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Abstract This article is a tribute to Carl R. Woese, a
biophysicist turned evolutionary microbiologist who pas-
sed away on December 30, 2012. We focus on his life,
achievements, the discovery of Archaea and contributions
to the development of molecular phylogeny. Further, the
authors share their views and the lessons learnt from Wo-
ese’s life with the microbiologists in India. We also
emphasize the need for interdisciplinary collaboration and
interaction for the progress and betterment of science.
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Introduction

“Microbiology today has a new-found wealth far greater
than any it possessed before. The source of that wealth is
the universal phylogenetic tree—the framework essential
for understanding organismal relationships. The power that
flows from phylogenetic ordering permeates the field.”
These words of Carl Woese from ‘The Prokaryotes’ [56]
exemplify the foresight and vision of this astute scientist,
who was not a microbiologist by training.

Some of the greatest pioneers in microbiology were not
microbiologists by training, but by interest, e.g. Antony
van Leeuwenhoek and Louis Pasteur. Similarly, Prof. Carl
Richard Woese (popularly known as Woese) was a bio-
physicist by training, but the fascination for microbes and
his passionate desire to explore these hidden heroes of
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nature made him a pioneer in evolutionary microbiology
[53, 57, 58]. Woese was born on 15th July 1928 in Syra-
cuse, New York, USA. He obtained his BS degree in
physics and mathematics from Amherst College. He
received his doctorate in biophysics from Yale University
where he further continued his postdoctoral training in the
same field. He continued working as a biophysicist for
two years at the General Electric Research Laboratory in
Schenectady, NY (http://www.igb.illinois.edu/news/carl-r-
woese-1928-%E2%80%93-2012). In 1964, he joined as a
faculty in the Department of Microbiology at University of
Illinois, Urbana, USA and spent his entire scientific carrier
in the same department. Woese died of pancreatic cancer
on 30th December 2012 at the age of 84 (http://www.igb.
illinois.edu/news/carl-r-woese-1928-%E2%80%93-2012).
At University of Illinois, Woese focused his attention on
bacteria and archaebacteria and extensively studied the
protein making machinery, the ribosomes and the rRNA
genes of these organisms. Woese, described for the first
time that bacteria evolve and show phylogenetic relation-
ships [22, 54, 55, 57]. Based on his studies, Woese estab-
lished a system for calculating the phylogenetic distance
between the organisms [57]. Prior to his work, microbiol-
ogists merely had the knowledge of taxonomy and fol-
lowed the traditional method of studying phenetic traits to
differentiate the species. The information related to bac-
terial phylogeny was completely lacking then. In 1990,
based on the reconstruction of rRNA phylogenetic tree, he
proposed a separate domain for Archaeabacteria and
introduced the concept of three domains of life: Bacteria,
Archaea and Eucarya [50-53, 58]. The small subunit
(SSU) rRNA based tool of Woese became so powerful that
it revolutionized the world of microbial evolution and
phylogeny and opened avenues for the study of complex
microbial communities using metagenomics [26]. Woese
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was so impressed with microbes that in his interview with
New York Times in 1996, he said that if all multicellular
organisms are wiped off from the earth then it would barely
affect the microbial community, whereas the destruction of
microbial community would lead to instant death of all life
forms on earth (http://www.nytimes.com/2013/01/01/science/
carl-woese-dies-discovered-lifes-third-domain.html?_r=0).

Woese earned many honours during his life for his path
breaking findings. Along with several other honours and
awards, he received the Leeuwenhoek Medal from Royal
Netherlands Academy of Arts and Science in 1992 and
National Medal of Science in 2000. (http://www.news-
gazette.com/news/university-illinois/2012-12-30/visionary-ui-
biologist-carl-woese-84-dies.html).

If it was not for Woese’s enormous contribution and
dedication towards microbial phylogeny and ecology,
microbial evolution would not be understood experimen-
tally. The group of Microbial Culture Collection, Pune is
obliged to share his findings with Indian microbiologists
and students by means of this obituary. Woese’s life is a
lesson for any individual embarking on interdisciplinary
collaboration and interaction with an aim to better the
future of microbiology.

Woese’s Contribution to Microbiology
Woese’s Early Work

As mentioned earlier, Woese was trained as a biophysicist.
He first entered into microbiology during his postdoctoral
period at Yale University in mid-1950. Initially he studied
the effect of radiation (X-ray) on inactivation and survival
of Bacillus spores and also worked on nucleic acid
metabolism during the germination of Bacillus endospores
[47, 48]. He reported that Bacillus spores were inactivated
in both single or multi-hit exposure experiments [48] and
that metabolism of nucleic acid differs in both germinating
spores and vegetative cells [47]. Later, he diverted his
attention on ribosomal development and inclined his study
towards evolution of genetic code [49].Woese was inter-
ested in the evolutionary history of nucleic acids and for
that he selected ribosome as a target. Because from his
earlier work he knew that ribosomes are most conserved
elements in all organisms, it would work as an ideal
molecular chronometer [21]. He initiated this work in 1966
using oligonucleotide cataloguing, a labour intensive
method for nucleotide sequencing. In this method, RNA
fragments appear as fuzzy spot on x-ray film and reading
these spots was a very cumbersome job in those days.
Worldwide, only 2-3 scientists were aware with this
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method and Woese was one of them. While Woese was
able to read his first catalog in 1 year [21], it took him a
decade of hard work to catalog 60-bacteria from different
groups. Finally in 1977, based on his findings he published
the tripartite distribution of life and announced that bacteria
are different from archaeabacteria [57].

Proposal of the Domain Archaea

Woese introduced the term ‘Archaea’ (singular: Archaean)
as ‘archaebacteria’ was misleading and not precise. Later
on, ‘Archaea’ was well-received and widely accepted in the
textbooks of microbiology and evolutionary biology.

Archaea have special features not detected in eukaryotes
and bacteria, such as the presence of pseudomurein, ether-
linked lipids and flagellin proteins. Initially it was con-
sidered that these groups of microorganisms only inhabit
extreme habitats like hot springs (thermophiles), brine
lakes (halophiles), and habitats with extremely low and
high pH (acidophiles and alkaliphiles respectively). Later
developments in culture-independent approaches proved
that Archaea are widespread in different kinds of habitats
including the arctic cold water, thermal vents, rice fields
and other terrestrial and fresh water habitats and constitute
a major part of the microbial life on Earth [4, 18, 27].
Along with the ubiquitous distribution, Archaea are also a
part of carbon and nitrogen cycling, produce industrially
important enzymes, help in anaerobic digestion, biogas
production and metal leaching, etc.

Like many exceptional discoveries, the proposal of
Archaea did not receive wide acceptance at the beginning.
He, along with George E. Fox reconstructed the tree of life in
1977 and proposed that Archaeabacteria are different than
eubacteria and originated separately [57] during the course
of evolution. But he faced much criticism from Nobel lau-
reate Salvador Luria and well known environmental biolo-
gist Ernst Mayr. Even then, Woese continued his work on the
same aspect without being distracted by the scientific hos-
tility [http://home.planet.nl/ ~ gkorthof/korthof88.htm]. In
1990, he proposed the concept of three domains of life
(Bacteria, Archaea and Eucarya) and shortened the term
Archaeabacteria to Archaea. Apart from scientific hostility,
the criticism faced by Woese was based on several other
factors. First, his bold conclusions were based on a single and
short gene sequence (SSU rRNA) which was presumed to
lack enough phylogenetic information. Second, it was a
challenge to the well-established prokaryote—eukaryote
dichotomy. Later, in 1990, the term Archaea and the concept
of the three domains were widely accepted after the publi-
cation of the whole genome sequence of Methanococcus
Jjannaschii and confirmation of Woese’s finding by using
alternative methods [5].
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Small Subunit (SSU) rRNA as a Tool for the Study
of Microbial Evolution

In 1965, Zukarkandl and Pauling [60] showed that mole-
cules are the documents of evolutionary history of organ-
isms and can be wused for inferring phylogenetic
information. However, until late 1970s, the field of
microbial evolution and phylogeny was overlooked. Most
of the microbiological textbooks in that era were dealing
with phenotypic and biochemical-based taxonomy (che-
motaxonomy) and were lacking phylogenetic data. With
Woese’s revelation that bacteria can evolve and show
phylogenetic relationships based on the use of SSU rRNA
as a molecular marker (molecular chronometer) for the
study of microbial evolution revolutionized the area of
microbial phylogeny and ecology. Since this first publica-
tion on the use of rRNA for microbial phylogeny in 1977, a
number of other good articles have been published on
different aspects of rRNA including its structure, role in
depicting the microbial phylogeny as an ideal marker [22,
23, 38, 46]. Until 1980, microbiologists disregarded SSU
rRNA gene sequencing, but later it emerged and got
established as an essential tool for microbiology. Further,
the discovery by Norman Pace (a collaborator of Woese)
that cultivation of microorganisms for the study of phy-
logeny was no more essential [24], merely cloning and
sequencing of SSU rRNA gene or other molecular markers
from total community DNA was sufficient to get phylo-
genetic information about the community. These studies of
Woese and Pace revolutionized the area of microbial
phylogeny and ecology, respectively, which were largely
neglected before. The aforementioned findings provided an
opportunity to apply SSU rRNA as a universal tool for the
study of microbial community in natural habitats, which in
turn gave rise to the concept of metagenomics.

Contribution to Microbial Ecology and Diversity

Woese’s method of using rRNA as a molecular chronom-
eter may be regarded as the greatest invention that has
immensely contributed in the development of microbial
ecology and diversity and where it stands today. Although
Beijerinck and Winogradasky also contributed to microbial
ecology by establishing the role of microorganisms in
biogeochemical cycling, the drawbacks of the cultivable
approach proved as a limiting factor in developing a
complete understanding of microbial ecology. Apart from
contributing to microbial systematics and phylogeny, SSU
rRNA gene based study of community structure, function
and dynamics has extensively revolutionized this field. The
work of Woese and Pace was instrumental in the devel-
opment of culture independent approach as a tool to study
community structure, function and dynamics. Since the

past two decades, the use of culture independent approach
has become a mainstay in the field of microbiology which
was crushed since the time of Winogradasky. Today,
almost all methods of microbial community profiling,
including next generation sequencing are dependent on
rRNA gene analysis [2, 14, 19, 34, 40]. It gives better
insights not only into community structure (richness) and
distribution (evenness), but also permits examination of
consequences of external factors (pollutants and climatic
perturbations) on the survival and dynamics of microbial
communities in different ecological niches. In brief, one
can say that Woese’s work opened avenues for applying
existing ecological theories to the field microbiology, thus
establishing microbial ecology as a full-fledged discipline.

Apart from providing the valuable inputs in community
structure and dynamics (spatial and temporal variations),
SSU rRNA based approaches are now widely used to study
in situ functionality of microorganisms even in highly
complex ecological habitats (human gut, thermal vents,
polar environment, etc). Development of SSU rRNA based
group specific primers and probes has enabled quantifica-
tion and in sifu detection of specific functional groups
using quantitative real time PCR and TagMan® chemistry
[17]. In addition, its combination with stable isotope
probing methods have aided in extracting information on
substrate utilization potential of microbes in their natural
environment [44]. Its use has not only advanced our
understanding in soil ecology and biodiversity but has
added valuable knowledge towards rapid diagnosis of
disease and study of host-microbe interactions [10]. It is
now understood that conclusions drawn from the gut-mi-
crobiome studies are likely to provide valuable clues
towards solving problems related to human health and
disease [20, 26].

The use of SSU rRNA has also supplemented the efforts
to cultivate novel organisms whose existence was previ-
ously unknown due to technical limitations. Before the use
of rRNA gene based culture independent approach, mi-
crobiologists had only limited knowledge about microbial
diversity. Due to limitation and biases of cultivation based
approaches, they were able to mostly cultivate the fast
growers but lacked awareness about ecologically signifi-
cant slow growing microbes [32]. The discovery and use of
SSU rRNA gene has revealed the ‘black-box’ of microbial
diversity and corroborated the pre-existing evidence of
great plate count anomaly and dormancy related to existent
microbial seed bank in nature [31]. It not only widens the
window of microbial diversity but allows for answering
questions like ‘who is there and dominating?’ and ‘what
types of habitats are suitable for growth of which groups of
organisms?’ thus giving information unique to the niche
under study [32]. Upon obtaining information about exis-
tence, dominance and ecological importance of particular
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group of microorganism using culture independent
approach, it has now become possible to cultivate key
organism using modified media and culture conditions
[32]. Several strategies have been developed to cultivate
the novel groups of microorganism in order to study them
closely under controlled laboratory conditions to facilitate
research and industrial exploitation [1, 11, 12, 20, 59].
Cultivation of abundantly distributed marine bacterio-
plankton of SAR-11 clade and Acidobacteria are a testa-
ment to such exploitation [15, 36]. This has resulted in
accumulation of vast amounts of data pertaining to
microbial diversity of diverse niches resulting in discovery
of several novel groups of microorganisms due to insights
gathered from systematic and organised culture indepen-
dent approaches. Literature on cultivation and diversity
suggests an increase in number of new taxa reflected in
various culture repositories around the world and by their
sequences being deposited in sequence databases (http://
rdp.cme.msu.edu/).

In brief, Microbial Ecologist and Taxonomists should be
highly indebted to Woese for his findings, which immen-
sely contributed to microbial ecology and diversity. These
modern approaches are a direct culmination of Woese’s
discovery and use of SSU rRNA gene sequence as an ideal
biomarker for study of evolutionary history of microor-
ganisms. This has renewed the zeal in detailed study of
microbial taxonomy post Winogradsky and Beijernkk era
thus returning microbial ecology to the forefront of many
microbiological exploration initiatives.

Metagenomics, Microbial Taxonomy and Ecology
Research in India

Advances in science at international level have also had
their impact on science in India and Woese’s work is no
exception to that. Once 16S rRNA gene sequencing
became a mandatory requirement for the description of
taxa, several investigators from India used it in their
description of new taxa. As discussed earlier that cultiva-
tion and taxonomical characterization is essential part of
microbiological research even in the current era of
genomics and proteomics [32]. In past 10-15 years Indian
research in microbial cultivation and taxonomy has made
good progress and till date we have described more than
300 novel taxa in International Journal of Systematic
and Evolutionary Microbiology from different niches
(http://www .bacterio.cict.fr) [8, 9, 29, 30, 37]. In the past
few years there have been studies on microbial diversity of
diverse habitats including the Western Ghats [45], psy-
chrophilic habitat of Pangong Lake, Antarctic and Arctic
soil and sediments [6, 7, 42], effluent treatment plant and
pesticide contaminated dumpsite [3, 35, 39, 41] marine
sediment [43] and human gut [9, 20, 25]. Some laboratories
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have also focused their attention on SSU rRNA gene
sequences and developed a phylogenetic framework,
detected species specific signature sequences and designed
improved PCR-primers using bioinformatic tools to
improve the taxonomic resolution and environmental
detection of related microorganisms [13, 16, 28, 33]. All
these studies are a proof that research in microbial culti-
vation, taxonomy and ecology have substantially pro-
gressed in India over the past decade and Woese’s
contribution is undeniable.

Conclusion

Woese’s journey from biophysics to evolutionary micro-
biology itself indicates that there is no interdisciplinary
limitation to be successful in any given area. Even
knowledge of a different discipline can augment scientists’
ability to harness the complete potential of a new disci-
pline. Apart from Woese, there are many eminent scholars,
such as Nobel Laureate Venkatraman Ramakrishnan
(physicist) who used the interdisciplinary approach in order
to reach the summit of their areas of interest, in this case,
solving the crystal structure of bacterial SSU rRNA. It is
evident that no discipline is self-sufficient and needs col-
laboration and interaction with other disciplines for gaining
a broader perspective of the problem. For example, in order
to carry out a full-fledged study in microbial ecology (study
of community structure and dynamics), there is a need of
expertise in geochemistry, microbiology, bioinformatics
and biostatistics. Rarely can a single scientist do the entire
job in order to arrive at a logical conclusion on the acquired
data. In our view, due to inculcation of mathematics and
physics in his early career, Carl Woese was able to
understand and interpret the data to develop a metric sys-
tem using SSU rRNA for the calculation of phylogenetic
distance, which otherwise was a very difficult job for a pure
microbiologist without any mathematical knowledge.
Woese’s journey highlights the need to promote interdis-
ciplinary collaboration between scientists from different
fields to explore any discipline in its fullest form. It is very
intriguing that the situation in Indian science is different
from the scientific scenario in other parts of the world.
Even today, we are following the old tradition and have
restricted ourselves in a very strict boundary of distinct
disciplines like ‘botany’, ‘zoology’, ‘biotechnology’,
‘microbiology’, ‘biochemistry’, ‘environmental science’,
etc. Interactions between collegiate academicians and sci-
entists are rare, and may be ascribed to internal resistance
and/or the feeling of superiority of a certain discipline over
others. Areas of microbiology like microbial ecology, fer-
mentation technology and population genetics need
essential inputs from mathematicians and statisticians. In


http://rdp.cme.msu.edu/
http://rdp.cme.msu.edu/
http://www.bacterio.cict.fr

Indian J Microbiol (July—Sept 2013) 53(3):247-252

251

conclusion, there is an imminent need to cross the
boundaries of discipline and promote interdisciplinary
collaboration in order to expand and explore the microor-
ganisms in a broader context, as was achieved by Woese.

Acknowledgments

This work was supported by the Department of

Biotechnology (DBT; Grant no. BT/PR/0054/NDB/52/94/2007),
Government of India, under the project “Establishment of microbial
culture collection”. We are grateful to our colleagues, especially
Shreyas Kumbhare and Somak Chowdhury, for critically reading and
editing the manuscript.

References

11.

12.

13.

14.

. Alain K, Querellou J (2009) Cultivating the uncultured: limits,

advances and future challenges. Extremophiles 13:583-594

. Brown MV, Schwalbach MS, Hewson I, Fuhrman JA (2005)

Coupling 16S-ITS rDNA clone libraries and automated ribosomal
intergenic spacer analysis to show marine microbial diversity:
development and application to a time series. Environ Microbiol
7:1466-1479

. Chauhan NS, Ranjan R, Purohit HJ, Kalia VC, Sharma R (2009)

Identification of genes conferring arsenic resistance to Esche-
richia coli from an effluent treatment plant sludge metagenomic
library. FEMS Microbiol Ecol 67:130-139

. DeLong EF (1992) Archaea in coastal marine environments. Proc

Natl Acad Sci USA 89:5685-5689

. Graham DE, Overbeek R, Olsen GJ, Woese CR (2000) An ar-

chaeal genomic signature. Proc Natl Acad Sci USA 97:
3304-3308

. Gupta HK, Gupta RD, Singh A, Chauhan NS, Sharma R (2011)

Genome sequence of Rheinheimera sp. strain A13L, isolated
from Pangong Lake, India. J Bacteriol 193:5873-5874

. Gupta HK, Singh A, Sharma R (2011) Genome sequence of Id-

iomarina sp. strain A28L, isolated from Pangong Lake, India.
J Bacteriol 193:5875-5876

. Gupta P, Reddy GSN, Delille D, Shivaji S (2004) Arthrobacter

gangotriensis sp. nov. and Arthrobacter kerguelensis sp. nov.
from Antarctica. Int J Syst Evol Microbiol 54:2375-2378

. Gupta SS, Mohammed MH, Ghosh TS, Kanungo S, Nair GB,

Mande SS (2011) Metagenome of the gut of a malnourished
child. Gut Pathog 3:7. doi:10.1186/1757-4749-3-7

. Harris KA, Hartley JC (2003) Development of broad-range 16S

rDNA PCR for use in the routine diagnostic clinical microbiology
service. ] Med Microbiol 52:685-691

Ingham CJ, Sprenkels A, Bomer J, Molenaar D, van den Berg A,
van Hylckama Vlieg JE, de Vos WM (2007) The micro-Petri
dish, a million-well growth chip for the culture and high-
throughput screening of microorganisms. Proc Natl Acad Sci
USA 104:18217-18222

Kaeberlein T, Lewis K, Epstein SS (2002) Isolating “uncultiva-
ble” microorganisms in pure culture in a simulated natural
environment. Science 296:1227-1229

Kalia VC, Mukherjee T, Bhushan A, Joshi J, Shankar P, Huma N
(2011) Analysis of the unexplored features of rrs (16S rDNA) of
the genus Clostridium. BMC Genomics 11(12):18. doi:10.1186/
1471-2164-12-18

Kostka JE, Prakash O, Overholt W, Green S, Freyer G, Canion A,
Delgardio J, Norton N, Huettel M (2011) Hydrocarbon-degrading
bacteria and the bacterial community response in Gulf of Mexico
beach sands impacted by the Deepwater Horizon oil spill. Appl
Environ Microbiol 77:7797-7962

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Kuske C, Ticknor LO, Miller ME, Dunbar JM, Davis JA, Barns
SM, Belnap J (2002) Comparison of soil bacterial communities in
rhizospheres of three plant species and the interspaces in an Arid
grassland. Appl Environ Microbiol 68:1854—1863

Lal D, Verma M, Lal R (2011) Exploring internal features of 16S
rRNA gene for identification of clinically relevant species of the
genus Streptococcus. Ann Clin Microbiol Antimicrob 10:28. doi:
10.1186/1476-0711-10-28

Lim J, Do H, Shin SG, Hwang S (2008) Primer and probe sets for
group-specific quantification of the genera Nitrosomonas and Nitr-
osospira using real-time PCR. Biotechnol Bioeng 99:1374-1383
Lu L, Jia Z (2013) Urease gene-containing Archaea dominate
autotrophic ammonia oxidation in two acid soils. Environ
Microbiol. doi:10.1111/1462-2920.12071

Macrae A (2000) The use of 16S rDNA methods in soil microbial
ecology. Brazil J Microbiol 31:77-82

Marathe N, Shetty S, Lanjekar V, Ranade D, Shouche Y (2012)
Changes in human gut flora with age: an Indian familial study.
BMC Microbiol 12:222. doi:10.1186/1471-2180-12-222

Morell V (1997) Microbial biology: microbiology’s scarred rev-
olutionary. Science 276:699-702. doi:10.1126/science.276.5313.
699

Olsen GJ, Woese CR (1993) Ribosomal RNA: a key to phylog-
eny. FASEB J 7:113-123

Olsen GJ, Woese CR, Overbeek R (1994) The winds of (evolu-
tionary) change: breathing new life into microbiology. J Bacteriol
176:1-6

Pace NR, Stahl DA, Lane DJ, Olsen GJ (1986) The analysis of
natural microbial populations by ribosomal RNA sequences. Adv
Microb Ecol 9:1-55

Pandey PK, Siddharth J, Verma P, Bavdekar A, Patole MS,
Shouche YS (2012) Molecular typing of fecal eukaryotic mic-
robiota of human infants and their respective mothers. J Biosci
37:221-226

Patil DP, Dhotre DP, Chavan SG, Sultan A, Jain DS, Lanjekar
VB, Gangawani J, Shah PS, Todkar JS, Shah S, Ranade DR,
Patole MS, Shouche YS (2012) Molecular analysis of gut mic-
robiota in obesity among Indian individuals. J Biosci 37:647-657
Pereira E, Silva MC, Dias AC, van Elsas JD, Salles JF (2012)
Spatial and temporal variation of archaeal, bacterial and fungal
communities in agricultural soils. PLoS ONE 7(12):e51554
Porwal S, Lal S, Cheema S, Kalia VC (2009) Phylogeny in aid of
the present and novel microbial lineages: diversity in Bacillus.
PLoS ONE 4(2):e4438. doi:10.1371/journal.pone.0004438
Prakash O, Lal R (2006) Description of Sphingobium fuliginis sp.
nov., a phenanthrene degrading bacterium from fly ash dumping
site, and reclassification of Sphingomonas cloacae as Sphingo-
bium cloacae comb. nov. Int J Syst Evol Microbiol 56:2147-2152
Prakash O, Kumari K, Lal R (2007) Pseudomonas delhiensis sp.
nov, from a fly ash dumping site of a thermal power plant. Int J
Syst Evol Microbiol 57:527-531

Prakash O, Nimonkar Y, Shouche YS (2013) Practice and pros-
pects of microbial preservation. FEMS Microbiol Lett 339:1-9
Prakash O, Shouche Y, Jangid K, Kostka JE (2013) Microbial
cultivation and the role of microbial resource centers in the omics
era. Appl Microbiol Biotechnol 97:51-62. doi:10.1007/s00253-
012-4533-y

Purohit HJ, Raje DV, Kapley A (2007) Identification of signature
and primers specific to genus Pseudomonas using mismatched
patterns of 16S rDNA sequences. BMC Bioinform 4(1):19
Raina V, Suar M, Singh A, Prakash O, Dadhwal M, Gupta SK,
Lal R (2008) Enhanced biodegradation of hexachlorocyclohexane
(HCH) in contaminated soils via inoculation with Sphingobium
indicum B90A. Biodegradation 19:27-40

Rani A, Porwal S, Sharma R, Kapley A, Purohit HJ, Kalia VC
(2008) Assessment of microbial diversity in effluent treatment

@ Springer


http://dx.doi.org/10.1186/1757-4749-3-7
http://dx.doi.org/10.1186/1471-2164-12-18
http://dx.doi.org/10.1186/1471-2164-12-18
http://dx.doi.org/10.1186/1476-0711-10-28
http://dx.doi.org/10.1111/1462-2920.12071
http://dx.doi.org/10.1186/1471-2180-12-222
http://dx.doi.org/10.1126/science.276.5313.699
http://dx.doi.org/10.1126/science.276.5313.699
http://dx.doi.org/10.1371/journal.pone.0004438
http://dx.doi.org/10.1007/s00253-012-4533-y
http://dx.doi.org/10.1007/s00253-012-4533-y

252

Indian J Microbiol (July—Sept 2013) 53(3):247-252

36.

37.

38.

39.

40.

41.

42.

43.

44,

plants by culture dependent and culture independent approaches.
Bioresour Technol 99:7098-7107

Rappé MS, Connon SA, Vergin KL, Giovannoni SJ (2002)
Cultivation of the ubiquitous SAR11 marine bacterioplankton
clade. Nature 418:630-633

Reddy GSN, Uttam A, Shivaji S (2008) Bacillus cecembensis sp.
nov., isolated from the Pindari glacier of the Indian Himalayas.
Int J Syst Evol Microbiol 58:2330-2335

Roberts E, Sethi A, Montoya J, Woese CR, Luthey-Schulten Z
(2008) Molecular signatures of ribosomal evolution. Proc Natl
Acad Sci USA 105:13953-13958

Sangwan N, Lata P, Dwivedi V, Singh A, Niharika N, Kaur J,
Anand S, Malhotra J, Jindal S, Nigam A, Lal D, Dua A, Saxena
A, Garg N, Verma M, Kaur J, Mukherjee U, Gilbert JA, Dowd
SE, Raman R, Khurana P, Khurana JP, Lal R (2012) Comparative
metagenomic analysis of soil microbial communities across three
hexachlorocyclohexane contamination levels. PLoS ONE 7(9):
e46219. doi:10.1371/journal.pone.0046219

Schiitte UM, Abdo Z, Bent SJ, Shyu C, Williams CJ, Pierson JD,
Forney LJ (2008) Advances in the use of terminal restriction
fragment length polymorphism (T-RFLP) analysis of 16S rRNA
genes to characterize microbial communities. Appl Microbiol
Biotechnol 80:365-380

Selvakumaran S, Kapley A, Kalia VC, Purohit HJ (2011) Phe-
notypic and phylogenic groups to evaluate the diversity of Cit-
robacter isolates from activated biomass of effluent treatment
plants. Bioresour Technol 102:4600-4609. doi:10.1016/j.biortech.
2011.01.011

Srinivas TNR, Rao S, Reddy PVV, Pratibha MS, Sailaja B, Ka-
vya B, Hara Kishore K, Begum Z, Singh SM, Shivaji S (2009)
Bacterial diversity and bioprospecting for cold-active lipases,
amylases and proteases, from culturable bacteria of Kongsfjorden
and Ny-Alesund, Svalbard, Arctic. Curr Microbiol 59:537-547
Sundarakrishnan B, Pushpanathan M, Jayashree S, Rajendhran J,
Sakthivel N, Jayachandran S, Gunasekaran P (2012) Assessment
of microbial richness in pelagic sediment of Andaman sea by
bacterial tag encoded FLX titanium amplicon pyrosequencing
(bTEFAP). Ind J Microbiol 52:544-550

Tomohiro T, Futoshi K, Ikuro K, Hiroaki F (2011) Shotgun
isotope array for rapid, substrate-specific detection of microor-
ganisms in a microbial community. Appl Environ Microbiol
77:7430-7432

@ Springer

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Vidya J, Swaroop S, Singh SK, Alex D, Sukumaran RK, Pandey
A (2011) Isolation and characterization of a novel o-amylase
from a metagenomic library of Western Ghats of Kerala, India.
Biologia 66:939-944

Wheelis ML, Kandler O, Woese CR (1992) On the nature of
global classification. Proc Natl Acad Sci USA 89:2930-2934
Woese CR, John RF (1960) Correlations between ribonucleic
acid and deoxyribonucleic acid metabolism during spore germi-
nation. J Bacteriol 80:811

Woese CR (1958) Comparison of the X-ray sensitivity of bac-
terial spores. J Bacteriol 75:5-8

Woese CR (1965) On the evolution of the genetic code. Proc Natl
Acad Sci USA 54:1546-1552

Woese CR (1987) Bacterial evolution. Microbiol Rev 51:
221-271

Woese CR (1994) Microbiology in transition. Proc Natl Acad Sci
USA 91:1601-1603

Woese CR (1994) There must be a prokaryote somewhere:
microbiology’s search for itself. Microbiol Rev 58:1-9

Woese CR (2000) Interpreting the universal phylogenetic tree.
Proc Natl Acad Sci USA 97:8392-8396

Woese CR (2002) On the evolution of cells. Proc Natl Acad Sci
USA 99:8742-8747

Woese CR (2004) A new biology for a new century. Microbiol
Mol Biol Rev 68:173-186

Woese CR (2006) How we do, don’t and should look at bacteria
and bacteriology. Prokaryotes 1:3-23

Woese CR, Fox GE (1977) Phylogenetic structure of the pro-
karyotic domain: the primary kingdoms. Proc Natl Acad Sci USA
74:5088-5090

Woese CR, Kandler O, Wheelies Wheelies ML (1990) Towards a
natural system of organisms: proposal for the domains Archaea,
Bacteria, and Eucarya. Proc Natl Acad Sci USA 87:457
Zengler K, Toledo C, Rappe M, Elkins J, Mathur EJ, Short JM,
Keller M (2002) Cultivating the uncultured. Proc Natl Acad Sci
USA 99:15681-15686

Zuckerkandl E, Pauling L (1965) Molecules as documents of
evolutionary history. J Theor Biol 8:357-366


http://dx.doi.org/10.1371/journal.pone.0046219
http://dx.doi.org/10.1016/j.biortech.2011.01.011
http://dx.doi.org/10.1016/j.biortech.2011.01.011

	Carl Woese: from Biophysics to Evolutionary Microbiology
	Abstract
	Introduction
	Woese’s Contribution to Microbiology
	Woese’s Early Work
	Proposal of the Domain Archaea
	Small Subunit (SSU) rRNA as a Tool for the Study of Microbial Evolution
	Contribution to Microbial Ecology and Diversity
	Metagenomics, Microbial Taxonomy and Ecology Research in India

	Conclusion
	Acknowledgments
	References


