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Introduction

The history of  bacterial systematics reflects 
scientific progress in which approaches (often 
developed in non-biological disciplines) were 
adopted to improve the accuracy of  bacterial 
taxonomy and to develop comprehensible rela-
tionships. What started two centuries ago with a 
blurred vision of  the simplest properties of  the 
bacterial cell became more focused once pure 
cultures were achievable. At an amazing speed, 
their existence as both harmful pathogens for 
humans, plants and animals and as beneficial 
partners in agriculture, food and industrial ap-
plications was disclosed. Microbiology as a scien-
tific discipline in its own right was established, 
although the historical connection to botany was 
still recognizable until recently. In parallel with 
the enormous avalanche of  strains, names and 
accompanying data already generated at the 
dawn of  microbiology, attempts were made to 
understand the origin of  bacteria, and to order 
them into a system that depicted the relationships 
among themselves and to other living organ-
isms. A large number of  systems were outlined 
with hardly any of  them being identical to another. 
It was not until far into the 20th century that 
two major events occurred that would change 
our perception of  how to reject the plethora of  

bacterial names and classification systems. The 
first was the establishment of  the Approved List 
of  Bacterial Names (Skerman et al., 1980) that 
brought order into the huge number of  syn-
onyms based on obscure species descriptions; 
the second was the perception that proper classi-
fication needed to be based upon phylogenetic 
relationships. Within a short period of  20 
years the tree of  life began to unfold, and what 
originally was founded on a single evolutionary 
conservative gene has now been extended to 
genome sequences. Moreover, the era in which 
pure cultures were needed to assess phylogenetic 
novelty has been extended to the direct applica-
tion of  metagenome and microbiome studies to 
environmental samples. As a result, the ‘trad-
itional’ bacteriologists are confronted with the 
interest of  ‘molecular systematists’ in giving 
names to as yet uncultured organisms and even 
to genomes or fragments thereof. No doubt, 
without a mutual understanding of  the ration-
ale and purpose of  naming the individual en-
tities (from genes to cultured cells) confusion is 
bound to occur, especially if  different entities of  
a given organism are named differently. This 
chapter will briefly take a historical view of  the 
major steps in bacterial systematics leading to 
the first reconciliation workshop in 1987 and a 
re-evaluation of  the species concept in 2002. 
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New challenges and concepts developed since 
then will be outlined.

The Historical Perspective

The changing consideration of bacterial 
taxonomic assessment

The early era

Microorganisms became visible by means of  the 
introduction of  Antony van Leeuwenhoek’s 
microscope in the mid-17th century. He and Lazza-
ro Spallanzani objected to the idea of  spontaneous 
generation of  microorganisms, and paved the way 
for the future development of  the science of  micro-
biology. It took about another 100 years before the 
first report on classification and characterization 
of  microorganisms was attempted (Müller, 1786). 
Another century of  optical and instrumental im-
provement passed before the name ‘Bacterium’ as a 
genus was introduced as a scientific word by Chris-
tian Gottfried Ehrenberg (1838). As Ehrenberg 
stated: ‘eine Milchstrasse der kleinsten Organisa-
tion geht duch die Gattungen Monas, Vibrio, Bac-
terium…’ (‘a Milky Way of  the smallest organization 
runs through the genera Monas, Vibrio, Bacter-
ium…’). However, while at that time their occur-
rence and relationships in different niches became 
apparent to the early microbiologists, neither their 
ecological function nor their mutual relationships 
revealed themselves to the observer.

It is a part of  human nature to arrange sub-
jects into categories, no matter how small the 
number and how difficult the selection criteria. 
Being mostly botanist by education is not surpris-
ing that, in the absence of  facts about their phyl-
ogeny, the nature of  bacteria (based on nothing 
more than basic morphological descriptions) 
could not be properly evaluated by these early sys-
tematists. The apparent similarity of  mainly uni-
cellular forms and separation by fission allowed 
the early microbial systematists to deduce that 
bacteria derived from animals (van Leeuwen-
hoek, Müller, Ehrenberg), and later from fungi, 
classifying them as Schizophytae (Cohn, 1872), a 
system in which bacteria were placed together 
with ‘Spaltalgen’ (today named cyanobacteria).

This early period which Paul de Kruif  (1926) 
characterizes so well in his famous novel Microbe 
Hunters is dominated by discoveries in the medical 

field. But this era also saw the exploration into 
other scientific fields, such as immunology, 
chemotherapy, physiology, industrial microbiol-
ogy, biochemistry and the study of  metabolisms, 
leading to a rapid growth in knowledge about the 
properties of  microorganisms and their inter-
actions with biotic and abiotic matter.

In the second half  of  the 19th century the de-
position and exchange of  microbial cultures; the 
organization of  international conferences; and 
the accessibility of  scientific literature was limited, 
and it is not surprising that individual systematists 
generated a plethora of  systems. Migula (1900) 
compared about 30 such systems, published be-
tween 1836 and 1894. At the dawn of  microbiol-
ogy, and even later, the same microorganism was 
given different names as individual researchers 
based their taxonomy on different properties. It 
was not until 1980 that the Approved List of  Bac-
terial Names (Skerman et al., 1980) brought no-
menclatural order into bacteriology by starting a 
new date for bacterial nomenclature. The tens of  
thousands of  names for bacterial species were re-
duced to about 2500 names that could be linked 
unambiguously to a previously defined name of  a 
bacterial species. Nevertheless, despite the meth-
odological shortcomings of  taxon descriptions, 
the early 19th century must be considered a period 
of  great scientific achievement and accurate ob-
servations, as some of  the names given to bacteria 
with particular morphologies in the first half  of  
the 19th century (e.g. Spirillum [Ehrenberg, 
1835], Spirochaeta [Ehrenberg, 1835] and Sarcina 
[Goodsir, 1842]) were recognized as valid and in-
cluded in the Approved List.

To recognize the historic development of  
species characterization and the changes in affili-
ating genera to higher taxa we use the fate of  Vib-
rio cholerae as an example, starting from the first 
description by Filipo Pacini (1854) through a ser-
ies of  progress reports as laid down in Bergey’s 
Manual of  Determinative Bacteriology and later 
of  Bergey’s Manual of  Systematic Bacteriology. 
Almost any other taxon described before the late 
20th century was prone to the same fate as the 
genus Vibrio and its type species V. cholerae.

A witness of scientific progress: Bergey’s 
Manual of Determinative Bacteriology

About 20 years after the publication of  Ehrenberg 
(1832) a Vibrio-shaped bacterium was deduced 
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Early 1600s: Beginning of microscopy

Around 1850: considering microorganisms as
pathogenic agents; the early champions of
microbiology 

Phase 1: around 1880–1900
Medical microbiology; first species description;
culture observation; physiology

Phase 2: until mid-1950s

Phase 3: mid-1950s–mid-1980s

Numerical taxonomy; chemotaxonomy; DNA-DNA and
DNA-rRNA reassociation; mol% G+C of DNA;
rRNA gene cataloguing; anaerobic techniques

Phase 4: to present
rRNA gene, housekeeping genes and genome 
sequences; MLST and MLSA; MALDI-TOF, DNA patterns;
FISH-probes; -omics; integrated databases

In silico genome analysis of relationships;
genome-based phylogeny;
ecotype concept;
rapid molecular identification tools;
2nd reconciliation workshop

1st reconciliation workshop;
polyphasic taxonomy; commercial kits;
rRNA gene sequence-
(evolution/objective)-based phylogeny

Subjective classification into ranks
based  on individual observations;
unravelling the high diversity and niches of
microorganisms

Ecology; biochemistry; genetics; serology;
immunology

Fig. 1.1. Development of taxonomic approaches through different historical phases. MLST: Multilocus Sequence Typing; FISH: Fluorescent in situ Hybridization.
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as the most likely causative agent of  cholera dis-
ease and was named V. cholerae by Pacini (1854), 
although for several decades Robert Koch was 
listed as the discoverer of  this bacterium. For 
some of  the reasons indicated above, strains of  
this species or similar organisms were named 
(among others) Bacillus cholerae-asiaticae (Pacini, 
1854) Trevisan, 1884; Spirillum cholerae-asiaticae 
(Trevisan, 1884) Zopf, 1885; Microspira comma 
Schröter, 1886; Spirillum cholerae (Pacini, 1854) 
Macé, 1889; Vibrio comma (Schröter, 1886) Blan-
chard, 1906; or Liquidivibrio cholerae (Pacini, 
1854) Orla-Jensen, 1909 (see www.bacterio.
net/vibrio.html, accessed 4 July 2020).

After World War I the dominance of  micro-
bial systematics and taxonomy shifted from Europe 
to the USA. Initiated by the Society of  American 
Bacteriologists, David Hendricks Bergey was ap-
pointed chairman of  an editorial board in charge 
of  publication of  a Manual; under the name 
Bergey’s Manual of  Determinative Bacteriology, 
this book and its several editions remained the 
international reference work and benchmark for 
bacterial taxonomy. Since 1923 this Manual has 
served as the main data depository for identifica-
tion and systematics. No other textbook on 
bacterial properties is a more accurate witness 
of  taxonomic innovation and progress in identi-
fication. Its editors chose a useful, reasonably 
stable, artificial classification rather than trying to 
place systematics within a phylogenetic frame-
work (cited in Sapp, 2005). This was not, how-
ever, consequently put into practice, as seen in 
the affiliation of  the genus Vibrio with the family 
Spirillaceae in the 1st edition (Bergey et  al., 
1923). The number of  properties included for V. 
comma (first Koch, then Schröter were given as 
references) is small and restricted to culture 
observations such as shape, flagellation, reaction 
of  growth and pigmentation in different media, 
a few physiological properties and habitat. The 
name and taxonomic affiliation, as well as the de-
scriptive criteria, remained basically unchanged 
in the 2nd to the 5th edition (Bergey, 1925, 1930, 
1935; Bergey et al., 1939), except that the genus 
Vibrio was placed in the family Pseudomonadaceae 
in the 5th edition and in the listing of  a few more 
physiological reactions (acid production from 
carbohydrates). The stagnation seen in micro-
bial taxonomy in the first 30 years of  the 20th 
century contrasts with the progess witnessed in 
the ‘Golden Age of  Microbiology’ before and around 

the turn of  the 19th century. Although DNA was 
discovered around 1860, bacterial transform-
ation experiments were published in the 1920s, 
and chromosomes were identified as the cellular 
structures responsible for heredity, the structure 
of  DNA had still not been deciphered and genet-
ics was in its infancy. The absence of  a clearly 
defined nucleus let Copeland (1938) propose a 
separate kingdom – Monera – for the bacteria 
(and cyanobacteria), bringing them to the same 
level as those of  animals, plants and protoctista. 
A historic view on the development of  the high-
est systematic ranks (kingdoms, domains) and a 
summary of  the thoughts of  leading scientists 
on the likeliness (and purpose) of  constructing a 
phylogenetic framework for bacteria has been 
given by Sapp (2005). The 1940s and 1950s 
saw the development of  electron microscopy; 
the evidence that DNA, not protein, is the genetic 
material; and the double helix structure of  DNA 
was proposed. As progress in these scientific eras 
was not evaluated for application in bacterial 
systematics, the range of  taxonomic properties 
remained basically the same until the early 
1970s. van Niel’s statement (1955) about the 
inappropriateness of  phenotypic data to order 
taxa into a hierarchic system and to replace the 
binominal system of  species by common names 
is a clear testimony to the frustration with bac-
terial classification prevailing in these decades.

Still concentrating on the cultural proper-
ties of  V. comma, the description of  this species in 
the 6th and 7th editions (Breed et al., 1948 and 
1957, respectively) were almost identical but 
included physiological properties additional to 
those in the previous editions. More important, 
information on the antigen structure (O, somatic 
and H, flagellar) led to the clustering of  V. cholerae 
strains into groups and subgroups. While in the 
6th edition the genus Vibrio was affiliated to the 
family Spirilleae, it was a member of  the family 
Spirillaceae in the 7th edition.

The 1960s and 1970s saw a boom in the 
introduction of  taxonomic methods, ranging 
from the molecular (DNA-DNA and DNA-rRNA 
hybridization, mol% G+C of  DNA) over chemot-
axonomic (peptidoglycan, fatty acid, isoprenoid 
quinone, lipid A, polar lipid) to the phenotypic 
level (numerical taxonomy) as well as the design 
of  novel cultivation strategies (anaerobic tech-
niques). Naming the key authors of  these many 
approaches would be beyond the framework of  

http://www.bacterio.net/vibrio.html
http://www.bacterio.net/vibrio.html
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this chapter (see Chapters 9, 10, 13, 15 and 16). 
However, Sokal and Sneath (1963) should be 
mentioned here, as computer-assisted numerical 
taxonomy was the favoured classification of  mi-
crobes of  the 1960s and 1970s. The need to opti-
mally characterize bacterial isolates by the many 
taxonomic techniques available was coined ‘poly-
phasic taxonomy’ by Colwell (1970), a term still 
very much in use today.

The 8th edition (Buchanan and Gibbons, 
1974) included a few changes from the first 
seven editions, in that (i) the name V. comma was 
replaced by V. cholerae Pacini 1854; (ii) the genus 
Vibrio was placed into the family Vibrionaceae, 
listed under Part III ‘Gram-negative facultative 
anaerobic rods’ and the rank Schizomycetes was 
abolished; and (iii) the first genomic marker, here 
the DNA base composition, was included. The 
range of  phenotypic properties was significantly 
expanded and used in the differentiation from 
other Vibrio species. Molecular approaches not 
to be directly applied to identification (e.g. DNA-
DNA hybridization data) were mentioned under 
‘Further Comments’.

In the mid-1970s the taxonomic toolbox 
was well filled with a wide range of  methods 
suited to characterize strains and to delineate 
closely related species from each other. Chemo-
taxonomy provided a significant number of  
genomically stable properties which especially 
facilitated the characterization of  Gram-positive 
bacteria. The era of  numerical taxonomy ended 
when the inability of  phenotypic data to unravel 
natural relationships became obvious by nucleic 
acid hybridization. Nevertheless, phenotypic data 
still played a significant role in species identifica-
tion and characterization, as later seen by the 
introduction of  commercial systems such as 
BIOLOG, VITEK or API. Although DNA-rRNA 
hybridization allowed the detection of  broader 
genetic relationships, it was mainly used for some 
Gram-negative taxa and the resolution power 
ended at the suprageneric level. But the fate of  
bacterial systematics changed rapidly as, almost 
unnoticed by the majority of  taxonomists, a few 
scientists began to develop methods that would 
fundamentally change our idea of  the natural 
relationships of  bacteria, tracing them back to 
the origin of  life.

A 9th edition was published in 1994, be-
tween the release of  the two editions of  Bergey’s 
Manual of  Systematic Bacteriology (see below), as 

a true identification reference book in which the 
taxonomic data over the past 20 years were 
added to the 8th edition. Some changes in family 
composition, biovar characteristics of  V. cholerae 
and an extensive list of  phenotypic traits of  old 
and newly added genus members were included.

The dawn of unravelling  
the evolution of Prokaryotes

The majority of  the younger readers of  this chap-
ter may not be aware of  the significance of  the 
term ‘oligonucleotide sequencing’ as they have 
been educated in times of  rapid genome sequen-
cing. What is done today by sophisticated ma-
chines and a range of  treeing algorithms at an 
incredible speed not foreseen 50 years ago, has 
been a labour- and intellectually intensive exer-
cise. Devised in the 1960s, the oligonucleotide 
sequence approach was the only method able to 
assemble entire RNA species, such as small 
microbial ribosomal or transfer RNA, or the gen-
omes of  single-stranded RNA bacteriophages. 
These molecules had a number of  intrinsic prop-
erties, such as small size, slow evolution of  rrn 
genes, the availability of  site-specific RNases motives, 
the lack of  complementary strands (Heather and 
Chain, 2016) and the ease at which bulk RNA 
could be labelled and isolated, and so at that time 
had a head start over the use of  sequencing 
DNA, which began at the beginning of  the 
1970s. Originally developed by analytical chem-
ists, the use of  RNA oligomers was the basis on 
which to test the hypothesis of  Zuckerkandl and 
Pauling (1965) that ‘semantides’ – the sequences 
of  information carrying macromolecules – serve 
as the basis for deciphering molecular phyloge-
nies (Sogin et  al., 1971). Once the method of  
two-dimensional separation of  P32, labelled short 
16S rRNA fragments (6 to   ̴24 nt long), and the 
‘mastermind’ approach of  reassembling these 
T1 RNase fragments from subsets of  even small-
er ones generated by RNases of  different specifi-
city (U2, A) had been established and applied to 
Bacteria and Archaea (Sogin et al., 1971; Uchida 
et al., 1974; Woese et al., 1975), the door opened 
to what culminated in 1977 in the definition of  
three primary kingdoms (Woese and Fox, 1977). 
First sceptically considered by the majority 
of  taxonomists, the convincing phylogenetic 
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relationships led to a rethink in terms of  the use 
of  molecular approaches and in the genomic re-
lationships among living matter. The paradigm 
shift in the understanding of  natural relation-
ships embraced and clarified diverse aspects of  
bacterial taxonomy, systematics, phylogeny and 
evolution. It later extended to bacterial identifi-
cation and, crossing kingdom/domain boundar-
ies, to yeast and fungi, algae and protozoa up to 
the ranks of  Plantae and Animalia. Within this 
period of  rapid change in concepts of  affiliating 
lower to higher ranks, the contribution of  a few 
scientists laying the breathtaking foundation of  
revolutionary changes has been well covered by 
Sapp (2009). No stone was left unturned (taxo-
nomically speaking), and no historic grail was 
considered to be untouchable. A change in the 
taxonomist’s consideration of  systematics resulted 
in a dramatic rearrangement of  higher taxa in 
the domain Bacteria and laid the basis for a hier-
archic structure of  the domain Archaea (Woese 
et  al., 1990). Speculations on the ancestral, 
primitive stage of  the living cell tried to explain 
the differences in members of  the three ‘primary 
kingdoms’. In addition to the numerous reclassi-
fication of  species taxa like Firmicutes (Gibbons and 
Murray, 1978) and Proteobacteria (Stackebrandt 
et al., 1988) were introduced the origin of  myco-
plasmas (Woese et al., 1984) and Cyanobacteria 
(Woese et al., 1985) linked to the root of  Firmi-
cutes (Gram-positive bacteria); the significance 
of  phenotypic and ecological forces to shape 
bacterial taxa (Zavarzin et  al., 1991) were ex-
plained and chemotaxonomic traits (Goodfellow 
et al., 1988) were evaluated in an evolutionary 
context. The period of  ‘oligonucleotide sequen-
cing’ was replaced, first by reverse sequencing of  
rRNA genes, then shortly afterwards by cycle se-
quencing of  rDNA for taxonomic purposes (Sanger 
et al., 1975; Mullis et al., 1986). Since then, se-
quencing of  rRNA genes has become a universal 
approach to placing a new isolate into a phylo-
genetic framework, making taxonomy an object-
ive pursuit and less subject to personal judgements 
about relationships.

Reconciliation of bacterial taxonomy

The influence of  16S rRNA and 16S rDNA gene 
sequencing in rearranging the place of  taxa as 

outlined in Bergey’s Manual of  Determinative 
 Bacteriology raised the concern of  some taxonom-
ists about the power of  a single methodological 
approach that may result in nomenclatural dis-
ruption and the abolishment of  phenotypic and 
chemotaxonomic traits. As a consequence, an 
ad hoc committee, including experts from a wide 
range of  taxonomic fields, met to make recom-
mendations about the future of  bacterial sys-
tematics (Wayne et al., 1987). In summary, the 
committee acknowledged, among other things: 
(i) that a single formal classification system 
 appears to be adequate; (ii) that the genome 
 sequence would be the reference standard for 
phylogeny and that phylogeny should determine 
taxonomy; (iii) the need to search for molecules 
other than rrn genes to verify the findings based 
on a ribosomal RNA species; (iv) that there 
should be no designation of  higher ranks with-
out chemotaxonomic and sequence data sup-
port; and (v) that DNA-DNA hybridization is the 
superior approach for species delineation. The 
latter notion was included because the sequences 
of  rrn genes is too conserved to discriminate between 
closely related species. These recommendations 
were expanded by subsequent working groups, 
concentrating on specific taxa (Murray et  al., 
1990) or on the species level (Stackebrandt et al., 
2002), expressing the opinion that the ‘poly-
phasic approach’ is superior over emphasis on a 
few methods and data, and that recent advances 
in molecular techniques (e.g. MLSA, riboprint-
ing), should be regularly evaluated for their 
application in shaping taxonomic ranks (see 
Chapters 10, 11, 13).

Changing gear: Bergey’s Manual of 
Systematic Bacteriology

In light of  the ongoing creation of  names for 
phylogenetically defined higher taxa, in 1984 
Bergey’s Trust changed the name of  the Manual 
from ‘Determinative Bacteriology’ to ‘Systematic 
Bacteriology’ to reflect the advancement in phylo-
genetic considerations. The 1st edition (Holt, 
1984) divided the kingdom Prokaryotae into 
four phylogenetically defined divisions, but the 
lower ranks were still based on phenotypic de-
scriptions. In contrast, the 2nd edition (Brenner 
et al., 2005, for Volume 2, Proteobacteria) made a 
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courageous step forward and included a com-
plete hierarchic system of  taxa described until 
then, and consequently continued the naming 
of  higher taxa up to the Phylum level. For spe-
cies including V. cholerae (Phylum Proteobacteria, 
class Gammaproteobacteria, order Vibrionales, 
family Vibrionaceae), the ecological, phylogenetic 
and molecular characterization data (e.g. plas-
mids, bacteriophages, bacteriocins, antigenic 
structure, gene- specific probes, Restriction Frag-
ment Length Polymorphism) were referenced, 
and new identification data were included to 
specifically differentiate the ranks of  species and 
genus.

Some Considerations on Taxonomy 
and the Misunderstandings

As Cowan (1965) stated, taxonomy is a discip-
line that is dedicated to three major objectives: (i) 
classification; that is, the establishment of  a 
structured system of  categories of  living entities 
by means of  their natural relationships; (ii) no-
menclature; that is, the procedure of  naming 
taxa in accordance with scientifically estab-
lished rules; and (iii) identification, the major 
goal of  taxonomy that focuses on the recogni-
tion of  members of  classified taxa by means of  a 
series of  diagnostic features. The system created 
needs to be universal (applying to all members 
that the system should embrace), operative (must 
work and not be so complexly generated that is 
unworkable) and predictive (ideally, one should 
be able to predict genetic, phenotypic and even 
ecologic traits when hearing or reading a name) 
(Rosselló-Móra, 2012). Thus, taxonomy is about 
being accurate but also pragmatic, as all discip-
lines (in our case of  bacteriology) must be able to 
make use of  it with no major complications. And 
this is one of  the major problems that taxonom-
ists are disputing among themselves, as well 
with the scientific community: the disjunction 
between being precise and operational, between 
constructing a system for everyone and showing 
fine-tuned natural relations. However, the major 
problem of  prokaryotic taxonomy is that only 
nomenclature is official, while there is no official 
classification, nor classification requirements. 
The Bacteriological Code, also known as the 
International Code of  Nomenclature of  Prokaryotes 

(ICNP; Parker et al., 2019), was first created in 
1958 and reviewed in 1990, 1992 and 2006) 
(Lapage et al., 1992; Parker et al., 2019), and is 
the official document showing how names must 
be constructed and prioritized once a species is 
published. The new taxonomic descriptions must 
be first published in an international, peer-reviewed 
journal. Then, upon publication, the protologue 
(or formal description in which the etymology, 
diagnostic features and type material are indi-
cated) is evaluated by the list editors of  the Inter-
national Journal of  Systematic and Evolutionary 
Microbiology (IJSEM) who validate the name if  
formulated in accordance with the Bacterio-
logical Code. Only the manuscripts published 
in IJSEM are automatically validated and listed 
in its notification lists. All other classifications in 
journals other than IJSEM must be evaluated by 
the responsible IJSEM list editors who generate 
the validation lists. Unfortunately, and despite 
the editors’ reminder to submit a request for val-
idation to IJSEM, many names remain invalid as 
a request has never been submitted (Oren et al., 
2018). Both notification and validation lists be-
come the ‘official’ lists of  accepted names, and 
ultimately are what most scientists believe is ‘the 
official taxonomy’ (see Chapter 3).

Theoretically, the classification of  a taxon is 
just a matter of  the scientific opinion of  a tax-
onomist, without restricting the criteria to cir-
cumscribe taxa and giving all freedom. Ultimately, 
this is a judgement of  an expert, and as such is 
referred to in the Bacteriological Code (Parker 
et al., 2019). However, this freedom is only par-
tially true, because to catalogue a name in the 
validation or notification lists, the taxonomic 
 description must be first published in an inter-
national, peer-reviewed journal. Thus, the first 
restrictions to the scientific freedom originate 
from the consensus (or opinion) of  a specific 
subcommittee of  scientists (if  any) who outline 
the minimal standards for the classification of  
the microorganisms they cover as experts. They 
also come from the referees and editors who 
 request specific parameters and standards (beyond 
the naming rules) for taxa descriptions (Kon-
stantinidis et al., 2018). The name will ultimately 
be accepted if  the description meets the require-
ments established in the Bacteriological Code, in 
which the deposition of  a pure culture in two dif-
ferent strain collections is an indispensable requis-
ite. No other form of  type or reference material is 
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allowed. Altogether, the highly restrictive way 
bacteriologists proceed with the classification of  
bacterial taxa and valid publication of  the new 
names is excellent in guaranteeing taxonomic 
accuracy, but ultimately one must admit that 
there is no freedom to decide what a taxon is (see 
Chapter 3).

The Paramount Relevance of the 
Genomic Data

As mentioned in the historical perspective, the 
early age of  microbial taxonomy was based on 
phenotypic distinction of  taxa, and the hierarchy 
was mostly reflecting physiological and morpho-
logical similarities and divergences. However, 
major breakthroughs occurred with the discov-
ery that DNA was the genetic information store 
of  living cellular organisms, and of  the intrinsic 
chemical properties of  this molecule. Already in 
the 1960s the DNA-DNA hybridization experiments 
were designed to evaluate the genomic similar-
ities between classified taxa (Rosselló-Móra et al., 
2011). Soon, it was observed that often pheno-
typically coherent groups of  strains also formed 
genomically coherent groups based on either 
reassociation kinetics or percentage of  comple-
mentarity. The many laboratory experiments 
done in the second half  of  the 20th century 
showed that a difference smaller than 5ºC in the 
melting temperature between hybrids and hom-
ologous DNA (ΔTm) or higher than 70% in DNA-
DNA similarity could be the inclusive border of  
members of  the same species. Actually, these 
two parameters have been the gold standard for 
circumscribing species (despite the fact that some 
taxonomists do not accept them), as for several 
decades they provided the only approach that 
would allow numerically measured boundaries. 
Almost all new classifications using two or more 
strains were evaluated with one of  the different 
DNA-DNA hybridization techniques (Rosselló-Móra 
et al., 2011). Only in cases where a single strain 
was serving as type material, and its 16S rRNA 
gene identity with the closest relative type strain 
was below 98.7% (Stackebrandt and Ebers, 2006), 
was the new classification without genomic 
comparisons tolerated.

The influence of  the species circumscription 
by means of  genomic data has been of  paramount 

relevance since the first measurements, and has 
gained significance as the feasibility of  sequen-
cing genomes at relative low costs allowed in sil-
ico comparisons. As indicated below, the wet-lab 
studies using error-prone DNA-DNA hybridiza-
tion techniques have been substituted by a series 
of  more precise in silico measured overall ge-
nome-related indices (OGRI; Chun et al., 2014). 
The provision of  draft or complete genome se-
quences of  the type strain has become compul-
sory for any new classification, demanded by 
journals publishing taxonomic papers, such as 
Systematic and Applied Microbiology (compulsory 
since 2014), Archives of  Microbiology and Current 
Microbiology (since 2017) or IJSEM (since 2019). 
Although not well accepted, modern bacterial 
classification has a strong genetic and genomic 
basis. Phenotyping has been losing relevance, 
and most of  the tests used are either unneces-
sary and/or uninformative in many taxonomic 
papers (Sutcliffe, 2015). Like it or not, the cur-
rent classification of  higher taxa is only driven 
by molecular phylogenies based on 16S rRNA 
genes or, more recently, by analyses of  essential 
genes (Parks et  al., 2018), with the fine-tuned 
species and genus circumscriptions using OGRI. 
Recent developments in high-throughput sequen-
cing platforms, and bioinformatics allowing the de-
termination of  almost complete genomes retrieved 
from culture-independent methods, challenge the 
future of  microbial taxonomy, as discussed below.

Recent Innovations

The evolution of  the classification of  prokaryotes 
has evolved in parallel with technological devel-
opments (see above and Rosselló-Móra, 2012); and 
prokaryotic taxonomy has always pioneered the 
use and development of  molecular approaches 
to discern among distinct, but closely related 
 organisms. GC mol% content, followed by DNA-
DNA hybridization techniques, and molecular 
phylogenies using 16S rRNA gene analysis, have 
been the major advances in genotyping that al-
lowed the current classification with high stabil-
ity. Early in this century, multilocus sequence 
analysis (MLSA) was foreseen as an alternative 
to DNA-DNA hybridization (Stackebrandt et al., 
2002), but mostly has been used as an alterna-
tive to complement molecular phylogenies.
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However, the major breakthrough in the 
taxonomy for Bacteria and Archaea occurred 
with the development of  high-throughput sequen-
cing technologies. The capability to fully sequence 
genomes at a relative low cost, together with the 
development of  a myriad of  bioinformatic tools 
to analyse and compare them, has revealed a 
completely new dimension in classification. Again, 
genotyping has been the major source of  in-
novative and precise measurements that can nu-
merically circumscribe taxa. As indicated above, 
high-throughput sequencing technologies have 
allowed in silico genome to genome compari-
sons, and several OGRI (Chun et al., 2014) have 
been developed. The simplest and therefore most 
straightforward parameters are both the average 
nucleotide identity (ANI; Konstantinidis and Tiedje, 
2005a) and average amino acid identity (AAI; 
Konstantinidis and Tiedje, 2005b), as the former 
calculate the mean in identity between orthologous 
pairs of  DNA fragments and the latter the mean 
of  similarity among orthologous DNA-translated 
proteins. All other OGRI are slightly more com-
plex, as they use additional genome parameters 
to generate a value, but ultimately all of  them 
render similarly valuable information. Since its 
development (Konstantinidis and Tiedje, 2005a) 
ANI has been used extensively to circumscribe 
species. In the dawn of  the in silico analyses using 
the extant genomic information, the commonly 
used range of  similarity around the 70% DNA-
DNA hybridization boundary could be equiva-
lent to an ANI range of  94%–96% (Richter and 
Rosselló-Móra, 2009). However, the existence of  
discrete biological units (which we call ‘species’) 
has been often questioned, as the boundaries 
were considered pragmatic, artificial and of  no 
biological significance (Rosselló-Móra, 2012). With 
the increasing number of  genomes in the data-
bases, it was possible to observe a bimodal ANI 
curve among the species of  a genus reinforcing 
the existence of  a fuzzy zone between 92% and 
96% ANI (Rosselló-Móra and Amann, 2015). 
Stronger proof  that ‘species’ exist, however, came 
from the thousands (close to 100,000 genomes) 
of  pairwise comparisons reflecting that, between 
a species and its closest relative species, there 
was a gap in the ANI values (ANI-gap) showing 
a clear jump (Jain et al., 2018). The demonstra-
tion with a rational biological foundation of  the 
existence of  what bacteriologists call ‘species’ is 
perhaps the most important breakthrough in 

the taxonomy of  prokaryotes since the begin-
ning of  the 19th century, and will most probably 
have a paramount influence in the very near 
future.

AAI is also a parameter that has been 
shown to be very informative in the classifica-
tion of  novel taxa. The much more conservative 
nature of  the translated nucleic acid informa-
tion to proteins has revealed resolution at the 
level of  higher taxa, and especially at the genus 
level (Konstantinidis and Tiedje, 2005b). The 
boundary of  70% AAI can serve as a very plaus-
ible threshold to discern two genera, similar to 
the previously used 94% threshold of  16S rRNA 
gene identity (Yarza et al., 2014). The artificial 
nature of  the present hierarchical classification 
system (Rosselló-Móra, 2012), results in a much 
fuzzier circumscription of  higher taxa than that 
of  species and genus, but there is still a correl-
ation between how taxonomists have classified 
families, orders and classes, and the AAI and 
16S rRNA gene identity thresholds (Konstanti-
nidis and Tiedje, 2005b; Yarza et al., 2014). It is 
remarkable that the taxonomic rank Phylum 
has been thoroughly used in molecular phyloge-
nies and molecular ecology, but this category 
has no standing in nomenclature (Whitman 
et al., 2018). Yet there is a definitive need to im-
plement this category in the code of  nomencla-
ture for prokaryotes as it is possibly, after the 
rank of  species, the most popular category used 
among molecular microbial ecologists.

In addition to OGRI, the high-throughput 
sequencing platforms have brought the possibil-
ity to expand phylogenetic analyses beyond the 
single gene, as 16S rRNA or a small set of  essen-
tial single copy genes (MLSA). Access to the al-
most complete gene content of  genomes has 
allowed genealogical reconstruction using the 
shared core of  genes among a group of  organ-
isms (phylogenomics), or even reconstruction of  
a prokaryotic-wide phylogeny using the univer-
sally conserved housekeeping genes (Parks et al., 
2018). The impact of  the genomic taxonomy ap-
proach is enormous, and has influenced even 
the structure of  Bergey’s Manual of  Systematics 
of  Archaea and Bacteria that will implement the 
taxonomic structure proposed in the Genome 
Taxonomy Database (GTDB) (www.bergeys.
org/). The broad range of  effects on genomic tax-
onomy has resulted in the proposal of  some rele-
vant changes in hitherto accepted classification. 

http://www.bergeys.org/
http://www.bergeys.org/
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The influence of  the 16S rRNA gene sequence is 
predominant in systematics, however; its highly 
conserved nature and the large database guar-
antees its dominant role in prokaryotic classifi-
cation, and it will not be abandoned in the short 
term. As the sequencing approaches and bio-
informatic tools improve, and the genome data-
bases such as GTDP (Parks et  al., 2018) or 
Microbial Genomes Atlas (Rodriguez-R et al., 2018) 
expand, most probably the relevance of  the 
small subunit ribosomal RNA gene will slowly 
decrease.

Altogether, the influence of  genotyping – and 
especially that of  the basic genomic compari-
sons – has guided the structure of  the current 
classification system (see Chapters 10 and 15) 
and, somehow, phenotyping has been left aside and 
relegated to just the minimal standards needed 
for classification. Often most of  the phenotypic 
data provided in the current taxonomic descrip-
tions are of  very low relevance and do not really 
include truly valuable diagnostic traits (Sutcliffe 
et  al., 2012; Sutcliffe, 2015). To overcome this 
lack of  solid phenotypic data, an effort is needed 
to implement the high-throughput technologies 
originally developed in chemistry, also known as 
metabolomics (Rosselló-Móra et al., 2008). There 
is a series of  different mass spectrometry and 
fine-tuned technologies that could be imple-
mented. For example, large molecules (between 
1000 and 10000D) could be clearly detected us-
ing matrix-assisted laser desorption/ionization 
time of  flight mass spectrometry (MALDI-TOF 
MS), and small molecules (between 50 and 
2000D) using high-resolution spectrometry such 
as Fourier-transform ion cyclotron resonance  
(FT-ICR MS). The latter has been used already to 
determine metabolite profiles to distinguish be-
tween different strains of  the same species (e.g. 
Antón et al., 2013), along the growth curve of  the 
same strain (Brito-Echeverria et al., 2011), or even 
to show the biogeographic patterns of  members 
of  the same species (Rosselló-Móra et al., 2008). 
Such metabolomics have never, however, been used 
in taxonomy. On the other hand, MALDI-TOF 
has already gained relevance in systematics 
(Welker and Moore, 2011), and also in medical 
diagnostics. The relatively specific whole-cell 
profiles, mostly originating from ribosomal proteins, 
show patterns that could be diagnostic for mem-
bers of  the same species or of  very close species 
(see Chapters 7 and 8). This approach has been 

already well used in classifying and/or identify-
ing thousands of  strains in a single study (Viver 
et al., 2015; Alejandre-Colomo et al., 2020). The 
cost efficiency of  this technology allows the 
large-scale screening of  strains and their classifi-
cation in accordance with their profiles. The cu-
mulative database of  profiles will, in the future, 
allow rapid classification of  new isolates, as well 
as precise identification of  those that may be 
new and unclassified, facilitating the discovery 
of  taxonomic novelty. Moreover, it helps in gen-
erating collections of  organisms in which single 
species can be represented by several strains, 
avoiding the problems of  species described only 
using a single strain (Christensen et al., 2001).  
A strategy to assess the large-scale cultivation of  
microorganisms from the human gut resulted in 
the isolation of  thousands of  strains on about 
200 variations of  culture media (later reduced 
to about 20) and led to the development of  
the so-called Culturomics approach (Lagier 
et  al., 2016). In accelerating the process of  
identification, and to provide a shortcut 
through the lengthy traditional species descrip-
tion, MALDI-TOF MS represents the beginning 
of  phenotypic characterization of  the microbi-
ome, followed by rRNA gene sequence analysis 
of  putative novel species. In accord with the idea 
of  phylotaxonomy, the genome sequence of  
such species is generated and compared to those 
of  the nearest related type strains, based upon 
16S rRNA gene sequence similarity. A few basic 
phenotypic traits, and whole-cell fatty acid com-
position, complemented the spectrum of  data 
which led to a significant increase in the record-
ing of  novel species from the human gut (Lagier 
et al., 2018).

The identification of  a huge number of  strains 
from hosts or the environment is not only a source 
of  novelty, but also a good way to expand the col-
lection of  isolated organisms in pure culture that 
can serve as a source for biotechnological appli-
cations. The fact that not all members of  the 
same species isolated from the same source are 
genomically identical (e.g. Gevers et  al., 2005; 
Antón et al., 2013), enables large collections of  
strains of  the same taxon to be very useful ma-
terial in understanding genomic diversity. Another 
benefit of  high-throughput sequencing in sys-
tematics is in promoting our  understanding of  
how genes show the blueprint of  classified taxa 
(Munoz et al., 2020).
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Taxonomy Needs to Change Its Path

The relevance of  high-throughput approaches 
in the study of  the diversity of  prokaryotes con-
trasts with the relatively low pace in the descrip-
tion of  new species. At the time of  writing, about 
14,000 species had been classified and close to 
19,000 names had been proposed (in accord-
ance with the List of  Prokaryotic Names with 
Standing in Nomenclature [LPSN] figures; www.
bacterio.net/; Parte, 2018). It is commonly ac-
knowledged that the number of  species in the 
environment is orders of  magnitude higher, and 
to some extent we hypothesized a range of  be-
tween 1 to 10 million (Yarza et al., 2014). The 
relatively low pace of  bacterial taxonomy is due 
to the entire, complex procedure of  classifying 
new taxa, which has several bottlenecks that 
need to be resolved. In the first instance, only 
names given to pure cultures can be validated. 
The Bacteriological Code requires that the refer-
ence material (in the form of  a type strain) has to 
be deposited in two international culture collec-
tions, to preserve the living genetic material, and 
to make it available to the scientific community 
(Parker et al., 2019).The deposition of  strains in 
collections alone takes some time, as these have 

to certificate the identity of  the deposit; other 
collections implement legal constraints in shar-
ing material that may make the valid publica-
tion of  a name problematic (Oren et al., 2018).

The pace of  species descriptions (Fig. 1.2) 
has witnessed a steady growth since the 16S 
rRNA gene sequence allowed the recognition of  
novelty in the genealogical tree. The arithmetic 
growth reached a plateau between 2007 and 
2014 (with about 600 species descriptions/
year), and a significant jump in new descriptions 
occurred in 2015 (with about 900 species de-
scriptions/year) and in the following years. Ba-
sically, the reasons were the increase in numbers 
of  publications (due to the appearance of  novel 
journals publishing taxonomic papers), and the 
increased number of  papers, especially from 
countries that recognized the value of  indigen-
ous resources. But the yearly number of  papers 
dealing with species is still limited, and also the 
policies of  some journals may lead them to dras-
tically reduce the number of  taxonomic papers 
(Sutcliffe, 2019). Altogether, this may have a 
negative impact on the pace of  new taxonomic 
proposals. One of  the main reasons for the cur-
rent fluctuations is the rise of  single-strain species 
descriptions (SSSD; Tamames and Rosselló-Móra, 
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http://www.bacterio.net/
http://www.bacterio.net/
http://www.arb-silva.de
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2012), often with reduced relevance owing to 
the very sparse information content of  the descrip-
tions (Christensen et  al., 2001). This, together 
with ‘one-species one-paper’ practices (Sutcliffe, 
2019), has strongly impacted the citation indi-
ces of  the journals publishing these papers. The 
impact has had such an influence that many 
journals adhered to the Declaration on Research 
Assessment (DORA; https://sfdora.org/) and avoided 
the use of  altmetrics in their journal advertise-
ments (Parish et al., 2019).

It seems that there is a conflict between fos-
tering an increase in new classifications, and the 
journal policies, owing to the scientific relevance 
of  their publications. Actually, the cataloguing 
of  new taxa may well be disassociated from the 
standard publication procedures. Journals could 
centre their publication basis on highly relevant 
classifications. As Sutcliffe (2019) stated, ‘…it 
seems unfeasible, given the sheer scale of  micro-
bial diversity, that a “one species, one paper” 
publishing model can be sustained indefinitely, 
particularly if  there is to be a shift towards “high 
throughput” approaches to the circumscription 
and valid naming of  prokaryotic taxa’. Thus, it is 
clear that a new path for taxonomic cataloguing 
is needed. To this purpose, the Digital Protologue 
Database (DPD; Rosselló-Móra et  al., 2017a,b) 
was created. In the first instance this was to gen-
erate a repository of  taxonomic descriptions in 
an orderly manner in a database-based format 
that could be cumulative and searchable follow-
ing the current bioinformatics requirements. 
The protologues were laid out in a way that was 
reminiscent of  the gene and genome entries in 
public repositories, formatted in fields of  search-
able information and universal to all new classifica-
tions. Each entry was given a unique TaxoNumber. 
But, in the second instance (and as future per-
spective), it was suggested that the DPD was to 
be a repository of  descriptions, each having been 
given a digital object identifier (DOI) entry. It was 
to be citable independently from publishing 
journals, and ideally run by one of  the man-
aging entities of  the International Nucleotide 
Sequence Database Collaboration (INSDC) that 
would guarantee stability. The DPD was warmly 
welcomed by other journals publishing taxo-
nomic papers, such as Archives of  Microbiology 
(Stackebrandt and Smith, 2017a), Current Micro-
biology (Stackebrandt and Smith, 2017b) and 
New Microbes New Infections (Drancourt and 

Fournier, 2018). In its 2-year life over 1000 
entries and 750 registered users were accom-
plished. However, the inability to secure the sup-
port of  the editorial board of  the IJSEM (because 
of  its dominant role in publishing > 80% of  all new 
names) forced closure of  the DPD (Rosselló-Móra 
and Sutcliffe, 2019a,b). The authors believe that 
it is only a question of  time  before the classification 
of  microorganisms will be automatized (Rosselló- 
Móra and Whitman, 2019), especially if  we want 
to speed up the process of  cataloguing the expected 
vast amount of  as yet unclassified taxa. The DPD, in 
one form or another, will then prevail. We foresee 
that the global centralization of  data, with taxo-
nomic descriptions and their interlinking genomic, 
genetic and phenotypic data, will be the choice of  
the future; the one- species one-paper practices will 
then go extinct.

However, the major bottleneck to cataloguing 
prokaryotic species is cultivation. In general, dis-
cussion about the vast majority of  prokaryotes 
being recalcitrant to cultivation (Konstantinidis 
et al., 2017) is commonplace, but is one of  the 
major problems if  we want to classify the entire 
diversity at a relatively fast pace. Traditionally, 
since the introduction of  molecular microbial 
ecology tools, uncultured microorganisms were 
detected solely by means of  16S rRNA amplified 
and cloned gene sequences, and by application 
of  phylogenetic probes directed to the ribosomal 
RNA sequences either using northern blots or 
fluorescence in situ hybridization (Amann et al., 
1995). The failure to retrieve accurate genetic 
and phenotypic data from uncultivated micro-
organisms made their stable classification and 
nomenclature impossible. Only some microorgan-
isms with conspicuous characters such as size, 
inclusions or lifestyle could be identified, and for 
these the provisional category of  Candidatus was 
created (Murray and Stackebrandt, 1995). The 
disadvantage of  this provisional category is that 
it has no standing in the Code; and, derived from 
this, the names given have no priority (Whitman 
et al., 2019). The lack of  priority means that if  
someone isolates a representative of  a Candidatus 
as a pure culture, any new name could be pub-
lished, while the earlier given name would be 
denied. The lack of  a stable framework seems to 
have discouraged molecular ecologists to ‘formally’ 
name the uncultivated prokaryotes they detected 
and, in about 20 years of  existence, only about < 500 
Candidatus taxa were proposed (Oren, 2017).

https://sfdora.org/
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But things have changed, and the high- 
throughput sequencing strategies have brought 
a completely new dimension to microbial system-
atics (see Chapters 10, 11, 13, 15). The metagenom-
ic approaches, together with the new bioinformatic 
tools, have allowed the segregation of  single-species 
genomes from complex metagenome pools of  se-
quences. The metagenome assembled genomes 
(MAGs) represent the pooled mosaic of  the gen-
omes of  the coexisting populations or strains of  
a single species thriving in the same sample 
(Konstantinidis et al., 2017). On the other hand, 
single cell amplified genomes (SAGs) can render 
genomic information on single strains without a 
cultivation step (Hedlund et  al., 2015). This 
giant step in microbial molecular ecology has al-
lowed the retrieval of  genetic information from 
uncultured organisms that is at least of  equiva-
lent quality as that derived from cultured organ-
isms (Konstantinidis and Rosselló-Móra, 2015). 
The most important parameters for a taxonomic 
classification that infers phylogeny and calculates 
OGRI can be readily be determined, and with 
high accuracy, using these culture-free methods. 
Essential gene analyses to infer global phyloge-
nies are now feasible, and therefore the new 
taxonomic framework already includes uncultured 
MAGs and SAGs (Parks et  al., 2018). Similarly, 
global genome analyses to precisely circum-
scribe species and genera using ANI and AAI 
can now also include MAGs and SAGs (Rodri-
guez-R et al., 2018) with which the ANI-gap has 
been demonstrated (see above; Jain et al., 2018). 
Metabolism can also be inferred from the gen-
ome, and although it is clear that the presence of  
genes may not always correlate with gene ex-
pression (Bisgaard et al., 2019), the phenotypic 
inference can always be proven by means of  ex-
tant sophisticated techniques using radiolabelled 
(Rosselló-Móra et  al., 2003) or stable isotope- 
labelled compounds (Musat et al., 2016), as well 
as metatranscriptomics (Zuñiga et  al., 2017) 
and metaproteomics (Armengaud, 2016).

The revolution of  high-throughput tech-
niques and their application in systematics has 
led to the radical proposal for the Bacteriological 
Code to allow DNA sequences to become type 
material as an alternative to the deposit of  living 
cultures in international collections (Whitman, 
2015, 2016). If  DNA could become type mater-
ial, the classification of  all (not only fastidious) 
microorganisms would be facilitated and the 

door would be opened to classifying uncultured 
taxa for which high quality MAGs or SAGs had 
been retrieved (Konstantinidis et al., 2017). The 
most important benefit of  cataloguing the as yet 
uncultured taxa using the same classification 
standards as used for those that are cultured is 
the provision of  a stable nomenclature that would 
avoid anarchic designations and the synonymy 
that often arises owing to the lack of  rules. How-
ever, this proposal has not always been welcome 
by taxonomists (Oren and Garrity, 2018; Bis-
gaard et al., 2019; Overmann et al., 2019). There 
is an uneasiness that nomenclatural chaos will 
be created arising from the avalanche of  names 
based on the classification of  MAGs and SAGs; 
there is also great concern that these sequences 
do not represent extant species genomes, but 
non-existent chimeras resulting from insuffi-
ciently powerful bioinformatic tools. We are at 
the dawn of  the high-throughput bioinformatics 
era, and in the future the accuracy of  the new 
approaches will improve enormously. But, even 
today, there is evidence indicating that MAGs 
share ANI values > 97% with the genomes of  iso-
lates: for example, Haloquadratum walsbyi (Viver 
et al., 2019), Salinibacter ruber (Ramos- Barbero 
et  al., 2019), Escherichia coli (Almeida et  al., 
2019; Peña-Gonzalez et al., 2019) and Candidatus 
‘Macondimonas diazotropica’ (Karthikeyan et  al., 
2019). Moreover, the fact that, in a given sam-
ple, different populations of  the same species co-
exist with different genomic content (Antón 
et  al., 2013), the retrieved MAGs would repre-
sent the core genome of  the species that thrived 
when the sample was taken. Actually, there is an 
advantage with this approach, as it is most likely 
that the genomic blueprint of  what a species is 
relies on the shared set of  genes, and a MAG will 
better represent the species than the single iso-
late of  the common SSSDs.

Conclusions: Reconciliation  
or Divorce

Whether DNA is accepted as alternative type 
material remains independent of  whether the 
code of  nomenclature will consider MAGs and 
SAGs as nomenclatural types. Thus, both cases 
can be treated independently by the International 
Committee on Systematics for Prokaryotes (ICSP; 
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www.the-icsp.org). Several proposals have been 
forwarded to the committee for its evaluation 
and vote on the use of  DNA as type material 
(Whitman, 2016) and the acceptance of  Phy-
lum as the highest category (Whitman et  al., 
2018). At present, both requests can only apply 
to pure cultures but, to allow the names of  MAGs 
and SAGs to gain priority, a third proposal was 
raised for them (Whitman et  al., 2019). At the 
time of  writing, none of  the proposals had been 
voted for by the ICSP, and so none of  the relevant 
topics are either accepted for or denied imple-
mentation in the Bacteriological Code. Microbial 
systematics is now at the tipping point between 
reconciliation or divorce among classical taxon-
omists and molecular microbial ecologists.

The result of  the opinion of  the ICSP will de-
finitively clarify the path of  prokaryotic tax-
onomy, and the decision is especially important 
for the cataloguing of  the uncultured organisms. 
As already proposed (Konstantinidis et al., 2017), 
either the Bacteriological Code is adapted to the 
new winds of  molecular systematics, thus allow-
ing MAGs and SAGs to be designated with stable 
names with priority, or an alternative nomen-
clatural code should be created by microbial mo-
lecular ecologists. A parallel code for the 
uncultured organisms would result in an alter-
native taxonomy exclusively for DNA-based clas-
sifications that would run independently of  the 
decisions of  the ICSP. But this divorce would 
surely have many other negative effects. To this 
purpose, taxonomists and molecular ecologists 
have again reinforced the need for an urgent 

 solution (Murray et  al., 2020). The preferred 
Plan A would include a common nomenclature 
for cultured and uncultured taxa, fostering a 
harmonious classification. The less desirable 
Plan B would include a new code allowing uncul-
tured taxa to be stably named (the UnCode) that 
would have at least the effect of  halting chaos.

Never before has the future of  the prokary-
otic taxonomy been at such a critical point. The 
uncertain future, and whether Plan A or Plan B 
will prevail, depends totally on the wisdom of  
the ICSP. Perhaps by the time this book is pub-
lished the situation will have been clarified, but 
the current situation is as full of  uncertainty as 
of  excitement, and none of  the scenarios can be 
predicted.

In April 2020, a majority of  the ICSP mem-
bers decided to reject the proposals to use DNA 
as type material. Therefore, this rejection leaves 
the only path for microbial ecologists to go 
through Plan B. Only time will reveal whether 
this was the best decision for the future of  the 
taxonomy for prokaryotes.
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