].

fold (Fig. 1; [76]). Meanwhile, even full bacterial genome sequences
become available at a faster rate than newly described species [46].
Phylogenetically distant bacterial species are expected to feature
novel biosynthetic pathways and unknown biochemical character-
istics. This has been substantiated for Tectomicrobia [ 74], Chloroflexi
[23,40],Acidobacteria|48], Thaumarchaea[35] and others. However,
a better understanding of microbial diversity still depends on the
availability of laboratory cultures for assessing their biochemical
and physiological traits [47]. The pronounced bias of cultivation
approaches towards a few taxonomic groups together with the
persisting limitations of culture-independent omics approaches
(detailed below) severely limit our current understanding of bac-
terial diversity. Eventually, both must be overcome.

The concept of Candidatus or “Uspecies” to classify
not-yet-cultivated microbes

In order for the name of a bacterial species to be validly pub-
lished, the International Code of Nomenclature of Prokaryotes
(ICNP) requires that a type strain, isolated in pure culture, is des-
ignated [50] and is deposited in two internationally recognized
culture collections [66]. While axenic cultures are preferred there
is some degree of leeway with regards, e.g., to cultures of defined
symbionts.

Recognizing that a considerable number of microorganisms
remain difficult or may even be impossible to isolate in pure cul-
ture (such as obligate symbionts), the category Candidatus was
established as a means to unequivocally identify and name them.
As originally proposed, the Candidatus status is provisional, deal-
ing with putative taxa, and can be assigned to not-yet-cultivated
microorganisms which represent unique 16S rRNA gene sequence
types that have been authenticated through in situ-hybridization
[38]. In its subsequent recommendation, the International Com-
mittee on Systematic Bacteriology (ICSB) stated that all additional
information so far available such as the morphology, physiology
and metabolism, reproductive features, and the natural habitat
should be included in the Candidatus description [39]. Since 2002,
the category Candidatus is mentioned in the International Code of

Nomenclature of Prokaryotes ([9,50]). However, as putative taxa,
Candidatus names are not validly published under the Code and
hence have no status under the Code and do not have priority in
nomenclature. It has to be pointed out, that the original proposal
emphasized the need for subsequent cultivation attempts, based
on the information gathered for a Candidatus [38].

So far, the Candidatus category has been used rather rarely for
the description of novel types of bacteria. Only 402 Candidatus
species and subspecies have been described as of May 2018 (Fig. 1).
The time course of new Candidatus descriptions reveals that, after
introduction of this category in 1994, numbers increased more or
less exponentially for about 10 years but then proceeded at a rather
constant rate (Fig. 1). The overall low number of descriptions has
been attributed to the lack of general standards and the lack of pri-
ority of Candidatus names in official nomenclature [26]. However,
the results of a more detailed analysis suggest that the limited use
of the Candidatus concept likely is due to different reasons.

The category Candidatus was established to accomodate puta-
tive taxa of organisms such as those that had not been cultivated.
This includes symbionts and parasites of eukaryotic cells or cer-
tain bacteria with conspicuous morphological features; in fact the
category is still mainly used for this purpose (e.g., [36]). As an
example, of the 115 Candidatus taxa published in recent years since
2014 (Fig. 1), 80 were described as endobionts/pathogens of pro-
tozoa, animals or plants, and at least 7 as constituents of bacterial
biofilms or consortia. Another 12 Candidatus species belong to phy-
logenetically and ecologically highly divergent groups that can thus
be more easily distinguished, like the Thaumarchaeota, anammox
planctomycetes, Verrucomicrobia, Spirochaetae or Nitrospira. Thus,
it becomes evident that Candidatus descriptions are considered
worth the effort only if the bacteria described are significant for
human health or plant protection, or have a particularly interesting
biology. Secondly, the often specific association and localization of
these bacteria facilitated the analyses of their DNA sequences and
phenotypic characteristics, and permitted a rather advanced and
detailed description.

Molecular ecological studies of bacterial communities across a
multitude of environments have yielded 16S rRNA gene sequences
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of so far about 260,000, often free-living, bacterial species (defined
as OTUs with 98.7% similarity of their 16S rRNA genes) [76] (Fig. 1).
In an attempt to promote a more systematic classification of
this vast diversity of not-yet-cultivated bacteria and to render
it compatible with the established bacterial taxonomy, “Candi-
datus Taxonomic Units” (CTUs) were introduced [76]. CTUs are
defined as bacterial groups that represent unique monophyletic
sequence clusters. A hierarchical system was proposed, in which
within-cluster 16S rRNA gene sequence similarities on each level of
classification are based on a statistical analysis of the 16S rRNA gene
sequence similarities between taxa with validly published names
(for instance by lower thresholds of 98.7, 94.5, 86.5, 82,0, 78.5, 75%
and medians of 98.6, 95, 92, 89, 86 and 83% for species, genera,
families, orders, classes and phyla, respectively; [26,76]).

A subsequent development considered the rapidly increasing
amount of metagenomic data that is currently becoming available
through high throughput sequencing, and it has been suggested
that sequences obtained from metagenomic studies serve as the
basis for the classification of candidate families, genera, and species
[25,26]. This suggestion is based on several rationales. Firstly,
metagenomic analysis of natural microbial communities indi-
cate that distinct populations of closely related bacterial genome
sequence types exist. Since the sequence average nucleotide simi-
larities (ANI) between individual genomes within each population
is typically >95% (similar to the ANI between cultivated bacteria
of one species) but sufficiently discrete (ANI <90%) to distinguish
them from other co-occurring populations, they match the current
species definition. Secondly, these genomically defined populations
often do not display the distinct morphology or phenotypic prop-
erties that are required for the description of a Candidatus. Thirdly,
many of these populations are abundant, may have key functions
in the ecoystem, and therefore should be classified for future ref-
erence. Fourthly, it has been argued that the information content
of genome sequences retrieved from natural communities is fre-
quently as good as, or even better than, that of the characterization
of strains associated with the valid publication of a name, since
phenotypic characterizations of laboratory pure cultures have been
deemed unreliable and traits determined were suggested to be
uninformative [25,26,65].

Based on the above considerations, it has been concluded
that classification of not-yet-cultured microorganisms based on
metagenomic sequences represents the only realistic approach to
classify existing bacterial diversity within the years to come. The
alphanumeric identifiers that are currently in use for phylogenetic
clades of not-yet-cultivated bacteria (e.g., “J]S1”, “SAR11”, “SUP05”)
do not inherently reflect the taxonomic rank and also do not inform
about phenotypic or ecological features of environmental taxa.
Therefore, a proposal has been put forward to implement a second
nomenclatural system just for not-yet-cultivated taxa, in parallel
and independent of the ICSB but instead governed by a novel official
expert committee under the auspices of an international micro-
biological society or organization. It was suggested to apply this
nomenclatural system under the ICNP to enable later convergence
with established prokaryotic nomenclature. The nomenclatural
system for not-yet-cultivated taxa should follow standards that rely
on comparative genome sequence analyses [26] and would lead to a
list of validly published names (denoted by a U superscript as a pre-
fix of the taxon name) that is entirely separate from the existing list
of cultivated bacterial species with validly published names. Origi-
nally it had been suggested to deposit gene sequence data that are
sufficient to unambigously identify a species as type in databases
[73]. In the most recent proposal, a mosaic consensus sequence of
related genomes of an environmental “Uspecies” would then serve
as type and be deposited [26].

Systematics is key to bacterial diversity research since it serves
to delineate, order, and name the evolutionary units of diver-

sity and to provide information on their distinctive (phenotypic)
characteristics. Without a coherent systematics, progress in the
understanding of bacterial diversity can hardly be envisioned. An
entirely independent, exclusively (meta)genome-based, nomen-
clatural system for not-yet-cultivated prokaryotes faces major
challenges: (1) the reliability and stability of nomenclature, (2)
technological and conceptual limitations as well as long-term avail-
ability of reference genomes, (3) the limited information content
of in silico functional predictions, and (4) the recognition of evo-
lutionary units of microbial diversity. These challenges need to be
addressed and inherent problems must be solved prior to formal
establishment of a new systematics for prokaryotes.

Reliability and stability of nomenclature

As has already been pointed out in a comment to the proposal
by Konstantinidis et al. [26], confusion would be unavoidable if a
second nomenclatural system operated in parallel and essentially
independent of the Bacteriological Code [44]. Even if comparable
rules would be employed and information on names of not-yet-
cultured prokaryotes are made readily available through public
databases, no mechanism would exist to prevent the generation
of synonyms (different names for the same species), homonyms
(same name for different species) and an incongruence of taxo-
nomic units (e.g. the same formally described species only partially
overlap) recognized by the two systems. This is what has hap-
pened in the systematics of cyanobacteria [45]: LPSN [31] lists just
6 species names which are validly published under the Prokary-
otic Code, whereas >2000 species have been described under the
Botanical Code based solely on morphological traits [21]. Attempts
to devise and publish recommended standards and an approved
list of cyanobacterial species names have kept different bodies
and committees busy for more than 40 years but failed so far
([17,20-22,32,64]). A unification of these two nomenclatural sys-
tems is still not within sight and probably unrealistic for the next
years to come.

If the priority of names for not-yet-cultivated taxa shall be rec-
ognized, the only approach that avoids confusion between the
nomenclature of cultivated and not-yet-cultivated prokaryotes is
a careful modification and amendment of the existing Prokaryotic
Code [73]. This was also originally intended for the taxonomy of
not-yet-cultivated taxa [27].

Technological and conceptual limitations, and long-term
availability of reference genomes

According to the proposed novel concept for the taxon-
omy of not-yet-cultured prokaryotes, (mosaic consensus) genome
sequences provide the basis for the delineation of taxa and at the
same time serve as a long-term and reliable reference, i.e. as type.

The reconstruction of genome sequences from metagenomic
data is based on the assembly of sequencing reads into contigs
and the subsequent binning of these contigs into groups that
are thought to derive from the same microbial population (i.e. a
species). Recent tests with simulated datasets revealed that the
software tools available for these tasks performed impressively
well when reconstructing genomes from diverse families or gen-
era, whereas the two processing steps were much less efficient and
more error prone at the species level. The assembly quality varied
substantially depending on the software and parameter settings
being used [30,60]. Importantly, all assemblers performed poorly
when closely related genomes (ANI >95%) were present in the sim-
ulated sample [60]. Similarly, in an analysis of a defined mixture
of prokaryotic genomic DNA by using three different assemblers,
strain diversity caused assembly failure despite complete repre-
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sentation of genomes in short-read sequencing data [2]. None of
the presently available software tools was able to simply condense
such related genome sequences into mosaic consensus sequences
as recently suggested [26]. The performance of binning tools on
simulated data also varied widely [60]. From samples composed
of unique strains with <95% ANI, bins commonly contained up to
20% incorrectly assigned contigs that were in fact derived from
different genomes. When closely related strains (ANI >95%) were
present, binning accuracy deteriorated, such that more than 30%
of recovered sequences were assigned incorrectly in the major-
ity of experiments [60]. However, the co-occurrence of multiple,
closely related genomes may be common in natural environmen-
tal samples [24], and hence is a realistic hurdle to metagenomic
analysis. The sequencing of genomes of single cells cannot solve
this problem in all cases, since whole-genome amplification often
skips a considerable fraction of the genome and also may introduce
single-nucleotide errors at a rate of several percent [8]. The result-
ing sequence information may thus be insufficient for delineating
a species in many cases.

High proportions of wrongly assigned sequence stretches in
draft genome sequences may compromise the quantification of
genome similarity (needed for delineation of species), and at the
same time affect gene and phenotype predictions (needed for the
prediction of properties that would be included in a description,
see below). Evidently, the abilities and limitations of metagenomic
methods require further investigation, preferably by analyses of
mock communities with defined composition, but such studies
have as yet been performed rarely [49]. While various software
tools have been developed for validation of genomic assemblies,
most of these are not appropriate in metagenomic settings [42].
Validation methods based on marker genes perform best with
genomes from well-studied phylogenetic groupings, for which
high-quality reference sequences are available [51]. The most
accurate and universal tools for metagenome assembly validation
currently are based on the detection of inconsistencies between
the de-novo assembly and a subsequent alignment (mapping) of
the same sets of sequencing reads, but these methods are plagued
with high false-discovery rates [42]. As yet, the choice and param-
eterization of assembly tools requires a trade-off between contig
length and contig purity. Undoubtedly, bioinformatic tools for
metagenome assembly and validation will continue to be devolped
rapidly, and many of these obstacles may be overcome in the future.
Arguably though, effective approaches for the quality assessment
of genome assemblies from unknown organisms will be required
most urgently [42].

Some of these limitations maybe overcome by complement-
ing the standard short-read by additional long-read sequencing
approaches. While short-read sequencing has become truly high
throughput, low in error, and cost effective (US$ 0.012 per
Megabase; [72]), available long read technologies are still more
error-prone, require more sample input, higher sample quality, and
are more costly (e.g., US$ 0.1 per Megabase for the PacBio Sequel
technology; Dr. Ralph Vogelsang, pers. communication) which may
hinder their widespread application. Given the current situation
in sequencing costs and the existing limitations of bioinformatic
tools, many species present in the natural environment may not
be recogenized in a sufficiently reliable manner for more years to
come.

A second point of concern is that a metagenomic sequence
obtained from an environmental sample represents the genetic
makeup of a certain cell at a particular point in time. In addi-
tion, all (meta)data obtained (e.g., for temperature, salinity, pH,
carbon substrates, or a possible host) that are used for the for-
mal description of a genomically defined taxon are linked to
this particular sequence. Bacterial genomes evolve rapidly in
their natural habitats and even under constant environmental

conditions in the laboratory. Escherichia coli populations acquire
sufficient non-synonymous mutations, causing different adapta-
tions and distinguishable fitness phenotypes, within two decades
[29]. Genetic changes mediated by transposons, prophages and
plasmids can confer more conspicuous phenotypic differences over
rather short time periods [4,10,56,75]. Relevant phenotypic char-
acteristics therefore may appear or disappear rather quickly in
natural populations, hence the original description of a genomi-
cally defined species may not match the same populations under
the same selection pressures when assessed at a later point in time.
Similar to cultures of type strains that are preserved in liquid nitro-
gen to minimize genomic changes and to allow future analysis of
the originally isolated type, only sufficient, defined amounts of well
preserved metagenomic DNA deposited at two independent col-
lections in two countries will enable future comparative studies of
the metagenomic sequence types that were originally described. In
addition to a unique identifier, accompanying information on the
other taxa present in these DNA samples should be provided.

Taken together, the technical limitations of obtaining high qual-
ity genome sequences for bacteria from complex samples, the
continuous evolution of microorganisms in the environment, and
the need for being able to validate and reproduce their genome
sequence data, currently limit the recognition of species and also
render it mandatory to physically deposit sufficient genomic mate-
rial in a public repository for future reference before a genomically
defined species can be described and formally named. In the future,
high quality genome sequences (for instance with an error level
of 10-6 that can presently be attained for pure cultures) may
become feasible and affordable also for mixed assemblages. Until
then, depositing genomic DNA as a voucher would ensure later
reassessment by improved sequencing technologies. Sneath [62]
had already proposed the deposition of dead material that may be
used as a source of DNA, but in both cases (complex samples or
DNA extracts) there would be limited access to a defined quantity
of physical material.

A third concern pertains to the applicability of a rather narrow
range for numerical threshold values for genome sequence similar-
ity to delineate different bacterial taxa. The emergence of different
bacterial groups is due to different evolutionary mechanisms. Rates
of homologous recombination (relative to mutation rates) vary
widely in different bacterial species [71]. For example, lineages
within Helicobacter pylori exchange 1.5% of their genome per year
through highly frequent recombination, resulting in a panmictic
population structure with a particularly low sequence similarity of
orthologous genes (92.6%; [11]); every third nucleotide is polymor-
phic [1]. This is clearly no exemption, since recombination is the
main driver of the evolution also of the free-living marine “Candi-
datus Pelagibacter ubique” or the marine opportunistic pathogen
Vibrio parahaemolyticus. In sharp contrast, numerous other bac-
teria such as the marine Microcoleus chthonoplastes show relative
recombination rates that are two orders of magnitude lower [71].
Based on a recent detailed population genomic analysis, recom-
bination within marine Phaeobacter species is very limited or even
not detectable; in addition the divergence of genome sequences dif-
fers considerably between different species of the same genus (i.e.
ranges between 6.2 and 0.01% in the core genome, far beyond the
rather narrow range for numerical threshold proposed so far; [13]).
Furthermore, specific parts of bacterial genomes are subject to lat-
eral gene transfer, leading to lineages with similar core genome
sequences that can occupy different niches and become geneti-
callyisolated. The E. colilaboratory strain MG1655 and the outbreak
strain 0157:H7 share 4.1 Mb of homologous backbone genome with
only 1.8% of variable positions, but contain 0.53 and 1.34 Mb of lin-
eage specific genome segments, respectively, mostly acquired by
horizontal gene transfer [53]. Because of this varying importance
of the different evolutionary mechanisms, the numerically defined
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ranges of sequence similarity alone are probably not sufficient to
delineate bacterial taxa, if the latter were to represent coherent,
evolutionary units.

The current definition of a species — a coherent group of microor-
ganisms that can be identified as a unit (monophyletic group)
through polyphasic studies and that can be clearly discriminated
from other such entities [57] - is flexible enough to allow for these
different population structures of bacterial species. In contrast, a
narrow threshold of core genome similarity for the delineation of
taxa does not account for the heterogeneity in the evolutionary tra-
jectories of different bacteria and hence may entice researchers to
erroneously dismiss or overemphasize biological differences.

Information content of in silico functional predictions

For a genome-based taxonomy of not-yet-cultivated prokary-
otes, it has been suggested to provide functional predictions for a
minimum of 33% of the genes present in an environmental genome
[26].

Unknown and hypothetical genes are significantly more numer-
ous for genomes of not-yet-cultured or poorly covered prokaryotic
phyla where they can account for >75% of all open reading frames
[47]. In fact, the fraction of genes which can be annotated for a
given genome is positively correlated with the fraction of culti-
vated representatives in the corresponding phylum [47]. Hence,
functional predictions to date largely rely on the availability of
annotated genomes from closely related cultured representatives
[7,33].In a genome-based taxonomy of not-yet-cultivated prokary-
otes, functional predictions thus will be confined a low fraction of
annotated genes, sometimes even less than the 33% suggested. At
the same time, this fraction typically provides information on gen-
eral housekeeping genes and genes of central metabolic pathways
[3,5], whereas only few genes can actually be linked to puta-
tive taxon-specific, distinguishing functional traits [41,61,68,74].
In addition, traits deduced from metabolic reconstructions were
sometimes subsequently falsified by physiological and biochem-
ical analyses of the living organisms (e.g., [6,67]). Physiological
traits inferred from genome analysis alone may not correspond
to the observed phenotype, as shown for glycoside hydrolysis
[18,69], and hence require biochemical verification and elucida-
tion of the enzymatic mechanism [41]. Finally, functional traits
that distinguish certain prokaryotic species from their relatives are
often too complex to be easily deducible from genome sequences
alone. Examples are the autotrophic growth via the oxidation of
phosphite [59] or arsenite [43], or the functions of novel types of
photosynthetic antenna in Proteobacteria [16,52]. It is particularly
challenging to infer unusual characteristics like the high affinity
ammonium oxidation of the Thaumarchaeon ‘Candidatus Nitrosop-
umilus maritimus’ [35] or the unprecedented low maintenance
energy requirement of an extremely low-light-adapted anoxygenic
phototroph [34] from genome sequence analyses. Thus, metage-
nomic sequences will allow to delineate prokaryotic taxa based on
sequence comparisons, but often will provide only limited infor-
mation on their specific functional characteristics which is too
unspecific and widespread for a meaningful taxonomic description
of species.

Based on the above considerations, in silico predictions of func-
tional traits are not equivalent or even inherently superior to
phenotypic characterizations as has been argued by some [26,65].
Chemotaxonomic or phenotypic data are not inherently prone to
errors or even meaningless as has been criticized [65], but have a
limited information content only if tests are applied under condi-
tions of low reproducibility or are even not appropriate for testing
a particular target microorganism (e.g., when relying solely on
commercially available kits developed for other types of microor-
ganisms). Quite often, physicochemical data characterizing the

natural environment of an isolate are not obtained or at least not
considered once a bacterium has been transferred to the artici-
fial environment of a laboratory test tube. Evidently, the selective
phenotypic properties that enable a particular type of bacterium
to occupy its ecological niche and which therefore distinguish it
most from others must be considered more systematically in future
systematics.

Thus, genomic analysis of prokaryotic traits and phenotypic
characterizations potentially provide complementary data and
hence are most powerful if combined in taxonomical investigations
— particularly of the not-yet-cultivated prokaryotes.

The role of taxonomy for understanding the evolutionary units of
microbial diversity

A meaningful and long-lasting classification system should
reflect the course and outcome of evolution and should be able to
identify the key properties of members of a taxon. Nomenclature
assigns unique labels to the different taxa. Binominal names given
to a species refer toits classification and characterization and hence
to its distinctive properties.

In the currently employed polyphasic approach, Bacteria and
Archaea are characterized based on the study of pure cultures. How-
ever, the enrichment and isolation of previously uncultivated types
of microorganisms often takes considerable time and effort. One
prominent example is “Candidatus Pelagibacter ubique” that could
be isolated [54]| more than a decade after its discovery (originally,
as the SAR11 sequence cluster; [15]). Tedious, year-long cultivation
and isolation attempts finally yielded representatives of phyloge-
netically deep-branching Actinobacteria [37], and the first cultured
representatives of subdivision 4 and subdivision 6 Acidobacte-
ria that dominate in soils worldwide [12,19]. In an even more
extreme case, it took 92 years after the first description of sym-
biotic phototrophic consortia [28] until the first stable enrichment
(“Chlorochromatium aggregatum”) was reported and characterized
[14], and exactly 100 years until the phototrophic partner of one of
these consortia (“C. aggregatum”) could be described [70]. It is self-
evident that such long-term commitments are not feasible for the
taxonomic description of the vast majority of so-far-uncultivated
bacterial species.

It is this inherently slow pace of species descriptions that has
provoked the recent proposal to base the taxonomy of not-yet-
cultivated bacteria solely on genome sequence comparisons with a
functional annotation of 33% of the genes per genome plus informa-
tion on their habitat and abundance as a minimum and mandatory
requirement [26]. Valuable information on the phenotypic traits
of not-yet-cultivated bacteria can be acquired through an entire
suite of elegant culture-independent methods that have become
available over the recent years. High-resolution analysis (e.g. by
microelectrodes) of a large number of physicochemical parameters
provides initial insights into the possible niche of a microorgan-
ism. Molecular approaches like fluorescent in situ hybridization
(FISH) allows the study of cellular morphology and the distri-
bution of such bacteria in the environment. In certain cases, a
particular morphology of the target microorganisms allows the
identification of specific subcellular features (e.g. by 3D cryo-
electron tomography or super resolution light microscopy) that are
highly informative regarding the lifestyle of the not-yet-cultivated
bacteria or archaea [3]. Metatranscriptomics and metaproteomics
provide information on the expression of particular genes under
specific conditions in situ that can be related to the physicochem-
ical conditions. Metabolic properties can be studied on the single
cell level for a selected 16S rRNA sequence type by microautora-
diographic tracing of radioactively labelled compounds coupled to
FISH (MAR-FISH), or by secondary ion mass spectroscopic tracing of
labelled compounds coupled to FISH (Nano-SIMS). While some of
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Candidatus

Proteobacteria
Actinobacteria - -
Firmicutes - --
Bacteroidetes - - -
Euryarchaeota - - -
Tenericutes - - -
Spirochaetes - --
Deinococcus-Thermus - -
Crenarchaeota - --
Acidobacteria - - -
Thermotogae - --
Verrucomicrobia - - -
Chloroflexi - --
Fusobacteria - -
Planctomycetes -
Aquificae -

Synergistetes -
Chlamydiae

Chlorobi

Balneolaeota -
Deferribacteres - - -
Rhodothermaeota - - -
Thermodesulfobacteria - - -
Nitrospirae - - -
Cyanobacteria - - -
Lentisphaerae - -
Chrysiogenetes - -
Fibrobacteres - --
Armatimonadetes - -
Gemmatimonadetes - -
Unknown - -

Dictyoglomi - - -
Ignavibacteriae - - -
Caldiserica -
Calditrichaeota - - -
Elusimicrobia - - -
Kiritimatiellagota - - -
Thaumarchaeota - - -
candidate division NC10 - -
Candidatus Cloacimonetes - --
Candidatus Korarchaeota - -
Candidatus Parcubacteria - - -
Candidatus Tectomicrobia

Validated

T T
10,000 1,000 100 10

Species no.

Fig.2. Numbers of validly named species and of Candidatus species described for different phyla. Numbers of validly published species names were extracted from “Prokaryotic
Nomenclature Up-to-date” (Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures, Germany, accessed in September 2017). Numbers of Candidatus
species were compiled from bacterio.net (http://www.bacterio.net/-candidatus.html) and from ijs.microbiologyresearch.org(http://ijs.microbiologyresearch.org, accessed in

April 2018).

the above approaches have been recommended for the description
of Uspecies, they were not regarded as mandatory [26]. However,
a more data-rich description would be essential to enable a clear
delineation particularly of those Uspecies (e.g., from uncultivated
phyla; see above) for which only a low fraction of the genome can
currently be annotated.

Evidently, and similar to cultivation-based approaches, the
above methods can be much more time consuming than automated
high throughput metagenomics and will require an iterative pro-
cess, beginning with metagenomic analysis and correlative analysis
of ecological data to infer potential adaptations and phenotypic
traits, followed by expression analysis and culture-independent
metabolic assays, returning to more specific metagenomic analysis
etc. [47]. For some groups of prokaryotes, determining distiguish-
ing phenotypic properties will actually be rather efficient since
their key genes can already be reliably predicted from the genome
sequence. This is the case for the Thaumarchaeota which mean-
while encompass more Candidatus species than species with validly
published names (Fig. 2).

So far, such phenotypic data have been relevant for the descrip-
tion of a Candidatus taxon but required a considerable additional
experimental effort. Of the mere 402 resulting Candidatus species
and subspecies descriptions (Fig. 1), 327 fall into 7 bacterial phyla
with numerous cultivated representatives (i.e., those containing
>100 species with validly published names; Fig. 2); whereas only
six single Candidatus descriptions (corresponding to 1.5% of all
Candidatus descriptions; Fig. S1) became available for phyla that
contained no cultivated representative (candidate phyla; Fig. 2).
Thus the introduction of the Candidatus category did not result in a
significantly accelerated recognition and analysis particularly of the

phylogenetically distant novel species. Notably, the constantly low
overall rate of Candidatus descriptions over the past 12 years (<25
per year; Fig. 1) suggests that the efforts for an in-depth systematic
description of unknown bacterial taxa remained even much lower
than the efforts to isolate and describe novel type of bacteria (>600
per year).

Based on this previous experience, a genome-based taxonomic
system that considers experimental data on key metabolic func-
tions only as non-mandatory information [26] at present is unlikely
to lead to the generation of sufficient phenotypic data for many not-
yet-cultivated species. Rather, high throughput sequencing and
automated annotation most probably will result in an avalanche
of thousands of taxon names assigned to metagenomic bins which
are often characterized by rather generic functional predictions of
limited discriminatory power and lack ecologically relevant infor-
mation. So far, it has been the task of systematics to identify, classify
and name evolutionary units of diversity and to provide informa-
tion on their distinct characteristics. However, it is not the primary
goal of systematics, and specifically taxonomy, to provide as rapidly
as possible species tags just for future reference and without further
substantial information.

In order to avoid the mere nomenclatural stamp collecting
excercise that conventional taxonomy has been accused of [65],
a taxonomy suitable for the not-yet-cultivated majority of Bacteria
and Archaea must be based on more comprehensive data thanalim-
ited annotation of genes, and should include detailed information
on the physicochemical conditions in these habitats (e.g., tempera-
ture, pressure, pH, salinity, water content, concentrations of major
ions, organic carbon and nitrogen). Obtaining, assembling, provid-
ing and categorizing such key phenotypic information on the major
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fraction of so-far-uncultured microorganisms, such an extended
concept of Candidate taxa (or Uspecies) would then indeed become
suitable to address a key challenge of current microbial diversity
research. Actually, the original proposal for the Candidatus cate-
gory [38] also included the specific recommendation to establish
an appropriate computer-linked database to deposit the sequence
information together with the salient features of the Candidatus.
The combined phenotypic characteristics of validly names Candi-
date taxa will become most useful for the scientific community if
deposited in a standardized format and in a dedicated database.
Recently databases like BacDive and the Digital Protologue have
been established for cultivated bacteria[55,58,63] and partially also
for not-yet-cultured taxa[58], and thus may serve as models for this
enterprise.

A taxonomy of not-yet-cultivated that encompasses sufficient
phenotypic and ecological information would certainly stimulate
and facilitate the functional analysis of not-yet-cultured prokary-
otic taxa, may actually boost diversity research and rejuvenate
innovative cultivation attempts in the near future. A better under-
standing of microbial diversity could also generate novel solutions
for public health, biotechnology, and agriculture.

Conclusions

e The growing gap between the limited number of described, taxa
with validly published names and the vast majority of not-yet-
cultivated Bacteria and Archaea calls for novel approaches for
integrating the latter in prokaryotic systematics.

A second nomenclatural system independent of the Prokaryote
Code is not suited to establish consistent, stable, and non-
redundant identifiers for not-yet-cultivated prokaryotic taxa and
hence does not solve the problem.

The raison d’etre of taxonomy is not to describe taxa at the fastest
possible rate at the expense of cytological, biochemical and phys-
iological scrutiny.

Validly published names of not-yet-cultivated prokaryotes will
contribute to the understanding of microbial diversity if they
relate to sufficient morphological-cytological, metabolic, and
ecological traits that clearly distinguish the named taxon from
the others.

Descriptions of not-yet-cultivated prokaryotes therefore must
not only include the abundance and range of specific habitats, but
also the morphological characteristics, the precise physicochem-
ical conditions in these habitats, and key phenotypic properties;
this information is mandatory in contrast to the current concept
[26].

Candidatus descriptions could become part of the established
nomenclatural system, including the priority of names, if accom-
panied by this substantial information on distinct traits.

Such biologically informative Candidatus descriptions will also
promote novel, more successful cultivation attempts toward the
cultivation of the corresponding target organisms.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at https://doi.org/10.1016/j.syapm.2018.08.
009.
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