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A vast diversity of Bacteria and Archaea exists in nature that has evaded axenic culture. Advance-
ments in single-cell genomics, metagenomics, and molecular microbial ecology approaches provide
ever-improving insight into the biology of this so-called “microbial dark matter”; however, due to the
International Code of Nomenclature of Prokaryotes, yet-uncultivated microorganisms are not accommo-
dated in formal taxonomy regardless of the quantity or quality of data. Meanwhile, efforts to calibrate
the existing taxonomy with phylogenetic anchors and genomic data are increasingly robust. The current
climate provides an exciting opportunity to leverage rapidly expanding single-cell genomics and metage-
nomics datasets to improve the taxonomy of Bacteria and Archaea. However, this opportunity must be
weighted carefully in light of the strengths and limitations of these approaches. We propose to expand
the definition of the Candidatus taxonomy to include taxa, from the phylum level to the species level, that
are described genomically, particularly when genomic work is coupled with advanced molecular ecology
approaches to probe metabolic functions in situ. This system would preserve the rigor and value of tra-
ditional microbial systematics while enabling growth of a provisional taxonomic structure to facilitate
communication about “dark” lineages on the tree of life.

© 2015 Elsevier GmbH. All rights reserved.

Current framework for systematics and its strengths and
weaknesses

Currently, editors and reviewers of manuscripts describing new
taxa of Bacteria and Archaea often mandate a polyphasic study of
axenic cultures, including physiological, chemotaxonomic, mor-
phological, and genetic comparisons to existing related taxa [63].
The precise combination of experiments and the degree of dis-
similarity to justify new taxa is highly taxon-dependent, drawing
on historical precedent and best practices defined by the Interna-
tional Committee on the Systematics of Prokaryotes (ICSP) and its
subcommittees. The strength of the polyphasic approach and the
focus on axenic cultures is rooted in its reproducibility and the
large amount of descriptive data it provides, which is an invalu-
able resource for the greater microbiology community, including
ecologists, physiologists, molecular biologists, and clinicians.
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These strengths notwithstanding, the rigor demanded by the
current system combined with the difficulties in cultivating many
microorganisms and a dearth in funding for these efforts limits
the efficacy of the current taxonomic framework [64]. The fund-
ing climate for microbial systematics is especially poor in Europe
and North America. For example, the Systematics and Biodiversity
Science Cluster at the U.S. National Science Foundation, the only
U.S. federal program dedicated to systematics, currently allocates
only ~2% of their projects and ~2% of the program’s funding to
microbiology projects (Table S1). With almost no funding avail-
able, it is not surprising that the rate of new taxon descriptions
from these continents has stagnated, with Asia taking over the lion’s
share of publications [42,61]. There are currently ~12,000 validly
described species of Bacteria and Archaea [42] and it is estimated
that it will take >1000 years to describe the remaining species,
given the current rate of ~600-700 new species descriptions per
year [42,51]. If one considers that the current taxonomic descrip-
tions are heavily biased toward taxa that are relatively easy to
cultivate [27], the prognosis is even less rosy. On the other hand,
a more optimistic view is that advancements, both methodologi-
cal and ideological, will continue to push biodiversity exploration
and systematics forward at an ever-accelerating pace. One such
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ideological advancement could come through the development of
‘minimal standards’ for systematics [57,64], which would likely
deprioritize extensive phenotypic and chemotaxonomic charac-
terizations for individual species descriptions and better leverage
more objective genomic criteria and other high-throughput tech-
nologies [51,57,62].

It is also useful to note that our poor understanding of micro-
bial diversity is not only at the species level, but it also extends
deep into the tree of life. Common estimates place the number
of yet-uncultivated bacterial phyla at ~50-100 [3,26]; how-
ever, a recent effort using conservative criteria estimated ~1300
yet-uncultivated phylum-level clades [73]. The diversity of yet-
uncultivated Archaea is also high.

The changing landscape of microbial biodiversity
exploration

Progress exploring the microbial world outside of formal sys-
tematics has blossomed in recent years, fueled in large part by rapid
advancements in DNA sequencing technology, which dropped in
cost of over four orders of magnitude over the last decade [6]. Two
approaches, single-cell genomics and metagenomics, provide dis-
tinct but highly complementary types of datasets (Fig. 1). Although
both produce data that are inferior to full genomes from micro-
bial isolates, they have greatly accelerated genomic exploration. For
example, the Genomic Encyclopedia of Bacteria and Archaea (GEBA)
project, designed to maximize genomic exploration of microbial
isolates, doubled genomic novelty, as measured by phylogenetic
diversity per genome [72]. Yet, the project’s successor, GEBA-MDM
(MDM, microbial dark matter) nearly quintupled genomic novelty
by using single-cell genomics to explore habitats rich in underex-
plored microbial diversity [49]. The current iteration, GEBA-MDM
II, inclusive of both single-cell genomics and functional exploration,
promises future advancement of “microbial dark matter” biology.

Advancements have also taken place to reframe microbial sys-
tematics in the genomics age. Central to this work is the calibration
of genomic comparisons to existing microbial species. This body
of work has already been quite decisive, with microbial species
boundaries corresponding to 95-96% average nucleotide identity
(ANI), ~10 Karlin genomic signature, and 70% digital DNA-DNA
hybridization [48,51,62]. With this robust calibration in hand, along
with robust pipelines for phylogenomics analyses to guide higher-
order taxonomy [49,72], a fantastic opportunity exists to expand

the taxonomic structure to include single-cell genomics and/or
metagenomics datasets.

This expansion has already begun on an ad hoc basis but it is
currently poorly coordinated with the systematics community. At
this time, significant genomic data have been recovered, assembled,
and annotated from >35 candidate microbial phyla, >25 of which
have been given informal names in the peer-reviewed literature
(Table 1). A few of these names are listed in the List of Prokaryotic
Names with Standing in Nomenclature (LPSN) as Candidatus taxa
[44]; however, most of them cannot readily be identified micro-
scopically in their natural environment (i.e., morphologically or by
fluorescence in situ hybridization) so they do not meet the current
criteria for Candidatus status [37,38]. The future of these candi-
date phyla within microbial systematics is uncertain on several
grounds. First, under the current system of microbial systemat-
ics, no taxonomic proposals can be accepted by the ICSP without
well-described axenic cultures. Second, the International Code of
Nomenclature of Prokaryotes does not cover taxonomy above the
rank of class, so, in fact, no phylum or domain names are approved
by the ICSP [16,29,59]. Instead, Bergey’s Manual Trust has become
the de facto governing body for the higher-order taxonomy. In this
vein, it is useful to note that Bergey’s Manual is not specifically
endorsed by the ICSP to serve in this role, and Bergey’s Manual
Trust has only acted on decadal timeframes to revise phylum-level
taxonomy. This may change because Bergey’s Manual of Systematics
of Archaea and Bacteria is currently moving to an online platform
that provides a venue for more frequent updates. Finally, the pri-
mary literature also includes debates on whether several proposed
candidate phyla deserve that rank even informally or whether they
are equivalent to lower taxonomic ranks, such as classes [21,54].
This problem is particularly acute among Archaea [15,16,19].

Single-cell genomics and metagenomics: strengths and
limitations

Single-cell genomics and metagenomics both provide data that
are invaluable for biodiversity exploration. These approaches could
further be leveraged to guide expansion of a provisional taxonomy;
however, each approach has strengths and weaknesses that should
be considered carefully (Table 2). Single-cell genomics requires the
separation of individual cells from a population, cell lysis, whole
genome amplification (WGA), DNA sequencing, and bioinformatics
analysis. The details of different workflows for single-cell genomics

Single-cell genomics
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Fig. 1. Summary of workflows, strengths and limitations, and recommendations for single-cell genomics and metagenomics datasets for Candidatus taxonomy.
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Table 1
Candidate phyla with one or more members having partial or complete genomic
coverage.

Candidate phylum Domain Genomic References
datasets
Acetothermia (OP1) Bacteria MG, SAG [49,60]
Aerophobetes (CD12) Bacteria SAG [49]
Aminicenantes (OP8) Bacteria SAG [49]
Atribacteria (OP9/JS1) Bacteria MG, SAG [11,49]
BD1-5 Bacteria MG [70]
Berkelbacteria (ACD58) Bacteria MG [71]
BRC1 Bacteria SAG [49]
Calescamantes (EM19) Bacteria SAG [49]
Cloacimonetes (WWE1) Bacteria MG, SAG [45,49]
EM3 Bacteria SAG [49]
Fervidibacteria (OctSpA1-106) Bacteria SAG [49]
Gracilibacteria (GN02) Bacteria SAG [49]
Hydrogenogenetes (NKB19) Bacteria SAG [49]
Latescibacteria (WS3) Bacteria SAG [49]
Marinimicrobia (SAR406) Bacteria SAG [49]
Melainabacteria Bacteria MG [9]
Microgenomates (OP11) Bacteria MG, SAG [70,74]
NC10 Bacteria MG [14]
Omnitrophica (OP3) Bacteria MG, SAG [18,49]
Parcobacteria (OD1) Bacteria MG, SAG [49,70]
PER Bacteria MG, SAG [49,70]
Poribacteria Bacteria SAG [53]
SBR1093 Bacteria MG [66]
SR1 Bacteria MG [26]
Tectomicrobia Bacteria MG, SAG [67]
TM6 Bacteria SAG [36]
Saccharibacteria (TM7) Bacteria MG, SAG [26,33,46]
WS1 Bacteria SAG [49]
WWE3 Bacteria MG [20,71]
Aenigmarchaeota (DSEG) Archaea SAG [49]
Aigarchaeota (pSL4; HWCG-I) Archaea MG, SAG [41,49]
Diapherotrites (pMC2A384) Archaea SAG [49]
Korarchaeota Archaea MG [13]
MCG Archaea MG [31]
Nanoarchaeota Archaea MG [23]
Nanohaloarchaeota Archaea MG, SAG [17,39]
Parvarchaeota (ARMAN) Archaea MG, SAG [2,49]

Abbreviations: MG, metagenome-derived; SAG, single-cell amplified genome.

are provided elsewhere [5,28,30,50,55]. An important strength of
single-cell genomics is that the target is discrete, providing an ideo-
logical parallel to the clonal structure of axenic cultures used in
classical microbial systematics; however, DNA contamination is a
significant concern. A recent study showed that protocols that min-
imize handling result in very low levels of contamination (0.035%
[8]); however, bulk tube amplifications were inconsistent, often
yielding very high amounts of contamination. As a result of con-
tamination risk, among other factors, very few laboratories are
equipped for single-cell genomics and those that do spend con-
siderable energy to minimize contamination [55,68]. Bioinformatic

Table 2

approaches are also useful in removing contaminating sequences,
including nucleotide word frequency filtering [11], comparison to
similar datasets (e.g., similar single-call amplified genomes (SAGs)
or metagenomes [11]), comparison to databases of common con-
taminants [69], and screening for single-copy conserved markers
(SCMs) that are present in multiple copies [49]. Ultimately, if rigor-
ous procedures are used to limit and filter contaminating DNA, the
risk for significant contamination in SAG datasets is low.

Another limitation of single-cell genomics is that the genomic
coverage of individual SAG datasets is limited. For example, in a
recent study describing 201 SAGs, individual SAGs ranged in esti-
mated genome completeness from 4% to 100%, with a mean of
40%. (Genome completeness is typically assessed as a percentage
of SCMs [2,49].) Low genome completeness is a result of amplifi-
cation bias inherent in all current methods for WGA. Although 20%
genomic coverage is suitable for ANI comparisons to delimit micro-
bial species [48] and for stable placement of taxa in phylogenomics
analyses [49], the value of individual SAG datasets for prediction
of phenotypic features is limited. This problem has been solved
by analyzing several SAGs within a comparative framework (e.g.,
to identify core genomic features) or by coassembling them into a
composite genome [11,49]. For example, recent studies have used
either a 95% [11] or 97% [49] ANI boundary to guide decisions on
whether to coassemble individual SAGs. Both of these approaches
can lead to great improvements in genomic coverage and have
other benefits, such as providing a mechanism to filter chimeric
artifacts of MDA, leading to better assemblies [11,34]. Although
composite SAG genomes violate the ideological simplicity of work-
ing with a discrete target, they provide a wealth of data to explore
the phylogenetics, evolution, and possible structural and functional
features of yet-uncultivated microorganisms. Comparative analysis
of individual SAG datasets is, of course, limited by the complete-
ness of the SAGs themselves; however, this approach is similar to
the best practice in microbial systematics to compare many distinct
isolates of a taxon to describe both core and accessory phenotypic
properties [63].

Metagenomics is easier to implement than single-cell genomics
and can provide a route to obtain deep genomic coverage of abun-
dant taxa (Table 1). The data are typically assembled and then
assigned to organisms. In cases where closely related genomes exist
from microbial isolates, the extraction of related genomic frag-
ments based on sequence homology can be relatively simple. In
the absence of closely related genomes, various pipelines exist to
filter and “bin” DNA fragments according to genomic characteris-
tics, homology, and read depth [10,12,24,32,52,56], which can then
be assigned phylogenetically based on 16S rRNA genes or other
phylogenetic anchors. As with composite SAG assemblies, carefully
filtered metagenome bins can provide a wealth of information on
coarse taxonomic levels, even providing information on accessory

Summary of features of different types of genomic datasets relevant to microbial systematics.

Isolate genomes

Environmental genomes

Complete genome Draft genome? SAG? SAG coassmbly® Metagenome assembly*©
Coverage 100% >95% 4-100% (40%) to >96% to 100%
Source discrete Yes Yes Yes Yes No
Source clonal Yes Yes Yes No No
Appropriate for ANI® Yes Yes Yes® Somewhat Somewhat
Available for polyphasic analysis Yes Yes No No No
Value for biodiversity exploration Moderate Moderate High High High
Value guiding systematics High High Moderate Moderate Moderate

2 Coverage data from Rinke et al. [49], representing range and mean (parentheses). 100% genomic coverage has been reported for an organism with high genome copy

number [69].

b Highest genome completeness estimated based on recovery of single-copy conserved markers [49].

¢ Highest literature values [13,41].
¢ 20% genome completeness is sufficient for robust calculation of DDH or ANI [48].
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genomic elements (i.e., low read depth genes or biochemical path-
ways); however, these genomic assemblies should be viewed as
chimeras whose heterogeneity depends on the population struc-
ture of the target taxon and the rigor used to assign, filter, and
assemble the data.

Methods to test functions of yet-uncultivated
microorganisms

In our experience, it is common for members of the micro-
bial systematics community, among other biologists, to express
pessimism about what can be learned by single-cell genomics
and metagenomics or, more generally, by cultivation-independent
studies of yet-uncultivated microorganisms. We share these frus-
trations about the difficulties inherent in studying microorganisms
in nature, but subscribe to a more optimistic viewpoint. A variety of
approaches exist to investigate the activities of microorganisms in
microcosms or mixed cultures. Metatranscriptomics and metapro-
teomics can reveal information on the expression genes in natural
samples [22,47]. A classic approach that has gone through both
evolutionary and revolutionary improvements involves the iden-
tification of radioactive or stable isotopes in target cells labeled
by fluorescence in situ hybridization (FISH) [4,40,65]. Complemen-
tary high-throughput approaches are being developed constantly,
including workflows to identify stable isotope labels incorporated
into 16S rRNA for identification on phylogenetic microarrays [35]
or to identify isotopically labeled peptides in metaproteomes,
allowing species-level assignment of assimilatory activities [25,43].
Additionally, activity-based probes can reveal the functions of
microorganisms in natural environments by labeling membrane
transport proteins, even enabling the physical isolation and study
of these organisms [7].

Outlook

Single-cell genomics and metagenomics provide windows
into the biology of yet-uncultivated microorganisms and are
particularly powerful when combined synergistically and with
cultivation-independent approaches to interrogate the activities of
microorganisms in nature. These data are potential resources for
the systematics community; however, they are inferior to classical
microbial systematics in several important ways: (1) they fail to
deliver microbial isolates as aresource for the research community;
(2) they are less reproducible in that sampling the same or similar
habitats may or may not recover similar datasets; (3) they currently
do not provide nearly as much information about the structure and
function of microorganisms, although some progress is now being
made in metabolic and biosynthetic pathway reconstruction [1].

These shortcomings notwithstanding, we believe there is value
in a provisional taxonomic structure that can serve to promote
order and facilitate communication about the “dark” branches of
the tree of life. As such, we propose that Candidatus status be
broadened to accommodate yet-uncultivated microorganisms for
which complete or nearly complete and carefully curated genomic
datasets exist, even if morphological identification and/or func-
tional data are lacking. The literature proposing and endorsing
a Candidatus system currently requires ‘identification of a mor-
photype with a specific probe’ as well as ‘information concerning
properties other than phylogenetic position’, among other crite-
ria [38]. These guidelines are well-founded, particularly in light
of the occasional presence of highly divergent 16S rRNA genes in
some taxa. However, these guidelines were conceived at a time
when the ‘rRNA approach’ was just coming on line and we feel
they should be revised in light of advancements in experimen-
tal and analytical tools available to microbiologists over the last

twenty years. An expansion of the Candidatus concept to include
single-cell or metagenomics datasets with or without expression
or functional data would enable significant expansion of the tree of
life (e.g., Table 1) while preserving the rigor intended for the Candi-
datus system. Of note, most Candidatus taxa currently listed in the
LPSN are from microbial phyla that are well-represented in culture;
>63% of Candidatus taxa belong to the Proteobacteria, Bacteroidetes,
Firmicutes, and Actinobacteria. We believe that, by adopting appro-
priate guidelines, these ideas would preserve the more successful
elements of the current systematic practice while allowing the Can-
didatus taxonomic structure to expand within the “dark” branches
on the tree of life for the mutual benefit of systematists and the
microbiology community at large. We furthermore believe that the
Candidatus nomenclature should be encouraged at all taxonomic
levels, from phylum to species, to fully take advantage of a provi-
sional taxonomic structure, rather than only at the genus level [38].

Proposal to the ICSP to revise guidelines for Candidatus
status

We encourage the ICSP to discuss expansion of the Candida-
tus system to include microorganisms with complete or nearly
complete and carefully curated genome datasets, but which
have not necessarily been imaged in natural environments by
FISH. (In this regard, it is noteworthy that microfluidics-based
single-cell genomics allows microorganisms to be visualized by
phase-contrast microscopy or FISH during sorting, thereby cou-
pling morphology of the organisms and with genomic data [e.g.,
11,28].) These recommendations are designed to mandate the clear
delineation of distinct, species-level genomic datasets that are suf-
ficiently comprehensive to predict key morphological, structural,
and physiological traits. The specific parameters indicated below
serve as initial suggestions that can be better defined by in depth
empirical and in silico analyses, and should be rigorously debated
within the microbiology community.

We recommend the following criteria for evaluating Candida-
tus proposals from single-cell genomic data: (i) data should be
obtained by >2 single cells of a species (>95% ANI [48,62]), with
more cells being preferred, and should be distinct from genomes of
other cultivated or Candidatus taxa (<95% ANI); (ii) data should be
screened and purged of contaminating DNA [11,50,68] and, where
possible, chimeric artifacts of DNA amplification [11,34]; (iii) at
least one SAG should have an estimated genomic coverage of >90%,
or the combined data should represent >90% of the core genome
of the proposed species (e.g., as assessed by accounting for SCMs in
a SAG coassembly [e.g., 49]); (iv) the data should be used to infer
characteristics that are commonly used to delineate taxa, includ-
ing, but not limited to, phylogenetic relationships (e.g., 16S rRNA
gene and multigene (i.e., phylogenomics) analyses), morphologi-
cal and structural characteristics (e.g., cell morphology (e.g., MreB
or crenactin), cell membrane structure (e.g., BamA/YaeT, OmpH,
TolC, TonB, secretin [58]), and motility), and metabolic potential
(e.g., electron donors and acceptors for respiration, fermentative
capacity).

We recommend the following criteria for evaluating Candida-
tus proposals from metagenomic data: (i) data should be filtered
rigorously using nucleotide word frequency, read depth filtering,
and nucleic acid identity approaches (e.g.,[10]); (ii) datasets should
contain no more than 10% SCMs [49,72] present in more than one
copy and have a monomodal % G+ C content (anomalies in SCMs
or % G+C content should carefully justified as representative of
a single genome (e.g., through comparison with related isolate or
SAG datasets)), and should be distinct from genomes of other cul-
tivated or Candidatus taxa (<95% ANI); (iii) data should cover >90%
of the core genome (e.g., as assessed by accounting for SCMs in
the metagenome [e.g., 49]); (iv) the data should be used to infer
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characteristics that are commonly used to delineate taxa, including,
but not limited to, phylogenetic relationships (e.g., 16S rRNA gene
and multigene (i.e., phylogenomics) analyses), morphological and
structural characteristics (e.g., cell morphology (e.g., MreB or cre-
nactin), ultrastructure [58], and motility), and metabolic potential
(e.g., electron donors and acceptors for respiration, fermentative
capacity).
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