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Preface
BISMiS-2016 represents the changing face of microbial systematics and the use of genomic/enviro-genomic data for
the description of novel taxa. Although a session was dedicated to this theme in the 2nd meeting of
BISMiS held at Edinburgh in 2014, the enormous information generated from the merger of these
two branches over the recent past laid the foundation for BISMiS-2016 to be focussed on this
aspect. The importance of taxonomy in the age of genomics has been highlighted very well in a
recent issue of Systematic and Applied Microbiology, Volume 38, Issue 4. With the advancement in
sequencing technologies and an increasing proportion of novel taxa descriptions using genomic data,
the future of taxonomy holds great potential for DNA and genomic sequences as the primary type
material, rather than solely relying on obtaining pure cultures for the description of novel taxa. The
meeting is being held at this crucial juncture when methods and minimum standards are likely to be
formulated for using genomic data in microbial systematics. It is therefore aimed to be inclusive of
the developments in this field.
Concurrently, the past century has witnessed a considerable contribution from Indian researchers
toward the description of novel taxa. The first description of a novel prokaryote by an Indian
researcher was of a cynaobacteria named Aulosira fertilissima (Ghose, 1923). Since then, the
description of novel bacterial taxa by Indian researchers is on the rise. Not only this, India also
contributes substantially to the world culture collection holdings. In fact, India stands tall at the top
with the most number of holdings by a single culture collection (MCC, Pune) and the third largest
collection nationwise based on WDCM as of Aug’16. These achievements are a reflection of the
interest among Indian researchers in the field of microbial systematics. Indeed, as rightly said by
Prof. Michael Goodfellow during the opening session of the ‘Workshop on Actinomycetes’ at the
Institute of Microbial Technology, India, 1992: “The Sun of Taxonomy is rising in the East”
With a very specific focus of the BISMiS meeting, we considered the many ways of passing this vast
information to beginning researchers in this field. We visioned to put forth a collection of chapters
written by the expert speakers specifically for the students and faculty in academia, on topics that
they would benefit most from, and those that would generate the curiosity in these young minds and
motivate them to learn more about the subject. This was the genesis of “BISMiS-2016 - a souvenir”.
While BISMiS-2016 will be an excellent opportunity for researchers to empower themselves with the
latest trends in the field of microbial systematics, the souvenir acts as a ready reference of the current
status in this field for students and faculty alike who could not attend BISMiS-2016.
The souvenir team carefully chose the topics and contributing authors for inclusion after lengthy &
untiring deliberations that spread across five days. The invitations followed and the authors
graciously agreed to contribute to this cause amidst their busy schedule. The beginning chapter on
‘BISMiS and its genesis’ puts things in the right perspective by presenting the reasons behind setting
up a society in this field. The following chapters cover many aspects of microbial systematics, such
as nomenclature of microorganisms, phenotypic analysis in the age of genomics, and differentiation
of Bacillus, the most common problem faced by microbiologists in this field. Additionally, chapters
on envirogenomics, human microbiome, archaea, cultivating the ‘uncultivated’ introduce the reader
to the more recent changes that will significnatly impact the field of microbial systematics in future.
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Finally, the closing chapter on how to incorporate teaching microbial systematics in the classroom is
likely to be very useful for academicians who teach microbiology to undergraduate students.
This souvenir is now a reality because of the instrumental role of the entire team. The untiring efforts
of the souvenir team, the contributing authors and our sponsors are the pillars on which the
souvenir’s foundation was laid. A special mention to the Bergey’s Manual Trust for its constant
support throughout the planning and execution of these events. At the same time the efforts of the
various support teams that managed parts of the entire operation during this eventful week cannot
be ignored. Without them, it was nearly impossible to organize and successfully host these events
and come up with this excellent compilation.
We believe that in view of the significant advances in the field of microbial systematics, the souvenir
will further motivate the readers to pursue research and contribute to the advancement in this field.

Kamlesh Jangid
Secretary, BISMiS
Microbial Culture Collection, Pune

Yogesh S. Shouche
Microbial Culture Collection, Pune
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Foreword
Bacterial taxonomy is at the forefront of scientific ingenuity, encompassing all the latest developments
across the scientific spectrum. Certainly molecular biology has revolutionised taxonomy, and in
particular sequencing of the 16S rRNA gene is an every day occurrence in taxonomy laboratories,
worldwide. It can not be understated how sequencing has enabled many laboratories to recognise new
taxa, and to reliably identify new isolates. However, there are constraints, and scientists need to be
aware of the pitfalls as well as the advantages. As we speed into the twenty first century, the relevance
of cultures may be debated. Indeed, we recognise that not all bacteria are capable of growth on the
laboratory media that we have concocted - and why should they? Methods of data analyses are the
subject of discussion - are they appropriate, and may they be improved? This means that taxonomists
must work with mathematicians and computer scientists. In short, there are exciting times and
challenges ahead for bacterial taxonomists. The future is surely bright. I am pleased to commend this
volume to you, and hope that it will provoke thought and discussion particularly among the younger
generation of microbiologists.
Challenge and do not blindly accept the dogma, and then our science will really move forward.

Brian Austin
President, BISMiS
University of Sterling, Scotland
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Foreword
I am delighted to welcome all the distinguished invitees and participants of BISMiS-2016 to Pune. We
are honoured to host the third meeting of the Bergey’s International Society for Microbial Systematics
at the Microbial Culture Collection (MCC) this year, in association with the Pune Unit of the
Association of Microbiologists of India (AMI).
BISMiS meetings play a pivotal role in bringing together the large international community of
academicians, researchers and students interested in microbial systematics. Such a forum assumes
special importance given that the vast microbial diversity of the planet could be sufficiently explored
and understood only through concerted efforts & extensive international collaborations.
The organizers of BISMiS-2016 aspire to carry forward the mantle of success of the first two meetings.
This year’s meeting will focus on ‘Microbial Systematics and Metagenomics’, to build further on the
keen interest that this topic elicited during the last meeting. The organizers have put together an
excellent scientific program, which will include a meeting with sessions on different topics related to
systematics, as well as a ‘Two-day Workshop on Nomenclature of Archaea and Bacteria’ & a ‘Twoday International Symposium on Microbial Ecology and Systematics’. These will provide ample
opportunities for learning, exchange of ideas, constructive debates, forging new partnerships and
strengthening existing collaborations. We believe that participants at all levels, from students to senior
researchers in the field, will benefit from these interactions.
This souvenir, being released on the occasion of BISMiS-2016, contains articles on diverse topics
encompassing the genesis and future goals of BISMiS, conventional and modern aspects of microbial
systematics and ecology, and microbial systematics in education. We warmly thank the experts who
have graciously sent articles to be published here, so that this souvenir could serve as a ready reference
on these topics for the participants.
I would also like to take this opportunity to appreciate the extensive efforts of the organizing team in
bringing BISMiS-2016 to fruition. I fully trust that the participants will carry back something of value
from this forum and I hope that they will also enjoy the hospitality and cultural ambience of Pune.
I wish BISMiS-2016 every success.

Shekhar Mande
Director
National Centre for Cell Science, Pune
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About the Hosts

Microbial Culture Collection, Pune, India
-a national facility supported by DBT
Genesis of Microbial Culture Collection (MCC)
lies in a major initiative taken by the Department
of Biotechnology (DBT), Government of India
towards microbial bioprospecting. In order to
preserve and to make available for future use a
large number of bacteria collected by nine
collaborating institutes from diverse ecological
niches of the country, the programme envisaged
creating a facility with modern infrastructure and
expertise. MCC started functioning since 2009
and within a short span established itself as a
collection holding the largest number of cultures
in the world (according to World Data Centre
for Microorgansims, WDCM). MCC was
recognized on 9th April 2011 as an International
Depositary Authority (IDA) by the World
Intellectual Property Organization, Geneva,
Switzerland under the Budapest Treaty. It is also
recognized as a Designated National Repository
for Microorganisms on 8th July 2013 by Ministry
of Environment, Forest and Climate Change
(MoEF & CC), New Delhi, India under
Biological Diversity Act 2002.
With its excellent infrastructure and expertise
MCC offers various services to the scientific
Contact: Service Coordinator, Microbial Culture
Collection, National Centre for Cell Science, Pune
University Campus, Pune- 411007, Maharashtra,
India. Tel: +91-20-25329000; Fax: +91-2025692259; Email: mcc@nccs.res.in; URL:
www.nccs.res.in/mcc
Location Address: Microbial Culture Collection,
National Centre for Cell Science, Central Tower,
Sai Trinity Building, Near Garware Circle, Pashan,
Pune - 411021, Maharashtra, India

community (see below). Scientists of MCC are
also actively involved in research in areas related
to microbial diversity, metagenomics, ecology
and taxonomy using classical as well as modern
molecular approaches. In addition, MCC has
unique expertise in dealing with Cyanobacteria,
anaerobes and anoxic phototrophs. For more
details, please read Sharma & Shouche (2014).
Services Offered by MCC
 Deposit of Cultures
o General deposit
o Safe deposit
o IDA deposit under Budapest Treaty
 Supply of Cultures
o Freeze dried ampoules
o Active Cultures on slants/stabs
 Identification/Characterization Services
o rRNA gene or ITS sequencing
o Phenotypic characterization
o Phylogenetic Analysis
o G+C mol% (Tm or HPLC)
o DNA – DNA Hybridization (DDH)
o Preparation of DNA for DDH
o MALDI-TOF MS & MSP creation
o FAME Analysis
o Polar lipid profile
o Genomic DNA Isolation & Purification
 Other Services
o Purification of a Culture
o Freeze-drying of microbial cultures
 Educational Services
o Training
o Workshops
o Symposia
Reference
1. Sharma, A., and Shouche, Y. (2014) Microbial Culture
Collection (MCC) and International Depositary
Authority (IDA) at National Centre for Cell Science,
Pune. Indian J Microbiol 54: 129.
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Association of Microbiologists of India
The Association of Microbiologists of India
(AMI), established in 1938 is one of the oldest
and reputed scientific organization of the
country. Since its inception, it has contributed
significantly
towards
development
of
microbiology, particularly in areas of research,
teaching and commerce in country. The
association publishes a quarterly journal, ‘Indian
Journal of Microbiology’ for the last 45 years and
holds a National convention annually at one of
the well established centers of microbiology in
the country. At present, there are 42 units of the
association with more than 4200 life and annual
members and about 450 corporate members.
AMI Pune Unit
The mandate of AMI has been tuned to cater to
scientific and industrial endeavor. All its
memberships, prominent activities and awards
have been instituted for researchers and industry.
The Pune Unit, however has improved on this
mandate by incorporating postgraduate students
as a focus for activities by and for them.
Concomitantly, the office has also been located
in an educational institution rather than a
research institute. It is probably necessary to
mention here that the Microbiology Department
of MES’ Abasaheb Garware College has always
been one of the primary components of the Pune
Unit because of several factors, including the fact
that several of the prominent researchers and

Contact: Secretary, AMI Pune Unit, C/o
Department of Microbiology, MES’ Abasaheb
Garware College, Karve Road, Pune- 411004,
Maharashtra, India. Tel: +91-20-41038235; Email:
amipuneunit@rediffmail.com; Facebook: www.
facebook.com/ami.puneunit

subject-related industrialists in Pune are alumni
of this College and Department. With this
unifying bond, the Unit has strived to excel at
what it does.
Success stories of AMI Pune Unit
Recipient of the ‘Best Unit Award 2014’, AMI
Pune Unit has successfully hosted two national
conferences. One of which was in 1988, to mark
the Diamond Jubilee of AMI and another one
was in 2009 to mark Golden Jubilee of AMI. As
on today, Unit has 300+ life members & annual
members: many of which is being represented by
students. The unit is being represented by
academic organizations, research institutes and
industries in and around Pune. Hi-tech
Biosciences, HiMedia, Dyna Biotech and
Hindustan Antibiotics are the esteemed patrons
of AMI Pune Unit. The towns such as Nashik,
Ahmednagar and Baramati which are located at
the periphery of Pune are also being actively
represented in AMI Pune Unit. Very frequently
the unit hosts researchers, academician, and
entrepreneurs of national and international
repute to facilitate their interactions with
microbiologists from the city to allow them to
share their work and experience. ‘Entrepreneurship:
A Gateway for Biologists’, ‘AMI Best Poster Award for
Master’s Students in Microbiology’, ‘How to score more?’,
‘Life after M. Sc. – how to face interview?’ and ‘Carl
Woese Memorial Oration’ are few of the signature
events of AMI Pune Unit.
It would not be wrong to state that the Pune Unit
of the Association of Microbiologists of India has
the heritage, motivation and zeal to take the torch
of the Association to greater heights and pave a
path for future microbiologists. The mainstay of
the Pune Unit would always remain postgraduate
students of microbiology and allied sciences, with
activities conducted to benefit them.
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A Brief History of Bergey’s International Society
for Microbial Systematics (BISMiS)
William (Barny) Whitman
Director of the Editorial Office, Bergey’s Manual Trust,
University of Georgia, Athens GA 30602 USA
Email: whitman@uga.edu
Bergey's Manual Trust began discussions on the
formation of an international society to support
microbial systematics in 2006-2007. Through the
Bergey's Manual Trust website and Newsletter,
an online survey was conducted to determine if
there was sufficient interest among the
community of microbiologists who study the
Bacteria and Archaea. This survey as well as
discussions held at the 2008 International Union
of Microbiological Societies meeting in Istanbul
were highly supportive of the concept. Based on
this, the Trust voted to sponsor BISMiS at its
annual meeting in 2009. Jim Staley, who was
Chair of Trust at the time, then took a
leadership role to bring the society to fruition.
In 2010, Robert Murray became the first
member of the new society, making a generous
contribution and creating a solid financial
foundation. He was joined by more than 65
other charter members who joined the society
that year.
Jim Staley also drafted the
constitution, which was approved on 18 March
2011 by a vote of the membership. At the same
time, Lixin Zhang, with Co-Chairs, Guoping
Zhao, Li Huang and Zixin Deng, worked closely
with Michael Goodfellow to organize the first
meeting of the Society in Beijing, China. This
meeting was held on 19-23 May 2011 and was
co-sponsored by the Institute of Microbiology
of the Chinese Academy of Sciences and
Bergey’s Manual Trust. More than 350 scientists
and students attended the meeting, which had
sessions on all aspects of microbial systematics.

At this meeting, President-Elect Michael
Goodfellow became President upon the end of
the term of President Jim Staley. However, he
resigned in favor of Fred Rainey, the former
Secretary. At the same time, Brian Austin
became the President-Elect and Barny Whitman
continued as Treasurer.
The second meeting, BISMiS-2014, was held in
Edinburgh, Scotland, on April 7th-10th with the
theme of “Defining Microbial Diversity in the
Genomic Era”. With nearly 100 participants,
this exciting meeting brought together experts
on the role of genomics in microbial systematics
and included an international panel of speakers.
The current officers were elected, which
included the President, Brian Austin; PresidentElect, Martha E. Trujillo; Secretary, Kamlesh
Jangid; and Treasurer, Barny Whitman. At this
meeting, the invitation of the Microbial Culture
Collection to host the third meeting, BISMiS2016, in Pune, India, was accepted.
As described in its Constitution, the purpose of
the Society is to promote excellent research in
microbial systematics as well as enhance global
communication among taxonomists who study
the Bacteria and Archaea. The society also
serves internationally as an advocate for research
on microbial systematics and diversity. The
society recognizes that the vast diversity of
microbial life is the last remaining major
reservoir of unknown biological diversity on
Earth. A principal goal of the society is to
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comprehend this vast but largely unstudied
diversity with its untapped genetic, enzymic and
industrial potential. A basic aim of the society is
to foster efforts to isolate novel microorganisms
in pure culture and to describe, name and
classify them.
One of the first activities of the new Society was
publication of a new on-line journal entitled The
Bulletin of Bergeys International Society for Microbial
Systematics. The content of The Bulletin of BISMiS
is restricted to mini-review articles, opinion
articles, reports, biographies, autobiographies,
educational articles, obituaries and letters to the
editor that pertain to the subject of microbial
systematics. While the Bulletin does not publish
original research articles, it has become an
exciting forum for views and news about
microbial systematics. Jim Staley was the first
editor-in-chief, a responsibility he undertook
from 2010 until Paul Lawson took over in 2013.
Paul was recently joined by the capable
Associate Editors Amanda Jones and JangCheon Cho. So far, five volumes have been
published. The Bulletin is free and available online at the Society’s website www.bismis.org.
The autobiographies of many leading
contributors to microbial systematics are one of
the many valuable features of the Bulletin.
These personal accounts describe many of the
changes in microbial systematics in the last thirty
years as witnessed by active researchers in this
area. Contributors include Don J. Brenner, Jack
Holt, Noel R. Krieg, Peter H.A. Sneath, Kazuo
Komagata, Tian-shen Tao, Richard W.
Castenholz, Sydney M. Finegold, Zhiheng Liu,
Ji-Sheng Ruan, and Lina V. Vasilyeva. The
Bulletin has also provided a lively forum for
opinions and about microbial systematics.

Lastly, the Society has benefited greatly from the
support of Chun Labs, which hosts its website.
In addition, the lifetime members have provided
immeasurable moral and financial support.
These include Iftikhar Ahmed, David R. Arahal,
Lorena Carro, Zongjun Du, Michael
Goodfellow, Elena Ivanova, Peter Kämpfer,
Hans-Peter Klenk, Wen-Jun Li, Luis
Maldonado, Robert Murray, James Staley, Ralph
Tanner, William Whitman, Yong Yu, and Lixin
Zhang.
For those of us fortunate to attend BISMiS2016, we are looking forward to an exciting
conference organized by Microbial Culture
Collection (MCC) in association with Pune Unit
of Association of Microbiologist of India (AMI),
Pune Unit. Entitled “Microbial Systematics and
Metagenomics”, it will address key issues in
microbial systematics. We are grateful to the
Microbial Culture Collection for its willingness
to host our Society. We are especially excited
about the opportunity to share ideas with other
students of prokaryotic biology and to begin
writing the next chapter of our discipline.
Although BISMiS is a young society, its impact
has already been felt thoughout the community.
However, now we should be thinking about
what else BISMiS can do for us. The future of
BISMiS will be what we make it.
More information about BISMiS can be found
at its website: www.bismis.org. Our Facebook
and Twitter accounts have an active following
with more than 375 members. To get the latest
updates from BISMiS, like us on Facebook
(www.facebook.com/Bergeys-InternationalSociety-for-Microbial-Systematics-BISMiS248730865152521) and follow us on Twitter
@BISMiS_.
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Nomenclature of Microorganisms
Aharon Oren
Department of Plant and Environmental Sciences, The Institute of Life Sciences,
The Hebrew University of Jerusalem, The Edmond J. Safra Campus, 91904 Jerusalem, Israel
Email: aharon.oren@mail.huji.ac.il
Ever since Carolus Linnaeus introduced the
binomial nomenclature system in the middle of
the 18th century, Latin or Latin-based genus
names and specific epithets have been
designated for newly described organisms. The
ways such names can be formed are fixed in
internationally
recognized
codes
of
nomenclature, which are updated from time to
time by international committees. Thus we have
the ‘prokaryotic code’ (International Code of
Nomenclature of Prokaryotes; ICNP) (Parker et
al. 2016), the ‘botanical code’ (the International
Code of Nomenclature for algae, fungi, and
plants; INP) (McNeill et al., 2012), and the
‘zoological code’ (International Code of
Zoological
Nomenclature)
(International
Commission on Zoological Nomenclature,
1999).
For most groups of plants the date of priority
according to the INP is 1753, the year of
publication of Linnaeus’s ‘Species Plantarum’.
For prokaryotes (excluding most cyanobacteria)
the situation is much simpler: a new starting date
was set for January 1980 with the publication of
the “Approved lists of bacterial names”
(Skerman et al., 1980). For new names to obtain
standing in the nomenclature these names must
be published in the International Journal of
Systematic and Evolutionary Microbiology
(IJSEM) (formerly the International Journal of
Systematic Bacteriology), either in original
articles or in the Validation Lists published
bimonthly in the journal. Names of more than
2,500 genera and 12,000 species have thus been
validly published. The website LPSN (List of

Prokaryotic Names with Standing in the
Nomenclature) (Euzéby, 1997; Parte, 2014) is an
excellent resource for information about the
names of all names of species, genera and higher
taxa of prokaryotes that have been validly
published under the rules of the ICNP. It must
be noted that this website is not formally
affiliated in any way with the ICSP or with the
IJSEM.
The nomenclature of microfungi and yeasts is
regulated by the provisions of the ICN, and
valid publication of new names of organisms in
these groups is possible in any journal. The
cyanobacteria (cyanophyta) are a special group
as far as nomenclature is concerned. Being
prokaryotes their nomenclature should be based
on the rules of the ICNP, but the provisions of
the ICN have traditionally been used for this
group. The two codes differ significantly in a
number of essential features such as the nature
of type material (living axenic cultures under the
ICNP; non-living preserved material under the
ICN) and the (lack of) mutual recognition of
names validly published under the other code
(Oren and Tindall, 2005). Attempts toward the
harmonization of the nomenclature of the
cyanobacteria under both codes have been
made, thus far with little result.
Genus names are substantives, or adjectives
used as substantives, in the nominative case and
singular number and written with an initial
capital letter. The name may be taken from any
source and may even be composed in an
arbitrary manner. It is treated as a Latin
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substantive. Although the codes do not make an
explicit statement that the name must reflect in
any way the properties of the organism or the
source from which it was isolated, authors
generally try to make the names as informative
as possible. Thus, Ectothiorhodospira, a name
made of four Greek word elements, is a red
(rhodo) spiral (spira) that accumulates sulfur (thio)
outside (ecto) the cells; Lactobacillus is a little rod
(bacillus) growing in milk (lac, lactis). Other genera
were named in honor of famous microbiologists
from the past or the present. For example,
Escherichia was named for the 19th century
German-Austrian
pediatrician
Theodor
Escherich. When creating new genus names for
prokaryotes it is important to check whether the
name may already be in use in botany or in
zoology. Since Principle 2 of the ICNP was
modified in 1999 so that the nomenclature of
prokaryotes is no longer independent of
botanical and zoological nomenclature, creation
of new genus names of prokaryotes that already
exist in the plant and the animal world is
illegitimate. The change is not retroactive, and
therefore genus names such as Bacillus and
Proteus remain in use both in bacteriology and in
zoology. Internet sites such as the Index
Nominum Genericorum (http://botany.si.edu/
ing/) or the Nomenclator Zoologicus (http:
//iphylo.org/~rpage/nz/) are useful resources
to check whether a newly proposed genus name
may already be in use in the nomenclature for
other biological groups. Because of this
Principle 2 it is also impossible to validly publish
under the provisions of the ICNP names of new
species of cyanobacterial genera with standing in
the botanical nomenclature as such genus names
have no standing in the prokaryote
nomenclature (the opposite, however, is true:
based on Article 45(1) of the ICN genus names
of cyanobacteria validly published under the
ICNP are also considered validly published
under the ICN).
There are three ways in which a specific epithet
can be formed. The first is as an adjective that
must agree in gender with the generic name.
Examples are Bacillus subtilis (‘slender’),

Pseudomonas putida (‘stinking’) and Treponema
pallidum (‘pale’). To this category also belong the
many ‘geographical’ epithets that indicate the
locality from which the organism was isolated,
for example Thiospirillum jenense (‘from Jena’). In
recent years the number of such geographical
names has increased dramatically, and many
such names are very long and nearly impossible
to pronounce (for example Bacillus seohaeanensis,
Bacillus wuyishanensis, etc.). When a little over a
decade ago such ‘geographical’ epithets were
proposed for nearly half of the newly proposed
species, Trüper (2005) wrote a commentary
about this ‘Localimania’ phenomenon in which
he analyzed the reasons for the popularity of
such geographical names ending on –ensis or –
ense, and he called upon the community of
microbiologists worldwide to restrict the
excessive creation of more such names.
Adjectives can also be used to name species in
honor of famous scientists (e.g. Clostridium
pasteurianum in honor of Louis Pasteur).
The second way of forming a specific epithet is
as a substantive (noun) in apposition in the
nominative case. Examples are Desulfovibrio gigas
(‘the giant’), Halorubrum chaoviator (‘the traveler of
the void’ as the organism had survived exposure
to high vacuum during a space flight), and
Franciscella piscicida (‘the fish killer’). Nouns in
apposition are a small minority among the
species names of prokaryotes.
The third, and very common, way of forming
specific epithets is as a substantive (noun) in the
genitive case. A few examples: Escherichia coli (‘of
the colon’), Clostridium tetani (‘of tetanus’),
Streptococcus canis (‘of a dog’), Staphylococcus
equorum (‘of horses’). To this category also
belong names to honor famous microbiologists.
Thus we have Rhodobacter veldkampii, Streptococcus
shiloi, and Syntrophomonas wolfei in honor of Hans
Veldkamp, Moshe Shilo and Ralph Wolfe, three
of my teachers in my early years of training as a
microbiologist.
In general it is recommended to propose simple
short names that can be easily pronounced. The
4
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longest name of a prokaryote is currently
Thermoanaerobacterium thermosaccharolyticum (42
letters); the shortest is Baia soyae (9 letters).
As nomenclature is based on Latin, including
Greek elements, words from languages other
than Latin or Greek should be avoided as long
as equivalents exist in Latin or Greek or can be
constructed by combining word elements from
these two languages. Exceptions can be made
for names derived from typical local items such
as foods, drinks or geographical localities for
which no Latin or Greek names exist. Basic
knowledge of the Latin vocabulary and grammar
is required for anyone who describes new
species of microorganisms and needs to name
the newly discovered taxa under the provisions
of the relevant code of nomenclature.
Unfortunately most microbial taxonomists lack
even the most basic understanding of the rules
of classical Latin. However, there are practical
manuals that explain the process and that enable
also beginners in the field to correctly form new
species names. Examples are “How to name
new taxa of prokaryotes?” (Oren, 2011) and
“How to name a prokaryote? Etymological
considerations, proposals and practical advice in
prokaryote nomenclature” (Trüper, 1999). The
latter document formed the basis for Appendix
9 (Orthography) to the ICNP (Trüper and
Euzéby, 2009; Parker et al., 2016).
In spite of the existence of these nomenclature
manuals, the majority of names of new species
and genera found in papers submitted for
IJSEM, Systematic and Applied Microbiology,
Antonie van Leeuwenhoek, and other journals
that routinely publish descriptions of new taxa
of microorganisms is problematic as the
proposed names violate one or more rules and
recommendations of the relevant code of
nomenclature. A team of of three (Aharon Oren
of the Hebrew University of Jerusalem, Israel,
Bernhard Schink of the University of Konstanz,
Germany, and George Garrity of Michigan State
University, East Lansing, MI, USA) checks and
if necessary corrects all newly submitted names.
We also work with the editors-in-chief of a

number of other journals so that names
effectively published there can later be validated
by inclusion in a Validation List in the IJSEM
without the need for further corrections. The
result is a very smoothly and efficiently
operating quality control system for newly
published names, both of prokaryotes and
eukaryotic microorganisms such as yeasts and
microfungi. Authors also often consult one of us
or one of a small number of additional
nomenclature experts before submission of their
papers. We encourage this: it is always preferred
to consult the experts first instead of having to
correct malformed names in the revision stage
or at the stage in which malformed names that
were effectively published in journals without
the proper nomenclature quality control are later
submitted for validation. We are currently
searching for younger microbiologists colleagues
with appropriate linguistic skills who will be able
to take over when the present team of
nomenclature reviewers will retire.
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Modern taxonomic approaches in microbiology
aim at the establishment of a system that mirrors
the evolution with the ultimate goal to describe
the whole evolutionary order back to the origin
of life. With the recognition of molecular
markers present in all organisms (here in
particular the small subunit rRNAs, ssRNSs),
this possibility has become more and more
feasible and the generation of gene and
increasing numbers of genome sequences allow
now the generation of large amounts of data and
often a very detailed insight into the genetic
potential of prokaryotes. The possibility to
generate whole genome sequences in a very
short period of time leads to a strong tendency
to base the taxonomic system more and more
on sequence data, the genotype.
It is however important to consider, that a
comprehensive understanding of all the
information behind sequence data is lagging far
behind their accumulation. Genes and genomes
may (or may not) function only in a given
“environment”, with the cell as basic entity for
the display of this potential. Prokaryotic
taxonomy still has as its focus on the whole
organism. In this context, natural selection
*These thoughts represent an abbreviated version
of the following publication: Kämpfer, P. (2012):
Systematics of Prokaryotes - the State of the Art.
Antonie van Leeuwenhoek 101: 3-11.

drives evolution selecting the existing
phenotypes and it is the phenotype that
“exhibits” this process both in a given cellular
and also environmental context.
It is worthwhile to remember that, in the
beginning, only small fragments of the 16S
rRNA sequences were analysed and Sab values
were calculated (Woese, 1987). These analyses
were attributed to be “phylogenetic”, and this
term is now (sometimes automatically) used in
connection with sequence data. This has already
been critizised by Sneath (1989) who pointed
out that the term “phylogenetic” applies to
relationships and not to data. But of course
phenotypic data can also mirror phylogenetic
relationships (Tindall et al. 2008), which is
sometimes overlooked. With the development
of new sequencing methods, it has now become
feasible to look in detail at the genome sequence
and to generate gene and genome sequences in a
relatively short period of time and it can be
foreseen that the wealth of the new data can and
will be used for a critical evaluation of the
taxonomic system. However, the more genome
sequences become available, the more the
complexity in comparing whole genomes
become also obvious. Only a limited number of
genes occur in all genomes. The more genome
sequences are available, the smaller the number
of genes which are present in all genomes.
Information content for phylogenetic analyses is
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often not clear. Recognition of paralogous genes
is a major problem and conflicting tree
topologies may lead to false conclusions
(Ludwig, 2010). Other open questions are:
What genes belong to the conserved genome
core and to the accessory dispensible genetic
elements? In particular, the impact of processes
such as lateral gene transfer, gene duplication,
recombination, rearrangements of genes in the
genome as summarized recently (e.g. Bapteste
and Bocher, 2008; Bapteste et al., 2009; Dagan
et al, 2008; Doroghazi and Buckley, 2010;
Giffard, 2010; Williams et al. 2010) lead to
intrinsic difficulties in genome sequence
comparisons. Klenk and Göker (2010)
summarized the problems associated with a
genome-based taxonomy and provided a useful
review of the problems. Indices introduced for
whole genome comparisons, like the average
nucleotide identity of shared genes between two
genomes (ANI; Konstantinitis and Tiedje, 2005)
showed among several tested genome-derived
parameters the best correlation with DDH
values. Current available comparisons of DDH
and ANI values showed that a 95 to 96% ANI
correlates well with the current bacterial species
boundary of 70% DDH similarity (Goris et al.,
2007, Konstantinidis and Tiedje, 2005; Richter
and Rosselló-Móra, 2009). It can be expected
that the ANI will replace the DNA-DNA
similarity in a couple of years.
In a recent paper on “Characterization of
prokaryotic strains for taxonomic purposes”
(Tindall et al., 2010) this view is shared and
some general and methodological aspects are
covered in more detail. At higher taxonomic
levels, especially the genus level, phenotypic
circumscriptions become more and more
important. As pointed out already by Murray et
al. (1990) one should expect that, at the generic
level at least, taxa should be supported with
phenotypic descriptions. Previously Young
(2001) regarded it as worthwhile to quote these
´Taxonomic Consequences´ in full: `The first step
in the identification of bacteria is the assignment of
organisms to genera. Therefore, the greatest clarity in

circumscription and utility in the choice of characteristics
must be accorded to the level of genera. It is completely
impracticable to define genera solely on the basis of
phylogenetic data. Genera need to be characterized by
using phenotypic properties, even if the choice of
phenotypic markers might change given the development of
better tests. A degree of flexibility is necessary in the
definition of genera. In cases in which there is disparity
between phylogenetic and phenotypic data, priority should
be provisionally given to the latter. In such instances,
further detailed comparative studies of the phenotype
should be encouraged to resolve the apparent disparity so
that classification reflects phylogenetic relationships.'
Unfortunately, the importance of the phenotype
in bacterial classification seems to become
lower. In general, phenotypic traits are the
observable characteristics that result from the
expression of genes of an organism (Moore et
al., 2010). They can be largely modulated by
environmental factors such as cultivation
conditions etc. In fact, they may comprise easily
to recognize, but nevertheless very complex
features, such as general growth characteristics,
aerobic or anaerobic growth and/or CO2
requirements, appearance of colony and cell
morphology and physiological features, which
may not merely represent a result of the
expression of a specific set of genes, but are also
a result of the conditions in which these genes
are expressed in an organisms and a given
environment.
As a conclusion, the presence or absence of such
complex features cannot simply be deduced
from the presence or absence of certain genes.
They are the result of an expressed phenotype in
a given environment on the basis of an
underlying genetic/genomic potential. In
addition, phenotypic characters comprise also
numerous structural components of bacterial
cells, i.e. the detailed composition of the cell
peptidoglycan, the presence of absence of
teichoic and/or mycolic acids, certain fatty acids,
polar lipids, respiratory quinones, pigments and
polyamines (Tindall et al., 2010). Again, the
observed phenotype for these traits is the result
8

Phenotype in the Age of Genomics

of the conditions under which the underlying
genotype is expressed.
It is clear, that many methods targeting complex
phenotypic characteristics of prokaryotes suffer
from differing degrees of reproducibility (Moore
et al., 2010) and it is essential that rigorous
standardization for the analysis of phenotypic
data is required, as well as the establishment of
comprehensive databases for phenotypic
characteristics (Tindall et al., 2008, 2010).
Conclusions and Challenges
The key question is whether a future taxonomic
system of prokaryotes should be “organism”based
or
“genome-sequence-based”.
If
prokaryotic taxonomy has its focus on the
“prokaryote”, the basic unit of evolution (and
hence taxonomy) is the organism with its
smallest unit, the cell. In this context, natural
selection drives evolution by selecting the
existing phenotypes and it is the phenotype that
“exhibits” this process, both in a given cellular
and also its environmental context.
The definition of the taxonomic rank “species”
provided by Stackebrandt et al. (2002) is an open
and workable “definition” allowing the
integration of new informations and new
developments: “A species is a category that
circumscribes a (preferably) genomically
coherent group of individual isolates/strains
sharing a high degree of similarity in (many)
independent features, comparatively tested
under highly standardized conditions”.
The more data AND information for a strain (or
better a group of strains) are available the more
substantiated a decision can be made, whether
or not a strain (or group of strains) belong to a
novel taxon. This is the basic concept of
polyphasic taxonomy referring to classifications
based on a consensus of all available methods,
including
phenotypic and genomic data
(Colwell, 1970), which is still the state-of the-art
(Tindall et al. 2010).

This perspective presents an overview of the
state of the art in systematics from a fairly
conservative viewpoint. Prokaryotic taxonomy
serves for many purposes. This has been
recently summarized by Moore et al. (2010). It
should be stable and predictable. A most
comprehensive phenotypic and genotypic
characterization (in the framework of a
polyphasic approach) is still necessary in
characterization and classification (which is a
prerequisite of identification). Both traditional
and also novel phenotypic approaches are
important for the characterization of novel
genera. The development of new methods and
the improvement of existing methods for
phenotypic
characterization
should
be
encouraged.
Genomic (and other omic) approaches will
provide a rich source of data that should be
carefully investigated in regard to the
information behind. It is hoped, that we may be
able to provide a better picture of the vast
biodiversity of the prokaryotic world based on a
taxonomic scheme that reflects nature.
Brenner (2010) pointed out in his review on
synthetic biology, that it is very difficult to
predict higher levels of “information” from
genome data sets. Molecules may tell us nothing
about cells and their behaviour. In essence, the
conversion of data into knowledge (at different
levels) constitutes a great challenge for future
biological research (Brenner, 2010) and this
holds true also for taxonomy.
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The existing system of microbial taxonomy
relies almost entirely on pure cultures; however,
a vast diversity of microorganisms exists in
natural and engineered environments that
remains recalcitrant to axenic culture. Recent
estimates suggest that ~80% of the extant
microbial phylogenetic diversity has not been
cultivated or described taxonomically (Wu et al.,
2009). This "uncultured majority" includes not
only new species, but also major lineages such as
phyla and classes. Ever-improving pipelines to
sequence and assemble single-cell genomes
(SCGs) and to bin genomes from metagenomes
(GFMs) promise to provide insights into the
physiological potential and evolutionary history
of these organisms. Currently, there are 1,645
SCGs and 1,885 GFMs registered in the
Genomes OnLine Database (GOLD) (Reddy et
al., 2015) and the number of genomes from
uncultivated
microorganisms
will
soon
outnumber the number of genomes from
microbial isolates (Hugenholtz et al., 2016). At
the same time, recent efforts to calibrate
genomic data with the existing taxonomic
structure have become increasingly robust
(Rosselló-Móra, 2012; Thompson et al., 2013),
providing an exciting opportunity to extend the
existing taxonomic structure to the "uncultured
majority". However, the question of whether to
extend the taxonomic structure to uncultivated
organisms and, if so, how to do it is a matter of
debate.
Single-cell genomics relies on the separation of
single microbial cells from complex mixtures,

which is typically done using fluorescenceactivated cell sorting or microfluidics (Landry et
al., 2013; Rinke et al., 2014). Separated cells are
then lysed, genomic DNA is amplified using
multiple strand-displacement amplification
(MDA) or other approaches, and amplified
DNA is sequenced and assembled. Single-cell
genomics is elegant in that it reduces biological
complexity down to a fundamental unit, the cell,
which is familiar to microbial taxonomists who
typically work on clonal microbial populations.
However, single-cell genomics can be difficult to
implement due to the challenges of lysing
diverse cell types, avoiding and filtering
contamination, dealing with chimeric artifacts of
MDA, and low genomic coverage due to
random bias in whole genome amplification.
Nevertheless, with careful lab work and analysis
procedures, SCGs can be complete or nearly
complete, particularly when composite genomes
are constructed from multiple single cells in a
population.
Shotgun metagenomics relies on the direct
sequencing of DNA from an environment.
While metagenomic datasets are often used to
compare the phylogenetic composition and
metabolic potential of microbial communities in
a comparative context, they are increasingly
being used to explore biodiversity. In such
studies, various characteristics of the data such
as nucleotide word frequency, primary sequence
identity to known genomes, and sequence read
depth are used to sort assembled sequence data
into organism-specific bins (e.g., Imelfort et al.,
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2014; Strous et al., 2012). Although GFMs lacks
the fundamental simplicity of SCGs,
metagenomics doesn't require specialized
equipment in the laboratory and often yields
near-complete composite genomes, especially
from low-complexity communities.
SCGs and GFMs can readily be compared to
isolate genomes by using metrics such as average
nucleotide identity (ANI), average amino acid
identity (AAI), and digital DNA-DNA
hybridization. These metrics have been
calibrated against the existing taxonomy
effectively at low taxonomic ranks and provide
an objective yardstick that can be used to extend
the taxonomy to uncultivated organisms
(Rosselló-Móra, 2012; Thompson et al., 2013).
Meanwhile, phylogenomics approaches can be
used to guide higher level taxonomy and
predictions from the genomes can provide
hypotheses on cell structure, taxonomic features,
and metabolic potential. While this collection of
data is inferior to what can be gained by
studying pure cultures, a variety of tools exist to
probe these organisms in their habitats, such as
fluorescence in situ hybridization, various stable
isotope
probing
approaches,
metatranscriptomics, and metaproteomics. The
combination of environmental genomics with
these other approaches can lead to a deep
understanding of individual microbial taxa in the
absence
of
pure
cultures.
Together,
environmental genomics and/or advanced
molecular microbial ecology approaches offer
enticing
opportunities
to
incorporate
uncultivated microorganisms into the existing
taxonomy (Hedlund et al., 2015).
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Introduction

of the project. They are as follows:

Metagenomics is a powerful tool that has
emerged to analyze microbial community
regardless of the ability of member organisms to
be cultured in laboratory. Metagenomics is based
on the genomic analysis of microbial DNA that
is extracted directly from communities in
environmental samples. The culture free study
of microbes allows scientists to study microbes
in their natural environment. This is huge
advantage for microbial analysis, as a recent
study has stated that around 99% of
microorganisms cannot be cultured in the
laboratory.

Marker gene metagenomics

The field of metagenomics has evolved from
conventional sequencing technologies, such as
Sanger sequencing and shotgun sequencing, to
Next-generation sequencing (NGS). NGS
technology is inherent sequencing technology
which has increased efficacy and decreased
experimental cost, as it doesn’t need cloning of
sequences. Therefore, culture and cloning free
technology, NGS, facilitates the rapid growth in
metagenomics.
Early studies of metagenomics focused
specifically on single genes, but recent
metagenomic studies are focusing on extracting
entire or most of the part of microbes which will
be of great help to deduce functional aspects of
microbes present in that environment along with
taxonomical identification.
Metagenomic approaches
There are two approaches currently being used
in metagenomic project based on specific goal

This mainly includes 16S rRNA genes, as they
are present in almost all prokaryotes and are
highly conserved across genus or species level.
This type of metagenomic analysis is only useful
when goal of the analysis is taxonomic, as
functional annotation requires all genes’
sequences from across species.
The steps involved in marker metagenomics are
as follows:
1. DNA extraction from sample
2. Amplification of target gene, 16S rRNA
regions, using primers to generate library
3. Sequencing of library
4. Quality assessment and/or quality filtering of
data
5. Binning of similar sequences into operational
taxonomic unit (OTUs)
6. Analysis of abundance and phylogeny

Whole genome metagenomics
This includes generation of whole genome of
microbes and annotating those sequences for
function.
The steps involved in whole genome
metagenomics are:
1. DNA extraction from sample and
amplification of those to generate library
2. Sequencing of library
3. Quality assessment and/or quality filtering of
data

Microbial Metagenomics

4.
5.
6.
7.

Assembly
Binning of contigs
Gene annotation
Data Informatics

Detailed description of
metagenomic approaches

analysis

of

Marker gene metagenomics
If the objective is to identify microbes, then it’s
wise enough to go with marker gene
metagenomics, as it is computationally less
rigorous and frugal.
1. DNA extraction – There are number of
DNA extraction kits available, most of them
are specialized in extracting bacterial and/or
viral DNA from specific hosts or
environment, such as QIAamp DNA
microbiome kit is specialized in extracting
bacterial DNA from swabs and body fluids
with effective depletion of host DNA.
2. Library generation and sequencing – The
primer for sequence of interest, marker, is
designed and then a library is generated for
same followed by sequencing of library.
3. Quality assessment and filtering of data – For
quality assessment of data FastQC is widely
used. FastQC result gives idea about errors in
nucleotide calling (phred score), primer
contamination,
and
overrepresented
sequences. The quality trimming, based on
FastQC result, is done to trim off low quality
reads, primer sequences and overrepresented
sequences. FastX is widely used tool for
quality trimming.
Also, QIIME can be used for quality filtering
of data with user defined thresholds and
which gives fasta file as an output.
4. Denoising – Noising is intrinsic errors
generated by pyrosequencing based platforms
that can give rise to erroneous Operational
Taxonomic Units (OUTs). This usually is
generated using 454 platforms which can be
removed using QIIME tool, that uses read
sff file format as an input and outputs fasta

format which has to be sent to OTU
identification.
5. OTU identification with or without database
– All sequences are clustered into OTUs
based on their sequence similarity. The
commonly used reference databases for OTU
finding are Greengenes, (16S), Ribosomal
Database Project (16S), Silva. Three strategies
to find OTUs:
a. Reads are clustered against one another
without any external reference database.
b. Reads are clustered against a reference
database and any reads which do not hit a
sequence in the reference sequence
collection are excluded.
c. Reads are clustered against a reference
sequence collection and any reads which
do not hit the reference database are
clustered de novo.
This step uses fasta as an input and gives
OTU table as a main output file, along with
phylogeny tree. In OTU output the columns
correspond to Samples and rows correspond
to OTUs, and the number of times a sample
appears in a particular OTU.
6. Taxonomical and abundance analysis –
OTUs at different taxonomic levels (phylum,
class,
order, etc.) are found. The
resulting output OTU txt file contains a list
of all the OTUs in the input matrix, along
with their associated statistics and FDR pvalues. These analyses are also done by using
QIIME.

Whole genome metagenomics
If objective of the project is to recover the
genome of uncultured organisms or obtain fulllength CDS for subsequent characterization,
then whole genome metagenomics using short
read fragments will be performed to obtain
longer genomic contigs. Following are the
detailed steps in Whole genome metagenomics.
1. DNA extraction – This step is similar to that
of marker gene DNA extraction method.
2. Construction of library and sequencing–
14
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Unlike marker gene metagenomics where
specific gene sequence are utilized, here
libraries are constructed for entire stretch of
DNA that can
cover most of the parts
of microbial genomes. The library
construction is followed by sequencing.
3. Quality assessment and filtering – This step is
also similar to that of marker gene
metagenomics quality assessment and
filtering step.
4. Assembly – This includes two types:
a. Reference based – Reference-based
assembly refers to the use of one or more
reference genomes as a map in order to
create contigs, which can represent
genomes or parts of genomes belonging
to a specific species or genus. Contigs or
scaffolds
are
generated
using
taxonomically nearby species’ reference
genome. The tools used in this case are
MIRA, AMOS, Newbler. The input files
contain reference genome in fasta format,
read file in fastq format whereas output
will be in fasta format.
b. De novo based – In this case genome is
generated devoid any of the reference
genomes. Here, sequencing depth needs
to be high compared to reference based
assembly. This is computationally heavy
task, and tools used in this case are Velvet,
Abyss, SOAPdenovo, etc.
5. Binning of contigs – Binning is the process
of grouping contigs into individual genomes
and assigning the groups to specific species,
subspecies, or genus. The approaches can be
used for binning, those are as follows:
a. Composition based binning – Binning is
based on the observation that individual
genomes have a unique distribution of kmer sequence. Tools present in this
category are Tetra, Phylopathia, etc.
b. Sequence similarity based binning –
Binning is based on Similarity- or
homology-based
using
alignment
algorithm, such as BLAST. Tools present
in this category are MG-RAST, MEGAN,
etc.

These tools take fasta file containing all the
generated contigs in it as an input. The
output contains assignment of taxonomic
and phylogenetic group to contigs with
statistical values.
6. Gene annotation – Gene annotation is
identification of genes within the
reads/assembled contig using reference
sequences or ab initio. There are multiple
tools used for ab initio gene prediction, such
as FragGeneScan and MetaGeneMark. These
tools use fasta file as an input, and provide
output with gene predicted along with its
length, start, stop, contig number, etc.
The reference based gene annotation needs
prior database of genes/proteins. This
database can further be used to find genes
from contig file. Tools used in this process
include BLAST, AUGSTUS, GLIMMER.
Noncoding RNAs such as tRNAs are
predicted using programs like tRNAscan
whereas
rRNA are predicted by using
IMG/MER, and MG-RAST from rRNA
models developed by them.
Gene prediction is followed by its functional
annotation, as ab initio gene prediction is
based on CDS (coding sequences). The
functional annotation can be achieved by
widely used repositories, such as KEGG,
PFAM, COGs, etc.
7. Data Informatics – Metagenomic studies are
known to generate raw data exceeding in
terabytes. A formidable challenge exists to
create a customized pipeline for analyzing
these gigantic datasets. A few considerations:
a. General expertise is required in
exploratory Data Analysis techniques,
Machine Learning (Decision trees, Neural
networks, SVM, Clustering, Classification,
b. Bayesian networks), Model validation
techniques, rules based software engines,
and graph analysis.
c. An informatics backbone built on – Bash
shell scripts, HTML5, jquery, Angular.js,
PERL, NOSQL databases (MongoDB,
MarkLogic), column oriented database
(Hbase), hive, JAVA family, (Spring, strut,
15
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servlets, jsp) Python and R.
d. Additionally, proficient use of several
systems such as distributed and high
performance
computing,
data
visualization, data engineering, pipelining
and wrangling tools.
e. And insights of Data Management
approaches e.g. relational databases and
non-relational
databases,
NOSQL
databases, object and column stores, triple
stores, graph and document stores etc.
Application of metagenomics
1. In clinical field, patients with digestive track
problems can be checked for change in the
composition of gut flora when compared to
normal gut flora. This can reveal if there are
some extra species or change in pattern of
abundance of existing species.
2. Similar to clinical in agriculture fields, soils
can be checked for microbial population and
their correlation with crop productivity.
3. Environmental effects can also be monitored
on number of living as well as non-living
things based on metagenomics analysis. This
will give us idea of microbial resistance, cha-

nge in microbiome population and their
dynamics that are associated to human
health.
There are many applications of metagenomics
that can give solution to many peculiar and
diverse research questions.
Conclusion
The advent of metagenomics definitely has
impact on overall microbial analysis, as it has
edge over other microbial analysis because of its
ability to identify microbes without the need of
culture. The marker based metagenomic analysis
is economical way to identify microbes and their
diversity.
The
whole
genome
based
metagenomics showed promise for functional
analysis of microbiome which is essential to find
what they are doing in particular environment
and how they do it. Although metagenomics has
shown promise to study microbes directly from
their genomic content, there remained
computational and algorithmic challenges, as no
tool gives 100% reliable results. These tools vary
substantially in their results, provide scope to
enhance or develop better algorithms.
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Abstract
The genus Bacillus is a phylogenetically incoherent taxon with members of the group lacking a
common evolutionary history. As per the current trend in the field of prokaryotic taxonomy,
polyphasic approach including morphological, physiological, chemotaxonomic and molecular
methods has been applied for their identification. When used separately, these methods are found to
be insufficient for the differentiation of few closely related species within the genus Bacillus,
especially those belonging to the B. cereus and B. subtilis clades. We present a summary of these
methods, that when used in combination allows a much better confidence in the delineation of
species status within Bacillus. Essentially, the more recent methods based on sequence analysis of
protein-coding loci and the MALDI-TOF analysis of cellular proteins have shown great potential in
better-resolution of taxa within Bacillus. Although the current toolbox has the ability to resolve
members within the two clades, further improvement is likely to increase the confidence with which
one can describe novel taxa in future.
Key words: Bacillus, cereus and subtilis clade, parasporal body, MALDI-TOF, FAME, housekeeping
genes, conserved sequence indels.
Introduction
Bacillus is the most prominent genus under the
phylum Firmicutes that was first described and
classified by (Cohn 1872). It belongs to the class
Bacillii, order Bacillales and family Bacillaceae
with Bacillus subtilis as its type species. As of 7th
July 2016, 318 species and seven subspecies
have been validly published within Bacillus
(http://www.bacterio.net/). Members within
Bacillus are Gram-positive, endospore forming
rods, contain the meso-DAP direct murein
cross-linkage in cell-wall peptidoglycan and have
an average DNA G+C content ranging from

32–66 mol% (Tm) (Logan & De Vos, 2009).
Most species have little or no pathogenic
potential and are rarely associated with disease in
humans or other animals; an exception is Bacillus
anthracis, the agent of anthrax; B. cereus, a
common cause of food-poisoning (Bottone,
2010; Logan, 2012; Koehler, 2009; Pignatelli et
al., 2009), and strains of Bacillus thuringiensis
which are pathogenic to invertebrates and often
utilized in organic pesticides due to their utility
in agricultural processes (Sanchis & Bourguet,
2009). Additionally, B. licheniformis and B. subtilis
play an important role in the field of
biotechnology (Harwood, 1992; Logan & De
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Vos, 2009; Ravel & Fraser, 2005; Stein, 2005).
Bacillus still remains a taxonomically disordered
and confusing genus despite extensive research.
This is largely due to the vast phenotypic
diversity among the species many of which do
not share a common evolutionary history. This
has hindered the ability to distinguish them from
other genera of the family Bacillaceae and has
resulted in the addition of a great number of
species to this group that have little in common
with its type species (Fritze, 2004; La Duc et al.,
2004). To overcome these issues, several
phenotypic and chemotaxonomic criteria have
been developed in the past few years for the
reorganization of the genus. These efforts have
led to the formation of newer taxonomic
groups, such as Alicyclobacillus, Aneurinibacillus,
Gracilibacillus, Sporosarcina, Ureibacillus and
Virgibacillus (Alcaraz et al., 2010; Fortina et al.,
2001; Heyndrickx et al., 1998; Logan & De Vos,
2009; Schmidt et al., 2011; Shida et al., 1996;
Wainø et al., 1999; Wisotzkey et al., 1992; Yoon
et al., 2001). “The 16S rRNA-based phylogenetic
analyses indicate that the family Bacillaceae is
paraphyletic and composed of species
misassigned to the genus Bacillus as well as
genera misassigned to the family” (Fig. 1)
(Logan & De Vos, 2009). Currently, species
within Bacillus are classified primarily on the
basis of 16S rRNA sequence homology and
spore-forming ability (Logan & De Vos, 2009;

Logan et al., 2009). However, these characters
are insufficient to resolve species that are
genetically very similar. A more recent
investigation based on the comparative genomic
analysis of 20 housekeeping genes and
ribosomal proteins from 30 different species of
Bacillus has revealed that the genus comprises of
several clusters branching independently from
each other (Fig. 2) (Bhandari et al., 2013). For
instance, species within the B. cereus sensu lato
group comprising of B. cereus, B. anthracis and B.
thuringiensis, and the B. subtilis clade which
consists of B. subtilis along with closely related
species like B. licheniformis, B. atrophaeus, B.
amyloliquifaciens, B. pumilus, B. mojavensis, B.
vallismortis and B. aerophilus form two clearly
separated clusters (Bavykin et al., 2004; Logan &
De Vos, 2009; Schmidt et al., 2011; Tourasse et
al., 2006). However, between and/or within
these two clades there are very few
morphological differences. Therefore, a much
more systematic study is required for clearly
differentiating the species within ‘Bacillus subtilis
clade’ and ‘Bacillus cereus clade’, from all other
species of the genus Bacillus.
Through this article, we try to summarize the
multiple ways by which members within these
two clades can be resolved with much
confidence, especially through sequencing of
housekeeping genes and conserved sequence
indels (CSIs).

Continued…
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Fig. 1. 16S rRNA gene based ML tree reflecting the phylogenetic relationship of families within the order Bacillales
based on data available at LPSN (http://www.bacterio.net/) as of 7th July 2016.

B. pseudomycoides

B. thuringiensis

B. weihenstephanensis

Motility
+
Rhizoid
colonies
Parasporal
crystals
+ = positive, and - = negative.

B. mycoides

For the differentiation of different species under
B. cereus and B. subtilis clades, different
morphological characteristics, such as colony
morphology, motility, shape, size and position
of spores, and presence or absence of parasporal
crystals may be used as the distinguishing
markers. For instance, within B. cereus clade only
B. cereus, B. thuringiensis, and B. weihenstephanensis
are motile (Table 1). Similarly, only B. mycoides
and B. pseudomycoides show rhizoid colonies (Fig
3). Among B. subtilis group, B. atrophaeus show
yellow-brown pigmented colonies.

Table 1. Differentiating morphological characters for
members within the B. cereus clade.

B. cereus

for

B. anthracis

markers

Characteristics

Use of morphological
differentiation

-

-

+

+

+

+

-

-

-

-

+

-
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Further, sporulation, its size, shape and position
play an important role in differentiating various
species of genus Bacillus. While spore shapes
vary from cylindrical through ellipsoidal to
spherical, bean- or kidney shaped, curvedcylindrical, and pear-shaped, their position may
be terminal, sub terminal, para central or
centrally located within the sporangia. For
instance, B. thuringiensis have broad cells with

ellipsoidal, sub terminal spores showing
parasporal crystals, whereas B. cereus have broad
cells with ellipsoidal, para central and sub
terminal spores (Fig. 4). Similarly, B. megaterium
show broad cells with ellipsoidal to spherical,
sub terminal and terminal spores, whereas B.
licheniformis have ellipsoidal, central and sub
terminal spores.

Fig. 2. ML tree based on concatenated sequences of 20 conserved, universally distributed proteins showing the
branching of various genome sequenced Bacillus species. Image credit: Bhandari et al., 2013.
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Fig. 3. Colony morphology of different endospore-forming Bacillus species. (a) B. mycoides, (b) B. cereus, (c) B. subtilis, and
(d) B. pumilus. Bars for (a), (b) and (d) = 2mm; bar for (c) = 4 mm. Image credit: Logan & De Vos, 2009.

Fig. 4. Photomicrographs of different Bacillus species showing sporulation as viewed by phase-contrast microscopy. Bars
= 2 µm. Image credit: Logan & De Vos, 2009.
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While sporulation is able to differentiate well
between B. megaterium and B. licheniformis,
parasporal staining further differentiates B. cereus
and B. thuringiensis from one another. The
presence of parasporal body, an insecticidal
crystal protein inclusion inside the cell during
sporulation and encoded by the cry gene, is a
good marker for B. thuringiensis (Fig. 5).
However, it has some limitation as the
respective gene is plasmid borne and if the cell
loses the corresponding plasmid, it becomes
indistinguishable, and hence caution must be
exercised.

propionate. The ability to grow at various NaCl
concentrations (5-10%) by B. licheniformis is also
useful to differentiate it from the salt sensitive B.
sonorensis which cannot grow in the presence of
NaCl. Acid production from Methyl α-Dmannoside by B. pumilis can differentiate it from
the other nonproducers within the clade. In
contrast, it cannot produce acid from glycogen,
reduce nitrate and hydrolyse starch while others
can (Table 3). All these simple biochemical tests
come in handy when advanced molecular
analysis isn’t possible or is unavailable.

Use of biochemical tests for differentiation
Various
biochemical
tests
allow
the
differentiation between different species of B.
cereus and B. subtilis group. Tests such as the
utilization of different substrates, production of
different enzymes, growth at various pH,
temperature and salinity may be used for this
purpose. Among the B. cereus group except B.
anthracis, all other species can produce acid from
glycerol and also degrade tyrosine (Table 2).
Further, B. weihenstephanensis is unable to
hydrolyse starch and can grow at 5 °C but not at
40 °C unlike others.
Within the B. subtilis clade, only two species B.
licheniformis and B. sonorensis are able to grow
under anaerobic condition and can utilize

B. mycoides

B. pseudomycoides

B. thuringiensis

B. weihenstephanensis

+

N
D

+

N
D

+

+

-

+

+

+

B. cereus

Fig. 5. SEM images of spore-crystal in B. thuringiensis.
spr, spore; cry, parasporal crystal. Bar = 1 µm. Image
credit: Noguera and Ibarra, 2010.

Acid from
Glycerol
Hydrolysis of
starch
Degradation of
tyrosine
Growth at
5 °C

B. anthracis

Characteristics

Table 2. Differentiation of species under Bacillus cereus
clade.

-

+

+

+

-

+

+
N
D

-

N
D

+
N
N
10 °C
D
D
+
N
40 °C
+
+
D
+
+
+ = positive, - = negative and ND = No data available.
Data compiled from Logan & De Vos, 2009.

Use of chemotaxonomic
differentiation

markers

for

When simple methods are unable to resolve
members within the two clades, relying on
marker biomolecules, such as cellular proteins
and membrane fatty acids, becomes essential for
the differentiation of various species within the
B. cereus and B. subtilis clades. Recently, it was
shown that although the 16S rRNA genes
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Analysis of cellular proteins
The phylogenetic analysis of protein-coding loci
has recently been proven as an important
taxonomic marker for members within the B.
subtilis clade. Using MALDI-TOF, Rooney et al.
(2009) showed that a protein biomarker at m/z
1120.8 is unique to B. subtilis subsp. inaquosorum
and can be used in addition to gene sequence
analysis to differentiate these strains from other
B. subtilis subspecies (Fig. 6). The protein is a
novel surfactin-like lipopeptide that may be used
as a marker for the identification of these taxa.

Fatty acid methyl ester analysis
Similar to the protein marker in B. subtilis clade,
FAME profiles have been successfully used for
differentiation within the clade. While B. subtilis
subsp. inaquosorum show high amounts of C16:0
than iso-C17:1ω10c, their quantities are nearly
similar in B. subtilis subsp. spizizenii, whereas B.
subtilis subsp. subtilis has lower amount of C16:0
than iso-C17:1 ω10c (Table 4). The differences in
the relative amounts of multiple FAMEs have
been very useful for their differentiation up to
subspecies level.
Housekeeping
chronometers

genes

as

molecular

16S rRNA gene has been of limited use in
resolving species within Bacillus. Moreover, with

B. vallismortis

B. sonorensis

B. pumilus

B. mojavensis

B. licheniformis

B. atrophaeus

B.
amyloliquefaciens

B. subtilis

Table 3. Differentiation of species within Bacillus subtilis
clade.

Characteristics

among many Bacillus species shared >99%
sequence similarity, the corresponding DNADNA hybridization values between the
members fall well below 70% for the same
species comparisons (Rooney et al., 2009). This
suggests many taxa which are thought to be the
same species based on 16S rRNA gene
sequencing alone, might actually represent
different species. With upto 20% variation in the
values of DNA-DNA hybridization based on
the method used, and the inherent difficulty of
conducting this analysis, it becomes imperative
that more simpler and reproducible methods be
used for differentiating such taxa.

Anaerobic
growth
+
+
Acid from
N
N
N
N
Glycogen
+
+
D
+
D
D
D
Acid from
Methyl αD
mannoside
+
Acid from
N
N
N
N
Starch
+
+
D
+
D
D
D
Hydrolysis
of starch
+
+
+
+
+
+
+
Utilization
of
propionate
+
+
Nitrate
reduction
+
+
+
+
+
+
+
Growth in
NaCl (5, 7,
N
N
N
10 %)
D
D
D
+
+
+
+
+ = positive, - = negative and ND = No data available.
Data compiled from Logan & De Vos, 2009.

multiple copies present in a genome that attimes show higher variability than the intraspecies cutoff further complicates the matters
(Dahllöf et al., 2000). Overall, Bacillus species
have at least four or more copies of the 16S
rRNA gene in all the known genomes: 14 copies
in B. weihenstephanensis, 13 in B. cereus ATCC
14578, 10 in B. anthracis, eight in B. clausii, seven
in B. pumilus and four in B. amyloliquefaciens. As
noted by Dahllöf et al. (2000), the heterogeneity
of the 16S rRNA gene hampers the
quantification of bacterial species by PCR based
assays. Hence, sequences of either single core
gene, or of a set of genes concatenated together
as part of Multi Locus Sequence Typing (MLST)
may be more appropriate for discriminating
such closely related taxa. Recent data clearly
show that in the Bacillus subtilis group, within
24
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Fig. 6. Representative MALDI-TOF MS ion profiles (m/z1020–1160) of (a) B. subtilis subsp. inaquosorum (B-23052T); (b)
B. subtilis subsp. spizizenii (B-23049T); (c) B. tequilensis (B-41771T); and (d) overlaid strains B-23052T and B-41771T. Of
note are surfactin [M+Na] + ions (m/z1044 and 1058) and a B. subtilis subsp. inaquosorum-specific ion, m/z1120.8. Image
credit: Rooney et al. 2009.

Table 4. Cellular fatty acid content of type and reference strains of B. subtilis subsp. inaquosorum and B. subtilis subsp.
spizizenii as well as the type strains of B. subtilis subsp. subtilis, B. tequilensis and B. vallismortis.

Data taken from Rooney et al., 2009.

25

Differentiating Methods for Bacillus

which species delineation is very difficult core
genes such as gyrB allow differentiation on a
genetic basis (Wang et al., 2007) (Fig. 7). In
addition, other core genes such as rpoB, pycA,
pyrE, mutL, aroE, trpB etc. are present as a single
copy in all bacterial genomes and have been
useful for delineation of phylogenetic
relationships within the two Bacillus clades
(Table 5).

Use of conserved signature indels (CSIs) as
molecular marker
Conserved Signature Indels (CSIs) are insertions
or deletions within conserved regions of
homologous proteins of a defined size flanked
on both sides by evolutionarily conserved
regions. CSIs when present in a group of related
species, act as molecular markers or synapomor-

Fig. 7. Phylogenetic trees of Bacillus strains based on (a) 16S rRNA and (b) gyrB gene sequences.
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Table 5. Differentiation between Bacillus species using MLST of multiple housekeeping genes
Organism
B. pumilus
B. thuringiensis
B. weihenstephanensis
B. licheniformis
B. cereus clade

Housekeeping genes used
gyrB, rpoB, pycA, pyrE, mutL, aroE, trpB
gyrB, rpoB, pycA, pyrE, mutL, aroE, trpB
glpF, gmK, purH, and tpi
adk, ccpA, recF, rpoB, spoA, sucC
glpF, gmk, ilvD, pta, pur, pycA, tpi

phies; a synapomorphy is a shared derived
character or trait state that distinguishes a clade
from other organisms. CSIs provide reliable
molecular means for the reorganization of the
current Bacillus group into a more coherent
taxonomic entity (Bhandari et al., 2013). The
CSIs in various proteins, in conjunction with
phylogenetic studies, may prove very useful in

Reference
Liu et al., 2013
Blackburn et al., 2013
Soufiane et al., 2013
Madslien et al., 2012
Hoffmaster et al., 2008

reliably demarcating different monophyletic
clades of Bacillus species and their assignments
into either existing or new genera (Fig. 8 & 9).
Recently, Bhandari et al. (2013) identified a total
of 11 and 6 CSIs that clearly differentiated the B.
subtilis clade and B. cereus clade, respectively,
from all other species of the genus Bacillus
(Table 6).

Fig. 8. Conserved signature indels in protein sequences specific for the B. subtilis clade. Partial sequence alignments of
conserved region within the germination protein YpeB showing a 2 amino acid (aa) insert that are specific for all ten
species of the B. subtilis clade. The dashes (-) in this and all other alignments indicate identity with the corresponding
amino acid on the top line. Image credit: Bhandari et al., 2013.
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Fig. 9. Conserved signature indels in protein sequences that are specific for the B. cereus clade. A one aa deletion specific
for the B. cereus group in the carbamoylphosphate synthase protein. Image credit: Bhandari et al., 2013.

Table 6. Conserved signature indels specific for Bacillus cereus and subtilis clade.
Protein
Indel Size
Bacillus cereus clade
DNA topoisomerase I
1 aa ins
Carbamoylphosphate synthase small subunit
1 aa del
Hypothetical protein BCA_0658
1 aa del
Malate dehydrogenase
1 aa ins
Adenylosuccinate lyase
2 aa del
Phosphoenolpyruvate-protein phosphotransferase
1 aa ins
Bacillus subtilis clade
Germination protein YpeB
2 aa ins
Penicillin-binding Protein dimerization domain family
24-27 aa ins
Cation transporter YjbQ
1 aa del
Cysteine ABC transporter permease
1 aa ins
L-cystine-binding protein TcyA
1 aa ins
ATP-dependent DNA helicase
1 aa del
Data taken from Bhandari et al., 2013.

Conclusion
Although it is difficult to differentiate among
species within the B. cereus and B. subtilis clades
by using a single marker, a combination of
multiple parameters does allow a toolbox that
will prove beneficial in achieving differentiation
among these closely related members. Even
otherwise, a few characteristic features are of
utmost importance, For instance, the presence

Indel Position
500-557
79-141
164-207
516-559
52-94
308-346
290-331
182-248
16-41
171-213
12-49
168-214

of parasporal body in B. thuringiensis can
differentiate it from other Bacillus spp.; rhizoid
colonies are found only in B. mycoides and B.
pseudomycoides among B. cereus group. Within the
B. subtilis clade, only B. licheniformis and B.
sonorensis can grow under anaerobic condition,
FAME profiles and protein markers can
discriminate B. subtilis up to subspecies level.
Among molecular chronometers, housekeeping
genes are good molecular markers for
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Differentiating Methods for Bacillus

differentiating many Bacillus spp. and CSIs acts
as molecular signatures for demarcation of the
B. subtilis and B. cereus groups. With this toolbox,
designating species status to partially identified
Bacillus spp. is likely to be facilitated. We hope
that this unique key will also prove to be
beneficial in the description of novel taxa within
Bacillus.
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Archaea, initially known as archaebacteria,
constitute one of the branches of the three
domain system of the life-forms along with
Bacteria and Eukarya. Similar to Bacteria,
Archaea have rod, coccus or spirillum type of
cell morphology, divide by binary fission, lack
nucleus and cellular organelles and show motility
using one or more flagella like structure. The
flagella of Archaea is known as Archaellum in
current terminology (Jarrell & Albers 2012).The
flagellum and archaellum of Bacteria and
Archaea respectively differ in several respects
and currently used as domain determining
features (Albers et al. 2013). For example, in
Archaea flagellum proteins are not found and
unlike bacterial flagellum archaellum movement
is driven by single ATPase and not by proton
motif force (PMF). Furthermore Archaellum
can rotate but its counterpart bacterial type IV
pili cannot (Albers et al. 2013). Some Archaea
show distinct cellular morphology including the
flat, rectangle and needle like cell structures.
Similar to bacteria Archaea also show Gram
positive reaction but differ from bacteria
because their cell wall does not have true
peptidoglycan (contains pseudomurein), lack
periplasmic space, and membrane (Kandler and
Konig 1978, Gribaldo & Brochier-Armanet
2006). Archaea also differ from bacteria and
Eukarya in terms of carbon linkage and nature
of phosphate backbone of the lipid. Archaeal
lipid has ether linkages and glycerol -1phosphate in phosphate backbone while
Bacteria and Eukarya show ester linkage and
glycerol-3-phosphate in carbon linkage and
phosphate backbone of the lipid structure.

Archaeal RNA-polymerase (RNAP) differs from
less complex bacterial RNA-polymerase and
shows more similarity and evolutionary
relatedness with Eukaryotic RNAP (Albers et al.
2013). The core transcription apparatus and
translation elongation factors of Archaea show
similarity with Eukarya. It was the hard work of
C. R. Woese and his colleagues who discovered
small subunit ribosomal RNA as molecular
marker for identification of Bacteria and
Archaea for the first time. Based on the
observation they proposed that Archaea are
evolutionary different from Bacteria and
Eukarya and constitute the third domain of life
(Woese and Fox 1977, Woese et al. 1990,). The
work of Carl Woese was supported by the
molecular work of Wolfram Zillig, a biochemist
and director of Max Planck Institute, for
Biochemistry, Munich. Wolfram Zillig is
credited for the discovery of several unique
molecular features of Archaea that differs from
bacteria and eukarya and supported the findings
of C. R. Woese. Archaea are unique in terms of
methanogenesis with others two domains of life.
It is interesting to note that till date archaeal
human pathogen is not reported.
In the beginning, all microorganisms on which
Carl Woese and his colleagues worked were
either isolated from extreme habitats or
anaerobic niches. Based on above observation it
was concluded that Archaea was the first
organism evolved in extreme and anoxic
conditions of the primitive earth and initially
classified as archaebacteria. The work of Carl
Woese and Fox on using the small subunit
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rRNA gene sequences for depiction of
phylogenetic relationship has revolutionized the
field of modern microbial taxonomy and
ecology and discovered huge number of bacteria
and archaea undetected by traditional cultivation
based methods(Pace 1997, Albers et al. 2013,
Prakash et al. 2013). Now culture independent
approach has clearly showed that Archaea are
not only limited to extreme habitats but widely
distributed and constitute the common flora of
soil, marine and fresh water ecosystem,
sediments, human skin and human gut. Archaea
are an important component of the environment
and play crucial role in biogeochemical cycling
of the materials. They have developed various
mechanisms of energy generation using several
organic and inorganic electron donors and
acceptors and play crucial role in turnover of
carbon, nitrogen and sulphur (Offre et al. 2013).
Methane is one of the most potent greenhouse
gas generated by the activities of methanogenic
archaea under anoxic conditions. Methane from
landfill sites, cow rumen, anaerobic digesters and
wetlands generates greenhouse effects and
induce global warming and global climate
change. On the other hand the generated
methane by the activity of Archaea can be used
as biogas under bioenergy programme. Several
mechanisms of methanogenesis including the
CO2 and methanol reduction with hydrogen, use
of formate as electron donors, fermentation of
acetate are utilized by methanogenic archaea
however methylotrophy and hydrogenotrophy
are
most
prevalent
in
environment.
Methanogeneic Archaea, also termed as
Methanogens, are strict anaerobes and have
been cultivated from several different habitats
including the paddy fields, peat bogs,
hydrothermal vent, gastrointestinal tract and
deep subsurface habitats where electron
acceptors like NO3, SO4, Fe+3 are in short supply
and low redox potential exist. Archaeal methane
production contributes 76% of total methane
produced globally through different activities.
Methane produced by methanogenic Archaea in
underground reservoir is a result of crude oil
degradation in oil wells. Furthermore,

methanogens are actively involved in last step
bioconversion of organic pollutants present in
industrial, municipal and sewage wastewater.
Thus, the ability of Archaea to breakdown the
organic acids or organic contaminants are used
for wastewater treatment.
Due to strict anaerobic nature, cultivation of
methanogenic archaea is a tough job because it
not only requires the anoxic environment but
also need sufficient low redox potential in
cultivation medium. Thus, along with expertise
in anaerobic techniques, knowledge of archael
metabolism and physiology as well as
information about archaea specific antibiotics is
essential to formulate the most appropriate
cultivation medium and to induce the growth of
methanogens. Unlike aerobes, anaerobic
cultivation is based on successful preparation of
pre-reduced cultivation medium with good
expertise of Hungate techniques for isolation,
purification and preservation of anaerobes. Prereduced medium preparation require complete
exclusion of dissolved oxygen from the media
components and that can be achieved by boiling
of the medium followed by bubbling with inert
anoxic gas like nitrogen or a mixture of nitrogen
and carbon-dioxide. Addition of appropriate
reducing agent(s) generally recommended to
achieve low redox potential of culture medium
for cultivation of fastidious and strict anaerobic
bacteria and archaea. Addition of reducing agent
is an essential component of pre-reduced
medium preparation (Wolfe et al. 2011).
Different kinds of reducing agents such as
sodium thioglycolate, sodium sulphide, ferric
chloride, ferrous sulphide and cysteine
hydrochloride are generally used to scavenge
dissolved oxygen from the medium and to
achieve the redox potential appropriate for their
growth. Combination of cysteine hydrochloride
and sodium sulphide is commonly used for
cultivation of anaerobes but the judicious use of
the reducing agent depends on the nature and
type of organism(s) researchers want to
cultivate. Resazurin (1.0 mg l-1) is generally used
as redox indicator dye for anaerobic medium to
indicate the level of anaerobiosis and thereby
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appropriate stage of the medium for the
inoculation. Its colourless stage indicates that
medium is completely anoxic and ready for
inoculation. Due to slow growth rate and
fastidious nature, cultivation and purification of
anaerobic bacteria was a very tough job and
most of the anoxic cultures were mixed or
impure before year 1950. But the invention of
Hungate method and anoxic glove box
revolutionized the area of anaerobic cultivation.
Despite immense improvement in anaerobic
techniques, cultivation and purification of some
fastidious, slow growers and syntrophic
organism are still a very tough job due to their
inherent problems. However researchers used
different methods like bottle plate, roll tube,
gelrite shake and dilution to the extinction to
cultivate and get the pure culture of these type
of microorganisms. Now hundreds of different
species of aerobic as well as obligate anaerobic
archaea like methanogens have been cultivated
and studied for their potential roles in
environment, energy and global climate change.
Nitrogen is the most abundant and crucial
element for animal and plant life on the planet
earth and also creates environmental problems
like eutrophication, global climate change due to
emission of nitrous oxide and nitrate, nitrite and
ammonia toxicity of fresh water ecosystem.
Nitrogen exists in nature in different oxidized
and reduced states. Prokaryotes are the major
player of biogeochemical cycling of nitrogen.
Due to environmental and agricultural
implications of different nitrogen species the
biogeochemical cycling of nitrogen has been
extensively studied in Prokaryotes but much
work has been done on Bacteria than Archaea
due to difficulty in archael cultivation and
purification. Data from recent studies indicate
that Archaea also play important role in
assimilation (NO3 assimilation and nitrogen
fixation) as well as dissimilatory process
(denitrification and anoxic respiration) of
nitrogen cycling (Offre et al. 2013). Comparative
study on Bacteria and Archaea for the genes,
enzymes and metabolic pathways of the nitrogen
cycling; indicate that enzymes and genes used

for assimilation and dissimilation process of
nitrogen cycling by Archaea are different than
Bacteria. This gives new hopes for discovery of
novel enzyme, processes and physiology for
nitrogen cycling. Current work related to
Archaea on nitrogen cycle revealed that different
groups of Archaea are involved in different
process of nitrogen cycling like denitrification,
nitrogen fixation, oxic as well as anoxic
ammonia
oxidation
and
nitrification.
Denitrification is an important process of
nitrogen cycle because it removes toxic nitrate
and nitrite and converts them to harmless
nitrogen gas (Cabello et al. 2004). Nitrate is an
emerging environmental pollutant of drinking
water and wastewater system but denitrification
is not good for agriculture because it removes
NO3 that is essential for crop growth. All
denitrifiers are facultative anaerobes which
indicate a close coupling between oxic
respiration and denitrification and have
evolutionary
significance.
Denitrification
potential has been discovered in different genera
of Archaea: Haloferx and Haloarcula are good
examples. A recent article published in the
Proceedings of National Academy of Science
USA Alonso-Sáez L, et al. (2012) demonstrated
that a group of Archaea from Arctic and
Antarctic marine ecosystem use urea to fuel the
nitrification processes. Furthermore, by
metagenomics analysis of seawater and soil
Venter et al. (2004) and Treusch et al. (2005)
respectively demonstrated the ammonia
oxidation
potential
in
mesophilic
Chrenarchaeota of marine and soil ecosystem.
Christa Schleper’s laboratory discovered that a
group of marine archaea Thaumarchaeota an
autotrophic ammonia oxidizer prevail in soil and
marine habitats and oxidize ammonia to
nitrite(Albers et al. 2013)
Host microbe interaction is a very fascinating
field of microbiology. Research on Archaea
using culture based as well as culture
independent metagenomic approaches revealed
that methanogenic archaea are common
microbiota of human periodontoal pockets, gut
and vaginal tracts. Species of Methanobrevibacter
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particularly M. smithii are frequently reported and
they constitute 30-80% part of the community
depending on the type of samples. Higher
number of methanogenic archaea in periodontal
pockets and colon are related with the severity
of periodontitis and colon cancer respectively
(Pimentel et al. 2012) Currently; presence of M.
smithii in water is used as indicator for the fecal
contamination of the water sample. It has been
found that gut methanogens inhabit in
syntrophic relationship with gut bacteria. They
oxidize available hydrogen of the gut, (generated
by the activities of gut bacteria) and produce
methane which assist in complete fermentation
and digestion of carbohydrates in gut and induce
higher production and absorption of short chain
fatty acids. Due to above phenomenon it is
considered that gut methanogens are related
with obesity. In addition gut methanogens are
also related with pathogenicity of irritable bowel
syndrome and constipation.
Being a good source of novel biocatalyst for
biotechnology, currently cultivation and
characterization of extremophilic arcahaea are
getting special attention. Cultivation of archaea
in extreme condition is tricky and labour
intensive, therefore, it needs extra attention on
optimization for industrial exploitation. Now it
is proven that, only some group of Archaea are
unique with other prokaryotes in terms of their
ability to survive in extreme habitats like high
temperature, extremely low and high pH and
high salinity. Thermophilic organisms have been
found to grow optimally between 60 - 108 °C
and have been isolated from volcanically and
geothermally heated hydrothermal vents, natural
hot water springs. Several members of Archaea
like
Pyrococcus,
Pyrodictium,
Thermococcus,
Methanococcus and Archaeoglobus have been
isolated from such kind of habitats. Previously it
was considered that Archaea dominates at high
temperature but culture independent studies
indicated that bacterial DNA dominates over
archaeal DNA at high temperature. Two
common
thermoalkaliphiles,
Thermococcus
alcaliphilus and Thermococcus acidoaminivorans that
grow at pH 9.0 and 85 ºC have also been

reported. Similar to other extremophilic group
halophic Archaea have been cultivated from
saline lakes, coastal saltern and evaporatic
lagoons. It was noted that up to 2.0 M NaCl
concentration halophilic bacteria prevails but
habitats with more than 2.0 M NaCl
concentration show predominance of Archaea.
Thus;
in
conclusion
unlike
previous
misconception that Archaea is a class of bacteria
(archaeabacteria) and only inhabits in extreme
habitats now it has been proven that Archaea
differ from bacteria, constitute third domain of
life and universally found in wide range of
habitats.
They
are
ecologically
and
environmentally very relevant and participate in
various processes like biogeochemical cycling of
materials, methanogenesis, global warming and
global climate change. In addition ammonia and
methane oxidizing archaea need more attention
to explore their role in biogeochemical cycling
of carbon and nitrogen. Due to difficult nature
of archaeal cultivation only few culturable
representative are available in culture collection
and we need to do more work in the area of
Archaeal cultivation in order to understand their
physiology, genetics and potential role in
ecology and environment.
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Abstract
The trillions of microbes in and on human body contribute for many aspects of our physiology and
play an important role in metabolism, immune response and overall health Dysbiosis of gut microbiota
in turn, induces chronic inflammation in the mucosa and is shown to be related with many
gastrointestinal disorders. Moreover, disruption in normal microbiota in lung, oral and skin has also
been associated with many disorders. Several factors are known to influence microbiota including diet,
age, geographic location, socio-economic condition and ethnicity. Although India has large cultural,
dietary, geographical and environmental variation systematic studies on Indian microbiome are
lacking. Although there are research groups in the country working on human microbiome, What
India lacks is a pan-India microbiome initiative similar to those taken in other countries. Here we
report some of the work carried out on Indian microbiome so far. In this study we explored the change
in composition of gut microbiota in Indian individuals with different age within families by using
culture dependent and molecular techniques. Our results demonstrate the variation in gut microflora
with age among individuals within a family.. Also the isolation of high percent of novel bacterial
species and the pattern of change in Firmicutes/ Bacteroidetes ratio with age suggested that the
composition of gut flora in Indian individuals may be different than the western population
emphasizing the need of extensive study to define the gut flora in Indian population. Based on our
previous study gut microbial communities of healthy Indian subjects were compared with other
populations. Based on large differences in alpha diversity indices, abundance of 11 bacterial phyla and
individual specific OTUs, we reported inter-individual variations in gut microbial communities of
these subjects. It was observed that the gut microbiome of Indians is different from that of Americans,
it shared high similarity to individuals from the Indian subcontinent i.e., Bangladesh. Distinctive
feature of Indian gut microbiota were the predominance of genus Prevotella and Megasphaera. The
insights gained through these studies would be invaluable and necessary for designing novel
intervention strategies for the improvement & management of human health, through manipulation
of the human microbiota. All these studies taken together emphasize the uniqueness of the
microbiome of the Indian population and the need for the detailed investigations to improve our
understanding of the baseline human microbiome of Indian population and design regimens to
develop microbiome based therapeutics in India.
Background
The human body harbors diverse microbial
communities, which are predominantly bacterial

and referred to as ‘Human Microbiome’.
According to the current understanding, human
body is inhabited by up to 10 times more
microbial cells (~1014) than human cells (~1013)
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(Luckey, 1972; Suau et al., 1999; Sleator et al.,
2010). Microbes contribute 360 times more genes
than humans’ own genes, which play a key role in
human
physiology
and
development
(Huttenhower et al., 2012). The trillions of
microbes in and on our body contribute for many
aspects of our physiology and play an important
role in human physiology, metabolism, immune
homeostasis and overall health Dysbiosis of gut
microbiota in turn, induces chronic inflammation
in the mucosa and is shown to be related with
many gastrointestinal disorders. Moreover,
disruption in normal microbiota in lung, oral and
skin has also been associated with many
disorders. Several factors are known to influence
microbiota including diet, age, geographic
location, socio-economic condition and ethnicity.
Although India has large cultural, dietary,
geographical and environmental variation
systematic studies on Indian microbiome are
lacking.
After the completion of Human Genome Project
(HGP) in 2001 (International Human Genome
Sequencing Consortium) (Venter et al., 2001),
Julian Davies (2001), Relman and Falkow (2001)
rightly argued that “although HGP is the
crowning achievement in biology, it would be
incomplete until the synergistic activities between
humans and microbes living in and on them are
understood”. They called for a “second human
genome project” that “would entail a
comprehensive inventory of microbial genes and
genomes at the four major sites of microbial
colonization in the human body: oral, gut, vagina,
and skin.”

‘The Human Microbiome Project’ (HMP)
(Turnbaugh et al., 2007) which was a $215 million
United States National Institutes of Health
initiative
in
2007
(https://commonfund.nih.gov/hmp/index) and
Metagenome of Human Intestinal Tract
(MetaHIT) a project financed by the European
Commission with an initial investment of $15
million (http://www.metahit.eu). The baseline
data generated by these mega projects gave new
dimensions to our understanding of host microbe
interaction (Balzola et al., 2010). It also revealed
few important aspects like how different parts of
the human body are occupied by characteristic
microbial communities, which vary in the
microbial composition between individuals, as
well as over the course of a human lifetime. These
initiatives created a reference database and
eventually defined the boundaries of normal
microbiome variation in humans (Huttenhower
et al., 2012; Turnbaugh et al., 2007). Furthermore,
it gave insights into several external and intrinsic
factors which contribute in shaping the
composition of the microbiome, including the
genetics, dietary habits, age, geographic location,
ethnicity etc (Cho et al., 2012; Marathe et al.,
2012). More importantly, it led a strong
foundation to decipher its implications on human
health (Lloyd-Price et al., 2016) and disease which
range from neonatal health, gastrointestinal
disorders, Rheumatoid arthritis, diseases
associated with skin, lung, liver, urogenital tract,
neurological disorders, cancer to lifestyle
associated diseases like obesity, diabetes, etc.
(Huttenhower et al., 2012; Turnbaugh et al.,
2007).

Pioneering work done by Hooper (2001), Hooper
& Gordon (2001) and many others during this
time on the role of commensal host-bacterial
relationships in the gut, followed by studies on
association of obesity with human microbiome
has indicated very potent and interesting
association of microbiome with metabolic
disorders like obesity (Turnbaugh et al., 2006).
These discoveries have opened new horizons in
microbiome research leading to formation of
various consortia in the developed countries, like

Microbiome research in past decade has moved
from being an area of academic interest to one
that companies are founded upon. It has attracted
leading pharmaceutical companies to invest in
this medical potential of manipulating
interactions between humans and the bacteria
that live in and on the body (Garber, 2015;
Reardon et al., 2014). It has also led to the
emergence of various startup companies which
mainly focus on microbiome research. More than
a billion US dollars have been invested from such
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top 25 entrepreneurial ventures within countries
like US, France, Belgium, UK, Netherlands, and
Japan etc. On the other hand, these
developments gave rise to establishment of more
than 50 academic centers in renowned
universities, which function as full-fledged
research institutes/departments concentrating on
various aspects of Human Microbiome research.
Notably, this wave of investment has driven the
drugs from body-dwelling bacteria to the clinic
(Reardon et al., 2014). The research has now
moved from development of probiotics to
development of consortia which would be
particularly potent in terms of modifying diseases
or symptoms. Few of these important
achievements are, the successful fecal transplant
therapy (also termed as ‘Bacteriotherapy’)
developed against Clostridium difficile infection
(Brandt, 2012; Rohlke & Stollman, 2012) and
orally delivered mixture of bacterial spores meant
to mimic a healthy gut community for bacterial
vaginosis and recurrent UTI (Stapleton et al.,
2011). Research has revealed feeding the gut
bacterium like Prevotella histicola to transgenic mice
(engineered to have human-like immune systems)
can suppress the inflammation caused by multiple
sclerosis and rheumatoid arthritis (Saif et al.,
2014). Similarly, Vedanta Biosciences in
Massachusetts is piloting preclinical trials of a pill
containing microbial consortia that suppress gut
inflammation (Furusawa et al., 2013). Besides
these advancements, there are few academic
institutes and enterprises that have paralleled
their focus on widespread and chronic diseases
like Diabetes, Obesity, Inflammatory Bowel
Disease (IBD), Crohn’s Disease, and Celiac
Disease etc. (Garber, 2015). Most of these
alterations of microbiome based approaches have
already proved their potential in animal models.
This continual improvement process has thus
translated microbiome research into therapeutics,
some of which are already in the product
development phase (Garber, 2015).
Why study the Indian population?
The voluminous work happened across the globe

in the last decade indicates that there are
substantial differences in microbiomes in
different parts of the world (Bhute et al., 2016;
Fettweis et al., 2014; Nam et al., 2011; Nishijima
et al., 2016). Nishijima et al. (2016) showed that
the Japanese population is considerably different
from those of other populations, which cannot
be simply explained by diet alone. They
postulated possible existence of hitherto
unknown factors contributing to the populationlevel diversity in human gut microbiome. Several
studies carried out in the Chinese population, also
show a microbiome, irrespective of lifestyle and
age, which is distinct from races and communities
from other parts of the world (Chong et al., 2015;
Leung et al., 2015). This has resulted in ambitious
projects like Human MetaGenome Consortium
Japan (HMGJ) (Hattori et al., 2013) in Japan and
Initiative in skin and oral microbiome
(iMicroCare)
by
QIBEBT
in
china
(www.chinadaily.com.
cn/business/201606/21/content_25792972. htm).
A meta-analysis conducted at National Centre for
Cell Science on gut microbiota of healthy Indian
individuals and its comparison with the other
parts of the world shows that Indian population
harbours distinct gut microbial community which
is different from western and other Asian
countries (data not shown). This data clearly
indicate that there needs to be an in-depth
investigation of Indian Microbiome.
India is very diverse culturally, geographically and
ethnically. These differences are also reflected in
diet, which varies significantly even within a
particular geographical region (Shetty et al.,
2013). Moreover, India harbors large number of
tribal populations that are largely unaffected by
the ‘modern’ diet and lifestyle (Bates & Carter,
1992; Shetty et al., 2013). Such populations are
believed to describe over 90% of human
evolutionary history (Rampelli et al., 2015) thus a
study on gut metagenome configuration of
indigenous tribal population would be of
immense help to improve our knowledge of
evolution of gut microbiota (GM)-host
mutualism in Indian context. Previous studies
indicate the importance of gut microbial
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community of such tribes that exhibit functional
flexibility and also reduced rate of metabolic
activities those are connected with many
metabolic diseases (Schnorr et al., 2014; Turroni
et al., 2016).
Thus there is a clear need to generate meaningful
data which would be applicable across
populations in India. To start with, it would be
essential to carry out a study with healthy Indian
population including the tribals, to generate
baseline understanding of Indian Microbiome.
From the strength of this study, it would be
possible to understand the effect of dysbiosis on
health and also to develop corrective
bacteriotherapies specific for Indian populations;
similar to NIH initiative of HMP in the US.
Changes in human gut flora with age: an
Indian familial study
Different human ethnic groups vary in genetic
makeup as well as the environmental conditions
they live in. The gut flora changes with genetic
makeup and environmental factors and hence, it
is necessary to understand the composition of gut
flora of different ethnic groups. Hence, in this
study we explored the change in composition of
gut microbiota in Indian individuals with
different age within a family by using culture
dependent and molecular techniques. We
selected two families each with three individuals
belonging to successive generations living under
the same roof. Stool samples were collected and
DNA extraction, DGGE analysis, preparation of
16S rRNA gene clone libraries was done and the
results were validated by qPCR. Obligate
anaerobes were isolated from samples collected
from one family to study the culturable diversity
differences. Our results demonstrate the
variation in gut microflora with age among
individuals within a family; in addition the pattern
of change in Firmicutes / Bacteroidetes ratio with age
is different to what is previously reported in
European population.

Denaturation gradient gel electrophoresis
analysis showed age-dependant variation in gut
microflora amongst the individuals within a
family. Different bacterial genera were dominant
in the individual of varying age in clone library
analysis (Fig. 1). Obligate anaerobes isolated from
individuals within a family showed age related
differences in isolation pattern, with 27% (6 out
of 22) of the isolates being potential novel species
based on 16S rRNA gene sequence. In qPCR a
consistent decrease in Firmicutes number and
increase in Bacteroidetes number with increasing
age was observed in our subjects, this pattern of
change in Firmicutes/ Bacteroidetes ratio with age is
different than previously reported in European
population.
There is change in gut flora with age amongst the
individuals within a family. The isolation of high
percent of novel bacterial species and the pattern
of change in Firmicutes /Bacteroidetes ratio with age
suggests that the composition of gut flora in
Indian individuals may be different than the
western population. Thus, further extensive study
is needed.
Molecular characterization and metaanalysis of gut microbial communities
illustrate enrichment of Prevotella and
Megasphaera in Indian subjects
The gut microbiome has varied impact on the
wellbeing of humans. It is influenced by different
factors such as age, dietary habits, socioeconomic status, geographic location, and genetic
makeup of individuals. For devising microbiomebased therapies, it is crucial to identify population
specific features of the gut microbiome. Indian
population is one of the most ethnically,
culturally, and geographically diverse, but the gut
microbiome features remain largely unknown.
The present study describes gut microbial
communities of healthy Indian subjects and
compares it with the microbiota from other
populations (Bhute et al., 2016). Based on large
differences in alpha diversity
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Fig. 1. Genus level comparison of gut flora. The heat map represents clustering of bacterial communities across the
subjects at the genus level. Family S: S1 (26 years), S2 (8 months), S3 (56 years) and Family T: T1 (14 years), T2
(42 years), T3 (62 years).

indices, abundance of 11 bacterial phyla and
individual specific OTUs, we report interindividual variations in gut microbial
communities of these subjects. While the gut
microbiome of Indians is different from that of
Americans, it shared high similarity to individuals
from the Indian subcontinent i.e., Bangladeshi
(Fig. 2). Distinctive feature of Indian gut
microbiota is the predominance of genus
Prevotella and Megasphaera.
Further, when compared with other non-human
primates, it appears that Indians share more
OTUs with omnivorous mammals. Our
metagenomic imputation indicates higher
potential for glycan biosynthesis and xenobiotic
metabolism in these subjects. Our study indicates
urgent need of identification of population

specific microbiome biomarkers of Indian
subpopulations to have more holistic view of the
Indian gut microbiome and its health
implications.
Conclusion
As mentioned earlier, a strong correlation exists
between human health and the human
microbiome. Therefore, the insights gained
through these studies would be invaluable and
necessary for designing novel intervention
strategies for the improvement & management of
human health, through manipulation of the
human microbiota. The rapid progress made by
initiatives like HMP and other similar consortia
has indeed enabled the translation of their
findings into clinically-promising, innovative
39
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Fig. 2. (A) Variation in alpha diversity indices in Indian Subjects. (B) Abundance of dominant bacterial phyla in
Indian subjects. Subjects are separated and shown according to sequencing platform used. Samples with prefix PMS
are from rural region and rest are from urban region. (C) Unweighted and (D) weighted UniFrac PCoA bi-plots; the
gray colored sphere represent a taxonomic group that influence clustering of samples in particular area of the PCoA
plot and its size demonstrate abundance of that taxonomic group (Rural samples are encircled). Colors indicate the
sequencing technology used. Red: Illumina, Green: Ion Torrent PGM.

methods like ‘fecal transplantation’ (also called
‘Bacteriotherapy’). Similarly developing treatment
strategies specifically for diabetes, IBS, obesity
and other lifestyle related diseases in the Indian
population, would heavily depend on the findings
of such studies. All these studies taken together
emphasize the uniqueness of the microbiome of

the Indian population and the need for the
detailed investigations to improve our
understanding of the baseline human
microbiome of Indian population and design
regimens to develop microbiome based
therapeutics in India.
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Culturing of “not-yet cultured” Microorganisms:
The so-called “Microbial Dark Matter”!
Paul A. Lawson
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Email: paul.lawson@ou.edu
Ever since Antoni van Leeuwenhoek observed
his “little animalcules” in the17th century, the
cultivation of microorganisms has been the
cornerstone of microbiology (http://lacelula.
udl.es/documents/leeuwen.pdf). Other pioneers
of culture-based approaches have made
tremendous contributions towards the isolation
of organisms, for example Cornelis B. Van Neil
(http://highered.mheducation.com/sites/dl/fre
e/0072320419/20534/vanniel.html); Marvin P.
Bryant
(http://www.nap.edu/read/10470/
chapter/5); Robert Hungate (Chung & Bryant,
1997) and Ralph S. Wolfe (Chung & Varel, 1998).
Many readers will be familiar with the Anaerobic
Laboratory Manual, the authors W.E.C. Moore,
Lillian Holdeman and Elizabeth P. Cato have
provided valuable insights into the ecology of the
human gut long before the advent of molecular
methods (Holdeman et al., 1977; Moore &
Holdeman, 1974; Moore et al., 1976).
For the most part, ecosystems contain a myriad
of organisms from which selective, enrichment
culture methods have been applied to isolate
individual organisms in pure culture. Once in
pure culture a polyphasic study that includes the
determination of physiological, morphological,
chemotaxonomic and genetic methods are
applied (Kampfer, 2010; Tindall et al., 2010).
These fundamental practices used in microbial
systematics are essential in the identification of
microorganisms and the classification schemes
both past and present (Brenner et al., 2009;
Gevers et al., 2005). However, it was not until the
application of molecular methods that

circumvented the need to culture that (i) the true
diversity present in many different ecosystems
was realized, and (ii) the natural evolutionary
relationships between taxa led to the revolution
in the taxonomy of microorganisms based on the
16S rRNA gene (Pace, 1997; Woese, 1987). From
the many studies that followed utilizing16S rRNA
gene sequencing it became evident just how
poorly we have been able to culture organisms in
the laboratory (Amann et al., 1995; Suau et al.,
1999; Whitman et al., 1998; Zengler et al., 2002).
Although figures vary, a conservative estimate of
the number of bacterial and archaeal species on
Earth is well over a million (Curtis et al., 2002).
However, it is a rather sobering fact that to date
only about 12000-15000 have been validly named
with just 600-700 novel species being added
annually (Chun & Rainey, 2014). The observation
that the vast majority of microorganisms remains
to be isolated and characterized led to the terms
“uncultivated” or “uncultured’ although the term
“not-yet cultivatable” is more accurate; more
recently the term “microbial dark matter” has
entered the literature (Albertsen et al., 2013;
Amann et al., 1995; Marcy et al., 2007; Rinke et
al., 2013; Staley & Konopka, 1985; Whitman et
al., 1998). Thus, because of the discrepancy
between the actual number of organisms present
in any particular microbial community and the
number of cultured representatives, the latter do
not reflect the functional and phylogenetic
diversity present within any natural habitat. Based
on these observations the value of cultivation has
been called into question and that it is no longer
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a viable approach to study environmental
microbial ecology (Ritz, 2007)! However, it
should be noted that this viewpoint is not shared
by the majority of microbiologists and cultivation
is still regarded as essential in providing a more
complete understanding of the organisms and
metabolic activities of microbial communities
(Flint & Duncan, 2011). The value of culture to
metagenomics is seen in National Institutes of
Health supported Human Microbiome Project
(HMP)’s reference genome collection (Nelson et
al., 2010). These reference genomes of cultured
representatives provide phylogenetic anchor
points and the scaffold on which novel genomes
can be annotated with. Furthermore, they also
provide important physiological, morphological
and
chemotaxonomic
information
for
comparison with for the huge numbers of novel
sequences that are representative of novel taxa
derived from metagenomics analysis.
Indeed we are at a pivotal point in the field of
microbial systematics, and how we approach the
identification
and
classification
of
microorganisms (Kampfer, 2010; Tindall et al.,
2010). Presently there is a robust debate on
precisely which methods should be used in the
description of microorganisms, these range from
the traditional polyphasic approach using
multiple methods to characterize taxa as
comprehensively as possible to the more
“minimalist” and/or genomic approach where
the genome sequence is published with only a few
laboratory-based characteristics (Garrity & Oren,
2013; Sutcliffe et al., 2013; Vandamme & Peeters,
2014; Whitman, 2015). In addition to the
intensive labor and time required in the isolation
process, financial implications have also taken
their toll with academic institutions closing both
research and teaching laboratories, so
furthermore reducing the exposure of students to
the
skills
of
the
microbiologist
(http://www.sciencemag.org/careers/2013/09/
funding-cuts-ravage-academic-laboratories; http
://www.bbc.com/news/science-environment12021483).
The application and improvements made to the

various sequencing platforms has advanced at a
tremendous rate leading to high throughput nextgeneration sequencing and whole genome
sequencing (WGS) (Loman et al., 2012). The
rapid and cost-effective acquisition of enormous
amounts of sequence data is in contrast to the
time (often weeks or months) and expense
required for the isolation and characterization of
organisms from complex ecosystems undertaken
in the laboratory. Outsourcing of sequencing to
commercial companies gave many non-specialist
laboratories access to this technology;
consequently, this has contributed to an evergrowing number of published microbial
genomes. Thus, the application of molecular
tools that offers deeper insight with less effort is
very attractive to both Principal Investigators and
students alike, preferring this approach so again
reducing the number of individuals and
laboratories actively engaged in the cultivation of
microorganisms. Indeed, this abundance of
genomes that bypass the need for cultivation has
led to the recent proposal to include the genome
of every newly described organism described in
the literature (Whitman, 2014). A more radical
proposal is that the genome may serve as the type
material replacing the need for the deposition of
extant cultures to recognized culture collections
(Whitman, 2015). Whatever the virtues of these
approaches, a consequence may be that culturebased approaches may be further discouraged
leading to a scientific community already depleted
of individuals and laboratories with culture-based
skills.
In addition to the phylogenetic information
derived from sequence data, the metabolic
capacity of organisms can be examined, however,
caution should be taken with the over reliance on
the information contained within the genome.
For instance, the presence of a particular gene in
the genome doesn’t guarantee it will be expressed
and the gene product having effect. Indeed,
within complex ecosystems “when” a gene is
expressed with respect to near physical neighbors
and the interaction between cells is a central line
of inquiry (Dinsdale et al., 2008; Torsvik &
Øvreås, 2002). After all, it is the expressed
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phenotype that bestows the metabolic and
physiological traits that contribute to a stable
ecosystem (Kämpfer, 2014). With this in mind,
enrichment methods focus on providing or
mimicking the required nutrients and just as
important providing these component in the
correct concentration. It now appears that for
many culture-based investigations, nutrients are
present in too higher concentrations combined
with a too short an incubation period leading to
the so called ‘laboratory weeds”; these organisms
tend to be opportunistic and fast-growing in
nature, so outcompeting the more slowly growing
and often overlooked organisms (Watve et al.,
2000). The rapid advance in sequencing
technologies unfortunately has not been matched
by technical advances in cultivation methods, but
this is not to say improvements have not been
made. A detailed explanation of these approaches
is beyond the scope of this text but readers are
encouraged to consult the review of (Alain &
Querellou, 2009). Strategies have focused on
three main concepts: (i) refinement of standard
cultivation strategies, (ii) simulated natural
environments and (iii) cultivation of microbial
communities. In brief:(i) refinement of standard cultivation
strategies
Media formulation, electron donors and
acceptors and the utilization of carbon sources
play a role in the growth and recovery of
previously uncultured taxa (Köpke et al., 2005).
Major successes have been made with the use of
relatively low concentrations of nutrients (Button
et al., 1993; Connon & Giovannoni, 2002;
Janssen et al., 1997). This is often coupled to
increased cultivation periods and the addition of
signaling compounds to take advantage of the
communication and cross-feeding between taxa.
(ii) simulated natural environments
Strategies aimed at simulating natural conditions
or culturing in situ has been shown to be quite
efficient. Two types of ‘‘in situ colonization
devices’’ have been developed: the diffusion
chambers and the carriers (Bollmann et al., 2007;
Ferrari et al., 2008; Kaeberlein et al., 2002).

Diffusion chambers employ filter membranes for
the removal of low-molecular weight inhibitory
end-products and the exchange of chemicals
between the chamber and the environment
resulting high-density cultivation possible
(Kaeberlein, 2002). Different types of
membrane-based systems have been developed
to grow microbial communities (soil, marine or
activated sludge) directly in the natural habitats
(Ferrari et al., 2008; Kaeberlein, 2002).
Uncultured bacteria from diverse environments
were grown in diffusion chambers. Using these
initial enrichment methods to capture organisms
that have previously resisted cultivation are then
transferred onto solid media with a higher success
rate than directly plating onto classical media
(Bollmann et al., 2007).
(iii) cultivation of microbial communities
Although the object of many laboratory
protocols is to isolate organisms in pure culture
using successive agar-plate transfers or dilution to
extinction using broth culture, pure cultures are
artificial in nature and not representative of
natural microbial communities that often contain
hundreds and in some cases, many thousands of
species. Monocultures cannot elucidate cell-cell
communications between different taxa where
signaling molecules, exchange of nutritional
intermediates, biofilm formation that are
important in the establishment of stable and
sustainable microbial communities. The use of
batch reactors or chemostats (single and
multistage) are routinely used to investigate
complex communities where growth parameters
(carbon source, pH, temperature, electron
acceptors and donors) can be precisely controlled
and replicated (Camilli & Bassler, 2006; Crowther
et al., 2014; Payne et al., 2012; Sait et al., 2002;
Venema & Van den Abbeele, 2013; Ziv et al.,
2013). Although the goal of many laboratory
investigations is to isolate organisms in pure
culture, it is highly likely that for some (or many)
the recovery to pure culture may not be possible
due to symbiotic, mutualistic and syntrophic
interactions (Dethlefsen et al., 2007; Hooper &
Gordon, 2001; Morris et al., 2013; Plugge &
Stams, 2002).
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Due to the importance of the human
gastrointestinal tract in health and disease
processes, it has been the focus of many cultureand non-culture based investigations. It is one of
the most complex ecosystems known and for
decades has been subject to the application of
many cultivation and non-culture based studies
(Browne et al., 2016; Duncan et al., 2007;
Goodman et al., 2011; Sommer, 2015). Recently,
the term “culturomics” was coined by Lagier and
colleagues who have described a large number of
novel organisms recovered from the human
gastrointestinal tract (Lagier et al., 2012; 2015;
Pfleiderer et al., 2013; Ramasamy et al., 2014).
The major innovation was the rapidly screening
of organisms using matrix-assisted laser
desorption-ionization
time-of-flight
,
MALDI-TOF-MS (Seng et al., 2009). Isolates
deemed to be novel are then subjected to 16S
rRNA gene sequencing and compared to DNA
databases, those strains demonstrating low 16S
similarity values are then subjected to phenotypic
and chemotaxonomic analysis providing more
routine characteristics. Although seen as a major
contribution in the recovery of novel taxa of the
gut microbiome the term “culturomics” has not
found universal approval as most would accept
we have been culturing microorganisms for
hundreds of years, nevertheless the success of
this approach is impressive.
With only a fraction of microbial diversity being
successfully cultivated in the laboratory and the
need to facilitate the more rapid isolation and
characterization of microorganisms, it is
inevitable that the information contained within
the genome will be increasingly utilized. For
example, Amaral et al., (2014) have demonstrated
that a number of routine laboratory tests can be
elucidated from biochemical pathways elucidated
from sequences derived from the genome
(Amaral et al., 2014). Similarly, functional genes
that provide the metabolic capabilities of
organims can also be identified in the genome
(Dinsdale et al., 2008; Torsvik & Øvreås, 2002).
However, the scientific community should not

readily discard a polyphasic approach that
includes
phenotypic
(physiological
and
chemotaxonomic)
methods.
Viable
microorganisms deposited in publically accessible
curated culture collections are accessible to
agriculturists; industrialists and the medical
community, all of which benefit from well
characterized reference strains and the genetic
information they hold and so have a profound
effect on society (Kirsop, 1983). Such knowledge
helps us better understand the role microbes play
in infectious disease, food production, and
nutrient/mineral cycling. However, it is accepted
that genomic analysis must be adopted but many
would argue this should not be at the expense of
the fundamental principles of taxonomy. We are
at a point where the application of classical
cultivation methods, in tandem with molecular
methods are providing powerful tools to allow
the recovery of organisms once thought to be
uncultivable now more commonly regarded as
“yet-to-be” cultivated microorganism.
This
approach has undoubtedly led to a recent
resurgence and interest in the isolation of
organisms from complex ecosystems. Young
scientists should be encouraged to “pit-theirwits” against the wily organisms that resist
cultivation. In closing, although many challenges
remain in cultivating the enormous “microbial
dark matter” and the rush to embrace the genome
employing the suite of methods known as the
“omics”; to discard the principles of classical
microbiology
and
the
isolation
of
microorganisms in pure culture, we do so at our
peril.
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Introduction
Microbiology has undergone a fundamental
change in emphasis as the traditional culturebased approaches have largely given way to
molecular techniques that do not always need or
even use conventional laboratory cultures. The
adoption of these new approaches has led to a
loss of some essential basic microbiology skills,
and it is apparent from the modern literature
that many scientists do not verify the
authenticity of the cultures with which they have
been working. A typical scenario is that a
culture is received and used without any quality
checks to verify purity or authenticity. Indeed,
many modern scientists do not have the ability
to recognise microbiological problems, and, in
particular, contamination. This reflects the
changes in higher education in many countries
as microbiology becomes diluted among modern
scientific courses, which are designed to appeal
to students. This raises the question concerning
the expectations of undergraduate students,
which may be summarised as:
• Expecting that courses contain the most
modern material reflecting the most recent
developments in the subject [gadgets are in
vogue!]
• Preferring that courses are narrowly focused

with the content reflecting only the degree
title [there is often resistance to the
inclusion of wider knowledge, which may
be perceived as irrelevant although
academically important]
• Requiring that courses are full of
transferable skills
• Demanding relevance to the job market
Thus, modern science students expect that
degree courses will lead immediately to
employment in high-end jobs.
The Teaching of Microbiology
In many universities, there has been a trend
from the provision of specialised degrees in
microbiology to more general biological
subjects, which contain an element of
microbiology.
Thus,
the
microbiology
component may extend from a couple of weeks
to one or more semesters of study. The
outcome is that the modern biology graduate
has less exposure to microbiology than their
counterparts of only 10-20 years ago. Moreover,
cost reductions have led to less practical work,
insofar as lectures being cheaper to run than
practicals that need laboratories, equipments and
consumables. This begs the question about
whether or not current graduates have all the
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necessary skills commensurate with the ability to
function safely in a microbiology laboratory. A
fundamental concern is whether a modern
science graduate is capable of recognising a pure
culture. The relevance of this comment is that
cultures are used widely throughout science
from molecular biology to biotechnology, and if
the starting point, i.e. the culture, is not
authentic or mixed, then there will be an adverse
impact on the outcome of the work.
Microbial Taxonomy
A questionnaire to some British undergraduate
students revealed that taxonomy was perceived
as boring, stuffy, and old fashioned [belonging
in a museum!]. Research funding is certainly
difficult to obtain when the emphasis of the
application is perceived to be pure taxonomy.
However, with a name change to Biodiversity
and the interest in the impact of environmental
change on species composition, there has been a
rejuvenated interest in what is essentially
taxonomy. It is timely to exploit this interest in
the teaching of microbial taxonomy. Clearly, the
name of the course is all important to the
modern student. So, what does the educator
need to cover?

The importance of taxonomy
• The educator needs to start by highlighting
the importance of taxonomy to sciences by
enabling the understanding of biodiversity,
namely the range of organisms in a given
habitat and the impact on those populations
of
environmental
perturbations
[biodiversity is an o.k. subject according to
a poll of some British senior undergraduate
students].
• Knowledge
of
taxonomy
allows
communication between scientists, thus
enabling exchange of information about
similar organisms [for example, Escherichia
coli O157 is recognised by most members of
society as a serious human pathogen].

• Catalogues information; the name being key
to information about the biology of the
organism, including special characteristics,
ecology, and possibly pathogenicity and/or
potential commercial applicability,
• Enables identification, such that new
isolates may be readily and reliably
identified [especially important in medical
and veterinary science]
• Provides an insight into evolutionary
pathways (= phylogenetics)

Modern developments
Students are interested in learning about the
most modern advances/developments in
subject. In taxonomy, these include:
• The development of culture-independent
techniques in serology and molecular
biology that have reduced the need for
culturing, and which may have an impact on
the data if adequate quality assurance is not
part of the experimental procedures. Also,
it needs to be emphasized that not all
bacteria are capable of growth in vitro, and
such organisms are often classified by
molecular means; a topical example is
‘Candidatus’, which is involved with the gill
disease, epitheliocystis, in an increasing
number of fish species.
• Molecular techniques, such as sequencing
of the 16S rRNA gene, are fashionable, and
students are keen to learn and apply them in
real life situations. One outcome is the
enhanced level of confidence in the
allocation of bacterial names, including the
recognition of new taxa.
• Bacterial taxonomy has progressed from
reliance on highly artificial culturedependent techniques focusing primarily on
the study of phenotype [including
morphological,
biochemical
and
physiological data] and now encompasses
all the modern development in biological
sciences, notably in molecular biology
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Designing the Syllabus
It is envisaged that courses will enable the
student to develop both practical and theoretical
skills. The importance of developing basic skills
needs to be highlighted as the student
progresses from teacher-led to student-focused
learning in the run up to graduation.

Theory
• Historical perspective (Fig. 1) – from Van
Leeuwenhoek (1632-1723) and microscopy;
to the nineteenth century and Robert
Koch’s laboratory [the Petri dish, agar as a
gelling agent; Koch’s Postulates for
associating a specific organism with
disease]; Pasteur’s laboratory [disproved
Spontaneous Generation by means of
experiments with swan neck flasks;
developed the autoclave; sterility], and
Gram [the Gram-stain]; to the twentieth
century with Sneath/Sokal [numerical
taxonomy] and onwards to the profound
developments in molecular biology.
• Antonie van Leeuwenhoek:
• He made >500 "microscopes"
• They were extremely simple devices, using only
one lens, mounted in a tiny hole in the brass
plate that makes up the body of the instrument
• The specimen was mounted on the sharp point
that sticks up in front of the lens, and its
position and focus could be adjusted by turning
the two screws
Fig. 1. Example of a PowerPoint slide for teaching the
Historical perspective.

• The structure of bacteria, including
comment on the role of the extracellular
layers, flagellae, pili, cell wall, cell
membranes, vacuoles, nuclear material
[nucleoid and plasmids], ribosomes,
inclusion bodies, endospores. Special
features – chemotaxis; magnetosomes. The
essential differences between prokaryotic
and eukaryotic cells.

• Biodiversity – from wall-less bacteria
[=mycoplasmas], rickettsias, i.e. small
obligately parasitic bacteria, chlamydias
[many examples are uncultured, e.g.
‘Candidatus’], cocci, rods and mycelial
organisms. Include mention of some of the
more interesting morphotypes [circular,
marine bacteria] and the extremely large
bacteria.
• What’s in a name? Binomials – with
examples. [The family Enterobacteriaceae with
its component genera including Escherichia
and Salmonella; their basic characteristics,
methods of isolation, and role]. The
definition of taxonomic terms - Systematics,
Classification, Taxonomy, Identification
(Fig. 2).
• Taxonomy = the science of biological
classification, comprising classification,
nomenclature and identification
• Classification = arrangement of organisms
into groups = taxa (singular = taxon) based on
relatedness
• Nomenclature = assignment of names to
taxonomic groups
• Identification = allocation of organisms to
recognised groups
• Systematics synonymous with taxonomy
• The basic taxonomic unit is the species. This
comprises two words (= binomial system after
Linnaeus), the first of which is the genus name
and the second is the unique species name (=
specific epiphet). Both should be italicised or
underlined.
• Natural classification (the best! Organism
classified on the basis of true relationships)
• Phylogenetic classification (evolutionary)
• Phenetic classification (based on characters that
can be readily measured
Fig. 2. Example of a PowerPoint slide for teaching the
Historical perspective.

• Developments in taxonomic processes,
which mirror the exciting changes in
biological sciences, and the adoption of the
latest techniques. The important changes
reflect the progression of study of the
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•

•

•

•

phenotype culminating in numerical
taxonomy, to special purpose classifications
based on chemotaxonomy and serology, to
the current focus on the structure of DNA,
and the modern approach of naming new
species on the basis of the examination of
single cultures by highlighting the results of
sequencing the 16S rRNA gene.
The data must be reliable (accurate,
reproducible) with acceptable levels of error.
If the data are flawed or not sufficiently
extensive, the value of subsequent analyses
is reduced or of no value at all, i.e. there is a
minimum amount of “good” data required
for any meaningful taxonomic study.
Data analysis underpins much of the
current development in systematics, and
advanced students may be introduced to the
mathematics involved in the analyses; the
impact of the different algorithms on the
analyses [the mathematics/computing is the
Achilles heel of the process insofar as there
is reliance on older, more traditional
methods].
The important question
concerns which method is best? When
datasets contain data for multiple species,
there may be an issue of boundary
definition, which begs the question about
how scientists define boundaries objectively,
and could this be achieved mathematically?
The issue concerns outliers, and their
possible relationship to one or more species
More senior students need to be
encouraged to study multiple rather than
single cultures (a single culture need not be
representative of the taxon). Also, it should
be emphasized that laboratory cultures do
not necessarily reflect the organism as it
occurs in its natural environment. For
example in their natural habitat, marine
bacteria are often small and metabolically
active, but larger with less metabolic potential in laboratory culture.
The future – advanced students should
participate in discussion of likely future
developments and directions in microbial

systematics [the dominance of molecular
techniques in systematics?].

Practical skills
• Development of skills for the safe transfer
of micro-organisms to liquid and solid
media including the use of bacteriological
loops and pipettes. Practice needs to be
given to achieve plating skills. This means
that the student needs to carry out these
procedures repeatedly, not just once!
• Dealing with contamination and the
acquisition of sterile material: the student
needs to know how to sterilise the
inoculating loop, and to prepare [sterile]
microbiological media, including the use of
autoclave and filtration.
• An early aim is to develop the means of
obtaining pure cultures, and recognising
contamination/mixed cultures. This is an
essential stage in microbial systematics
using culture-dependent approaches, and
especially when cultures are used in
molecular studies.
• Microscopy. Apart from training in the
proper use of microscopes, students need
to be able to examine stained and fresh/wet
preparation of cultures.
• Isolation of organisms from a range of
samples – including water, soil, food and if
possible pathological specimens would
introduce the student to a range of media
and incubation temperatures/duration.
• Practical work should include the use of
common phenotyping tests, including the
determination of catalase and oxidase
production, the oxidative-fermentative test,
degradative characteristics [DNA, gelatin,
blood, urea] and a range of sugar
utilisation/fermentation tests. Depending
on the funding situation, the student could
be given experience of using one or more
rapid identification kits, such as the API
20E system, with access to the
manufacturer’s computerised database.
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• Basic serology could involve use of
commercial kits/antisera for direct and
indirect agglutination reactions, and the
enzyme linked immunosorbent assay.
• Experience of molecular techniques is
highly desirable, depending on the facilities
available to the teaching staff. Examples
include the isolation and purification of
DNA, and, if possible, experience of 16S
rDNA sequencing.
• There needs to be motivation to learn and
master these techniques.
Conclusions
With a name change to biodiversity, microbial
taxonomy has enjoyed a new lease of life and

funding opportunities. It is fun to name new
species, and determine phylogenetic trees. An
overriding aim is to motivate the students that
taxonomy is exciting and essential to
microbiology and associated science. However,
it is essential to ensure that the traditional, basic
skills are not lost. To be effective, taxonomy
should be based on high information content,
be reproducible, and stable otherwise confusion
will result. Finally, it should be emphasized that
on average >100 bacterial genera and >600
bacterial species have been described annually
over the last 5-years, many of which are from
China, and it is speculative if this trend will
continue? Certainly, one result of the deluge of
new names is that it is difficult to keep up to
date!
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Microbiology made Easy with Biolog MicroPlates
Ecoplates for Microbial Community Analysis
Microbial communities provide useful information
about environmental change. Microorganisms are
present in virtually all environments and are typically
the first organisms to react to chemical and physical
changes in the environment. Changes in microbial
communities are often a precursor to changes in the
health and viability of the environment as a whole.
Biolog EcoPlates provide a sensitive and reliable index
of environmental change.
 Measure the metabolism of 31 carbon sources per
assay
 Each assay panel tests in triplicate
 Simple colorimetric readout
 Readable with any microplate reader
http://www.biolog.com/productsstatic/microbial_community_overview.php

Test Panels for Identification of Microbial
Species
Microbial species are identified by metabolic
fingerprint on the basis of biochemical tests provided in
96 well format Test Panels. More than 2700 microbial
species are routinely identified using the following
plates:
 Gen III Microplate for identification of aerobic
bacteria.
 AN Microplate for identification of anaerobic
bacteria.
 YT Microplate for identification yeast.
 FF Microplate for identification of filamentous
fungi.
http://www.biolog.com/productsstatic/microbial_identification_literature.php

Test

Panels

for

Phenotypic/Biochemical

Analysis on Microbes
A microbial cell can be characterized for nearly 2000
cellular phenotypes which are preconfigured into 20
MicroPlates with 96 well format. Tests include

Metabolism of wide variety of C, N, P, S sources (~800
tests), Effect of pH (~100 tests), Effect of ions and
osmolytes (~100 tests), Sensitivity to chemicals and
drugs (including anti-microbials) that disrupt various
biological pathways (~ 1000 tests)
 Microplates PM-1 to PM-10 for Metabolic tests
on Bacteria and Fungi
 Microplates PM-11 to PM-20 for Chemical
sensitivity tests on Bacteria
 Microplates PM-21 to PM-25 for Chemical
sensitivity tests on Fungi
Plates are applicable in studies related to all aspects of
General and Applied Microbiology such as Metabolism
studies/Metabolic engineering, Strain Improvement,
Mutagenesis,
Toxicology,
Bioremediation,
Biotransformation, Biodiversity, Drug discovery,
Bioprocess
optimization,
General
cell
characterization,Cell validation, Correlation between
genotypes with phenotypes, Characterize cell
phenotypes for taxonomic or epidemiological studies
http://www.biolog.com/productsstatic/phenotype_microbial_cells_overview.php

Test Panels for Other Microbial Studies
 The MT2 MicroPlate provides a standardized
micro method for performing up to 95 carbon
source utilization tests in a single panel. The user
has complete flexibility in selecting the carbon
sources
for
biodegradation/bioremediation
studies.
 The SF-N2 and SF-P2 MicroPlates can be used
for easy and rapid metabolic testing of
Sporulating
and
Filamentous
(SF)
microorganisms such as actinomycetes and fungi.
http://www.biolog.com/pdf/milit/00A_007rC%20MT2_
sep05.pdf
http://www.biolog.com/pdf/milit/00A_008rA_SFN2_S
FP2.pdf
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