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Abstract | Two pioneers of twentieth century biology passed away during the past
decade, Wolfram Zillig in April 2005 and Carl Woese in December 2012. Among
several other accomplishments, Woese has been celebrated for the discovery of
the domain Archaea and for establishing rRNA as the ‘Rosetta Stone’ of
evolutionary and environmental microbiology. His work inspired many scientists
in various fields of biology, and among them was Wolfram Zillig, who is credited
with the discovery of several unique molecular features of archaea. In this Essay,
we highlight the remarkable achievements of Woese and Zillig and consider how
they have shaped the archaeal research landscape.

The discovery of a deep phylogenetic split
within the prokaryotes by Carl Woese and
George Fox at the University of Illinois at
Urbana-Champaign, USA, in 1977 marked
a major transition in the modern era of
microbiology'. Woese used the small-
subunit rRNA gene (16S rRNA of bacteria
and 18S rRNA of eukaryotes) as a univer-
sal marker for phylogenetic reconstruc-
tions at a time when DNA-sequencing
methods were not yet available (FIC. 1).
This gene was regarded as a suitable phy-
logenetic yardstick to approximate the tree
of life owing to its presence in all organ-
isms and its high conservation®’. Tedious
biochemical analysis of oligonucleotide
catalogues obtained by RNase T1 digestion
led Woese to recognize that in addition

to bacteria, there existed a second, funda-
mentally distinct prokaryotic life form, the
archaebacteria®.

The concept of three domains (formerly
termed urkingdoms) of life — comprising
eubacteria (later termed bacteria),
archaebacteria (later termed archaea)
and eukaryotes (BOX 1; FIG. 2) — was
highly controversial and not immediately
accepted by the scientific community.
However, two German scientists, Otto

Kandler and Wolfram Zillig, were highly
supportive of Woese’s new classification
scheme. Kandler, a specialist of bacterial
envelopes, was gratified to learn from
Woese that methanogens, which lack the
typical murein-containing cell wall of
bacteria®, were indeed not bacteria after
all, but archaea. He strongly encouraged
Zillig, a leading specialist in RNA poly-
merases (RNAPs), to begin investigating
these microorganisms. Fifty-five-year-
old Zillig, a biochemist and, at the time,
director of the Max Planck Institute for
Biochemistry in Munich, Germany, then
turned his attention to archaea. Together
with Karl Stetter, Zillig expanded the
archaeal domain with several previously
uncultured members® . Zillig also col-
laborated with Woese for many years,
sending pellets of archaeal cells to Urbana
University for 16S rRNA cataloguing'>.
Through his extensive work on archaeal
RNAP, Zillig was the first to discover an
evolutionary connection between archaea
and eukaryotes®. In addition, he isolated
the first archaeal viruses of hyperther-
mophiles'. His achievements inspired,
and continue to inspire, the work of many
molecular biologists. For those of us

working in the archaeal research field, the
foundations laid down by Woese and Zillig
(FIG. 1) have provided several model micro-
organisms, the study of which continues to
yield startling discoveries.

In this Essay, we briefly discuss some of
the major breakthroughs made by Woese
and Zillig and consider from our own
perspectives how these achievements have
paved the way forwards for more recent
research in the field.

An unexpected Archaea-Eukarya link
Zillig’s discovery of the distinct subunit
composition of archaeal RNAP, which
differs dramatically from that of the less
complex bacterial RNAP, was an impor-
tant piece of evidence that strengthened
the validity of Woese’s phylogenetic clas-
sification'>'¢. The new method of molecu-
lar phylogeny used by Woese was not yet
widely accepted, and his suggestion of

a tripartite division of all life forms was
highly controversial. Therefore, the dem-
onstration that a central cellular machine
of this proposed new group of prokaryotes
had a completely different molecular com-
position compared with that of bacteria
“put molecular flesh on the phylogenetic
skeleton”, as Woese himself acknowledged.
Not only was the archaeal RNAP distinct
from its bacterial counterpart, but the sub-
unit composition also resembled that of
eukaryotic RNAPs, providing the first hint
that archaea might share specific features
with eukaryotes'.

Before this fundamental discovery by
Zillig, biologists had assumed that the
more complex composition of eukaryotic
RNAPs reflected the increased complex-
ity of transcription in ‘higher’ organisms
(eukaryotes) compared with the more
‘primitive’ nature of prokaryotes, as
reflected in the small number of subunits
of the bacterial RNAP. Thus, the finding
that the archaeal RNAP had the same num-
ber of subunits as the eukaryotic enzyme
came as a big surprise, as it suggested
that the extra subunits were not required
for the complex regulation of RNAP in
eukaryotic organisms. Further work using
antibodies showed that the archaecal RNAP
does not simply resemble the eukaryotic
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Figure 1| The late Carl Woese and the late Wolfram Zillig, two pioneers of the archaeal field.
a—c| Carl Woese, photographed by Patrick Forterre at the University of Illinois at Urbana-Champaign,
USA. a | Carl Woese looking through the original stored films of rRNA oligonucleotide catalogues
obtained by RNaseT1 digestion; each box contains the film corresponding to one species. b | Carl
Woese holding one of his first autoradiography films for an archaeal species; each black spot corre-
sponds to an rRNA oligonucleotide, providing a ‘fingerprint’ for the particular species. ¢ | Carl Woese
pointing at an oligonucleotide spot containing a modified base that is specific for archaea and has
changed the electrophoretic behaviour of the oligonucleotide. d | Wolfram Zillig photographed by
Sonja-Verena Albers in his laboratory at the Max Planck Institute for Biochemistry in Munich, Germany.
e | Wolfram Zillig during a sampling tour in Iceland. Part e photograph courtesy of Arnulf Kletzin,

Darmstadt University of Technology, Germany.

counterpart but is in fact evolutionarily
related to it", a conclusion later confirmed
by sequence analysis'®.

The work of Zillig on RNAPs encour-
aged others in the field to examine the
composition of other central enzymes, such
as DNA polymerases and DNA topoisomer-
ases'>”. The Archaea-Eukarya connection
re-emerged with the discovery that DNA rep-
lication in haloarchaea (formerly called halo-
bacteria) is sensitive to aphidicolin, a specific
inhibitor of eukaryotic DNA polymerases®.
Further work revealed that archaea and
eukaryotes indeed share DNA polymerases
of the B family (several of which are sensitive
to this drug), although most archaea (except
crenarchaeotes) also contain a unique DNA
polymerase, PolD, which is absent in bacteria
and eukaryotes'”?.

Archaea turned out to be a goldmine
for scientists with an interest in DNA
topoisomerases. The first reward was the

discovery of a reverse gyrase in the
hyperthermophilic archaeon Sulfolobus
acidocaldarius, an unusual type I DNA
topoisomerase that introduces positive
supercoils into DNA*-%. DNA isolated
from the archaeal virus Sulfolobus shibatae
virus 1 (SSV1) by Zillig was later used to
demonstrate the presence of positively
supercoiled DNA in vivo®™. Reverse gyrase
was later found to be present in all hyper-
thermophilic archaea, and also in hyper-
thermophilic bacteria, such as Thermotoga
maritima, probably reflecting horizontal
gene transfer from archaea to bacteria”.
This amazing enzyme, which combines
helicase activity with the classical topoi-
somerase activity in a single polypeptide,
is in fact the only protein unique to
hyperthermophiles®.

The connection between archaea and
eukaryotes also led to the discovery of
the archaeal type II DNA topoisomerase,

Topo VI¥, in Patrick Forterre’s laboratory,
although this finding was not based on
shared homology. In fact, Topo VI is not
homologous to the classical eukaryotic
Topo II enzyme and represents the proto-
type of a new Topo II family. Thus, the dis-
covery of archaeal Topo VI had a profound
impact on eukaryotic molecular biology.
Owing to its homology to one of the two
archaeal Topo VI subunits, the endo-
nuclease SPO11 was also discovered. This
fundamental eukaryotic protein, which
cleaves homologous chromosomes to initi-
ate meiotic recombination®, had previously
eluded the scientific community working
on meiosis. Following this, homologues of
archaeal Topo VI were discovered in plants
and were shown to be involved in the deter-
mination of plant size, such that mutants
lacking Topo VI have stunted growth
(resembling bonsai plants)®*. These
unexpected links between archaea, eukary-
otes and plants illustrate how archaeal
systems have become important and use-
ful models in many aspects of eukaryotic
molecular biology.

More recently, a new small single-
stranded DNA-binding protein (SSB) was
discovered in crenarchaeotes using classi-
cal biochemistry. This led to a previously
unannotated gene in the human genome
being identified as a gene encoding a novel
SSB**? and to the identification of a new
protein complex (SOSS1) that has a major
role in DNA damage recognition, DNA
repair and recombination in mammals®*.
Considering the huge number of laborato-
ries working on these processes in eukary-
otes, it is amazing that such a fundamental
complex remained unknown until 2009 and
was finally discovered thanks to scientists
who were initially searching for new SSBs
in archaea.

Notably, the number of eukaryotic
traits known to be present in archaea
has increased following the sequencing
of more archaeal genomes belonging to
previously unknown or poorly studied
phyla. For instance, a close relative of
eukaryotic DNA topoisomerase IB, the
main enzyme involved in relaxing posi-
tive DNA supercoils during replication
and transcription in eukaryotes, and an
important antitumour drug target, was dis-
covered in Thaumarchaeota, a newly rec-
ognized archaeal phylum*~. Importantly,
homologues of the eukaryotic ESCRT-III
(endosomal sorting complex required for
transport III) system (the functional roles
of which include protein sorting, virus bud-
ding and cytokinesis) and of the eukaryotic
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cytoskeleton (actin and tubulin) were
detected in the genomes of crenarchaeotes
and a thaumarchaeote® . Furthermore,

a ubiquitin protein modifier system was
discovered in ‘Candidatus Caldiarchaeum
subterraneum’ (REF. 41). These discover-
ies emphasize the fact that the similarities
between archaea and eukaryotes extend
well beyond informational proteins to
operational proteins.

Surprises on the archaeal cell surface
The study of archaeal motility has also
revealed a few surprises. Despite the
presence of visible structures resembling
bacterial flagella in many archaeal species,
flagellum proteins have not been found in
archaea. Recent studies in the Sonja Albers
laboratory, among others, have revealed
that the archaeal equivalent of the bacterial
flagellum (recently renamed the archael-
lum*) is a unique motility apparatus that
structurally resembles a rotating bacterial
type IV pilus. For the bacterial flagellum,
rotation is driven by the proton motif
force, whereas for the archaellum, assem-
bly and movement is driven by a single
ATPase**. Moreover, the archaellum is
assembled by a system that is similar to
that used to assemble bacterial type IV pili
and is located at the base of the archaellum,
in the cell membrane. By contrast, the bac-
terial flagellum is assembled by a type III

Bacteria
Thermus aquaticus RNAP
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Archaea
Sulfolobus solfataricus RNAP

\>/

Figure 2 | RNA polymerase structure in the three domains of life. The structures of RNA polymer-
ases (RNAPs) in bacteria (Thermus aquaticus; Protein Data Bank (PDB) accession 116V), archaea (Sulfolobus

Saccharomyces cerevisiae RNAP Il

solfataricus; PDB accession 2PMZ) and eukaryotes (Saccharomyces cerevisiae RNAP Il; PDB accession
1NT9). Homologous subunits are colour-coded and clearly demonstrate the high degree of similarity
between all three transcription engines and, in particular, how the archaeal RNAP closely resembles
eukaryotic RNAP . Image is modified, with permission, from REF. 87 © (2008) Elsevier.

secretion system that transports individual
subunits from the cytoplasm, through the
interior of the flagellum for addition to
the tip of the growing filament.

Although the cell envelopes of bacteria
and archaea are very different (archaea lack
a murein cell wall, and most of them have a
single membrane surrounded by a glyco-
protein S-layer®), both domains use
type IV pili for a wide variety of func-
tions, such as adhesion, surface motility,

Box 1| Archaea and the universal tree of life

The discovery of archaea opened a Pandora’s box and converted many biochemists, molecular
biologists and microbiologists into fervent evolutionary biologists. Early on, Woese proposed that
the large number of shared features between archaea and eukaryotes was evidence that these two
domains were sister groups, as suggested by early phylogenetic analyses of universal proteins*’”78.
This led to the classic ‘universal tree of life’, often dubbed the Woese tree. However, this tree was
contested by several researchers. One of them was Wolfram Zillig, who, well before the advent
of genomics, discovered one of the first discrepancies between protein-based and rRNA-based
trees’’. Noticing that eukaryotic RNA polymerase (RNAP) |, RNAP Il and RNAP Ill do not form

a monophyletic group, but rather branch in-between archaeal and bacterial RNAPs in
phylogenetic analyses, Zillig was the first to propose that a fusion of an archaeon and a
bacterium® led to the origin of a proto-eukaryote with a nucleus. Woese strongly rejected such
a scenario, arguing that “modern cells are sufficiently complex, integrated and ‘individualized’
that further major change in their designs does not appear possible” (REF. 81). However, fusion
hypotheses are still very popular, although controversial®*.

The phylogeny of RNAPs remains puzzling, and the situation becomes even more complicated
when RNAPs encoded by giant viruses (including members of the family Megaviridae) are added
to the picture. These giant-virus RNAPs branch in between eukaryotic and archaeal RNAPs in
phylogenetic trees. This observation, together with the nature of these viruses (which have a
larger physical size and more complex genomes than any previously identified viruses), was
interpreted by some scientists as evidence for the existence of a fourth domain of life®*. Others
argue that viral RNAPs were recruited from ancient eukaryotes or that some eukaryotic RNAPs
were derived from giant-virus RNAPs®. The proposal of new domains and the controversies
surrounding them testify to the importance of the domain concept itself and remind us that
Pandora’s box is far from being closed. Furthermore, the recent discovery of Pandoraviruses, the
genomes of which are larger than those of some parasitic eukaryotes, adds even more
complexity to the domain concept discussions®.

cell aggregation and DNA exchange***.
However, there are marked differences
between the archaeal and bacterial struc-
tures. For example, assembly of archaeal
type IV pili is more straightforward than
assembly in bacteria, as the components
required to build the archaeal pilus need to
cross only one membrane during assembly.
Moreover, twitching motility, in which the
pilus extends and subsequently disassem-
bles to achieve surface motion, has been
found only in bacteria to date. Finally, the
archaellum is capable of rotation, whereas
evidence showing that bacterial type IV
pili can rotate is lacking. Together, these
findings indicate that the bacterial
flagellum and the archaellum are two
distinct motility structures and can be
regarded as domain-determining features.

Something viral in your research
Viruses were for a long time collateral
victims of Woese’s work, as they lack ribo-
somes and are therefore not amenable

to the rRNA classification system intro-
duced by Woese. However, thanks to the
work of Zillig, archaeal viruses eventually
found their way into the limelight. With a
particular interest in the functional char-
acterization of archaeal RNAPs and the
exploration of transcriptional regulation in
archaea, Zillig envisaged that viruses would
be the most suitable models for such stud-
ies (extrapolating from his experience with
eukaryotic viruses). Therefore, he started
hunting specifically for viruses of hyper-
thermophilic archaea, none of which were
known at that time. This led to the discov-
ery of a number of viruses with diverse
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Timeline | Benchmark breakthroughs in the archaeal field

Discovery of
archaea
(referred to as

Isolation of

First transformation
of an archaeon

bacteriorhodopsin
from Halobacterium
halobium®

archaebacteria)
as the third
domain of life*

Isolation of the first
plasmid from
hyperthermophiles™

(Methanococcus
voltae, with
genomic DNA)*

DNA transfer
in halophiles®

e Discovery of snoRNAs

e First transformation : o
inarchaea

of archaea :
(Haloarcula spp.) with e Discovery of the most
plasmid DNA® extreme acidophile,

which can grow

Iscovery or archaea below PH 0 (REF ]OO]

in oceanic plankton®’

1971

1972 1977 1979

1982

1986 1987 1988 1989

1990 1992 1994 1995

e Isolation of Sulfolobus
acidocaldarius, the first
hyperthermophilic archaeon®

¢ Firstisolation of ether lipids
from Thermoplasma
acidophilum®

and Zillig

e First characterization of
the archaeal RNAP from

Isolation of the first
hyperthermophile with

Discovery of
eukaryotic-like

* Proposal of the three
domains by Woese:

First crystals of the
50S ribosomal

S. acidocaldarius*®
e First meeting on Archaea

an optimal growth
temperature of 100°C*

promotersin
archaea’®**%*

Archaea, Bacteria and
Eukarya*

subunit from the
halophilic archaeon

in Munich, Germany,
organized by Stetter

Haloarcula
marismorturi®®

ESCRT, endosomal sorting complex required for transport; RNAP, RNA polymerase; snoRNAs, small non-coding RNAs.

life cycles and unique morphotypes, and

to the description of four novel virus
families, Fuselloviridae, Lipothrixviridae,
Rudiviridae and Guttaviridae*®. For exam-
ple, two viruses that infect Sulfolobus spp.,
Sulfolobus islandicus rod-shaped virus 2
(SIRV2) and Sulfolobus turreted isocahedral
virus (STIV), generate a unique seven-sided,
pyramid-like structure that is composed of
a single protein and protrudes from the host
cell membrane prior to lysis. To date, how-
ever, the mechanism used for the release of
mature virions is unknown*~,

The archaeal virus SSV1 was used to
identify the first archaeal transcriptional
promoters, regulatory sequences and tran-
scriptional terminators in the Zillig labo-
ratory®~*, and for the development of an
in vitro transcription system® and the first
genetic system based on recombinant vec-
tors in a hyperthermophilic archaeon®.
David Prangishvili became ‘infected’ by
Zillig’s passion for virus hunting, and his
work resulted in the isolation and descrip-
tion of members of six other novel archaeal
virus families®, and eventually to the
recognition of the virosphere of Archaea
as one of the distinct features of this
domain®. The work on archaeal viruses
thus completes the initial work of Woese
by showing that three viral worlds overlap
with the three cellular domains®"%%. This
observation ruined the traditional dichot-
omy between viruses and bacteriophages,
which was used to distinguish between
viruses infecting eukaryotes and prokary-
otes, respectively. It is noteworthy to point
out that Zillig was infuriated by the use
of the term bacteriophages to describe

archaeal viruses merely because archaea
are considered prokaryotes. To prevent
any potential confusion, we recently sug-
gested that viruses from the three domains
be referred to as bacterioviruses, archeo-
viruses and eukaryoviruses®. In addition
to the discovery of giant viruses® (BOX 1),
research on archaeal viruses has greatly
contributed to the renewed interest of biol-
ogists for the origin, nature and complexity
of viruses, and their major role in biological
evolution®®,

The expanding archaeal universe

All the organisms that Woese initially
identified as archaea were extremophiles or
organisms that were restricted to anaerobic
niches (such as thermophiles, acidophiles,
halophiles and anaerobic methanogens).
This was the major reason which led him
to argue that archaea are close descend-
ants of the first living organisms, hence

the name Archaea. This initial observa-
tion inspired scientists to search for life

in environments that were thought to be
beyond the limits of life.

During their first expeditions to hot
springs in southern Italy, Stetter and Zillig
used thermos flasks to minimize tempera-
ture loss from their samples, worrying that
the organisms contained in the samples
would not be able to survive moderate
temperatures. Although Thomas Brock
had isolated S. acidocaldarius in 1972 from
hot springs in Yellowstone National Park
(USA), Stetter and Zillig were the first
to realize that hot springs contain a huge
number of live cells, suggesting that such
extreme environments can harbour as

many microbial cells as moderate environ-
ments. They were also the first to discover
life forms thriving at temperatures of
80°C and above, which were subsequently
termed hyperthermopbhiles by Stetter.
Most, but not all, of these hyperthermo-
philes were archaea. The record-setting
Pyrodictium spp. (which was isolated from
a thermal vent in the ocean floor) and
several other archaeal species are capable
of thriving at temperatures far above the
boiling point of water®. Owing to the dis-
coveries made by Stetter and Zillig, many
present-generation researchers are appre-
ciative of the importance of field work and
are acutely aware of the treasures to be
found in extreme environments.

Woese’s approach of using rRNA genes
as a phylogenetic marker has not only
become a standard technique in taxonomy
and phylogeny, but also paved the way for
modern microbial ecology. Progress in
this area has strongly relied on culture-
independent amplification of small-subunit
rRNA genes directly from environmental
samples to obtain an inventory of natu-
rally occurring microorganisms. This new
research field has tremendously changed
our perception of the diversity and abun-
dance of microorganisms and their role in
biogeochemical cycles®. It has also brought
about a fundamentally new view of archaea:
that not all members of this domain are
limited to growth in extreme environments.
With molecular techniques, including 16S
rRNA sequencing, many novel archaeal lin-
eages and even phyla have now been discov-
ered in commonplace environments. It took
roughly 20 years from Woese’s discovery
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Given the amount of data collected and
the astonishing discoveries made over the
past 30 years, it is surprising that the battle
to support the recognition of Archaea as a

Realization that e First crystal structure of an archaeal RNAP te d . ther th .
Firstidentification of | | ammonia-oxidizing archaea from S. solfataricus, demonstrating its separate domain, rather than as a curious
an archaeal origin of | | outnumber ammonia-oxidizing resemblance to the yeast counterpart'® branch of Bacteria, is still continuing today.
replication (in B bac.teria in marine and terrestrial | | ® Finding that ESCRT h§§ a rolein We predict that this century will see the
Pyrococcus abysii)'® environments’?’? crenarchaeotal cell division'”’

rise of archaea, with many more surprising
discoveries of their unique biology.
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(Methanococcus (Halorubrum spp.)'* are coupledin Haloferax volcanii'®®

jannaschii)!®! e Finding that an archaeal archaea'® Patrick Forterre is also at the Université Paris-Sud,
chromosome (that of Sulfolobus Centre National de la Recherche Scientifique
solfataricus) has more than one UMR8621, Orsay Cedex 91405, France.
origin of replication'®
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