
Edited by 

R. Thane Papke 

and 

Aharon Oren

Halophiles
Genetics and Genomes

Caister Academic Press



Caister Academic Press

Halophiles
Genetics and Genomes

Edited by

R. Thane Papke

Department of Molecular and Cell Biology
University of Connecticut
Storrs, CT
USA

and

Aharon Oren

Department of Plant and Environmental Sciences
The Hebrew University of Jerusalem
Jerusalem
Israel



Copyright © 2014

Caister Academic Press 
Norfolk, UK

www.caister.com

British Library Cataloguing-in-Publication Data 
A catalogue record for this book is available from the British Library

ISBN: 978-1-908230-42-3 (hardback)
ISBN: 978-1-908230-65-2 (ebook)

Description or mention of instrumentation, software, or other products in 
this book does not imply endorsement by the author or publisher. The author 
and publisher do not assume responsibility for the validity of any products or 
procedures mentioned or described in this book or for the consequences of 
their use.

All rights reserved. No part of this publication may be reproduced, stored in 
a retrieval system, or transmitted, in any form or by any means, electronic, 
mechanical, photocopying, recording or otherwise, without the prior 
permission of the publisher. No claim to original U.S. Government works.

Cover design adapted from photos taken by Scott Chimileski, Department of 
Molecular and Cell Biology, University of Connecticut, Storrs, CT, USA.



Contents

Contributors v

Preface ix

1 Ecology and Evolution of Haloquadratum walsbyi 
Through the Lens of Genomics and Metagenomics 1
Lejla Pašić and Francisco Rodríguez-Valera

2 Salinibacter ruber: The Never Ending Microdiversity? 37
Arantxa Peña, María Gomariz, Marianna Lucio, Pedro González-
Torres, Jaime Huertas-Cepa, Manuel Martínez-García, Fernando 
Santos, Phillippe Schmitt-Kopplin, Toni Gabaldón, Ramon 
Rosselló-Móra and Josefa Antón

3 Horizontal Gene Transfer in Halobacteria 57
Matthew S. Fullmer, J. Peter Gogarten and R. Thane Papke

4 Comparative Genomics of Haloarchaeal Viruses 77
Elina Roine

5 Microbial Adaptation to Saline Environments: Lessons 
from the Genomes of Natranaerobius thermophilus and 
Halobacillus halophilus 107
Noha M. Mesbah, Inga Hänelt, Baisuo Zhao and Volker Müller

6 Staying in Shape: The Haloarchaeal Cell Wall 129
Jerry Eichler, Adi Arbiv, Chen Cohen-Rosenzweig, Lina Kaminski, 
Lina Kandiba, Zvia Konrad and Shai Naparstek

7 Cell Cycle and Polyploidy in Haloarchaea 145
Karolin Zerulla, Anke Baumann and Jörg Soppa



Contentsiv |

8 Cell Regulation by Proteolytic Systems and Protein Conjugation 167
Julie Maupin-Furlow

Index 195



Contributors

Josefa Antón
Department of Physiology, Genetics and 

Microbiology
University of Alicante
Alicante
Spain

anton@ua.es

Adi Arbiv
Department of Life Sciences
Ben Gurion University
Beersheva
Israel

arbiva@post.bgu.ac.il

Anke Baumann
Institute for Molecular Biosciences
Goethe University Frankfurt am Main
Frankfurt am Main
Germany

anke.baum@gmx.de

Chen Cohen-Rosenzweig
Department of Life Sciences
Ben Gurion University
Beersheva
Israel

chencoh@post.bgu.ac.il

Jerry Eichler
Department of Life Sciences
Ben Gurion University
Beersheva
Israel

jeichler@bgu.ac.il

Matthew S. Fullmer
Department of Molecular and Cell Biology
University of Connecticut
Storrs, CT
USA

matthew.fullmer@uconn.edu

Toni Gabaldón
Pompeu Fabra University (UPF); and
Bioinformatics and Genomics Programme
Centre for Genomic Regulation (CRG)
Barcelona
Spain

toni.gabaldon@crg.es

J. Peter Gogarten
Department of Molecular and Cell Biology
University of Connecticut
Storrs, CT
USA

gogarten@uconn.edu



Contributorsvi |

María Gomariz
Evolutionary Genomics Group
Department of Physiology, Genetics and 

Microbiology; and
Department of Materials
Optics and Electronics
University Miguel Hernández 
Elche
Alicante
Spain

maria.gomariz@umh.es

Pedro González-Torres
Department of Physiology, Genetics and 

Microbiology
University of Alicante
Alicante
Spain

pedro.gonzalez@ua.es

Inga Hänelt
Department of Molecular Microbiology and 

Bioenergetics
Goethe University Frankfurt am Main
Frankfurt am Main
Germany

haenelt@bio.uni-frankfurt.de

Jaime Huertas-Cepa
Pompeu Fabra University (UPF); and
Bioinformatics and Genomics Programme
Centre for Genomic Regulation (CRG)
Barcelona
Spain

jhuerta@crg.es

Lina Kaminski
Department of Life Sciences
Ben Gurion University
Beersheva
Israel

linaka@post.bgu.ac.il

Lina Kandiba
Department of Life Sciences
Ben Gurion University
Beersheva
Israel

lina.kandiba@gmail.com

Zvia Konrad
Department of Life Sciences
Ben Gurion University
Beersheva
Israel

conrad@bgu.ac.il 

Marianna Lucio
Research Unit Analytical BioGeoChemistry
Helmholtz Zentrum Munich, German 

Research Center for Environmental Health
Neuherberg
Germany

marianna.lucio@helmholtz-muenchen.de

Manuel Martínez-García
Department of Physiology, Genetics and 

Microbiology
University of Alicante
Alicante
Spain

m.martinez@ua.es

Julie Maupin-Furlow
Department of Microbiology and Cell Science
University of Florida
Gainesville, FL
USA

jmaupin@ufl.edu

Noha M. Mesbah
Department of Biochemistry
Faculty of Pharmacy
Suez Canal University
Ismailia
Egypt

noha_mesbah@pharm.suez.edu.eg



Contributors | vii

Volker Müller
Department of Molecular Microbiology and 

Bioenergetics
Goethe University Frankfurt am Main
Frankfurt am Main
Germany

vmueller@bio.uni-frankfurt.de

Shai Naparstek
Department of Life Sciences
Ben Gurion University
Beersheva
Israel

shainaparstek@gmail.com

Aharon Oren
Department of Plant and Environmental 

Sciences
The Institute of Life Sciences
The Hebrew University of Jerusalem
Jerusalem
Israel

aharon.oren@mail.huji.ac.il

R. Thane Papke 
Department of Molecular and Cell Biology
University of Connecticut
Storrs, CT
USA

thane@uconn.edu

Lejla Pašić
Department of Biology
Biotechnical Faculty
University of Ljubljana
Ljubljana
Slovenia

lejla.pasic@bf.uni-lj.si

Arantxa Peña
Department of Physiology, Genetics and 

Microbiology
University of Alicante
Alicante; and
Department of Biology-Microbiology
University of Balearic Islands
Palma de Mallorca
Balearic Islands
Spain

a.pena@uib.es

Francisco Rodríguez-Valera
Evolutionary Genomics Group
División de Microbiología
Universidad Miguel Hernández
San Juan de Alicante
Spain

frvalera@umh.edu

Elina Roine
Department of Biosciences
University of Helsinki
Helsinki
Finland

elina.roine@helsinki.fi

Ramon Rosselló-Móra
Marine Microbiology Group
Department of Ecology and Marine Resources
Institut Mediterrani d’Estudis Avançast 

IMEDEA (CSIC-UIB)
Esporles
Balearic Islands
Spain

rossello-mora@uib.es

Fernando Santos
Department of Physiology, Genetics and 

Microbiology
University of Alicante
Alicante
Spain

fernando.santos@ua.es



Contributorsviii |

Phillippe Schmitt-Kopplin
Research Unit Analytical BioGeoChemistry
Helmholtz Zentrum Munich, German 

Research Center for Environmental Health
Neuherberg; and
Analytical Food Chemistry Department
Technische Universität München
Freising-Weihenstephan
Germany

schmitt-kopplin@helmholtz-muenchen.de\

Jörg Soppa
Institute for Molecular Biosciences
Goethe University Frankfurt am Main
Frankfurt am Main
Germany

soppa@bio.uni-frankfurt.de

Karolin Zerulla
Institute for Molecular Biosciences
Goethe University Frankfurt am Main
Frankfurt am Main
Germany

stehr@bio.uni-frankfurt.de

Baisuo Zhao
Graduate School Chinese
Academy of Agricultural Sciences
Beijing
China

bszhao@163.com



Preface

Admittedly, it is trying to study microorganisms whose growth media fills the labora-
tory with steam, or the centrifuge heads with salt, or which grow so slowly that weeks, 
instead of hours, may be required for experiments and whose genetics are unknown or 
almost impossible to study.

These words were written by the late Donn Kushner (1927–2001) in his introduction to his 
book Microbial Life in Extreme Environments (Kushner, 1978a). Although much progress has 
been made in the 35 years that have passed since, the message is still perfectly true. Some of 
the most intriguing halophiles such as the flat square archaeon Haloquadratum walsbyi are 
still very difficult to grow and at best grow very slowly. Genetic systems have been developed 
only for a limited number of extremely halophilic Archaea, and a few moderately halophilic 
Bacteria. But thanks to the development of genetic systems for organisms such as Halobacte-
rium salinarum, Haloferax volcanii (Euryarchaeota) and Halobacillus halophilus (Firmicutes) 
we now have a fair number of model organisms in which the molecular biology of diverse 
groups of halophilic microorganisms can be studied. Modern molecular techniques of 
genomics and culture-independent methods of metagenomics have also contributed much 
towards our understanding of the functioning of a wide range of halophilic microorganisms 
and their viruses.

This book contains eight essays covering different aspects of the genetics and the genom-
ics of halophiles, with special emphasis on those topics in which significant progress has 
been made in recent years. Organisms featured are extreme as well as moderate halophiles, 
types that grow at neutral as well as alkaline pH, species that prefer moderate as well as high 
temperatures for growth.

The first chapters mainly deal with genomic and culture-independent metagenomic 
approaches to understanding the diversity and evolution of halophiles in their natural 
environment. Cultures of Haloquadratum walsbyi are now available, but they are difficult 
to handle. However, very much has been learned about their properties by culture-inde-
pendent approaches, as shown in Chapter 1 by Lejla Pašić and Francisco Rodríguez-Valera. 
Salinibacter ruber is an extremely halophilic member of the Bacteria resembling in many 
properties the halophilic Archaea. It was discovered little over a decade ago, and also here 
genomic and metagenomic approaches have greatly increased our understanding of its 
biology (Chapter 2 by Aranxa Peña and co-workers). In Chapter 3, Matthew Fullmer and 
his colleagues document the frequency and wide-spread nature of horizontal gene transfer 
(HGT) among the haloarchaea in their natural environment, and provide conjecture on 
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how that affects Halobacterial evolution and speciation. Our understanding of the viruses 
that infect halophilic prokaryotes, Archaea as well as Bacteria, has greatly increased in recent 
years, thanks to culture-dependent as well as on culture-independent techniques. Chapter 4 
by Elina Roine gives an updated overview of this field.

Though they are less exciting at first glance than the extreme halophiles, the moderately 
halophilic bacteria … pose quite interesting questions, especially those implied by 
their ability to grow over wide ranges of solute concentrations. If the last decade has 
been that of the extreme halophiles, we can hope that the next one will see their more 
modest, moderate cousins (in the spiritual sense only) take their proper place in the 
scientific canon.

It is satisfying to note that the above sentences, another quote from Donn Kushner’s 
book (Kushner, 1978b), were taken to heart by later generations of scientists. One of those 
‘modest, moderate cousins’ is Halobacillus halophilus, whose genome sequence has been 
analysed and for which a system for genetic manipulation is now available. Chapter 5 by 
Noha Mesbah and her colleagues deals not only with the mechanisms of the adaptation of 
this neutrophilic mesophile to life in salt, but also with such mechanisms of Natranaerobius 
thermophilus, a ‘polyextremophile’ that thrives in the presence of high salt, high pH and 
high temperatures in the absence of molecular oxygen. Genetic manipulation studies with 
Haloferax volcanii as the model organism have greatly increased our understanding of the 
molecular biology of the biosynthesis of the glycoprotein S-layer cell wall of the haloar-
chaea. A review of our current knowledge of this topic is presented by Jerry Eichler and his 
co-workers in Chapter 6. In recent years we have learned much about the mechanisms of 
DNA replication and transcription in the haloarchaea. Is has become clear that many species 
contain multiple copies of the chromosome, and behave as polyploidic cells. The implica-
tions of this finding are discussed in-depth in Chapter 7 by Karolin Zerulla et al. Finally, 
Chapter 8 by Julie Maupin-Furlow presents our current understanding of cell regulation by 
proteolytic systems and protein conjugation in the halophilic Archaea.

We end with yet another quote from the Introduction chapter of Donn Kushner’s 1978 
book:

Those who have persisted have found their rewards, both in the satisfaction and leisure 
for contemplation available to the student of an out-of-the-way field, and in the fascina-
tion afforded by the microorganisms themselves and the very clever ways they have 
found to adapt to such a wide range of environmental conditions.

It is this fascination that has been the basis for the many studies on which the chapters in 
this book were based. The halophiles, although being an ‘out-of-the-way field’, provide excel-
lent opportunities to study some of the most basic questions in modern microbiology and 
molecular biology. We trust that the readers of this book will become fascinated as well, and 
we hope that the different chapters will serve as a source of inspiration for further in-depth 
studies on the genetics and genomics of halophilic microorganisms.

R. Thane Papke and Aharon Oren
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1Ecology and Evolution of 
Haloquadratum walsbyi Through 
the Lens of Genomics and 
Metagenomics
Lejla Pašić and Francisco Rodríguez-Valera

Abstract
In this chapter we summarize the current knowledge on the ecology of natural populations 
of Haloquadratum walsbyi obtained through genomics and metagenomics. The cells of this 
enigmatic microbe populate crystallizer brines and deal with a high viral predation pres-
sure. The natural populations of Haloquadratum walsbyi differ in genomic regions known 
as metagenomic islands that impart environmental adaptation: they are enriched in genes 
that are involved in transport of nutrients, but also in genes that code for cells surface 
components that can serve as viral recognition sites. Likewise, similar genomic variability 
is observed in natural populations of viruses that prey on this species. Natural populations 
of Haloquadratum walsbyi are not dominated by a single ecologically most successful line-
age. Instead, they are composed of numerous clonal lineages that are preserved in space 
and time. The observed phenomena favour the ‘Constant diversity’ model of population 
dynamics which assumes that the expansion of metabolically superior clonal lineages will be 
selected against by predating viruses in a density-dependent fashion. This way, the microbial 
population would avoid catastrophic losses due to viral lysis, preserve intragenomic diver-
sity and efficiently exploit niche resources.

Introduction
Owing to the pivotal role of microbes for ecosystem function, assessment of their diversity is 
often a central issue in ecological studies. Understanding microbial diversity, in particular at 
the genomic level, is needed to clarify many aspects of the nature of species evolution, includ-
ing mechanisms of environmental adaptation and interaction with other biotic components. 
However, the evolutionary dynamics of a natural lineage, considered to be a basic unit of 
evolution (de Queiroz, 2005), remains largely unknown. This current gap in our knowledge 
is a consequence of a number of factors. In many ecosystems, most of the microbial activ-
ity is carried out by abundant organisms (Cottrell and Kirchman, 2003; Malmstrom et al., 
2005). These presumably major players in ecosystem functioning are often obtained in pure 
culture only after laborious and long-term studies (Pedrós-Alió, 2006). In some cases they 
remain uncultivated to date and are thus unavailable for laboratory experiments. Systematic 
investigations of natural populations of bacteria are further hampered by the very nature of 
microbes, as phenotypic characteristics and adaptations unique to individual lineages are 
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often impossible to identify. Another obstacle comes from extrapolating the population 
genetics knowledge from multicellular eukaryotes to prokaryotic populations, as the extent 
of similarity in these processes remains controversial (e.g. Bapteste et al., 2009).

Advances in sequencing technology provided means to study the extent of genomic 
heterogeneity in natural ecosystems without the need for prior cultivation. These molecular 
surveys revealed that the gene pool of a microbial species is much more complex than that 
found in individual clonal lineages (Palenik, 1994; Palys et al., 1997; Schleper et al., 1998; 
Whitaker et al., 2003; Acinas et al., 2004; Tyson et al., 2004; Venter et al., 2004; Thompson 
et al., 2005). Accordingly, this led to the proposal of now widely accepted pan-genome 
concept (Tettelin et al., 2005) in which the species genome is composed of the so-called 
‘core’ genome which is shared by all individuals and the ‘dispensable’, ‘flexible’ or ‘accessory’ 
genome which consists of genes unique to individual lineages (Medini et al., 2005, 2008). 
However, a number of questions remain unanswered. To date, it is unknown how many 
clonal lineages can be expected to co-exist in a given environment, what is the effective 
population size of these lineages or the extent of genetic diversity among them. Likewise, 
the mechanisms that generate and maintain diversity at this scale remain largely unknown. It 
is possible to tackle these issues by applying a metagenomic approach to the saturated brines 
of solar salterns (crystallizers). As we will see below, this low diversity biological system 
supports a dense microbial community composed of clonal lineages of Haloquadratum 
walsbyi. Such systems, naturally enriched in a single species, are considered good models for 
more complex communities. Over the years a wealth of sequence data were collected, both 
from metagenomes but also from the genomes of closely related lineages of Haloquadratum 
walsbyi. This chapter aims to summarize the findings on the ecology of this species.

The ecology of solar saltern crystallizer
Solar saltern crystallizers, one of the harshest environments with respect to NaCl concentra-
tion, form during commercial salt production through evaporation of seawater. This ancient 
salt production technology aims to gradually concentrate seawater by passing it through a 
series of interconnected ponds. This way, the salts that are undesired in NaCl production, 
such as calcium carbonate and calcium sulfate, are precipitated in the early stages of produc-
tion, when the total salts in concentrating seawater reach about 10% (w/v) ( Javor, 2002). 
The concentration of salts reaches their maximum in the crystallizer ponds and this is where 
pure crystals of NaCl are harvested. The crystallizer brine is saturated with NaCl but it is 
also rich in magnesium, chloride and potassium, providing a set of environmental condi-
tions that are well suited only to highly specialized halophiles. At the end of salt production, 
potassium and magnesium salts can be retrieved in other special ponds called ‘bitterns’ that 
are devoid of life ( Javor, 2002).

Although extreme in terms of NaCl concentration, the crystallizer brine is generally rich 
in nutrients that are brought in from lower salinities. The lower salinity ponds support exten-
sive microbial communities, numerous cells of the algae Dunaliella that can produce massive 
amounts of glycerol and heavy populations of brine shrimp Artemia. An additional source 
of nutrients comes in the form of bird droppings, as large bird populations are often drawn 
by abundance of zooplankton (Davis, 1974; Javor, 2002; Oren, 2009). Not all salterns are 
operated the same way. Some local modifications to the ancient production technology are 
imposed by prevailing weather conditions and saltern geology (Pašić et al., 2005; Moinier, 
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1999), and these differences likely affect the structure of the microbial community present. 
For example, in areas where salt production is limited to the arid part of the year the water-
retention time in the unusually shallow crystallizer ponds can be reduced to less than 24 
hours. One such example are the Sečovlje salterns in Slovenia, where halite is harvested as 
soon as it starts to precipitate, at about 26% (w/v) total salts (Pašić et al., 2005). Quite the 
opposite is seen in the saltern of Torrevieja (Alicante, Spain), a saltern developed in a large 
natural hypersaline lagoon. This hypersaline environment works as a continuous system 
that is steadily replenished. Therefore, its highly concentrated brine (up to 32% of total salts) 
represents a constant environment.

The Bras del Port saltern, the subject of our studies, was established in 1900 in Santa 
Pola, a small town not far from Alicante, Spain. The climate in this area is mild Mediter-
ranean with low average rainfall, and this allows the brine to be retained in individual ponds 
for months at a time. Consequently, it can reach astonishing 37% (w/v) of total salts in 
the terminal crystallizer ponds (Ghai et al., 2011). The mode of operation in this saltern 
resembles that of a semi-continuous bioreactor, and the salterns provide a wide range of 
ecosystems spanning the salinities from that of seawater to halite saturation. However, once 
a year, at the end of the summer, crystallizers are completely emptied to harvest the salt, 
being afterwards replenished with water of lower salinity. A vast majority of scientific efforts 
regarding this habitat concentrated on samples originating from a single crystallizer pond, 
denominated CR30 (Fig. 1.1). Over the last 30 years the microbiota of CR30 were studied 
using a plethora of approaches ranging from cultivation attempts (Rodríguez-Valera et al., 
1985) to large-scale metagenomic studies (Ghai et al., 2011).

The microbial species richness and community structure throughout the salinity gradi-
ent was recently revisited at a sequencing depth much higher than in any previous study 
(Ghai et al., 2011). In contrast to the widely accepted paradigm that extreme environments 
support low microbial diversity, it was found that microbial communities were surprisingly 

Figure 1.1 Bras del Port saltern in Santa Pola, near Alicante, Spain, and the location of the 
CR30 crystallizer.
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diverse at all salinities. Their composition changed over the salinity gradient, and marine 
assemblages became replaced by heterotrophic microbial communities that were increas-
ingly more halophilic in origin. Finally, at the high end of salinity gradient this community 
was composed almost exclusively of highly specialized halophiles (Fig. 1.2).

Over the years, natural populations of the square archaeon Haloquadratum walsbyi were 
studied in much detail. Haloquadratum walsbyi cells can represent up to two thirds of the 
crystallizer biomass and are followed in abundance by only one other microbe, Salinibacter 

Figure 1.2 Taxonomic profiles using metagenomic 16S rRNA sequences across the salinity 
gradient. DCM3, 3% (w/v) salinity, PC6, 6% (w/v) salinity, SS19, 19% (w/v) salinity, SS37, 
CR30, 37% (w/v) salinity. (Adapted from Ghai et al., 2011.) 
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ruber, a hyperhalophilic member of the Bacteroidetes (Antón et al., 1999, 2000; Benlloch 
et al., 2002; Casamayor et al., 2002; Rosselló-Mora et al., 2003, Ghai et al., 2011). This bac-
terium can amount to one-third of the crystallizer biomass, and the two microbes appear 
to share much more than a common environment (Antón et al., 2000). Both microbes 
are ‘salt-in’ strategists that compensate high extracellular sodium chloride concentrations 
by accumulating molar concentrations of potassium and chloride, a strategy that requires 
extensive metabolic adaptation. Additionally, they are aerobic heterotrophs and both 
contain retinal proton pumps in the membrane. The observed convergences might be a con-
sequence of lateral gene transfer between the crystallizer species, as indicated by Salinibacter 
ruber genome analysis (Mongodin et al., 2005).

There has been some debate as to what extent abiotic and biotic factors such as preda-
tion or competition control the relative abundance of taxa in the solar saltern crystallizer. 
Experimental data indicated that neither organic nutrient availability (Gasol et al., 2004) 
nor grazing (Guixa-Boixareu et al., 1996; Joint et al., 2002) limit prokaryotic abundance, 
despite occasional presence of nanoflagellates in the crystallizer (Pedrós-Alió et al., 2000). 
Thus, it appears that the cells present in the saltern crystallizer deal with predation pressure 
which is mainly viral in origin. Indeed, the salterns are well known to harbour unusually 
high numbers of virus-like particles, which reach up to 109 per ml in the crystallizer (Guixa-
Boixareu et al., 1996). However, the prokaryotic loss per day due to viruses was estimated 
to be lower than 5%, indicating that the viruses do not exert strong control over prokaryotic 
growth and abundance (Guixa-Boixareu et al., 1996). Likewise, there has never been any 
report of massive lysis events collapsing the Haloquadratum walsbyi population.

Haloquadratum walsbyi: the uncultivable species
The cells of Haloquadratum walsbyi were first described in 1980. Anthony Edward Walsby 
observed them in a sample of brine that he had previously collected in a Sinai Peninsula 
hypersaline marsh (Walsby, 1980). The novel microbe presented a number of fascinating 
features. Its cells resembled squares with sharp edges and straight corners and formed 
transparent sheets that floated on the surface of the brine. The sides of square cells were 
about 2 μm long but the cells were only 0.25 μm thick, near the limit of resolution of a light 
microscope (Stoeckenius, 1981). In fact, they would probably go unnoticed had they not 
contained gas vacuoles, Walsby’s scientific interest at the time (Walsby, 1980). Intriguingly, 
the cell thickness remained constant as the cells grew and divided. Besides gas vacuoles, 
square cells contained small dark granules, later identified as poly-β-hydroxybutyric acid 
(Stoeckenius, 1981; Kessel and Cohen, 1982; Burns et al., 2004a). The cell surface was cov-
ered with a surface layer (S-layer) of hexagonal arrays of particles of ~20 nm in size (Parkes 
and Walsby, 1981). In the suspension of cells, researchers observed the presence of a pig-
ment which resembled haloarchaeal bacteriorhodopsin, but no patches of purple membrane 
were observed (Stoeckenius, 1981).

Another interesting feature of square cells was their abundance. Where present, these 
cells often reached high densities, up to 107 cells per ml (Walsby, 1980; Antón et al., 2000), 
and this prompted a series of cultivation attempts. Walsby was the first one to try to cultivate 
square cells, but failed within the three months that he had allowed himself for successful 
cultivation (Walsby, 2005). It soon became clear that this was not an easy task, a feature 
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common to many microbes that are either ecologically relevant or particularly abundant 
in the ecosystem. Stoeckenius successfully obtained enrichment cultures by supplementing 
natural brine with peptone medium, but failed to obtain single colonies on a solid medium 
(Stoeckenius, 1981). In a study published in 1986, Torella reported that he grew the square 
shaped cells in low nutrient medium; however, this precious culture was lost, as it was not 
deposited in a culture collection (Torella, 1986). In the following two decades, the squares 
skillfully avoided cultivation regardless of methodology used. This was troubling, as cultiva-
tion is crucial in order to fully understand the physiology of a microbe and the extent of its 
ecological interactions. Therefore, in absence of an axenic culture, what was left was to study 
samples that are naturally enriched in square cells.

The first breakthrough in this respect was achieved with the development of cultiva-
tion-independent techniques. The first such study conducted on CR30 samples involved 
sequencing of 16S rRNA genes amplified from its environmental DNA with an aim to 
describe the extent of diversity present in this hypersaline environment (Benlloch et al., 
1995). The sequencing of the highly variable region corresponding to 16S rRNA gene 
nucleotides 100–300 showed that this part of gene sequence was identical in the first 12 
sequenced clones and dissimilar to any known species. Furthermore, another variable region, 
corresponding to nucleotides 384–600 of the 16S rRNA gene, was identical in six clones, 
while two additional clones differed in 12 nucleotides. Thus, the two clones corresponding 
to the two subtypes detected were fully sequenced and their 16S rRNA gene sequences 
differed in only 15 nucleotides. This particular phylotype became known as SPhT, short for 
Sussana’s phylotype, after its discoverer Sussana Benlloch (Benlloch et al., 1995). Based on 
SPhT, a fluorescence in situ hybridization probe targeting nucleotides 1337–1354 of the 16S 
rRNA gene was developed. When FISH was performed using this probe it proved that the 
SPhT originated from square-shaped prokaryotic cells (Antón et al., 1999). Then, in order 
to link phylogenetic affiliation and in situ metabolic activity, FISH-MAR was used. This 
approach combines fluorescence in situ hybridization and microautoradiography, a method 
that measures in situ uptake of specific radiolabelled substrates by individual cells (Okabe et 
al., 2004). The squares recovered from samples taken from a crystallizer pond of a saltern in 
Mallorca, Spain, were found to metabolize acetate and amino acids, yet no uptake of glycerol 
was observed (Rosselló-Mora et al., 2003).

With the availability of 16S rRNA sequences it became clear that Walsby’s square 
archaeon is a true saltern dweller. Its 16S rRNA gene sequence was reported from geograph-
ically widely separated crystallizers of salterns in Spain (Benlloch et al., 2002), Israel (Oren, 
1994), Australia (Burns et al., 2004b), Tunisia (Trigui et al., 2011) and Peru (Maturrano 
et al., 2006). In all these salterns, the phylotypes related to square microbes were the most 
abundant and represented up to 60% of the microbial population. It should be mentioned 
that some salterns were found devoid of this particular species (within the sampling effort 
conducted) and dominated by some other haloarchaeal group(s) such as Halorubrum, 
Natrinema or Halobacterium (e.g. Pašić et al., 2005; Manikandan et al., 2009). It was hypoth-
esized that the slow-growing squares are unable to build up in numbers in those salterns 
where the solar salt production is limited to the arid part of the year (Pašić et al., 2005). 
Indeed, the relative abundance of this phylotype was recently correlated with the concen-
tration of sodium chloride and/or magnesium in the crystallizer brine, which is lower in 
salterns that harvest the salt as soon as it starts to precipitate (Boujelben et al., 2012).



(Meta)Genomic Insight into H. walsbyi Ecology and Evolution | 7

Isolation of Haloquadratum walsbyi
After years of following the population of Walsby’s square archaeon in pond CR30 of the 
Bras del Port salterns, a sample retrieved from this pond in 2001 yielded the first isolate, 
denominated HBSQ001. Led by Henk Bolhuis, the Dutch group that retrieved the isolate 
reasoned that the squares might grow in pure culture if provided with amount of nutrients 
similar to that in their natural environment. Thus, the enrichment medium used contained 
low amount of nutrients (0.10% C-source and 0.01% yeast extract) and the colonies of iso-
late HBSQ001 were obtained on plates solidified with agarose instead of conventional agar 
(Bolhuis et al., 2004). Phylogenetic and phenotypic characterization established that the 
square cells are unrelated to any of the known Halobacteriaceae (Bolhuis et al., 2004).

Presently, only one more pure culture of this eccentric microbe is available and it was 
obtained from a geographically very distant location. It originates from samples taken from 
a crystallizer pond of a saltern in Geelong, Victoria, Australia, in 2002–2004. This scientific 
group, led by Mike Dyall-Smith, significantly contributed to the cultivability of halophilic 
Archaea and proved that the majority of microbial groups inhabiting the saltern they were 
studied could be obtained in pure culture (Burns et al., 2004a). Similar to their Dutch col-
leagues, this scientific group used nutrient poor media, yet combined this approach with 
extinction–dilution culturing. Medium supplemented with mixed amino acids and pyru-
vate yielded isolate C23 upon 3 weeks of incubation (Burns et al., 2004a). As it often is in 
science, a quarter of century of attempts resulted in concurrent cultivation of the two strains, 
and the two reports were published within a month of each other (Bolhuis et al., 2004; 
Burns et al., 2004a). In 2007, isolates C23 and HBSQ001 were formally described as a new 
species within the Halobacteriaceae. To honour its discoverer Anthony E. Walsby, the new 
species was named Haloquadratum walsbyi (Burns et al., 2007).

The two genomes
In 2006, Bolhuis and co-workers took advantage of the expansion of sequencing techniques 
and reported the genomic sequence of strain HBSQ001 (Bolhuis et al., 2006). The genomic 
sequence of type strain C23 followed and a detailed comparative study of these two 
genomes was reported in a 2011 paper (Dyall-Smith et al., 2011). Both genomes showed 
traits regarded as genomic signatures of hypersaline adaptation (Paul et al., 2008). Examples 
are a distinctive pattern of dinucleotide frequencies at the first and second codon position of 
genes, low average pI of proteins (5.1) and distinct usage of synonymous codons encoding 
the amino acids Arg, Val, Thr, Leu and Cys (Bolhuis et al., 2006; Paul et al., 2008). The 
genomic sequence of Haloquadratum walsbyi shows a number of other interesting features. 
Its coding density is unusually low (76%) compared to other halophilic Archaea (86–91%). 
Additionally, this genome contains a high number of pseudogenes and IS elements, which 
led to the assumption that it is undergoing genome shrinkage as a result of its specialization 
into a very restrictive niche (Bolhuis et al., 2006). Perhaps most striking is its unusually low 
content of nucleotides guanine and cytosine (GC content), which averages at 47.9% and 
is in sharp contrast to the generally high GC content of other halophilic Archaea (60–70% 
GC) (Bolhuis et al., 2006; Dyall-Smith et al., 2011). Such a drift to an AT rich genome has 
been attributed to the extremely high concentration of MgCl2 in saltern crystallizer. It was 
reasoned that if Haloquadratum walsbyi was to possess a GC-rich genome, the presence of 
excessive amount of magnesium ions might cause DNA rigidity that could interfere with 
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DNA replication and transcription (Bolhuis et al., 2006). However unusual, the low GC 
content feature was essential for metagenomic studies of saturated brines and, together 
with dinucleotide frequency, was used to bin sequences related to Haloquadratum walsbyi 
(Legault et al., 2006; Cuadros-Orellana et al., 2007; Ghai et al., 2011; Narasingarao et al., 
2012).

It recently became known that Haloquadratum walsbyi is not the only archaeon in CR30 
with an unusually low GC-content. A study that combined metagenomics and single-cell 
genomics yielded the presence of Candidatus ‘Haloredivivus’ whose GC-content was 
only 42% (Ghai et al., 2011). The sequencing of the genome amplified from a single cell 
of this organism suggested that Candidatus ‘Haloredivivus’ is a photoheterotroph capable 
of polysaccharide degradation (Ghai et al., 2011). Phylogenetic analysis affiliated this 
species with the recently described class ‘Nanohaloarchaea’ that comprises Archaea with 
atypical metabolic pathways and unusually small cells that are on average 0.6 μm in diameter 
(Narasingarao et al., 2012). Other members of this class are Candidatus ‘Nanosalina’ and 
Candidatus ‘Nanosalinarum’, that were found present in metagenomic datasets originating 
from a crystallizer pond of the acidic hypersaline lake Tyrrel, another neutral saltern in 
Australia, and crystallizers of the Chula Vista saltern in California, USA (Narasingarao et al., 
2012). However, sequences related to these organisms were not found in the CR30 datasets 
(Ghai et al., 2011).

The giant protein
A peculiarity of this species is the presence of a gene that codes for halomucin, a giant pro-
tein that is similar to animal mucins. Halomucin is the largest protein reported to date in 
halophilic Archaea. In HBSQ001 it extends for 9159 amino acids, while its C23 orthologue 
is shorter (7836 amino acids), likely due to a series of independent deletions (Bolhuis et 
al., 2006; Dyall-Smith et al., 2011). Halomucin is predicted to have multiple glycosyla-
tion/sulfation sites. It is also considered to have structural potential to interact with sugar 
molecules, surface proteins and divalent cations, and it displays fractional homology to 
proteins involved in cellular adhesion (Rinck, 2009; Dyall-Smith et al., 2011). Therefore, it 
was hypothesized that together with sialic acid and poly-γ-glutamate halomucin might form 
a rigid capsule which protects the cell against desiccation (Bolhuis et al., 2006). Another 
bioinformatic study hypothesized that it might contribute to the spatial arrangement of H. 
walsbyi cells in the form of postage stamp sheets (Rinck, 2009). Some of these notions are 
supported by experimental data. These show that both strains of Haloquadratum walsbyi do 
invest in expression of this giant protein. Furthermore, halomucin could be microscopically 
observed as an external capsule and stained by a specific antibody coupled to fluorescein 
(Bolhuis et al., 2006; Sublimi-Saponetti et al., 2011; Dyall-Smith et al., 2011).

Rhodopsin-related genes
There has been some debate about the intriguing flatness of Haloquadratum walsbyi. Bolhuis 
et al. (2006) postulated that the reason behind this phenomenon is the uptake of essential 
nutrients which are often complexed to cations in hypersaline environments. This way, the 
cells of this species can increase surface-to-volume ratio, retain a relatively large size and 
increase the number of membrane-dependent cellular processes without affecting other cel-
lular functions (Bolhuis et al., 2006). Indeed, the genomes of Haloquadratum walsbyi have 
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a substantial number of transporter-related genes (Cai et al., 2012) as well as other genes 
involved in membrane processes.

Perhaps the most intriguing of these proteins are the bacteriorhodopsins, integral mem-
brane proteins discovered through studies about the purple membrane. Bacteriorhodopsins 
function as light-driven pumps that transfer protons from the cytoplasmic side to the extra-
cellular surface of the membrane. This way, an electrochemical gradient is generated which 
then drives other metabolic processes such as ATP synthesis or active transport. In similar 
fashion, another group of proteins, known as halorhodopsins, transfer chloride ions from 
the extracellular surface of the membrane to the cytoplasmic side. The first experimental 
evidence that the membranes of Haloquadratum walsbyi might harbour these protein came 
from the work of Papke and co-workers on CR30 environmental DNA. The amplified and 
sequenced CR30 environmental bacteriorhodopsin sequences were later found to cor-
respond to Haloquadratum walsbyi gene bop I (Papke et al., 2003). The Haloquadratum 
walsbyi genome revealed other rhodopsin-related genes: bacteriorhodopsin II (bop II), a 
bacteriorhodopsin-like gene (brp), and a halorhodopsin (hop) gene.

Bop genes were studied in much detail and they encode functional proteins (Bolhuis 
et al., 2006; Dyall-Smith et al., 2011). Both native and purified recombinant Bop I showed 
characteristics typical of bacteriorhodopsin: in the dark it had an absorption maximum at 
552 nm, had all-trans and 13-cis-retinal and had a fast photocycle (Lobasso et al., 2012; Sudo 
et al., 2011). In contrast, Bop II showed a number of intermediate properties between those 
of bacteriorhodopsin and sensory rhodopsin II. Its absorption maximum was at 485 nm, 
close to that of sensory rhodopsin II of Natronomonas pharaonis (498 nm), making it one 
of the most blue-shifted microbial rhodopsins identified to date. In addition, it displayed a 
retinal composition which included all-trans and 13-cis-retinal but also 11-cis-retinal, and 
displayed a fast photocycle (Sudo et al., 2011). Interestingly, the unusual features of this 
protein coincide with its phylogenetic positioning. In phylogenetic reconstructions, the bop 
II gene did not cluster within any known functional groups but instead branched basal to the 
proton pumps (Bolhuis et al., 2006; Sharma et al., 2007). This led some authors to believe 
that the gene encoding this protein was acquired through later gene transfer (Bolhuis et 
al., 2006; Sudo et al., 2011). Haloquadratum walsbyi halorhodopsin gene also encodes a 
functional halorhodopsin with a unique tolerance to changes in chloride concentration, a 
feature attributed to the serine residue at position 262 (Bolhuis et al., 2006; Fu et al., 2012).

CRISPR
The CRISPR/Cas systems [clustered regularly interspaced short palindromic repeats/
(CRISPR)-associated genes] provide a form of acquired immunity to exogenous genetic 
elements such as plasmids or bacteriophages. They consist of short direct tandem repeats 
(23–47 bp) that are separated by spacer sequences of variable length. The spacers originate 
from invading exogenous elements in which they are referred to as protospacers. Their 
presence in the genome provides a ‘memory’ of previous exposures to invasive elements. 
It has been demonstrated experimentally that spacers can recognize and silence plasmids 
or phages in a fashion analogous to that of RNAi in eukaryotic organisms (Barrangou et al., 
2007; Marraffini and Sontheimer, 2010).

The CRISPR/Cas systems are not equally represented in the two genomes sequenced. 
In the C23 genome there are three CRISPR/Cas loci, while the HBSQ001 genome has 
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only a remnant of such a system. In C23 one such system is present in a divergent region 
which in HBSQ001 contains a transcription unit coding for a probable cell surface struc-
ture. Interestingly, two of the C23 CRISPR/Cas loci and the HBSQ001 remnant are present 
in the portion of genome that is strain-specific and in HBSQ001 is named metagenomic 
island 2 (see below). Common to both genomes are intact leader sequences and the first 
direct repeat. However, while the complete CRISPR system is present in C23, the syntenic 
region in HBSQ001 is followed only by a few remnant spacers (Dyall-Smith et al., 2011). 
The spacers that are common to both genomes are not identical, but are highly similar. This 
led Dyall-Smith and co-workers to believe that Haloquadratum walsbyi strains experienced 
rapid global dispersal, possibly by airborne salt particles or migratory birds. They further 
considered that at some point of evolutionary history, the HBSQ001 chromosome suffered 
a deletion event which has removed most of this CRISPR system (Dyall-Smith et al., 2011). 
Mutations or loss of CRISPR/Cas are not uncommon (Deveau et al., 2008; Touchon et 
al., 2010) and were recently attributed to the ability of this system to avoid autoimmun-
ity, e.g. upon acquisition of foreign DNA targeted by a CRISPR system that carries a gene 
essential for cell growth (Gudbergsdottir et al., 2011). CRISPRs are genomic signatures that 
are common to both hosts (CRISPR spacer) and viruses (proto-spacer) and typically differ 
in identity by less than 10% (Garcia Heredia et al., 2012). Their presence can therefore be 
used to assign putative hosts to environmental viral sequences. This way, seven environmen-
tal viral fosmid sequences originating from the CR30 metavirome were recently found to 
contain proto-spacers that correspond to CRISPR spacers of Haloquadratum walsbyi strain 
C23. Additional six environmental phage sequences carried sequences with lower identity 
to spacers (75–89%). Thus, this species was assigned as putative host (Garcia-Heredia et al., 
2012). Even more importantly, the presence of spacers of strain C23, which originates from 
a location 16,000 km away from CR30, indicates global distribution of both Haloquadratum 
walsbyi lineages and its predators.

The metagenomic approach
The possibility to obtain unbiased samples of all genes from all the members of a sampled 
community was enormously appealing from the very early days of what is today known 
as metagenomics. Given that square cells are not readily obtained in culture media, this 
approach offered a way to circumvent this problem and to reveal the true extent of diversity 
of Haloquadratum walsbyi in its natural environment. Thus, from the early 2000s this new 
technology was used for CR30 samples, and a way to further enrich CR30 samples in square 
cells was devised. To this aim, some authors (Legault et al., 2006) took advantage of the spe-
cific shape of Haloquadratum walsbyi (flat square cells of 2–5 μm sides) and its abundance in 
the solar saltern crystallizer. Specifically, prior to environmental DNA isolation, they passed 
the crystallizer brine through a 5 μm pore size filter in order to remove larger particles. Then, 
the flat square cells of Haloquadratum walsbyi were retained on a 2 μm pore size filter while 
rod and spiral shaped cells were passed into the filtrate. The efficiency of this methodology 
was tested by preparing clone libraries of the 16S rRNA gene (Legault et al., 2006). This 
analysis revealed that the 2 μm fraction was indeed enriched in cells of Haloquadratum wals-
byi which represented 66% of sequenced inserts, and this fraction was then used to obtain 
environmental DNA.

In a first set of experiments, conducted in 2003–2006, the environmental DNA was 
sheared and fragments in size range between 35 and 45 kb were cloned into fosmid vectors 
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(Legault et al., 2006). Then, 2000 insert-positive clones were end-sequenced. This way, 
about two-thirds of 2.4 Mb of data were assigned to Haloquadratum walsbyi. Then, beginning 
in 2007 advantage was taken of the coverage and reliability of data obtained through massive 
parallel sequencing. Environmental DNA isolated from CR30 was 454 pyrosequenced in 
winter 2007 and summer 2008 (Ghai et al., 2011). In 2010, the very same sample, taken in 
summer of 2008 was resequenced using Illumina technology obtaining ca. 5 Gb of sequence 
data (Martín-Cuadrado et al., unpublished).

In addition, a metagenome enriched in viral DNA was also constructed. To this aim, 
microbial cells were removed by filtration and the filtrate concentrated about 250× through 
tangential flow filtration on a 100 kDa filter. Environmental viral DNA was then isolated 
by centrifugation in a caesium chloride gradient followed by formamide lysis and cetyltri-
methylammonium bromide DNA extraction (Thurber et al., 2009). This DNA was used 
to construct a fosmid metagenomic library. This way the sequences of 42 fosmids which 
correspond to 1.2 Mb of sequence data were obtained (Garcia-Heredia et al., 2012).

Unveiling the extent of intragenomic diversity in Haloquadratum 
walsbyi
With the advent of genomics it became possible to evaluate to what extent the homogeneity 
of species in terms of 16S ribosomal RNA sequence could be extended to entire genomes. 
Some bacterial species appear to have very homogenous genomes. Metagenomic analysis 
of samples obtained in extreme environments reported that the majority of intraspecies 
variability concentrates on single-nucleotide polymorphism, a notion that has allowed 
reconstruction of entire genomes from environmental metagenomic libraries (Tyson et al., 
2004). On the other hand, complete genome sequences of Escherichia coli and cultivable 
pathogens revealed a wide variation in individual genome content (Bergthorsson and 
Ochman, 1998; Welch et al., 2002; Lindsay and Holden, 2004; Thompson et al., 2005). It 
appeared that while certain chromosomal regions were shared among highly related strains, 
others appeared to be highly variable. A detailed analysis of six genomes of the pathogen 
Streptococcus agalactiae led Tettelin and co-workers to propose the concept of the microbial 
pan-genome. They suggested that ‘a bacterial species can be described by its ‘pan-genome’... 
which includes a core genome, containing genes present in all strains, and a dispensable 
genome composed of genes absent from one or more strains and genes that are unique to 
each strain’ (Tettelin et al., 2005). This ‘dispensable’, ‘accessory’, ‘flexible’ or ‘adaptive’ por-
tion of the species genome does not appear to be essential for cell survival, but instead it is 
considered to provide the possibility to adapt to fluctuating environmental parameters.

Metagenomic studies of aquatic environments indicated that abundant aquatic microbes 
likely have large pan-genomes that surpass several times in size the amount of genes found 
in their core genomes. For example, a group of coastal bacterioplankton with 16S rRNA 
sequence identity ≥ 99% to Vibrio splendidus was found to ‘consist of at least a thousand 
distinct genotypes, each occurring at extremely low environmental concentrations (on aver-
age less than one cell per millilitre)’ (Thompson et al., 2005). Analysis of the Sargasso Sea 
environmental dataset found Prochlorococcus marinus, a photosynthetic cyanobacterium 
that is numerically dominant in the majority of the world’s oceans, to be represented by a 
population of closely related strains that display considerable heterogeneity, not only at the 
nucleotide sequence level, but also at the gene content level (Venter et al., 2004). Similar 
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to the 16S rRNA genes of aquatic microbes mentioned above, the available data on the 
Haloquadratum walsbyi 16S rRNA gene indicate that it forms a very coherent species. The 
16S rRNA genes of two described members of this genus, strains HBSQ001 (Bolhuis et al., 
2006) and C23 (Burns et al., 2007), differ only in two nucleotides (Oh et al., 2010). Besides, 
a number of independent studies conducted in geographically widely separated salterns 
reported that environmental 16S rRNA gene sequences affiliated with genus Haloquadra-
tum do not diverge by more than 2% from those of the above mentioned isolates (Legault et 
al., 2006; Oh et al., 2010; Boujelben et al., 2012; Zafrilla et al., 2010). In similar fashion, in 
CR30 metagenomic libraries the vast majority of environmental fragments unambiguously 
identified as 16S rRNA of H. walsbyi varied by less than 2% (100% identity over the entire 
length of the environmental fragment). Furthermore, they were highly related (≥ 98.9% 
sequence identity) to sequences retrieved from the CR30 in studies conducted over the 
previous fifteen years (Benlloch et al., 1995; Legault et al., 2006; Ghai et al., 2011). Even the 
sequences of two complete fosmids whose inserts overlapped this particular genomic region 
were nearly identical to the HBSQ001 genome, pointing towards the permanence and high 
conservation of this region in Haloquadratum walsbyi (Legault et al., 2006).

The first metagenomic library published was a 2000 clones fosmid library constructed 
from environmental DNA enriched in Haloquadratum walsbyi cells. At the time, the 
sequencing of entire fosmid libraries using Sanger sequencing was financially straining for 
most laboratories. Thus, to evaluate the amount of diversity present in that library, only 
the ends of the 2000 fosmid clones were sequenced (Legault et al., 2006). This way 2948 
individual end sequences were obtained with an average size of 818 bp. This amounted to 
2.4 Mb, a very small amount of data compared to the output obtained using second genera-
tion sequencing techniques. However, the size of this library was considered sufficient to 
cover the intragenomic diversity of Haloquadratum walsbyi, as the genomic diversity of the 
CR30 crystallizer calculated through DNA/DNA reassociation was estimated to be seven 
E. coli genome equivalents (Torsvik et al., 2002). Two fosmids whose inserts overlapped the 
Haloquadratum walsbyi 16S rRNA gene were fully sequenced. Common to all environmental 
sequences, both fosmid-end sequences and the entire fosmid sequences, was the prevalence 
of sequences with GC content similar to that of Haloquadratum walsbyi. The environmental 
sequences were binned to Haloquadratum walsbyi based on their similarity to the HBSQ001 
strain genome that was used as a reference. Three groups of sequences were analysed: those 
that shared more than 94% nucleotide identity to HBSQ001 (1029 sequences), those that 
shared 80–94% sequence similarity (261 sequences) and sequences that shared more than 
80% sequence identity with Haloquadratum walsbyi on one fosmid end and were dissimilar 
to this species on the other fosmid end (173 sequences). The fosmid end sequences were 
first used to assess the level of synteny between environmental fosmid-end sequences and 
HBSQ001. This was achieved by assuming that their corresponding inserts are shorter than 
60 kb and correspond to identical regions on the HBSQ001 genome. From this analysis it 
appeared that the genomes corresponding to individual lineages of Haloquadratum walsbyi 
are largely syntenic. In fact, end sequences of 457 fosmids had hits that were separated on 
average by 35.2 kb. If concatenated, these sequences would allow the reconstruction of 92% 
of the HBSQ001 chromosome with an average coverage of 5.7× (Legault et al., 2006).

However, the analysis also identified 66 fosmid inserts in which the genomic synteny was 
largely broken and in which the fosmid end sequences corresponded to genomic regions that 
were on average separated by 589 kb. These genomic rearrangements were correlated with 
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DNA divergence. Together with fosmid sequences that shared similarity to the reference 
genome at only one fosmid end, these fosmids likely corresponded to accessory genomic 
regions. To confirm this, their location was plotted onto the reference genome (Fig. 1.3a). 
This plot identified that the intraspecies variation was by no means random. In fact, it was 
possible to delineate two regions that coincided with larger amplitude variance in the GC 
content (Legault et al., 2006).

This first study also offered a way to characterize the accessory genome of Haloquadra-
tum walsbyi. The fosmid-end sequences that were dissimilar to the Haloquadratum walsbyi 

Figure 1.3 Metagenomic islands (MGI) are conserved features in Haloquadratum walsbyi. 
(A) GC-content and the distribution of the CR30 fosmid-end sequences along the HBSQ001 
chromosome. (B) GC-content and genomic recruitment of individual CR30 fosmid-end 
sequences along the HBSQ001 genome. Genomic recruitment of (C) pyrosequenced 
metagenomic fragments from the Chula Vista solar saltern (California, USA) along HBSQ001 
genome. (D) CR30 SS37 (SRP007685) dataset along HBSQ001 genome. (E) CR30 SS37 
(SRP007685) dataset along C23 genome. Y axis reflects nucleotide percentage identity. 
(Adapted from Legault et al., 2006; Cuadros-Orellana et al., 2007; Pašić et al., 2009.)
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genome on one end were binned to the ‘accessory genome’ category. Another such group of 
sequences were fosmid-end sequences that did not share sequence similarity to HBSQ001, 
yet displayed signature GC content (≤ 55% GC). Combined, this database contained only 
283 environmental sequences and yet its analysis revealed that their genes could be affiliated 
with a small number of functional categories. Particularly abundant were the genes involved 
in signal transduction and gene regulation and genes encoding components of cell enve-
lope. This indicated the importance of environment sensing for the adaptation of individual 
lineages to specific heterotrophic niches with this habitat. Even more surprisingly, a large 
portion of intraspecies variability appeared to be at the level of the cellular envelope, as pre-
viously observed in natural populations of Prochlorococcus marinus (Coleman et al., 2006).

Metagenomic islands
One way to discern between the core genome and variable genomic regions is to tile 
metagenomic reads of the environment from which the organism was isolated to its ref-
erence genome, a method known as genomic recruitment. The genes that are present in 
all strains will be well-represented in the environment and this will be reflected in a large 
number of metagenomic fragments recruited at high sequence similarity. Likewise, highly 
variable regions will be underrepresented, if at all present, in the metagenomic dataset. 
Although sceptics might find these gaps in recruitment an artefact of sequencing depth, 
this is highly unlikely as these are regularly observed in different environments whenever 
a microorganism is particularly abundant (Rodríguez-Valera et al., 2009). As we will see 
below, the same variable regions are identified when geographically different metagenomic 
datasets are recruited to a reference genome. The presence of underrepresented genomic 
regions is observed regardless of the sequencing effort. However, larger sequencing efforts 
do contribute to clear delimitation of their borders. Besides, the gene content of these 
regions is often far from random and appears to be conserved in unrelated microorganisms.

Initially, variable genomic regions had been identified as genomic islands. The reason for 
this is historical, as similar regions were previously observed in highly related genomes of 
clinical isolates where they were defined as ‘… large chromosomal regions that are part of the 
flexible gene pool, previously transferred by other mobile genetic elements and are present 
in certain bacteria but are absent in most closely related variants’ (Dobrindt et al., 2004). 
Although these types of genomic island share numerous similarities with the aforemen-
tioned metagenomic islands, their overlap is not always complete. Some genomic islands 
are well represented in the metagenome while others are not. Furthermore, not all islands 
observed through comparisons with metagenomic datasets show clear signs of lateral gene 
transfer and thus the exact mechanisms of their generation remain to be fully understood. 
Thus, in order to distinguish between these two subtypes the term metagenomic island 
(MGI) was proposed to describe genome stretches that were identified through genome 
recruitment (Pašić et al., 2009).

Initially, a genomic recruitment experiment was performed by using the fosmid-end 
sequence metagenomic library and these reads were tiled to the Haloquadratum walsbyi 
HBSQ001 genome that was available at the time (Cuadros-Orellana et al., 2007). Although 
the metagenomic library contained less than 3000 sequences, this approach revealed a clear 
picture of the extent and the location of variable regions within this particular genome. 
Two additional lineage-specific regions were discerned this way, in addition to variable 
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regions observed in the previous study detailed above (Legault et al., 2006). Their location 
as bordered by environmental fosmid-end sequences highly similar to reference genome is 
depicted in Fig. 1.3b. This island pattern remained the same when the HBSQ001 genomic 
sequence was compared to metagenomic datasets of different geographic origins (Fig. 1.3c). 
Likewise, the location of islands was not affected by sequencing effort or sequencing tech-
nique used as it is evident from comparisons of HBSQ001 to a high sequencing coverage 
CR30 SS37 dataset (Fig. 1.3d). This indicates that metagenomic islands are a conserved 
genomic feature.

From the above plot, the genomic content of metagenomic islands of the reference strain 
HBSQ001 could be discerned, but not the amount of their natural variability with respect to 
gene synteny, gene content, copy number and their putative origin (i.e. prophage/plasmid/
lateral gene transfer). Thus, the fosmids that targeted regions with broken synteny were 
recovered. They exhibited homology to the HSQ001 genome at distances much larger than 
the fosmid insert size (12 fosmids), exhibited homology only at one end of the insert (six 
fosmids) or had no sequence similarity to HBSQ001 genome but shared low GC content 
(five fosmids). The inserts of these fosmids were pyrosequenced and upon assembly, the 
size of sequenced inserts was between 10.5 and 38.2 kb. Twenty-one of these fosmids could 
be directly positioned along the reference genome and corresponded to individual lineages 
of Haloquadratum walsbyi. Most of these fosmids were either completely syntenic to the 
reference genome or had high sequence identity (≥ 98%). Only three of these fosmids over-
lapped metagenomic islands (Cuadros-Orellana et al., 2007). Besides, when environmental 
gene fragments of CR30 crystallizer were compared to the genome of Haloquadratum wals-
byi strain C23, isolated from a saltern in Geelong, Australia, 12 metagenomic islands could 
be discerned (Fig. 1.3e). Eight of these islands corresponded to classical genomic islands 
and were previously observed in comparative analysis of two genomes (Dyall-Smith et al., 
2011). Among these islands were the three metagenomic islands observed in HBSQ001. 
The remaining metagenomic and genomic islands were small in size and corresponded to 
highly divergent genes, insertion-coupled deletions and IS elements or reflected an inser-
tion of prophage or integrative plasmid as detailed below.

Variability as a consequence of prophage/plasmid integration: 
metagenomic island 3
Prophages or plasmids frequently integrate into prokaryotic genomes and become asso-
ciated with lineage-specific genomic material. Unsurprisingly, metagenomic islands of 
prophage/plasmid origin were reported from almost all microbes studied using approaches 
similar to the one presented here, namely Salinibacter ruber (Pašić et al., 2009), Prochlorococ-
cus marinus (Coleman et al., 2006), Candidatus Accumulibacter phosphatis (García Martín 
et al., 2006) and ‘Ferroplasma acidarmanus’ (Allen et al., 2007).

At least two such events are well-documented in sequenced genomes of Haloquadratum 
walsbyi. The first region corresponds to HBSQ001 genomic island 4, which had low coding 
density, was characterized by sharp GC-content changes and it had a high proportion of 
hypothetical genes, all tell-tale signs of highly unstable genomic regions. Adjacent to its left 
end, this metagenomic island contained a tRNA-His gene and a phage integrase similar to 
that of a halovirus HF2 that could be involved in the mobilization of this region (Dyall-
Smith et al., 2011). Other ORFs in the region were identified as homologues of Cdc6 and 
Cdc48 (HQ3268A, HQ3269A, HQ3297A) which could contribute to region replication, 
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type IV secretory pathway related genes (HQ3289A, HQ3291A), genes involved in DNA 
modification and repair (HQ3274A-HQ3277A) and a gene related to bacterial conjuga-
tion (HQ3291A). The hypothetical proteins of ORFs HQ32902A and HQ32972A shared 
conserved domains with a metaviral attachment glycoprotein and HQ32950A was similar 
to a viral tail protein. Besides, this region also contained a partial copy of the tRNA-His 
sequence which could be used to target it (Cuadros-Orellana et al., 2007; Dyall-Smith et al., 
2011). In HBSQ001, the phage-associated genomic island contained another set of genes. 
These genes (about 20 kbp) were identified as belonging to the liv cluster and as IS1341 
transposases, which might have contributed to the spread of this genes or might act to pro-
mote their expression (Murai et al., 1995). The genes of the liv cluster (livFGMHJ) encode 
components of neutral and branched-chain amino acid transport system. Typically, these 
genes are organized in an operon which consists of two permease-coding genes, two genes 
that code for proteins that bind and hydrolyse ATP and a gene coding for substrate-binding 
protein. In E. coli this type of ABC transporter transports leucine, isoleucine and valine but 
also threonine, alanine, phenylalanine and tyrosine (Antonucci et al., 1985) and other com-
pounds such as 4-hydroxybenzoate (Egland et al., 1997). It is this broad substrate specificity 
that has apparently contributed to the abundance of Liv family of proteins within bacteria 
(Larimer et al., 2004). Indeed, the genomes of HBSQ001 and C23 were found to support 
a wide diversity of liv genes, containing both six such clusters, a characteristic typical for 
metabolically versatile microorganisms (Larimer et al., 2004).

In contrast to HBSQ001, the C23 genome contained two other phage/integrative plas-
mid related elements. Similar to the GI3 in the HBSQ001 genome, the genes in the genomic 
region corresponding to nucleotides 161573–163558 of C23 genome included a phage 
integrase adjacent to a tRNA-Ala gene and genes related to DNA modification and repair. 
However, this region also contained a DNA polymerase similar to that of halophage HF1 
and a region of likely co-transcribed genes. The second region, located at genomic positions 
2411939–2454921 contained remnants of a phage integrase and was rich in transposons of 
which at least four appeared to have spread to other genomic regions (Dyall-Smith et al., 
2011).

Variability at the level of genes involved in uptake of nutrients: 
metagenomic islands 2 and 4
The crystallizer brine is endowed by heterotrophic microorganisms and both Haloquadra-
tum walsbyi and Salinibacter ruber belong to this category. It is true that halophilic Archaea 
can derive energy from light by rhodopsins, but they can not fix CO2 or N2 (Falb et al., 2008). 
To survive, these organisms exploit a wide diversity of organic compounds that are released 
at lower salinities by dense populations of Dunaliella sp. and other microbes (Pedrós-Alió 
et al., 2000; Gasol et al., 2004). To transport nutrients, microbes rely on specialized sets of 
proteins. The number of genes involved in nutrient transport is approximately proportional 
to the genome size (Saier et al., 1998). For example, Escherichia coli has 78 ABC transporter 
systems, a number typical for this genome size. Bacteria that live in highly competitive soil 
environments, such as Agrobacterium tumefaciens (5.7 Mb) have up to 200 ABC transporter 
systems, while intracellular parasites and species that live in stable conditions have a lower 
number of ABC transporters. For example Mycobacterium tuberculosis (4.4 Mb) has only 38 
systems (Davidson et al., 2008). From this perspective, the number of transporters (39) 
in the 3.2 Mb genome of Haloquadratum walsbyi is within the range reported for Archaea 
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(Bolhuis et al., 2006). The most frequent are transporters for branched-chain amino 
acids that are present in six copies. These sets of genes are followed in abundance by ABC 
transporters involved in transport of dipeptide/oligopeptide/nickel and sugar/sn-glycerol-
3-phosphate, each present in three copies. Besides, Haloquadratum walsbyi possesses some 
systems that are unique to this archaeon such as a TRAP-type C4 dicarboxylate transport 
system, two different ABC-type sulfonate transport systems and a phosphonate transport 
system (Bolhuis et al., 2006).

The presence of gene clusters involved in nutrient transport in variable genomic regions 
is another eye-catching feature of Haloquadratum walsbyi. A nice example of this is the 
metagenomic island 2 as evident from genome sequences of the strains HBSQ001 and C23 
and the two environmental fosmids that overlap this region. In HBSQ001, metagenomic 
island 2 was found to contain the unique TRAP-type C4 dicarboxylate transport system, 
a ABC type branched amino acid transport system livHMGF( J), a cluster involved in 
transport of nitrate/nitrite (narK) and dissimilative nitrate reduction to ammonia (narB 
and nirA) genes. In contrast, the corresponding region in the C23 genome contained 
genes for an ABC transporter involved in the transport of ribose. The sequence of fosmid 
eHwalsbyi485 that overlaps this region carried an ABC sn-glycerol-3-phosphate transport 
system, involved in catabolism of glycerol. Remarkably, despite the fact that they originate 
from widely separated geographical regions, the fosmid sequence of eHwalsbyi011 was 99% 
identical to the metagenomic island 2 of C23. It should be mentioned that the most strik-
ing difference in gene content of metagenomic island 2 in the two strains relates to other 
genomic features. In the C23 genome metagenomic island 2 contained two of the three 
CRISPR/Cas loci present and the only remnant of such a system was found in HBSQ001 
genome. This is discussed in more detail in ‘The two genomes’ subsection above.

In the original study, when CR30 metagenomic fosmid-end reads were tiled to the 
HBSQ001 genome, metagenomic island 4 was found to contain genes involved in trans-
port of nutrients (Cuadros-Orellana et al., 2007). Likewise, the corresponding region in 
strain C23 also contained ABC transporters involved in transport of cobalt and urea/short-
chain and other genes, but no genes involved in glycosylation of the cellular envelope. In 
the genome of HBSQ001, nutrient transport genes were located to the right end of this 
island and contained genes for ABC-type transporters involved in translocation of urea/
short-chain amides and cobalt, respectively, as well as a cationic amino acid transporter 
and the urease operon. However, the genomic sequence of strain C23 revealed that this 
region is in fact syntenic in these two strains (Dyall-Smith et al., 2011). Apart from the two 
ORFs (HQ3632A and HQ3633A) which correspond to the insertion element ISH2 and 
a hypothetical protein that are absent in C23 genome, the remaining genes shared ≥97% 
nucleotide identity. This indicates that in contrast to early observations, this part of the 
Haloquadratum walsbyi genome is in fact conserved in the two lineages. This is reflected in 
the recruitment studies against CR30 high-coverage SS37 dataset (Ghai et al., 2011) which 
shows that larger sequencing efforts contribute to clear delimitation of metagenomic island 
borders (Fig. 1.2d).

Variability at the level of genes involved in cell envelope 
glycosylation: metagenomic island 4
As mentioned earlier, metagenomic island 4 in strain HBSQ001 was found to host genes 
putatively involved in the synthesis of sialic acid that could contribute to the formation of 
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a capsule (Bolhuis et al., 2006) and/or could facilitate viral attachment. Presence of genes 
involved in the synthesis of sialic acid is another feature that is common to metagenomic 
islands of several species, e.g. Prochlorococcus marinus, Salinibacter ruber and Desulfovibrio 
vulgaris (Schauer et al., 2000; Coleman et al., 2006; Pašić et al., 2009; Walker et al., 2009). 
Their putative involvement in viral attachment was recently demonstrated in haloarchaeal 
pleomorphic virus HRPV-1, the saltern phage that infects Halorubrum spp. Its major struc-
tural protein, termed VP4, protrudes from the membrane and was proposed to participate 
in host recognition (Pietilä et al., 2009). When this virus is propagated in Halorubrum 
sp. strain PV6, VP4 is N-glycosylated by the host. The added pentasaccharide comprises 
glucose, glucuronic acid, mannose, sulfated glucuronic acid but also a terminal 5-N-formyl-
legionaminic acid, a sialic acid-like monosaccharide. The importance of this terminal sugar 
in molecular recognition of the host cell was demonstrated in an infection inhibition assay in 
which using N-acetylneuraminic acid (closely resembling the sugar moiety) reduced prog-
eny virus production by half four hours post infection. Even more interestingly, when VP4 
was heterologously expressed in cells of Haloferax volcanii, it was also N-glycolysed, yet the 
pentasaccharide added was not the same as when virus was propagated in Halorubrum cells. 
Instead, the pentasaccharide added was the same as is N-linked to the S-layer glycoprotein 
in this species. This demonstrated that the N-glycosylation of the haloarchaeal viral protein 
involved in cell surface recognition is host-specific (Kandiba et al., 2012).

In addition, the first part of genomic island 4 in HBSQ001 genome is marked by three 
glycoprotein-coding genes HQ3457, HQ3468 and HQ3469 that were paralogous (average 
nucleotide similarity ca. 40%) to HQ1197, HQ1196 and HQ1195 in genomic island 1. 
Given that these genes had no homologues among metagenomic sequences and that both 
regions are equidistant from the origin of replication, it was assumed that the variability of 
these paralogues is caused by intragenomic recombination. However no evidence of such 
events has been found in silico. To this date, we have little knowledge about this region in 
other lineages of Haloquadratum walsbyi. In strain C23, metagenomic island 4 contains genes 
related to nutrient transport. Unfortunately, besides the sequence of fosmid eHwalsbyi033 
whose parts were syntenic to different regions of metagenomic island 4 in HBSQ001, none 
of the environmental fosmid sequences were found to overlap this particular region.

Variability at the level of cellular envelope: metagenomic island 1
Metagenomic island 1 was atypical in that its average GC-content was similar to that of the 
species genome and that it did not contain IS elements or putative phage genes. Metagen-
omic and cultivation efforts yielded three different versions of this island (Fig. 1.4a). In 
addition to genomic islands of strains HBSQ001 (Cuadros-Orellana et al., 2007) and C23 
(Dyall-Smith et al., 2011), an environmental fosmid sequence corresponded to metagen-
omic island 1 of an uncultivated lineage of Haloquadratum walsbyi (Cuadros-Orellana et 
al., 2007). Common to versions of metagenomic island 1 were numerous genes that code 
for cellular envelope components and that were annotated as cell surface glycoproteins. 
This fact is not surprising in itself since both sequenced Haloquadratum walsbyi strains 
contain 12 such genes (Bolhuis et al., 2006; Dyall-Smith et al., 2011). This has been con-
sidered a consequence of complex architecture associated with square cell morphology 
(Walsby, 2005). The recovered versions of metagenomic island 1 shared another striking 
feature, the presence of a gene that could be affiliated with a protein which forms the cel-
lular wall of halophilic and other Archaea. This protein, known as the S-layer, is composed 
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of oligomeric units that are anchored in the plasma membrane and which maintain the 
majority of S-layer above the membrane surface (Baumeister et al., 1989, 1992). ORFs can 
be affiliated with the S-layer based on several features that are common to this group of 
proteins: (i) the high sequence identity that is in some species limited to the N-terminal 
region, which is responsible for subunit binding to the cellular envelope (Sleytr et al., 
1999); (ii) the variable middle and (iii) C-terminal protein parts that comprise domains 
involved in the self-assembly process, domains exposed inside the pores and on the sur-
face of the S-layer. Furthermore, the S-layer proteins are heavily glycosylated (Mescher et 
al., 1976; Sleytr et al., 1976). While O-glycosylation sites are confined to the C-terminal 

Figure 1.4 Comparative genomic organization of (a) metagenomic island 1 in strains 
HBSQ001, C23 and fosmid eHwalsbyi 599, (b) viral fosmids with Haloquadratum walsbyi as 
putative host. Conserved genomic regions are indicated by shading with intensity as a function 
of sequence similarity by BLASTN. (c) conserved modules in viral fosmids using eHP-E5 as a 
model. (Adapted from Cuadros-Orellana et al., 2007; Garcia-Heredia et al., 2012).

a

b
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protein region, the N-glycosylation sites are scattered throughout the sequence. In addi-
tion, these proteins are rich in acidic amino acid residues that help retain them soluble in 
high-salt conditions (Fukuchi et al., 2003). Remarkably, in both genomes, the above crite-
ria was met solely by orthologous genes located within metagenomic island 1- HQ1207A 
in HBSQ001 (988 aa) and Hqrw_1237 in C23 (822 aa) (Cuadros-Orellana et al., 2007; 
Dyall-Smith et al., 2011). The only other putative S-layer orthologues pair that shared 
about 40% sequence identity to the C-terminal residues of known S-layer proteins, was 
only about ¼ of length expected for such proteins (HQ1346 in HBSQ001, 220 aa; and 
Hqrw_1408 in C23, 222 aa; Dyall-Smith et al., 2011). The above in silico-based assump-
tions were experimentally confirmed as the products of C23’s ORF Hqrw_1237 and 
HBSQ001’s ORF HQ1207A were identified as the major outer envelope proteins (Dyall-
Smith et al., 2011).

Such variability at the level of cellular envelope is considered responsible for the 
morphological differences between the cell walls of HBSQ001 (three-layered) and C23 
(two-layered) (Burns et al., 2007). It should also be mentioned that the S-layer is likely not 
the only cell wall component in Haloquadratum walsbyi. In the C23 strain three other pro-
teins that correspond to ORFs Hqrw_1240, Hqrw_1641 and Hqrw_2184, were identified 
in the membrane fraction and their function remains unknown (Dyall-Smith et al., 2011). 
Although the structure of the cell wall in HBSQ001 was not examined in that much detail, 
the cells of this strain were found to contain an additional cell layer, an external capsule 
probably formed by this strain’s giant protein halomucin (Sublimi-Saponetti et al., 2011). 
Thus, additional genes, some of which might as well be present in metagenomic island 1, 
might contribute to the formation of a functional cell wall.

Specific functional categories are highly overrepresented in 
metagenomic islands of marine microbes
The question that arose next regarded the extent to which above observations on the 
metagenomic islands of Haloquadratum walsbyi could be extended to other aquatic 
microbes. Indeed, the metagenomic islands of Salinibacter ruber were highly similar in gene 
content to those of Haloquadratum walsbyi (Pašić et al., 2009). Then, metagenomic islands 
larger than 10 kb in all sequenced marine bacterial species were systematically compared to 
marine metagenomes. This study revealed that all species studied had metagenomic islands 
which contained genes whose products are exposed extracellularly. Specifically, these most 
often corresponded to the O-chain of the lipopolysaccharide, a cellular component often 
recognized by viruses (Sharma et al., 2008). Also found in metagenomic islands were genes 
that code for exopolysaccharide biosynthesis, genes involved in modifications of extracel-
lular structures such as pilli and flagellar components and genes involved in transport of 
nutrients and environmental sensing (Rodríguez-Valera et al., 2009). From this analysis it 
appears that in marine microbes the phage-interacting genes, nutrient transport genes and 
environmental-sensing genes are highly divergent and specific to individual clonal lineages.

On the origin of (meta)genomic islands in Haloquadratum walsbyi
The available hypotheses that try to explain the origin of (meta)genomic islands are all 
based on data obtained through the comparisons of available genomes. Besides the origi-
nal description of metagenomic islands in Haloquadratum walsbyi (Cuadros-Orellana et 
al., 2007), only one other study tackled this issue and reported meticulous comparison of 
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the two available Haloquadratum walsbyi genomes (Dyall-Smith et al., 2011). Below, we 
summarize their findings on the origin of the four genomic islands that are observed in 
comparative genomic and genomic recruitment studies.

The origin of metagenomic island 1 remains unclear. Early on it was proposed that its var-
iation is caused by intragenomic recombination with metagenomic island 4, as both regions 
are equidistant from the origin of replication (Cuadros-Orellana et al., 2007). However, this 
could not be supported in silico. Besides, in C23, this region shared no similarity with the 
rest of the genome and it was proposed that it diverged as a result of deletion-coupled inser-
tion which resulted in what has been described as divergent genes in a conserved syntenic 
context (Cuadros-Orellana et al., 2007; Dyall-Smith et al., 2011). Metagenomic islands 2 
and 4 had low coding density, were rich in transposases, putative phage-related genes and 
pseudogenes. In both genomes, these regions coincided with the deviation from average 
GC-content and differed dramatically in gene content. Metagenomic island 2 is considered 
to have developed as a result of a repeat-mediated deletion, which has eliminated just over 
16 kb from the HBSQ001 genome (Dyall-Smith et al., 2011). There is a particular direct 
repeat, ACATCAATTCT, that is present at the ends of the undeleted region in C23 genome 
and at the border of deletion in HBSQ001 genome. Besides, this metagenomic island’s 
high GC-content (up to 57% in certain subregions) coincided with the presence of 14 
pseudogenes, three functional IS1341 transposases, a probable phage integrase and several 
helicases that appeared to be phage related. In contrast, metagenomic island 4 likely evolved 
through a series of deletion-coupled insertions. Two such events, involving regions of 
33.6 kb and 105 kb, were described in the HBSQ001 genome as well as a 15.3-kb insertion 
in the corresponding region of the C23 genome (Dyall-Smith et al., 2011). Finally, some 
metagenomic islands simply reflect integration of prophages or plasmids as is the case with 
Haloquadratum walsbyi metagenomic island 3.

Interactions between Haloquadratum walsbyi and other 
species in the crystallizer pond

Synergistic interactions of Haloquadratum walsbyi and Salinibacter 
ruber
The ecological success of Haloquadratum walsbyi is likely to depend at least to some extent 
on its interactions with co-existing species. Synergistic interactions are not uncommon in 
bacteria and were previously observed in marine consortia of methane-oxidizing Archaea 
and sulfate-reducing bacteria (Boetius et al., 2000; Caldwell et al., 2008; Knittel and Boetius, 
2009) and consortia in biofilms forming in acidic mine drainage (Tyson et al., 2004). Typi-
cally, in such interaction one microbial partner consumes metabolites produced by the other 
partner. A number of studies aimed to investigate the possibility and the nature of putative 
association between Haloquadratum walsbyi and the second most abundant microbe in the 
crystallizer – the hyperhalophilic bacterium Salinibacter ruber. Both these microbes are het-
erotrophs and depend on nutrients produced at lower salinities, the most abundant being 
glycerol that is produced by blooms of Dunaliella algae. Experimental evidence pointed 
that glycerol is readily taken and rapidly turned over in the crystallizer (Oren, 2010), and 
together with its catabolism products dihydroxyacetone and pyruvate, glycerol was found to 
stimulate respiration of crystallizer community (Warketin et al., 2009).
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In sharp contrast, a microautoradiography and fluorescence in situ hybridization (FISH-
MAR) study failed to identify glycerol as organic substrate readily used by Salinibacter ruber 
in its native environment (Rosselló-Mora et al., 2003). Likewise, no growth enhancement 
was observed in pure cultures of Salinibacter ruber and Haloquadratum walsbyi when glyc-
erol was used as a sole energy and carbon source (Antón et al., 2002; Burns et al., 2007). 
However, the uptake of glycerol could be induced if Salinibacter ruber cells were propagated 
in complex media with added glycerol (Sher et al., 2004). This way, up to 25% of added 
glycerol was incorporated into biomass and respired, but also incompletely oxidized and 
excreted as dihydroxyacetone (Elevi Bardavid and Oren, 2008). Bolhuis et al. (2006) 
found genomic evidence that, unlike glycerol, this intermediate could be taken up by cells 
of Haloquadratum walsbyi. The square archaeon was found to possess a unique dihydroxy-
acetone transport system in which dihydroxyacetone is translocated over the membrane 
via facilitated diffusion and converted to dihydroxyacetonephosphate using a cytosolic 
phosphoenolpyruvate-dependent phosphotransferase system (Bolhuis et al., 2006). Elevi 
Bardavid and Oren (2008) pursued this issue further and provided experimental evidence 
on dependence of Haloquadratum walsbyi on Salinibacter ruber for the supply of dihy-
droxyacetone. Although beneficial to both partners, this syntrophic-like relationship is not 
obligatory. Thus, it likely does not contribute to the relative abundance of taxa in the crystal-
lizer but it could play an important role in the maintenance of crystallizer consortia and 
needs to be understood in more detail.

Metagenomic description of viruses that prey on Haloquadratum 
walsbyi
In the absence of grazing, dense populations of crystallizer microbes deal mainly with viral 
pressure. Viruses have a profound influence on prokaryotic populations (Angly, 2006). In 
the short term, viral induced lysis of a bacterial population will affect the flow of carbon and 
nutrients through different compartments of the food web (Weinbauer and Rassoulzade-
gan, 2004; Suttle, 2007). In the long term, the virus-mediated transfer of genetic material 
between host organisms can influence the evolution of the host population.

Viruses are often neglected in ecological studies, mainly because they are not readily 
visualized and isolated. Similar to other aquatic environments, in crystallizers the numbers 
of viral-like particles can surpass cell numbers by two orders of magnitude and reach 109 
viral-like particles per ml (Guixa-Boixareu et al., 1996). Under the microscope, four dis-
tinct viral morphologies, head and tail, round, spindle and pleomorphic, were repeatedly 
observed, with spindle-shaped particles being the most common morphotype in Bras del 
Port, and other hypersaline environments studied (Guixa-Boixerau et al., 1996; Oren, 1997, 
Santos et al., 2010). To date, about 100 halophilic viruses have been isolated in pure culture 
(Atanasova et al., 2012; Senčilo et al., 2013); they infect members of the haloarchaeal genera 
Halobacterium, Halorubrum, Haloarcula, Haloferax, Natrialba and Natrinema (Dyall-Smith 
et al., 2003; Mei et al., 2007; Pagaling et al., 2007; Pietilä et al., 2009; Atanasova et al., 2012). 
Nearly all isolated halophilic viruses have been shown to have a double-stranded (dsDNA) 
and genomes in size range from 12 kb to 77 kb (Prangishvili et al., 2006; www.haloarchaea.
com). The one exception we are aware of is the ssDNA genome of HRPV-1, which is 7 kb in 
size (Pietilä et al., 2009). The genomic sequences of halophilic viruses provided substantial 
novelty and were generally not similar to sequences in public databases. However, none of 
the isolated viruses infected either Haloquadratum walsbyi or Salinibacter ruber.
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Environmental virology is hampered by the lack of a single phylogenetic marker with 
a signal similar to that of a 16S rRNA, which is commonly used for Archaea and Bacteria. 
Díez et al. (2000) were first to develop a protocol that allowed them to fingerprint the viral 
community using pulsed-field gel electrophoresis (PFGE). Specifically, a protocol was des-
ignated to concentrate viral particles. These concentrates were then used for environmental 
DNA isolation and intact viral genomes were size-separated using PFGE. This analysis 
showed that in Bras del Port salterns metagenomic assemblages changed from low to high 
salinities with populations in genomic ranges from 25 to 300 kb, and revealed that only 
four to five viral subpopulations were present in the crystallizer (Díez et al., 2003; Sandaa 
et al., 2003). Santos et al. (2007) took this type of analysis one step further. This time the 
fraction containing viruses was concentrated and mixed with low-melting agarose. These 
agarose plugs were treated to remove non-viral DNA and capsid proteins, and viral genomes 
were separated using PFGE. This way the PFGE analysis of samples taken from the CR30 
pond showed a dominant band of around 37 kb. This individual band was excised from the 
gel, cloned into a fosmid vector and sequenced. This sequence became the first genomic 
sequence of an environmental halophage (Santos et al., 2007). The sequenced genome was 
35 kb in size and had a GC-content of 51%. It contained 40 predicted ORFs, among which 
were genes that putatively code for proteins involved in DNA replication, normally found in 
lytic viruses. However, the putative host to this environmental virus could not be inferred.

Viruses are known to exhibit genomic signatures that (with exceptions) mimic those of 
their primary hosts (Sharp and Li, 1987; Carbone, 2003). For example, unless the virus 
carries its own tRNA genes, it usually requires host translational mechanisms (Limor-
Waisberg et al., 2011). Thus, optimal expression of viral genes occurs when the usage of 
codons in viruses match that of a host (Cardinale and Duffy, 2011). Furthermore, viruses 
display unique and distinct patterns of nucleotide usage both at the dinucleotide and the 
tetranucleotide level (Burge et al., 1992; Pride et al., 2003), except in regions hypothesized 
to be acquired through lateral gene transfer (Karlin, 2001). Again, nucleotide usage patterns 
of viruses and their hosts are frequently similar, which is likely a consequence of their co-
evolution (Pride et al., 2006). A study on environmental halophilic viruses took advantage 
of genomic signatures described above (Santos et al., 2010). Here, the viral concentrates 
preserved in agarose plugs were used to extract environmental DNA and prepare fosmid 
libraries and yielded 1.35 Mbp of sequenced environmental fosmid DNA. Like in previous 
studies, viral sequences revealed substantial novelty as most ORFs coded for hypothetical 
proteins (75.3–87.5%) and only a small fraction of ORFs could be associated with known 
viral genes. However, when individual fosmid sequences were binned into groups based on 
dinucleotide frequency and GC-content, five groups termed HVS-1 through HVS-5 were 
observed. Viral genomes of cluster HVS-4 shared dinucleotide frequency and GC-content 
with the genome of Haloquadratum walsbyi and according to this grouping schema those 
authors suggested that this cluster would include viruses that infect lineages of Haloquadra-
tum walsbyi (Santos et al., 2010).

A further insight into this particular group of viruses was recently obtained by Garcia-
Heredia et al. (2012), who cloned and subsequently sequenced 42 viral fosmids originating 
from CR30 (ca. 1.2 Mb). The sequenced inserts were in size (20.–43.6 kb) and GC-content 
range (43.9–60.8%) characteristic for complete viral dsDNA genomes of hypersaline 
origin. Based on sequence similarity (≥75% over 3000 bp), frequency of tetranucleotides 
and codon usage the majority of fosmids (14) was found to correspond to viruses that prey 
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on Haloquadratum walsbyi (Fig. 1.4b). The environmental fosmids showed several genomic 
hallmarks of head-tail viruses belonging to the Caudoviridae. Their genes were organized 
in three separate modules that correspond to DNA packaging, structural components and 
DNA replication module (Krupovic et al., 2010). On the level of individual genes, the fosmid 
inserts showed the presence of a gene coding for a terminase large subunit (TerL), together 
with a small protein that corresponded to a small terminase subunit (TerS). Likewise, the 
capsid genes shared similarities with capsid genes of head-tail phages. Besides, the environ-
mental fosmids contained putative portal proteins that are essential for development and 
infection of tailed viruses (Krupovic et al., 2010).

The synteny of fosmids was largely undisrupted although some regions were rearranged 
in a way reminiscent of the circularly permuted gene order seen in some phages that replicate 
by the rolling circle mechanism (Bath et al., 2006). The environmental fosmids displayed 
high level of mosaic diversity in local populations. This was evident as nearly identical 
sequences were followed by sequences that are unique to each genome (Fig. 1.4b).

However, the group of genes which is of utmost importance for the purpose of this chap-
ter were located in variable regions just downstream from the capsid gene. These genes were 
underrepresented in metaviromes and corresponded to a viral ORF annotated as glucanase. 
Phage glucanases are involved in degradation of host cell wall either during virus entry or 
release (Xu et al., 2001; Cornelissen et al., 2011) and could act either on glycoproteins of 
haloarchaeal S-layer or on expolysaccharides present in cell envelopes. Similar to genomic 
island genes involved in cell surface decoration, these genes could be specific to individual 
phage lineages. In this case, the high diversity achieved through this approach would be 
essential to recognize the diversity of cell envelope polysaccharides of the putative host.

We also know something about the expression of viral genes under different conditions in 
CR30. Santos et al. (2011) addressed this important question and quantified the expression 
of viral genes using microarrays containing clones from previously characterized metavi-
rome. The level of expression of genes associated with putative viruses of Haloquadratum 
walsbyi was not the highest detected. Instead, viral groups with the highest expression levels 
were those related to high GC-content haloarchaea and Salinibacter ruber that are minor 
components in the environment. Under UV and osmotic stress the gene expression in some 
viral groups increased and the number of viruses that were found in the sample changed. 
This type of strong response was highest in contigs that were associated with Archaea, in 
particular with Haloquadratum walsbyi. This was not unexpected since UV radiation inac-
tivates viruses, and reduced salinity makes archaeal cells unstable, which stimulates viruses 
to reproduce and quickly exit cells (Dyall-Smith et al., 2003; Santos et al., 2011). Putative 
archaeal viruses showed more activity under stress leading to the drop in numbers of their 
hosts. However, neither of these factors affected the population structure at the species level 
at the level of resolution provided by the analysis of DGGE patterns (Santos et al., 2011).

Viral sequences point towards global distribution of Haloquadratum 
walsbyi lineages
Although the methodologies used above to infer the phylogeny among environmen-
tal viruses are well-suited, they can be failable if used as sole merits to affiliate viruses to 
their putative hosts. An example from hypersaline environments are viruses His1 and 
His2 that prey on Haloarcula hispanica and differ significantly in GC-content (Bath et al., 
2006). Alternatively, environmental virus sequences can be matched to their putative hosts 
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through analysis of virus-derived sequences present in host genomes. A typical example are 
the CRISPR/Cas systems (Clustered Regularly Interspaced Short Palindromic Repeats/
CRISPR associated) that consist of short direct repeats (23–47 bp) that are separated by 
spacer sequences of variable length. The spacer sequences frequently match sequences 
found in phages (i.e. protospacers) and are considered to be copied or transferred to host 
genome during an unsuccessful phage attack. While their presence in a host genome is an 
indication that the strain has been a host of the infectious element, their presence in an 
environmental sequence can be used to assign hosts to putative viruses.

The two sequenced genomes of Haloquadratum walsbyi differ in CRISPR/Cas systems 
– the genome of HBSQ001 contains remnants of the CRISPR/Cas subtype I-B and the 
genome of strain C23 contains two CRISPR/Cas systems, that belong to the subtypes 
I-D and I-B, respectively. Interestingly, although the strains originate from geographically 
widely separated locations, the spacer sequences of HBSQ001 were present in genome of 
C23 and matched Cas genes and a predicted endonuclease and vice versa, one C23 spacer 
was an exact match to a sequence within a HBSQ001 ORF gene (Dyall-Smith et al., 2011). 
Likewise, 12 spacers of Australian C23 strain were either highly similar or completely 
identical to environmental viral sequences recovered from the CR30 crystallizer in Spain 
(Santos et al., 2010). This suggested not only that the environmental sequences belonged to 
Haloquadratum-specific viruses, but also that the viruses inhabiting Spanish and Australian 
salterns are highly related, indicative of their global distribution.

The metagenomic insight into predator–prey interplay in 
aquatic environments
Metagenomics proved to be a useful tool and contributed significantly to our understanding 
of ecology of the CR30 crystallizer pond. We now know that this simple system is domi-
nated by clonal lineages of a single species, i.e. Haloquadratum walsbyi, whose cells amount 
to 50–80% of cells in the crystallizer (Antón et al., 2002; Ghai et al., 2011). We know that 
this species has a large pan-genome (Legault et al., 2006) and that the individual clonal 
lineages differ mainly in genes that are involved in nutrient uptake and genes that code 
for components of cellular envelope that include S-layer (Cuadros-Orellana et al., 2007). 
This amount of intraspecies genetic diversity is highly unexpected in asexual populations. 
It seems likely that rather than just being accumulated junk, this DNA is important to the 
environmental adaptation of different lineages. In the absence of grazing, the cells of Halo-
quadratum walsbyi deal mainly with viral pressure (Guixa-Boixerau et al., 1995). However, 
it remained undetermined to what extent if any, the observed diversity reflects the adapta-
tion of these cells to their predators. It is evident from other ecosystems that the viruses are 
major players that exert a profound influence on host population size and the ecosystem 
food web dynamics (Wren et al., 2006; Suttle, 2007). The viruses alter the behaviour and 
reduce the fitness of host populations and induce mortality rates comparable to those of 
grazing (Suttle, 1994; Fuhrman and Noble, 1995). However, the fine mechanisms of virus–
host interplay and their role in host evolution remain to be fully understood.

It has been proposed that natural populations of bacterial species are composed of 
distinctive lineages that arise by ‘Periodic selection’ (Atwood, 1951). This process of diver-
sification is selectively neutral. Periodically, the selection that favours an adaptive mutation 
leads to a sweep that eliminates nearly all the diversity within natural population. On the 
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other hand, in marine environments, where nutrients are not the limiting resource (Wilcox 
and Fuhrman, 1994; Sano et al., 2004), the relative abundance of host cells is controlled 
by predating viruses. They prevent the best bacterial competitors from building up a high 
biomass in a ‘Kill-the-winner’ fashion (Thingstad, 2000). More specifically, predator–prey 
pairs are thought to oscillate in time in a periodic out-of-phase motion in which the bloom 
of a host is followed by that of its predating virus (Thingstad and Lignell, 1997; Thingstad, 
2000). This way, the populations of predator and prey evolve in time according to a pair 
of first-order, non-linear, differential equations known as equations of Lotka–Volterra 
(Hofbauer and Sigmund, 1992). Accordingly, viral dynamics closely tracked that of a host 
in experimental microbial systems (chemostats) with a limited number of predator–prey 
pairs (Bull et al., 2006). In such systems, the intragenomic microbial diversity is expected 
to be low and the entire population is expected to be dominated by a single clonal lineage. 
This proved to be the case and besides, the host populations appeared to experience rapid 
evolution as the resistance to predating virus arose in as little as seven days following their 
introduction (Lennon and Martiny, 2008). Based on previous adsorption kinetic assays 
with Synechococcus WH7803 and its virus, these authors hypothesized that viral resistance 
most likely arose from the loss or modification of cell surface receptors used for viral attach-
ment (Stoddard et al., 2007; Lennon and Martiny, 2008), a phenomenon similar to what 
was observed in genome recruitment studies (see above).

Analysis of metagenomic data from a study of marine viruses suggested that the ‘Kill 
the winner’ dynamics should be modified to encompass the hypothesis of neutral evolu-
tion. This was achieved by applying power law distribution to Lotka–Volterra equations 
(Hoffmann et al., 2007). From the biological point of view, this modification assumes that 
in a marine system all predator–prey pairs follow identical ‘Kill the winner’ dynamics, but 
bloom at independent times. Thus, in a typical virus–host interaction, the number of host 
cells remains low for extended periods of time. Any increase in abundance of a particular 
host is followed by blooms of its predating virus. It also predicts that upon the bloom, the 
viral populations experience an abundance decrease which is initially rapid and decreases in 
time, thus resulting in long-term population viability (Hoffmann et al., 2007). The modified 
‘Kill the winner’ dynamics was experimentally tested in 29 viral and prokaryotic metagen-
omes that were obtained from freshwater and San Diego saltern samples (California, USA) 
(Rodríguez-Brito et al., 2010). The four environments tested included a crystallizer pond 
and were sampled at irregular intervals ranging from days to over a year. The dynamics of 
predator–prey interaction was investigated at taxonomic levels of species and at a level of 
viral genotype/microbial strain (Rodríguez-Brito et al., 2010). The microbial community 
composition and its metabolic potential remained stable throughout the time series. The 
changes in relative abundance of taxa were restricted to relatively less abundant taxa or taxa 
considered to be transient. Thus, at the species level, the dynamics of virus–host interplay 
failed to follow ‘Periodic selection’ model as no perturbations of dominant species were 
observed throughout the time-series. In these terms, the community response was similar 
to that observed in the CR30 crystallizer pond upon UV or salinity stress (Santos et al., 
2010). However, this temporal stability of microbial communities failed to persist below 
the species level. Here again, a significant amount of intraspecies diversity was observed, 
indicating that the population of dominant species and its predator is likely composed of 
several co-existing lineages. The time-dependent shuffling of the most successful lineage was 
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observed in all environments and even in samples collected just one day apart. However, 
even at this fine-grained level, the dominant microbial taxa were not periodically reduced in 
numbers as it is assumed by ‘Periodic selection’ model. Instead, an increase in abundance of 
individual microbial strain was met by increased viral predation and the subsequent decline 
in host abundance was quickly followed by a decline of that particular viral genotype. Thus, 
it appeared that the power law modification of ‘Kill-the-winner’ dynamics operates at the 
level of individual microbial clonal lineages/viral genotypes but not at the level of microbial 
species.

The ‘Constant diversity’ dynamics model
To encompass the phenomenon of intraspecies diversity observed through metagenom-
ics in hypersaline and aquatic environments and the absence of ‘Periodic selection’ at this 
taxonomic level, the ‘Constant diversity’ model of population dynamics was introduced 
(Rodríguez-Valera et al., 2009). The ‘Constant diversity’ model is based on ‘Kill the winner’ 
dynamics and it assumes that the metabolically superior clonal lineages will be selected 
against by predating viruses in density-dependent fashion. However, under this model, the 
viral population guards prokaryotic intraspecies diversity and sudden drops in cell numbers 
are not observed. In a nutshell, while ‘Periodic selection’ predicts that the intragenomic 
variability is driven by niche exploitation, ‘Constant diversity’ assumes that it is driven by 
phage-host interplay. In more detail, ‘Constant diversity’ is considered to occur in those 
aquatic ecosystems in which bacterial populations compete with each other and predating 
viruses have a similar chance of infecting any cell within the community. In such systems, 
a large diversity of clonal lineages that differ in viral susceptibility is a prerequisite to avoid 
losses in cell numbers imposed by viral lysis. As indicated by metagenomics, the concurrent 
clonal lineages differ in genome stretches (metagenomic islands) that code for a number of 
extracellular components recognized by predating viruses as well as in genes responsible for 
exploitation of available nutrients. Under the ‘Periodic selection’ model, the appearance of a 
mutant or recombinant that is ecologically superior to its peers will lead to its expansion and 
eventual domination over ecologically less successful lineages. ‘Constant diversity’ differs 
from this model in that it predicts that this situation can occur only transiently. Any increase 
in numbers of cells corresponding to the ecologically superior lineage will be met by an 
increase in numbers of viruses that target its cell-surface receptor. This way, the invasive 
lineage will be selected against and eventually replaced by original ‘normal fitness’ line-
ages. Therefore, under this model of population dynamics, the high level of clonal lineage 
diversity is constantly maintained and results in a large pan-genome within the bacterial 
population, as indicated by metagenomic data and mathematical modelling (Rodríguez-
Valera et al., 2009).

The ‘Constant diversity’ model has another important consequence. Given that the 
ecological success of individual lineages is influenced by their ability to efficiently exploit 
available nutrients, the co-existing lineages are expected to differ in this respect. Therefore, 
the ensemble of lineages that individually differ in transporter genes could exploit all avail-
able nutrients. This way the ‘Constant diversity’ population dynamics not only preserves 
intraspecies diversity but also leads towards a more efficient exploitation of niche resources 
and better ecosystem functioning as illustrated in Fig. 1.5. Finally, the two models of bacterial 
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population dynamics are not mutually exclusive and each is considered to prevail under 
certain environmental conditions. The influence of phage predation on bacterial diversity 
requires that bacterial populations interact with each other. Thus, ‘Constant diversity’ is not 
expected to occur in physically constrained environments such as biofilms. Likewise, patho-
gens are likely to follow ‘Periodic selection’ unless they become very numerous or persist 
for a long time.

Evidence for each of the two alternatives can be found in natural populations of bac-
teria. For example, if a bacterial population follows ‘Periodic selection’, the number of 
co-existing lineages found in a population would be small. Besides, a single dominant line-
age would be observed and this dominant lineage will eventually be replaced by another at 
different time and/or space points. Adversely, under ‘Constant diversity’ many clonal line-
ages will co-exist at each time and space point and the very same lineages will be retrieved 
in each sampling effort. Very recently, attempts to discern between these two alternatives 
through analysis of metagenomic datasets was submitted for consideration (Gonzaga 
et al., 2012; López-Pérez et al., 2013; Martín-Cuadrado et al., unpublished). These stud-
ies concentrated on two environments and model organisms, the marine environment 
and Alteromonas macleodii and hypersaline crystallizer brine and Haloquadratum walsbyi. 
The hypersaline aquatic model is considered particularly well-suited for this type of study 
for a number of reasons: the crystallizer is a fairly stable environment which experiences 
only low-amplitude fluctuations in environmental parameters, it is endowed with low 
microbial diversity and it supports high densities of Haloquadratum walsbyi cells. Today, a 
wealth of data is available from this particular habitat: two large metagenomes sequenced 
using 454 and Illumina technologies and obtained from the CR30 crystallizer in winter 
2007 and summer 2008. The two datasets originate from the same location but differ-
ent water bodies, as the salterns are emptied between two salt-harvesting season. A third 

Figure 1.5 Population dynamics under constant-diversity dynamics. Clonal lineages that co-
exist in a natural population exploit different niche resources (geometric symbols) and differ 
in the set of receptors (R1–R5) to viruses (P1–P5) that they carry. The major viral receptor is 
lineage specific. An increase in fitness gained by a lineage would unsettle the predator-prey 
equilibrium and select against the invasive clone which is eventually replaced by the original 
‘normal fitness’ lineages (adapted from Rodríguez-Valera et al., 2009).
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metagenome used in this study was obtained from nearby saltern of Torrevieja, built in a 
natural hypersaline lagoon that is never replenished and thus originates from a constant 
water body.

Analysis of the metagenomic datasets showed that Haloquadratum walsbyi represented 
64% of the cells (Ghia et al., 2011). If the CR30 Haloquadratum walsbyi population is to 
follow ‘Periodic selection’, then the number of co-existing lineages will be low and it will be 
possible to reconstruct large portions of the genome from environmental DNA. 

The second model organism, Alteromonas macleodii, follows quite a different lifestyle. 
Compared with Haloquadratum walsbyi, which is a slow-growing K strategist, Alteromonas 
macleodii is an r strategist whose populations experience rapid growth (and subsequent 
decay) in nutrient rich temperate marine waters, often near or on particulate material. Four 
Alteromonas macleodii genomes, originating from the same location in the deep Mediter-
ranean, have been sequenced and compared to a fosmid library originating from the same 
environment (Gonzaga et al., 2012). This analysis indicated that the genomes were well-
represented in the environment, and even metagenomic islands were preserved in the 
metagenomic dataset. Out of 160 fosmid inserts sequenced, two additional inserts corre-
sponded to the O-chain polysaccharide metagenomic island and indicated that at least two 
clonal lineages of Alteromonas macleodii were present in metagenomic libraries. This data 
indicated that a limited number of Alteromonas macleodii clonal lineages was present in this 
environment (Gonzaga et al., 2012) yet no dominant lineage was observed. 

The question that arose next regarded the preservation of clonal lineages in space and 
time and whether it could be observed in metagenomic datasets. In the case of Alteromonas 
macleodii strains, AltDE and AltDE1 were recovered in a dataset originating from a different 
location in the Eastern Mediterranean (López-Pérez et al., 2013).

Conclusion
Extensive metagenomic surveys on natural populations of Haloquadratum walsbyi in the 
CR30 crystallizer of the Santa Pola saltern led to a number of conclusions. It is now clear 
that this organism lives in polyclonal populations in which individual clonal lineages differ 
by less than 5% in their core genome sequence. The variable genomic content of this species 
is concentrated in regions we call metagenomic islands. The gene content of these regions 
is not random and is in fact preserved in different aquatic species. In natural populations 
of Haloquadratum walsbyi, metagenomic islands code for genes whose products transport 
different nutrients and genes whose products are exposed on the cellular surface and could 
be recognized by predatory viruses. The predator–prey interaction in crystallizer follows 
the ‘Constant diversity’ model of dynamics in which a bacterial species is characterized 
by a large pan-genome (i.e. numerous clonal lineages) that is preserved in space and time 
as a consequence of viral predation. Although the cell-surface targets populations and the 
exact mechanisms of viral infection of Haloquadratum walsbyi cells are only beginning to be 
revealed, metagenomic data indicates that similar to host populations, viral assemblages are 
also composed of individual subpopulations of genetically almost identical viruses, likely 
specific to individual lineages. This might be a universal feature of marine ecosystems as 
‘Constant diversity’-like dynamics and variability at the genomic level were recently reported 
in marine Cyanobacteria and their viruses (Marston et al., 2012; Avrani et al., 2012). The 
above studies yielded another important aspect that should be addressed in more detail 
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– the existence of global clones beyond clinical settings. In these terms it would be interest-
ing to gain insight into the evolution of different clonal lineages of this species. The versatile 
metagenomic studies outlined above demonstrate that this approach can yield answers that 
rise above a census and metabolic potential of microbial community studied.
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Abstract
Salinibacter ruber is an extremely halophilic bacterium of the Bacteroidetes phylum that 
thrives in hypersaline environments. This bacterium shares the environment, as well as 
many phenotypic traits, with extremely halophilic Archaea. The study of the wide collec-
tion of strains of S. ruber isolated from around the world has shown that the species is very 
homogeneous from a phylogenetic point of view although it shows a very wide genomic 
microdiversity. In this chapter, we provide stat-of-the art data on abundance, distribution, 
metabolomic and genomic microdiversity of S. ruber and discuss the contribution of recom-
bination and lateral gene transfer to the shaping of this species.

Introduction
Salinibacter ruber was discovered serendipitously when trying to link molecular and micros-
copy data drawn from hypersaline environments. On one side, light and electron microscopy 
analysis of crystallizers indicated the conspicuous presence of Walsby’s square ‘bacteria’ 
while 16S rRNA gene clone libraries from these environments (Rodríguez-Valera et al., 
1999) repeatedly retrieved a sequence, then known as ‘Susana’s phylotype’ SPhT (Benlloch 
et al., 1995), that was only distantly related to the closest cultured haloarchaea. The obvi-
ous question arising from these two observations was whether the squares corresponded 
to SPhT, and the obvious way to answer it was by using fluorescence in situ hybridization 
(FISH) with SPhT-specific probes. Among the different FISH controls, Archaea and Bac-
teria specific probes were used. Unexpectedly, Bacteria probes hybridized with a relatively 
high number of rods present in the hypersaline samples. DGGE and 16S rRNA gene clone 
libraries unveiled the presence of two very close bacterial phylotypes (EHB-1 and EHB-2, 
from ‘Extremely Halophilic Bacteria’). Extremely halophilic bacteria corresponding to phy-
lotype EHB-1 were soon isolated from crystallizer water samples and led to the description 
of the species S. ruber. Shortly after the discovery of Salinibacter it became evident that it 
was widespread in hypersaline environments. Studies carried out during these years finally 
allowed the isolation of the square archaeon, named as Haloquadratum walsbyi, as well as 
considerable advances in the characterization of its genome and metagenome in different 
saline systems (Bolhuis et al., 2004; Burns et al., 2004, Cuadros Orellana et al., 2007; Dyall-
Smith et al., 2011; Legault et al., 2006). The description of crystallizers as ‘monospecific 
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cultures of Archaea’, that preceded the discovery of Salinibacter and Haloquadratum, was 
substituted by (a rather simplistic) description according to which crystallizer were domi-
nated by the square Archaea and Salinibacter ruber.

Abundance and distribution revisited
Although indeed Haloquadratum and Salinibacter are the dominant Archaea and Bacteria, 
respectively, in crystallizer ponds in many coastal solar salterns at some points of the year, 
there are relevant deviations to this pattern. The application of new techniques and the 
study of new hypersaline environments have allowed a more precise description of their 
microbiota (Antón et al., 2012). For instance, Haloquadratum is not always the clearly domi-
nant archaeon, such in the Maras salterns discussed below, or can even be outnumbered by 
Halorubrum spp. as in crystallizer ponds from some Adriatic salterns (Pašić et al., 2005). The 
Maras salterns (Maturrano et al., 2006a), located at 3500 m above sea level in the Peruvian 
Andes, also harbour a peculiar bacterial community, dominated by gammaproteobacteria 
now classified as Salicola marasensis (Maturrano et al., 2006b).

The microbiota of Turkish Tuz Lake, which harbours one of the highest proportions of 
Bacteria reported for close-to-saturation environments, also has some unique traits (Mutlu 
et al., 2008), mainly regarding the bacterial assemblage. While Haloquadratum phylotypes 
retrieved from the lake were very closely related to those repeatedly found in salterns around 
the world (Australia, Peruvian Andes and both sides of the Mediterranean), the Salinibacter 
assemblage was quite site specific. Indeed, only a small fraction of the sequences could be 
affiliated to S. ruber and a ‘Tuz Lake Salinibacter spp. group’ was found to be clearly different 
from the previously Salinibacter described phylotypes EHB-1 and EHB-2. In the Tunisian 
coastal solar salterns of Sfax (Baati et al., 2008, 2010, 2011; Boujelben et al., 2012) Bacte-
roidetes was also the most frequently retrieved bacterial group, but they included a high 
representation of new sequences not previously found in nature, of which many are distantly 
related to S. ruber.

The use of new approaches such as metagenomics and single cell isolation followed by 
amplification and sequencing of the individual genomes (i.e. SCG or single cell genomics) 
has also contributed to the knowledge of crystallizer microbiota, the discovery of the low 
GC content Nanohaloarchaea (Antón et al., 2012; Ghai et al., 2011; Narasingarao et al., 
2011) being an outstanding example. Very recently (Zhaxybayeva et al., 2013) SCG has 
been used to compare the microbiota of crystallizers from the South Bay Salt Works in 
Chula Vista in California (USA) and the Santa Pola salterns (the same CR30 where S. ruber 
was first detected in 1998). The authors concluded that although there was some overlap 
in community composition, such as the presence in both of Nanohaloarchaea, both com-
munities were significantly different. Most specifically, the bacterial assemblage in Chula 
Vista consisted of diverse Bacteroidetes and Proteobacteria while in Santa Pola the bacterial 
fraction consisted of the previously known Salinibacter lineages. The authors argued ‘that 
observed differences in community composition reflect restricted dispersal between sites, a 
likely mechanism for diversification of halophilic microorganisms’.

Thus, although there are hypersaline environments where Salinibacter and relatives 
have not been detected, during these last years many sequences affiliating with the phylum 
Bacteroidetes have been retrieved from hypersaline environments around the world, both 
thalassohaline and athalassohaline (for a review see Antón et al., 2008).
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Salinibacter and other Bacteroidetes seem to be thus the ‘bacterial masters’ although, 
so far, only a few extremely halophilic Bacteroidetes have been brought into pure culture: 
Salisaeta longa (Vaisman et al., 2009), S. ruber, and two new species of Salinibacter (S. luteus 
and S. iranicus) isolated from an Iranian salt lake (Makhdoumi-Kakhki et al., 2012). S. ruber 
and S. longa can be differentiated based on their morphology, 16S rRNA gene sequences and 
salt optimum needed for growth, among other characteristics. However, a 16S rRNA primer 
originally designed as specific for S. ruber (Antón et al., 2002) is no longer specific. Thus, 
there is an urgent need for re-designing specific probes for Salinibacter and Bacteroidetes in 
hypersaline environments.

In addition to the differences that can be found among different solar salterns, the 
microbiota of a given pond can undergo seasonal changes. This has been observed using 
a metagenomic approach in San Diego salterns (Rodríguez-Brito et al., 2010), that were 
analysed by taking samples at various time points separated by one day to more than one 
year. The authors found that most abundant microbial ‘species’ persisted over time but 
underwent changes in their relative abundances and a variation of their microdiversity.

Fig. 2.1 shows a summary of the presence/absence of different phylotypes related 
to Salinibacter and other Bacteroidetes in five ponds from a multipond solar saltern in 
Santa Pola (SE Spain), an environment that has been extensively studied during the years 
(Antón et al., 2000, 2005, 2012; Benlloch et al., 1996, 2001, 2002; Casamayor et al., 2002; 
Rodriguez-Valera et al., 1999; Oren and Rodriguez Valera, 2001; Peña et al., 2005, 2010). 
The data shown in Fig. 2.1 were obtained in the course of an annual study (Gomariz et al., 
submitted) that included the sampling of the ponds at nine different time points. The five 
ponds included three adjacent concentrators (CM1, CM2 and CCAB) of increasing salin-
ity through which the saline water was circulating to finally feed two different crystallizer 
ponds (CR30 and CR41), both fed with water from the same concentrator (CCAB). The 
microbiota was analysed by different 16S rRNA gene targeting techniques that unveiled 

Figure 2.1 Presence (1 in the vertical axis) or absence (0) of several Bacteroidetes phylotypes 
in five different ponds (CM1, CM2, CCAB, CR30, and CR41) of Santa Pola solar salterns at nine 
time points during year 2009. For every pond and sampling date, the corresponding salinity 
values (numbers above months labelling) expressed in% are indicated. Phylotypes related to 
Salinibacter ruber and to Salisaeta longa are labelled, respectively, as SR and SL. 
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the presence of nine different phylotypes belonging to the Bacteroidetes showing different 
levels of similarity to S. ruber or S. longa (labelled in Fig. 2.1 as SR and SL, respectively). SR1 
was the phylotype including a higher number of sequences and had a similarity above 99% 
with S. ruber (corresponding to the originally discovered EHB-1). The rest of SR phylotypes 
included less sequences and were only distantly related to S. ruber (always less than 93%) 
and in some cases matched very closely environmental clones form Tunisian salterns (Baati 
et al., 2010). Phylotypes SL1 and 2 had similarities of around 93% with S. longa.

As shown in Fig. 2.1, some of these phylotypes can be detected only at some time points, 
underscoring the relevance of temporal sampling. In addition, it is also noteworthy that two 
crystallizer ponds fed with the same water can harbour different Salinibacter assemblages 
as shown by phylotypes SR1 and SR7. Furthermore, phylotype fluctuation changes from 
pond to pond: while CM ponds underwent rather drastic changes, crystallizer CR30 was 
the most stable pond, which is worth mentioning considering that most studies on Santa 
Pola salterns were carried out with samples taken from this very pond (Antón et al., 2000, 
2002; Rodríguez-Valera et al., 1999; Santos et al., 2007, 2010, 2011, 2012). Multivariate 
analyses have shown that seasonal variations in the prokaryotic community harboured in 
the different pond ponds are correlated both with changes in the ionic composition of the 
water and environmental factors (Gomariz et al., submitted). Remarkably, crystallizer CR30 
was the pond in which S. ruber was first detected. At that time (summer 1998), only two 
bacterial phylotypes (EHB-1 and EHB-2) were detected in this pond by DGGE and 16S 
rRNA gene clone libraries, although our current data indicates a wider diversity.

Microdiversity and recombination
One of the most noticeable traits of S. ruber isolates is their homogeneity at the 16S rRNA 
gene level. Indeed, all the strains isolated so far belong to the phylotype EHB-1, most of 
them with very high similarities, often very close to 100%. However, genomic comparisons 
using pulsed-field gel electrophoresis (PFGE) have shown a relatively high genomic micro-
diversity, according to the high variability of their genomic restriction patterns (Peña et al., 
2005). Throughout the following discussion we must keep in mind that different PFGE 
restriction patterns do not always imply different gene content, since intra-chromosomic 
rearrangements could also alter the relative position among the restriction enzyme targets, 
thus affecting the corresponding restriction pattern.

New PFGE patterns are observed in every new round of S. ruber isolations from water 
samples while in no single instance have the patterns of the original strains (used for the 
species description) been retrieved again. Fig. 2.2 shows the PFGE patterns obtained for 
some of the strains included in Table 2.1 and the resulting dendrogram obtained from the 
data of presence/absence of PFGE bands in the different patterns (modified from Antón et 
al., 2013). Although all the genomes are resolved using the same electrophoretic conditions, 
which indicates their similarity, each strain has a distinct restriction pattern. This has always 
been the observed trend for S. ruber isolates, with the exception of some strains isolated 
from Peruvian salterns in which this bacterium is below FISH detection limit, and the PFGE 
of the isolates were identical (Antón et al., 2005). This intraspecific diversity has also been 
found when comparing S. ruber plasmid patterns (Peña et al., unpublished results).

Although the initial comparisons of PFGE patterns rendered some biogeographic cluster-
ing of the strains (Peña et al., 2005), this trend was lost when a larger collection of strains was 
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analysed. In addition, and contrary to observations for fluorescent pseudomonads (Cho and 
Tiedje, 2000), internal transcribed spacer (ITS) sequences were not suitable for studying 
biogeographical segregation due to their high sequence similarity (Peña et al., 2005). Thus, 
in order to investigate the biogeographical differences among S. ruber strains, a multilocus 
sequence analysis (MLSA) was undertaken (Rosselló-Mora et al., 2008). This approach had 
proven successful for thermophilic Archaea (Whitaker et al., 2003) and extremely halophilic 
Archaea of the genus Halorubrum (Papke et al., 2004; Papke and Gogarten, 2012). Ten strains 
(labelled with crosses in Table 2.1) were selected and for each of them the 16S rRNA gene 
plus seven additional housekeeping genes were sequenced. These seven housekeeping genes 
had been previously shown to be phylogenetically informative (Soria-Carrasco et al., 2007) 
and were: eno F (coding for an enolase), the gene coding for the ribosomal protein S5, gap 
(coding for glyceraldehyde-3-phosphate dehydrogenase), pyrG (coding for CTP synthase), 
rpsC (coding for ribosomal protein S3), tuf (coding for a translation elongation factor G), 
and glyA (coding for a serine hydroxymethyl transferase). The concatenated DNA stretch 
rendered an alignment of 7995 homologous sites. Phylogenetic analyses were performed 
by including and excluding indels, and 16S rRNA genes. Altogether, the reconstructions 
(Fig. 2.3A) did not show clear geographical segregation of the selected strains, in contrast to 
observations made with other extremophiles (Whitaker et al., 2003).

Figure 2.2 Similarity dendrogram (left) comparing the analysed Salinibacter ruber strains 
based on unweighted pair group method and arithmetric mean analysis of their XbaI genomic 
restriction products separated by pulsed-field gel electrophoresis (right).
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Phylogenetic trees for the ten strains were also reconstructed individually for each of the 
seven analysed genes (some examples are shown in Fig. 2.4). Such phylogenies turned out to 
be incongruent, which would be expected if recombination had occurred during the diver-
gence of the strains (Papke et al., 2004). To explore further the likelihood of recombination 
as a force driving the evolution of these S. ruber strains, a split decomposition was carried 
out (Huson, 2003). This method can be used to assess the support of the data for a strictly 
bifurcating tree (such as the one shown in Fig. 2.3A). When a split decomposition produces 
a network with many pairs of incompatible splits (in a split network, every edge is associated 
with a split of the taxa, with a number of parallel edges associated with each split) there is 
an indication that the dataset contains conflicting signals (that could be due to recombina-
tion). On the other hand, in the absence of these conflicting signals, the split-decomposition 
would produce a fairly resolved tree (Huson, 2003; Huson and Bryant, 2006). As shown in 
Fig. 2.3B, the analysis of the eight housekeeping genes in the ten analysed S. ruber strains 
produced a network rather than a clearly resolved tree, which, together with the incongru-
ent phylogenies derived from the individual genes, supports the role of recombination as 
driving force in the evolution of the species. Whether this force is driving diversification or 
homogenization remains an open question since these two different outcomes can derive 
from the action of recombination (Papke et al., 2007).

It has been suggested that recombination would be enhanced in extremophile environ-
ments, hypersaline and thermophilic, due to high-intensity UV light that would induce 
expression of the recombination machinery (Papke et al., 2007) and of type IV pili 
(Ajon et al., 2011). Two different approaches have been used to study recombination in 
extremophiles: whole genome comparison, such in the work with Sulfolobus islandicus 
(Cadillo-Quiroz et al., 2012) and multilocus strain analysis (MLSA) of a large collection 
of strains, such in Halorubrum species (Papke et al., 2004, 2007). The last, which share their 
habitat with Salinibacter, have shown such a high degree of homologous recombination that 
they would be close to panmixis (Papke et al., 2004, 2007).

In 2010 we undertook the genomic comparison of two very closely related S. ruber strains 

Figure 2.3 (A) Phylogenetic reconstruction based on a PHYML algorithm of a 7995 nucleotide 
alignment corresponding to eight housekeeping genes, including SSU rRNA. The bar indicates 
1% sequence divergence. From Rosselló-Mora et al. (2008). (B) Split decomposition of the 
data shown on the left panel.

A B
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(M8 and M31, both simultaneously isolated from Mallorca salterns in 1999 and used for the 
species description) in order to elucidate the extent of the genomic differences among these 
strains, and explore the ecological consequences of these differences. The results of this 
study have been extensively discussed elsewhere (Peña et al., 2010, 2011) although there are 
some issues relevant in the context of recombination that are worth presenting here. The M8 
and M31 genomes, as expected, showed a considerable degree of synteny although there 
were some regions of the genome where differences among the two strains accumulated. 
These regions were enriched in transposases, genes related to surface properties, strain-
specific genes and highly divergent orthologous. Overall, differences between M8 and M31 
included strain-specific genes (around 10% of the total), insertions and deletions outside 
of the hypervariable regions (HVRs), divergence among homologues, and specific gene 
duplications in every genome.

Inter-domain (Archaea–Bacteria) lateral gene transfer: archaeal 
genes in Salinibacter ruber genomes
Salinibacter and extremely halophilic Archaea have a high phenotypic similarity (summa-
rized in Oren, 2013). In the words of Professor Oren ‘phenotypically Salinibacter is thus a 
prokaryote with a ‘split personality’: phylogenetically it belongs to the Bacteroidetes, but 
physiologically it behaves like the extremely halophilic Archaea’. This phenotypic similar-
ity, together with the fact that S. ruber shares its habitat with extremely halophilic Archaea, 
suggested that S. ruber was a good candidate for intra-domain lateral gene transfer (LGT). 

Figure 2.4 Phylogenetic trees of four of the eight genes used for MLSA of ten S. ruber strains 
isolated from different locations.

S5
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The analysis of the S. ruber M31 genome suggested that this was indeed the case, although 
the number of genes likely involved in LGT was found to be lower than expected in view of 
the high phenotypic similarities (Mongodin et al., 2005). During the analysis of strain M8 
genome, we increased the stringency of these analyses and found 40 candidate LGT genes 
(Peña et al., 2005).

The 40 (Table 2.2) genes identified as putatively involved in inter-domain transfers had 
GC contents and tetranucleotide frequencies that did not identify them as deviated from 
the background values in the genome. In addition, most of them had high codon adaptation 
index values, suggesting that they were transcribed at average or high levels compared to the 
rest of the genes. A recent transcriptomic analysis of M8 and M31 genomes indicated that all 
these genes were indeed expressed in M8 and M31 during normal growth (González-Torres 
et al., in preparation). In addition, 34 of these genes were part of the core genome shared by 
the strains M8 and M31, for which a detailed genomic comparison was carried out (Peña 
et al., 2010). Thus, these putative LGT genes would have been incorporated from Archaea 
into the S. ruber genome at a very early stage in the evolution of the species. This hypothesis 
was also supported by the analysis of intergenic regions adjacent to the putative LGT genes. 
According to Hooper et al., 2009, conservation of these regions would be indicating that 
these genes were transferred from a common ancestor. Similarities of intergenic regions 
for LGT genes present in both strains M8 and M31 was above 90% in 37 of the 40 cases, 
which indicated that these genes probably did not derive from a recent transfer. Among the 
LGT genes (Table 2.2) there was an overrepresentation of gene products involved in ion 
transport, rhodopsin-related proteins and signal transduction systems. The genes were scat-
tered along the M8 chromosome, most of them located outside both variable and conserved 
regions (Peña et al., 2010).

A collection of 92 S. ruber strains from different origins (Table 2.1) was checked for the 
presence of these genes to ascertain to which extent they conformed part of the species 
core genome when isolates from different geographical origins were tested. Three groups 
of strains were used: (i) our old collection of 35 strains isolated from Mediterranean, 
Peruvian and Atlantic salterns, that included the isolates used for the species description 
(Antón et al., 2002) as well as the ones used for the first microdiversity (Peña et al., 2005) 
and metabolomic (Rosselló-Mora et al., 2008) studies carried out with Salinibacter, (ii) a 
set of 22 co-occurring strains isolated in 2006 from a Mallorca crystallizer and (iii) a set 
of 35 co-occurring strains isolated in 2008 from a Santa Pola crystallizer. These two last 
groups of strains, together with some control strains from the ‘old’ collection, have been 
recently analysed by a metabolomic approach (Antón et al., submitted), as discussed below. 
Putative LGT were searched for by using PCR specific primers (Peña et al., 2010, 2011) 
designed based on the M8 genomic sequence. They were checked with strain M31 and all 
the results were as expected according to its genome sequence. A given strain was considered 
to harbour a given putative LGT when a PCR product of the expected size was obtained. 
Obviously, a LGT which had undergone changes in the primer target sequenced would not 
be detected by this approach.

Using this approach, 13 out of 40 putative LGT genes were present in all strains. For RM 
and SP sets, the number of LGT genes present in all the co-occurring strains was 17 and 16, 
respectively. Both strain sets shared 16 common genes (the 13 genes present in all strains 
plus three conserved hypothetical proteins).
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Table 2.1 Salinibacter ruber strains analysed from 1999 to 2013
Geographical 
area Strains

Place/date 
of isolation Analysed by References

Mediterranean M1, M8,a,b M31a,b Campos 
salterns, 
Mallorca, 
1999

PFGE, LGT, 
metabolomics, 
genomic, 
MLST, 
phylogeny

Antón et al. (2002), 
Peña et al. (2005, 2010), 
Rosselló-Mora et al. 
(2008), Soria-Carrasco 
et al. (2008), Antón et al., 
(2013), this work 

RM30, RM84, RM101, 
RM103, RM117, RM129, 
RM131, RM141, RM150, 
RM158, RM159, RM172, 
RM174, RM179, RM186, 
RM216, RM224, RM225, 
RM240, RM272, RM20

Campos 
salterns, 
Mallorca, 
2006

PFGE, 
metabolomics, 
LGT

Antón et al., (2013), this 
work

Pola 13,a,b Pola 18a,b Bras del Port 
salterns, 
Alicante, 
1999

PFGE, 
MLST, LGT, 
metabolomics

Antón et al. (2002), Peña 
et al. (2005), Rosselló-
Mora et al. (2008), Antón 
et al., (2013), this work

SP3, SP7, SP8, SP10, 
SP11, SP15–24, SP26, 
SP28–30, SP32, SP35, 
SP36, SP38–40, SP51, 
SP57, SP73, SP79, 
SP84, SP86, SP99, 
SP100

Bras del Port 
salterns, 
Alicante, 
2007

PFGE, 
MLST, LGT, 
metabolomics

Antón et al., (2013), this 
work

E1,a E3,a,b E7,a,b E11, 
E12a

San Carles 
de la Ràpita, 
Tarragona, 
2001

PFGE, MLST, 
metabolomics, 
LGT

Peña et al. (2005), 
Rosselló-Mora et al. 
(2008), Antón et al., 
(2013), this work

IL3a Ses Salines, 
Ibiza, 2001

PFGE, 
MLST, LGT, 
metabolomics

Peña et al. (2005), 
Rosselló-Mora et al. 
(2008), Antón et al., 
(2013), this work

A1 S’Avall 
salterns, 
Mallorca, 
2001

PFGE, MLST, 
LGT

Peña et al. (2005)

ES4a Eilat saltern, 
Israel, 2001

PFGE, MLST, 
LGT

Peña et al. (2005), 
Rosselló-Mora et al. 
(2008)

Atlantic C3,a C4,a C5, C6,a C7, 
C9,a,b C12,a C14,a,b 
C15,a C16, C17,a C18, 
C22,a C24, C25A,a C26,a 
C27,a C28, C29a

Gran 
Canaria, 
Canary 
Islands, 
2001

PFGE, 
MLST, LGT, 
metabolomics

Peña et al. (2005), 
Rosselló-Mora et al. 
(2008), Antón et al., 
(2013), this work

Peruvian PR1,a,b PR2, PR3,a,b 
PR4, PR6,a PR8a

Maras 
salterns, 
Peru, 
2001/2003

PFGE, 
MLST, LGT, 
metabolomics

Peña et al. (2005), 
Rosselló-Mora et al. 
(2008), Antón et al., 
(2013), this work

aStrains analysed in Peña et al. (2005). bStrains analysed by MLST in Rosselló-Mora et al. (2008). 
PFGE, pulsed-field gel electrophoresis; LGT, lateral gene transfer; MLST, multilocus sequence 
typing.
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Table 2.2 Genes putatively in Archaea–Bacteria lateral gene transfer present in the Salinibacter 
ruber M8 genome
 Gene name Orf in M8 % strainsa

1 Signal-transducing histidine kinase 94 65
2 Putative light-and oxygen-sensing transcription regulator 150 100
3 Adaptive-response sensory-kinase 169 42
4 Conserved hypothetical protein containing PIN domain (putative 

nucleic acid-binding protein)
226 3,3

5 Conserved hypothetical protein containing DUF0175 domain 227 50
6 Conserved hypothetical protein 274 99
7 Cytochrome c oxidase subunit II 393 61
8 Deoxycytidine triphosphate deaminase 538 82
9 Glycosyl transferase, group 1 655 33
10 Conserved hypothetical protein containing PIN domain (putative 

nucleic acid-binding protein)
831 61

11 Probable exodeoxyribonuclease VII small subunit 911 82
12 Ferredoxin 917 74
13 Conserved hypothetical protein, membrane 918 100
14 Probable beta-carotene 15,15ʹ-dioxygenase Brp 919 100
15 Phytoene dehydrogenase 920 98
16 Probable cell division protein 964 80
17 Translation initiation factor eIF-2B alpha subunit 995 100
18 Conserved hypothetical protein, secreted 1011 64
19 Uncharacterized ACR 1308 55
20 Trk system potassium uptake protein trkA 1444 15
21 d-lactate dehydrogenase, putative 1448 100
22 Conserved hypothetical protein 1707 88
23 Putative zinc-binding dehydrogenase 1709 85
24 Anion permease 1859 100
25 Phosphate transporter 1860 100
26 Conserved hypothetical protein 1903 83
27 Multiantimicrobial extrusion protein MatE 1924 100
28 Sodium/calcium exchanger protein, membrane 2026 93
29 Conserved hypothetical protein containing UPF0047 2049 62
30 Bacterio-opsin-linked product 2365 89
31 Haem exporter protein C 2415 65
32 Trk potassium uptake system protein 2493 100
33 Glycerol-3-phosphate dehydrogenase subunit A 2657 100
34 Conserved hypothetical protein, membrane 2720 100
35 Sensory rhodopsin I (SR-I) 2733 68
36 Putative small solutes transporter 2780 100
37 Sensory rhodopsin I (SR-I) 2798 76
38 Sodium:proline symporter 2993 100
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The S. ruber genome harbours four rhodopsins: the proton pump xanthorhodopsin (XR), 
the chloride pump halorhodopsin (HR) and two sensorial rhodopsins (SR) (Mongodin et 
al., 2005; Peña et al., 2005). Three of them (HR and SRs) have a clear archaeal phylogenetic 
signal. In addition, two bacteriorhodopsin related genes (encoded by orfs 919 and 2365) 
are included in the archaeal gene list (Table 2.2). Thus, five putative retinal-binding proteins 
have an archaeal origin according to our phylogenetic approach (trees are shown in Fig. 2.5). 
Out of these five phototransduction archaeal genes, only one is conserved in all the analysed 
genomes (a bacteriorhodopsin related protein probable beta-carotene 15,15’-dioxygenase). 
The rest show a patchy distribution in the analysed strains, in a similar way of what has been 
observed in haloarchaea (Sharma et al., 2007). Salinibacter HR is the only known (putative) 
light-driven chloride pump present in the domain Bacteria. In a previous analysis (Peña et 
al., 2005) we looked for HR genes in the genomes of S. ruber strains included in what we call 
here the ‘old’ collection using a Southern hybridization approach, and we found a clustering 
of HR-containing strains according to the place of isolation. Indeed, when the same strains 
were checked for HR genes by PCR, we found the same results. However, the inclusion of 
new strains presented here shows that strains isolated from the same place at the same time 

Figure 2.5 Phylogenetic trees of selected examples of putative lateral gene transfer genes 
present in the genome of strains S. ruber M8 and M31 (DSM13588).

A C

B

 Gene name Orf in M8 % strainsa

39 Halorhodopsin 2994 67
40 Conserved hypothetical protein 3079 38

aPercentage of the analysed strains containing each gene. Genes in bold are those present in all 
of the strains. Shadowed in grey are the lateral gene transfer candidates ‘specific’ of M8 (when 
compared with M31, Peña et al., 2010). 

Table 2.2 continued
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can show different patterns. For instance, 4 out of 22 and 7 out of 35 new Mallorca and 
Santa Pola strains, respectively, did not harbour HR in their genomes. This again, resembles 
the situation found in some species of haloarchaea such as Halorubrum spp. (Papke et al., 
2007), in which not all members have the same patterns of genes coding for retinal-binding 
proteins.

One of the reasons of undertaking the analysis of LGT in the strain collections was to 
check for biogeographic trends. Hypersaline environments are patchily distributed on 
Earth, in an inland-like fashion. As pointed out in Zhaxybayeva et al. (2013), ‘the evidence 
for endemic microbial populations in isolated environments suggests that allopatric spe-
ciation might be common there’. So far, the use of genetic markers, such as MLSA shown 
above, has not unveiled clear cut grouping of geographically related S. ruber strains, although 
metabolomic analysis showed some trends (see below).

When the presence/absence patterns of LGT genes were computed by calculating simi-
larity matrices and the corresponding dendrograms, no clustering related with the origin 
of isolation was found. However, a correspondence analysis unveiled some relationships 
between these patterns and the origin of the strains. Correspondence analysis (CA) is a 
multivariate ordination method that summarizes a set of data in a two-dimensional biplot, 
treating rows (genes) and columns (strains) equivalently. This technique has been used in 
microbial ecology as a way to address, given a multidimensional table of sites (or samples) 
by species, whether certain species occur at specific sites (Ramette, 2007). The overall aim 
of the method is to compare the correspondence between samples (strains in our case) and 
species (here, LGT genes) from a table of counted data (or any dimensionally homogenous 
table) and to represent it in a reduced ordination space. Noticeably, instead of maximizing 
the amount of variance explained by the ordination, CA maximizes the correspondence 
between genes scores and strains scores.

As shown in Fig. 2.6, CA showed a distribution of strains related to their origin of iso-
lation, which indicated a similar history of the LGT genes carried in the genomes of the 
geographically related strains. In a similar way of what metabolomic analysis of the old col-
lection showed (discussed below), Atlantic strains (those isolated from the Canary Islands) 
showed an intermediate position between Mediterranean (those from Santa Pola, Mallorca 
and Ebro) and Peruvian strains. In addition, there was a striking differentiation between 
strains isolated from the same place at different time points: (M1, M8 and M31 isolated 
in 1999 and RM strains isolated in 2006; P13 and P18 and SP strains). Although, in both 
cases, the number of old strains is much lower than the new strains, old strains (labelled 
with arrows in Fig. 2.6) always sit in the outside boundaries of the space delimiting the new 
strains. This is particularly noteworthy, for instance, for strain M31, which is the type strain 
of the species. These results indicate not only the high genomic microdiversity of the spe-
cies, but also the temporal genomic variation it undergoes even for a relatively short period 
of time (less than ten years).

Some of the putative LGT genes (shadowed in grey in Table 2.2) analysed in the strain 
collection were originally labelled as specific of strain M8 because they were present in M8 
and absent from M31. These genes cannot longer be considered M8 specific since all of 
them were present at least in one additional S. ruber strain. In some instances (orfs 274 and 
911), these genes were indeed very widespread in the collection, which could be indicating 
their ancestral nature. These data, together with the patchiness of the presence of LGT genes 
in the collection, point to recombination as a strong driver of S. ruber evolution.
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The power of metabolomics to explore phenotypic 
microdiversity
As mentioned above, the MLSA of S. ruber strains isolated from three different geographical 
locations (Mediterranean, Atlantic and Peruvian salterns) did not render any geographi-
cal pattern, contrary to what had been observed in other extremophilic organisms. For this 
reason, we investigated the suitability of high resolution mass spectrometry as a tool to dif-
ferentiate among strains of different origin (Rosselló-Mora et al., 2008). As explained below, 
this approach turned out to be very useful in the characterization of the species S. ruber.

The technique chosen for studying S. ruber was high-field ion cyclotron resonance Fourier 
transform mass spectrometry (12 T ICR-FT/MS) that enables the assignment of thousands 
of elemental compositions of metabolites in a mass range from 120 to 800 kDa directly out 
of complex mixtures. This technique provides ultrahigh resolved profiles with thousands of 
accurate mass values (m/z) that can be transformed into real elementary compositions. This 
assignment is the crucial initial step in subsequent metabolite annotation, that is carried 
out using different databases (such as KEGG, Kyoto Encyclopedia of Genes and Genomes 
database), in a similar way as genomic annotation. This technique, that is becoming very 
outstanding in ‘metabolomics’, has shown to have the highest resolution among all spectro-
metric methods in revealing fine-scale diversity in complex mixtures (Marshall, 2004; Want 
et al., 2007).

Figure 2.6 Redundancy analysis of the data on absence/presence of 40 lateral gene transfer 
genes in the genomes of 92 S. ruber strains. Arrows point to strains isolated in 1999 from Santa 
Pola (black circles) and Mallorca (white circles) salterns.
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The idea was to look for patterns of geographically isolated organisms at the level of the 
direct interaction with the environment (phenotype) rather than at the genotype level. 
In this study, we used a collection of 28 strains isolated from five different locations in the 
world (see Table 2.1). The isolates were obtained from five different locations in the Medi-
terranean area, the Atlantic Canary archipelago and from the 3500-m-high salterns in the 
Peruvian Andes (Maras). Ten of these isolates were the ones used for the MLSA discussed 
above. For each strain, three fractions were analysed: extracellular, cellular soluble (cyto-
plasm) and cellular insoluble (membrane and envelopes). The first step was to screen for the 
metabolites present in every sample using a non-targeted approach in order to look for their 
amount and diversity. Then, in a second step, a targeted approach was undertaken to obtain 
a detailed analysis of specific metabolites following a specific chemical structure hypothesis 
(for instance, the different sulfonolipids present in each samples were analysed).

The core metabolome (peaks common for all extracts) consisted of 2550 single masses, 
whereas the discriminative metabolome (peaks not common to all extracts) consisted of 
6323 single metabolites. Comparative analyses were then carried out with qualitative data 
coded as presence or absence of single metabolites and expressed in a binary matrix. Neither 
cladistic (parsimony) nor phenetic (UPGMA) treatment of the data revealed clear geo-
graphical trends. However, when the relative intensity of each individual peak was weighted 
and the data treated by using multivariate analyses, statistically significant differences were 
found between the different samples. In other words, clear-cut allopatric differences for the 
analysed strains could be obtained by metabolome comparisons focusing on geographi-
cally discriminative data. A detailed analysis of the discriminative metabolomes indicated 
that those components generally associated with cell membranes, such as fatty acids and 
terpenoids, could be responsible for the geographic differentiation among the strains. Fur-
thermore, it seemed that the Atlantic isolates had a position in the ‘metabolomic space’ that 
was intermediate between Mediterranean and Peruvian strains.

The targeted approach unveiled a set of conspicuous compounds belonging to a sul-
fonolipid family whose members are major components of the cell envelope of Cytophaga 
(Godchaux and Leadbetter, 1984), a genus included in the Bacteroidetes phylum (like 
Salinibacter). Indeed, one of the members of this sulfonolipid family accounts for 10% of 
S. ruber lipids and has been proposed as signature for this bacterium (Corcelli et al., 2004). 
Our metabolomic study indicated that S. ruber contained at least nine additional sulfonolip-
ids that differed from the sulfonolipid originally described in their elementary composition, 
with variations in their side chain length, unsaturation or hydroxylation degree. Two of 
these sulfonolipids seemed to be exclusive of the Atlantic strains.

During the course of this metabolomic study a comparison at smaller scale between four 
replicates of five Mediterranean strains (P13 and P18 from Alicante, M8 and M31 from 
Mallorca and IL3 from Ibiza) was also undertaken. Results indicated that the ICR-FT/
MS approach was also useful for finding discriminative phenotypes at a more reduced 
geographical scale. The main discriminative metabolomic features between these Mediter-
ranean strains were different from those giving resolution at a larger geographical scale and 
were involved primarily in the core metabolism (carbohydrate, amino acid and fatty acid 
biosynthesis and metabolism).

Thus, ICR-FT/MS not only was useful for finding biogeographical traits but also for 
exploring phenotypic differences between closely related strains. We took advantage of 
this fact in order to correlate the genomic differences found between strains M8 and M31 
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with their phenotypic traits (Peña et al., 2010). As one of the most apparent differences 
between both genomes was the abundance of genes coding for sulfotransferases and 
glycosyltransferases, the metabolomes of M8 and M31 were compared for the presence 
of sulfonated/S-containing and glycosylated metabolites. Results indicated a consistent 
increase in sulfonated and glycosylated metabolites in M8 compared with M31, increase 
that was considerably higher in the extracellular fraction of the cultures. Thus, metabo-
lomics proved also useful for understanding the genomic differences between these two 
very closely related strains. The metabolomic differences found were mostly related to mol-
ecules released to the medium or loosely attached to the cell surface, which are very good 
candidates for mediating interaction with phages.

In order to explore whether this metabolomic diversity was a general trend in the species 
and as a proxy of its ‘meta-metabolome’ in the environment, recently (Antón et al., submit-
ted) we have undertaken a detailed metabolomic analysis of the strains included in the new 
collections of isolates from Santa Pola and Mallorca. In total, 22 Mallorca and 35 Santa Pola 
isolates were analysed together with a set of old isolates used as controls (M8, M3, P13, P18, 
and IL3; see Table 2.1). In parallel to the metabolomic study, strains were characterized by 
means of two well-established taxonomic tools: MALDI-TOF and PFGE. All these strains 
were included in the LGT analysis discussed above.

The first outcome of the metabolic characterization of the 57 new strains and the five 
controls was an amazingly high diversity of metabolites in the three analysed fractions 
(extracellular, cytoplasmatic and cellular insoluble). Most outstanding was the metabo-
lomic diversity in the extracellular fraction since it was so high that practically every strain 
behaved in a different manner. Among the thousands of metabolites that could be identi-
fied by ICR-FT/MS, only from 10 to 20%, depending on the considered fraction, could 
be annotated to previously known metabolites and only a small fraction of them could be 
assigned to metabolic pathways, underscoring the width of the unexplored metabolomic 
diversity in the species. This low number of annotable metabolites is reflecting the limita-
tions of databases, in a similar way to what was the case for genome annotations 20 years 
ago. Such a wide metabolomic diversity has also been observed by means of nanospray 
desorption electrospray ionization mass spectrometry when sampling living colonies of dif-
ferent bacteria, including Bacillus subtilis, Streptomyces coelicolor, Mycobacterium smegmatis 
and Pseudomonas aeruginosa. (Waltrous et al., 2012). As pointed out by Traxler and Kolter 
(2012), ‘the chemical landscape inhabited and manipulated by bacteria is vastly more com-
plex and sophisticated that previously thought’.

Strains from Mallorca and Santa Pola were analysed in two independent experiments, 
both of which included the same controls. In both cases, old (control) strains presented 
homogeneity in their profiles that distinguished them from the rest of strains. In other 
words, the old strains isolated from a given pond (either in the Santa Pola or the Mallorca 
salterns) resembled more the old strains from different origin than the new strains isolated 
from the same pond eight years later. One could argue that old and new strains can have 
different genomes (as indeed we have shown using the LGT approach shown above) but, in 
any case, there is a consistent cluster of old strains based on their metabolomic profiles and 
independent of the place and date of isolation. This is most likely pointing to a metabolomic 
shift that may result from the storage under lab conditions for years.

The third main outcome from this ICR-FT/MS analysis was that strains co-occurring in a 
same water sample had different metabolomic profiles (Fig. 2.7) that allowed the clustering 
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of the isolates into statistically supported groups. We called these clusters ‘metabotype based 
OTUs’: or m-OTUs. As with the overall metabolome, a large proportion (from 79 to 93%) 
of the metabolites responsible for the differentiation among the strains could not be anno-
tated with the current databases. Among the annotable metabolites, only 22–36% could be 
assigned to metabolic pathways.

Both for Mallorca and Santa Pola strains, the metabolic classes including the highest 
number of metabolites were, in this order, lipid metabolism, metabolism of other amino 
acids, biosynthesis of other secondary metabolites and metabolism of terpenoids and pol-
yketides. Within the lipid metabolism class, the pathways ether lipid metabolism, fatty acid 
biosynthesis and sphingolipid metabolism accumulated the highest number of metabolites 
responsible for the differences among strain clusters. Lipid metabolism seemed in fact to 
be the most versatile metabolic network in S. ruber. It is also worth mentioning the high 
numbers of metabolites responsible for differences among m-OTUs belonging to the 
biosynthetic pathways of antibiotics such as novobiocin, puromycin and penicillin, and 
cephalosporin, included in the class ‘Biosynthesis of other secondary metabolites’.

Finally, we took an even closer look at the metabolomic diversity within S. ruber by 
looking at the metabolomic profiles of five Mallorca strains included within a given 
m-OTU. These strains could not be distinguished by statistical tools but still displayed 
different metabolic profiles. For instance, there were 88 annotable metabolites that were 

Figure 2.7 Comparison of intracellular (SN2) and pellet (P) samples for the 22 Mallorca (RM) 
and the 35 Santa Pola (SP) strains. Each dot represent a sample. The closer two dots are, the 
more similar the corresponding samples within the experiment. For instance the datasets with 
the highest variability are SN2_RM and P_RM.
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present in one of the strains but absent form the rest. One-third of these metabolites were 
lipids (the most variable pool in S. ruber metabolome) and the rest encompassed a wide 
variety of compounds, including antibiotic related products and alkaloid-analogues among 
others.

All these examples illustrate the power of high-resolution metabolomics to resolve differ-
ences between S. ruber strains and, in some cases, to correlate them with environmental data. 
Metabolomics is definitely a powerful tool for exploring intraspecific diversity, as already 
observed when studying different strains of the myxobacterium Myxococcus xanthus (Krug 
et al., 2008). Furthermore, this technique has allowed an insight into the wide metabolomic 
diversity of bacteria in nature, a diversity that can change even among extremely closely 
related strains, a fact that should be taking into account when looking from new bioactive 
substances.

Future trends
In some of our previous reviews on Salinibacter (Antón et al., 2005, 2008; Peña et al., 
2011) several points were included in our ‘future research’ sections, from the description 
of intra-specific genomic diversity to understanding the relationships between phages 
and prokaryotes in hypersaline environments. While some of these questions have been 
answered, other remain open and new questions have enlarged the list.

One of the new questions is how many different S. ruber (or any other bacterium) are 
present in a given environmental sample small enough to allow the interaction among them. 
Here, the key point is how to define ‘different’. Different strains would be, for instance, the 
ones used for the LGT and metabolomics analyses discussed above. They all come from a 
small sample of water (0.1 ml) but they are isolates and therefore could not be represent-
ing the diversity encountered in nature for members of the species. Thus, ideally, all the 
individual S. ruber present in a sample should be separated and their genomes sequenced. 
Single cell technologies followed by amplification and sequence of the individual genomes 
could then provide the answer to our question. However, this would require the separation 
of all the members of the species present in the sample (independently or their nucleic acid 
content) and the correct amplification of all the whole individual genomes, which at this 
moment is not technically feasible. On the other hand, metagenomics can not answer to 
this question since the environmental metagenome of a given organisms is the average of the 
individual genomes but does not differentiate between them.

A third line of future research will need to address the interactions between S. ruber and 
the ‘living entities’ with which it shares the environment: Bacteria, Archaea and viruses. 
While we have made some progress understanding the role of phages in controlling S. ruber 
numbers (Santos et al., 2010, 2011, 2012), we would like to know the role of viruses in 
shaping S. ruber genomes, both as vectors of LGT and selective forces. Regarding the inter-
action among different co-occurring strain of S. ruber and between S. ruber and extremely 
halophilic Archaea there are many questions that we find central to understand how bacteria 
interact in nature: Do different strains of a given species interact among them in nature? Do 
they perceive the differences among them? Do they react accordingly or they just behave 
as if the were in a pure culture? Are Archaea directly affecting the growth of Salinibacter? 
Which are the mechanisms or interaction? Our goal for the next future years of research is 
to answer these questions.
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Web resources
As result of our studies, we produced a number of phylogenetic trees that were compiled in 
the form of full-genome catalogues of individual gene evolutionary histories (phylomes). 
S. ruber M8 and M31 phylomes are publicly available through the phylomeDB database 
(Huerta-Cepas et al., 2011), under the identifiers 20 and 21 respectively. Salinibacter phy-
lomes at phylomeDB provide precomputed maximum likelihood trees, multiple sequence 
alignments and automatic orthology and paralogy predictions for every gene in their 
genomes. In addition, PhylomeDB interface allows precomputed phylogenies and align-
ments to be searched and iteratively explored.
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Abstract
The Halobacteria are a class of Archaea that have been fundamentally shaped by Horizontal 
Gene Transfer (HGT). The mechanisms for HGT are not well understood, or are unre-
ported. A noteworthy exception exists for the genus Haloferax, where a novel mating system 
exists that includes the fusion of cytoplasm between two cells. Despite shallow insight into 
mechanisms evidence from phylogenetics and population genetics studies demonstrate that 
these organisms have been able to exchange genes since their distant origins and continue to 
actively do so today. Single gene studies have uncovered transfer of Halobacterial rhodopsins 
into diverse lineages such as the fungi and multiple bacterial taxa, construction of novel bio-
synthetic pathways, homologous recombination of parts or whole ribosomal proteins and 
RNAs, as well as divergent tRNA synthetases being exchanged between distant lineages. 
Furthermore, the very origin of the Halobacteria appears to have resulted from an influx 
of genes from the bacterial domain, which reshaped the fundamental metabolism from 
an anaerobic chemoautolithotrophic methanogen into a facultative aerobic heterotroph. 
Population genetics analysis demonstrated that gene flow with phylogenetically defined 
populations is so frequent that allele distributions resemble that of sexually reproducing 
eukaryotes, and acts as both a homogenizing and diversifying evolutionary force. Given all 
of the evidence for abundant recombination into, out of and between these lineages, how 
then do new, distinct, lineages such as these stably emerge? The answer appears to lie in a 
balance between recombination as a cohesive force holding populations together as entities 
recognizable as taxonomic units, and barriers to that transfer for promoting diversification. 
A primary candidate appears to be geographic barriers that reduce gene transfer between 
populations sufficiently to allow regional signatures to emerge.

Introduction
The Halobacteria (often referred to colloquially as the Haloarchaea) are a highly recombi-
nant class of salt-loving organisms in the archaeal phylum Euryarchaeota. These remarkable 
organisms thrive in brines around the globe that have salt concentrations as high as 35% (sea 
water is ~3.5%). Most strains cannot tolerate concentrations below 10%. Their metabolism 
is primarily aerobic heterotroph and many garner extra energy by harvesting light via rho-
dopsin pigments in their membranes. Perhaps most profound, the Halobacteria have been 
directly constructed or inextricably molded by the exchange of genes between organisms in 
a non-Mendelian manner.
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Mechanisms of horizontal gene transfer
The classic description of HGT includes three mechanisms for transfer of genetic material 
(Thomas and Nielsen, 2005). These mechanisms are conjugation, transduction and natu-
ral transformation. In recent years a fourth process known as gene transfer agents (GTAs) 
has been elucidated (Lang et al., 2012). Conjugation and transduction are considered 
mechanisms for the propagation of selfish DNA elements (plasmids and viruses/phage 
respectively) that only coincidentally transfer their infected host’s genes to another cell, 
while natural transformation most likely evolved to import environmental DNA specifi-
cally to benefit the individual cell: it requires many genes and is typically a highly regulated 
process (Redfield, 2001). GTAs though seemingly more like transduction because DNA is 
packaged in a virus-like protein coat it is also similar to transformation because it is also a 
tightly regulated process that specifically moves host DNA from cell to cell. In each of these 
cases DNA is transferred unidirectionally from a donor to a recipient.

The protein machinery for conjugation is typically encoded by tra genes located on 
conjugative plasmids. These gene products form a specialized pilus which links the cell 
containing the plasmid (i.e. donor: F′) to a cell that does not (i.e. recipient: F–). The conju-
gative plasmids are copied by rolling circle replication, which requires one strand of DNA 
to be nicked and peeled off while the intact strand is used as a template for DNA synthesis. 
The non-template strand is then transferred through the pilus into the recipient cell. In the 
recipient cell the ssDNA is re-circularized and DNA polymerase creates a complementary 
strand to result in a double-stranded DNA molecule. Sometimes the plasmid will integrate 
into the host chromosome, or a fraction of the host chromosome will integrate into the 
plasmid and when the plasmid is transferred it will also bring host genes to the recipient. In 
these cases, the host chromosome is transferred inadvertently.

Conjugation is a notable unidirectional method of transfer; only cells with the plasmid 
can act as a donor, and only cells without the plasmid can be recipients. Cells already 
containing a plasmid cannot receive an additional copy from another donor. Transfer of 
plasmids can be picky, and promiscuous: sometimes they cannot be transferred to potential 
donor cells from the same species, yet can infect multiple species.

Transduction is the transfer of genetic material from one cell to another via a viral interme-
diate. Viruses can pursue two strategies once they have penetrated a host’s external defences. 
The simplest strategy is to enter the lytic cycle. In this process the virus co-opts the host’s 
nucleic acid and protein synthesis machinery for its own purposes while suppressing the 
host’s usage. The virus creates many copies of its genome while also creating new proteina-
ceous shells (capsids) to transport these genomes to a new host. Lysogenic, or temperate 
phages as they are also called, do not immediately co-opt the host’s molecular machinery for 
reproduction. Instead, they integrate their genetic material into their host’s chromosome. 
While inserted, they replicate when the host reproduces. Thus, these viruses are able to 
expand their population through vertical inheritance. Once they detect a signal from the 
host (usually a stress response) they excise their DNA and begin the lytic phase. When excis-
ing their genome and packaging copies into capsids the phage are sometimes imprecise. 
Some virions are packaged with host DNA. Yet, the virions themselves are fully intact and 
infectious. Thus, the virions can still transfer their DNA into a new host. Once in the new 
host the DNA may be recombined into the chromosome through homologous replacement 
or as part of a non-functional genomic island (the phage ‘genome’). The net result is transfer 
of genetic material from one organism to another in a non-Mendelian fashion.
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Transformation is the uptake of DNA from the environment and its integration into the 
chromosome by a cell (Chen et al., 2005). Natural transformation is intrinsically linked to 
the process of competence, which is a state that enables cells to transport DNA from the 
environment across their membrane and into the cell as a high molecular weight molecule. 
Some bacteria are competent and may use DNA for nutritional purposes but not recombine 
it into their chromosomes (i.e. not undergo transformation; (Finkel and Kolter, 2001; Red-
field, 2001). Movement of DNA from the environment into the cell is complex and requires 
a set of numerous proteins acting in concert. Many proteins are homologous and conserved 
between Gram-positive and -negative bacteria yet some of the molecular machinery is more 
specialized to accommodate the specificities of the cell wall and membrane characteris-
tics. Only few instances of natural competence or transformation have been described for 
Archaea (Bertani and Baresi, 1987; Johnsborg et al., 2007; Lipscomb et al., 2011; Sato et al., 
2003; Worrell et al., 1988).

Gram-negative and -positive model organisms frequently employ mechanisms for 
biasing the DNA that they import. Pathogenic Gram-negative organisms such as Neisseria 
gonorrhoeae and Haemophilus influenzae (among many others) use DNA uptake sequences 
(DUS) (Smith et al., 1995), which are ~10mer DNA repeats present in high copy number 
(>1000×) and on both strands of the chromosome, to delineate DNA for import: cell 
machinery must first recognize a DUS before the DNA can be taken in by the cell. DUSs 
are typically thought to be species specific, though close relatives can sometimes recognize 
the same signal. Organisms that utilize DUSs typically constitutively produce competence 
proteins and can import DNA at any time (Hamilton and Dillard, 2006). This is in con-
trast to model Gram-positive organisms like Bacillus subtilis and Streptococcus pneumoniae 
(Havarstein and Morrison, 1999), which can import any kind of DNA but regulate when 
they take it up through quorum sensing. This population size-associated timing of protein 
expression and thus when DNA is imported ensures a large number of their own species 
are available to donate DNA. Further, the biofilms in which these organisms typically live, 
diffusional processes like quorum sensing up-regulate competence in only a fraction of the 
population (Steinmoen et al., 2002). This is relevant because in some instance fratricide is 
an important aspect of competence: in addition to up-regulating competence, the quorum 
sensing regulation simultaneously signals for the production of a toxin/antitoxin system 
(Claverys and Havarstein, 2007). Competent cells produce the toxin and antitoxin while 
non-competent cells do not. Therefore non-competent cells are lysed and spill out their 
DNA for the competent cells to utilize.

HGT via gene transfer agents can be broadly thought of as similar to transduction. More 
specifically, it can be thought of as decayed prophages incapable of packaging their own 
DNA: the GTA randomly packages host DNA for transfer of DNA to a new host. Further-
more, production of GTAs has been observed to be under the control of a quorum sensing 
process. While GTA similarity to phage is clear, it is also helpful to think of the process as a 
‘protected’ natural transformation.

Mechanisms of horizontal gene transfer in Halobacteria
The single largest unifying feature of the above mechanisms is the polarity of their transfer. 
Each of them has a donor from where the genetic material leaves and a recipient to where the 
material arrives. Thus, a single HGT event can only alter one of the two parties. In contrast, 
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Haloferax, a genus from the Class Halobacteria (Phylum Euryarchaeota) utilizes a novel 
mechanism of HGT in which a physical connection is required for transfer, but the donor–
recipient relationship is non-existent: all cells are donors and recipients. The evidence for 
this non-canonical transfer mechanism called mating is multifaceted:

• Shaking cultures rarely if ever produce recombinants. Recombinants are formed read-
ily, however, after cells are pelleted from centrifugation and when cells are incubated 
on a substratum, indicating the need for cell–cell contact (Mevarech and Werczberger, 
1985).

• Nuclease treatment of cells still results in a high frequency of recombinants, indicating 
natural competence is not involved (Mevarech and Werczberger, 1985).

• Medium filtrate (0.22 μm) from one auxotroph when applied to another does not form 
recombinants, indicating the process is not virus nor GTA mediated (Mevarech and 
Werczberger, 1985).

• Auxotrophs form prototrophs in every strain combination ever tried (Mevarech and 
Werczberger, 1985), whereas in standard conjugation experiments transfer only occurs 
between specific cell types, thus indicating no donor–recipient relationship for Halofe-
rax.

• Plasmid and chromosome-based traits are transferred at the same rate (Naor et al., 2012). 
In conjugation, chromosomes are much less frequently transferred.

• Electron microscopy reveals the presence of multiple intercellular ‘bridges’ between cells 
(Rosenshine et al., 1989), and multiple cells are connected like beads on strings (Mul-
lakhanbhai and Larsen, 1975).

• Cell walls and membranes appear contiguous between cells (Mullakhanbhai and Larsen, 
1975). In contrast, conjugation requires the formation of a protein pilus.

• A low concentration of Mg2+, which interferes with the stability of cell membranes, also 
prevents the formation of bridges (Rosenshine et al., 1989).

• Unusually large segments of chromosomal DNA (10–17% of the total chromosome) are 
transferred (Naor et al., 2012).

• Plasmids from cells containing multiple plasmids (e.g. Haloferax volcanii strain DS2) are 
transferred in an apparently random process (Naor et al., 2012).

• Mating is a pilin-independent process (Tripepi et al., 2010).

A four-step model has been hypothesized to explain the data (Ortenberg et al., 1999). 
In step 1, ‘haploid’ cells grow bridges (pseudopodia-like appendages are seen extending 
from cells) until they fuse with nearby cells. During step 2, bridges widen to accommodate 
the flow of cytosolic contents, including chromosomes and plasmids producing ‘diploid’ 
or heterochromosomal cells. Step 3 is when recombination of chromosomes occurs, and 
step 4 is the segregation of chromosomes and plasmids into separate cells. [Quotations 
around haploid and diploid are used to indicate the inaccuracy of the terms. Haloferax spp. 
and other Halobacteria have recently been determined to be polyploids, containing tens of 
chromosomes even during stationary phase (Breuert et al., 2006).] This process is remark-
ably analogous to the haploid/diploid life cycle of sexually reproducing eukaryotes, with 
the caveat that no reproduction is occurring during the mating activity of Halobacteria. As 
intriguing as this process is, how this process works and its uniqueness in the biological 
world remain open questions.
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Very little is known about transduction and natural competence in Halobacteria. For 
instance, viruses are known to infect Halobacterial hosts (e.g. Atanasova et al., 2012; Dyall-
Smith et al., 2003), there is evidence for viruses embedded in Halobacterial chromosomes 
(e.g. Cuadros-Orellana et al., 2007) and virus DNA from hypersaline environments has 
been sequenced (Rodriguez-Brito et al., 2010), but no virus mediated genetic system has 
been developed and transduction as a process has not been reported (Allers and Mevar-
ech, 2005) (see also Chapter 4). The genetic systems developed for Halobacteria are based 
on the formation of spheroplasts for chemical-induced competence (e.g. Charlebois et al., 
1987; Cline and Doolittle, 1987), rather than natural competence. Evidence for natural 
transformation has not been reported.

Evidence for horizontal gene transfer in Halobacteria from 
single gene studies

Rhodopsins
Even though we do not have a deep understanding for the mechanisms of horizontal gene 
transfer in Halobacteria, we know it occurs because their chromosomes record ample 
evidence for rampant HGT. As early as the first sequenced Halobacterial genome, Halo-
bacterium sp. strain NRC-1, the respiratory apparatus was identified as having originated 
in Bacteria (Ng et al., 2000). Subsequent work has reaffirmed the bacterial origin for this 
system (Nelson-Sathi et al., 2012). The movement of respiration genes into a methanogen-
like Halobacterial ancestor probably played a crucial role in the origins of the Halobacteria, 
and will be discussed in more depth in a following section.

A signature trait of many Halobacteria is the presence of light-harvesting rhodopsins 
that have three major functions: bacteriorhodopsins (bR), which pump protons out of the 
cell thus creating an ATP generating proton motive force (Lozier et al., 1975); halorho-
dopsin (hR), an anion transporter (primarily chloride) for maintaining iso-osmotic balance 
(Kolbe et al., 2000); and sensory rhodopsin (I and II) to regulate phototaxis: cells move 
towards useful wavelengths utilized by bR and hR and away from harmful ultraviolet range 
wavelengths (Spudich and Bogomolni, 1988). Both the Chloride and Sensory paralogues 
have been reported in HGT events across the domain level. Salinibacter ruber contains four 
rhodopsin homologues. Two of these are sensory in nature and the third is a chloride trans-
porter. Phylogenetic analysis places the Salinibacter genes squarely within the Halobacterial 
clade, suggesting they were recent acquisitions, across domain boundaries, by the bacteria, 
and not the other way round. Interestingly, a fourth rhodopsin, which is a H+ pump of no 
apparent relation to the archaeal version, appears to have been acquired from a divergent 
bacterial phylum in another HGT event (Sharma et al., 2006).

Fungal rhodopsins also share ancestry with halorhodopsins. Once rapidly evolving 
sequences that have changed function are screened out of the fungal rhodopsins, it is clear 
they group with the hR chloride transporters (Sharma et al., 2006). In contrast with the 
Salinibacter example, this appears to be a single transfer event into the ancestor of Fungi as 
fungal sequences across the entire kingdom group together inside the Halobacteria (Sharma 
et al., 2006).

Rubrobacter xylanophilus is a member of the Actinobacteria. It is noted for its radiation 
resistance, and the presence of a rhodopsin (Carreto et al., 1996). Another actinobacterium, 
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Kinecoccus radiotolerans, has a rhodopsin that is bacterial in origin (Sharma et al., 2006). 
However, the rhodopsin from R. xylanophilus groups within the Halobacterial clade, albeit 
not clearly within any of the major functional clusters. Both of those rhodopsin proteins 
fit the primary sequence and secondary structure profiles of proton transporters. Since R. 
xylanophilus is a member of the most basal lineage of the Actinobacteria it was inferred that 
this transfer occurred after its divergence from the rest of the phylum.

Unsurprisingly, the HGT of rhodopsins is not solely across vast phylogenetic distances. 
Within the Halobacteria HGT appears to have been a regular occurrence. Rhodopsin genes 
can be found across the Halobacterial class. However, their distribution is patchy. This has 
led to suggestions of all four functionalities having existed in the most-recent Halobacte-
rial common ancestor (Ihara et al., 1999). An examination of the specific rhodopsin genes 
against a species tree finds phylogenetic disagreement (Sharma et al., 2007). Using the rpoB′ 
protein as a marker for vertical descent both the bacteriorhodopsin and halorhodopsin gene 
trees displayed discordance. Overall, the bacteriorhodopsin gene tree agreed with the 16S 
rRNA sequence-based species tree but for two instances. These two cases each saw the rho-
dopsin linked to two adjacent genes, evidentially transferred as a unit. It is not clear if these 
were two separate events or a single ancestral transfer event. The halorhodopsins appear to 
have at least two HGT events causing their gene tree to diverge from their bacteriorhodop-
sin homologues (Sharma et al., 2007).

The linkage of the bacteriorhodopsins with two adjacent genes is worthy of extra note. 
Sharma et al. (2007) found these genes (bac and bap) to be more frequently linked to bac-
teriorhodopsins than other genes previously shown to be important in the proton pump 
function. It is also interesting that in the absence of a bacteriorhodopsin these linked genes 
are also absent. When this is combined with other observations such as that the Haloferax 
volcanii strain DS2 does not harbour rhodopsins, (it was cultivated from Dead Sea mud, 
which is not transparent to sunlight, and it utilizes nitrate reduction in conditions unfavour-
able to rhodopsin use) and the diversification of function in the rhodopsins, one can view 
rhodopsins as niche-specific functional units that can be lost and gained as the ecology 
demands (Sharma et al., 2007).

New biochemical pathways assembled through horizontal gene 
transfer
Halobacteria have built via HGT a new pathway tailored to their environments. In salt lakes, 
for example, blooms of microorganisms are often rare and short-lived. Halobacteria store 
carbon in the form of polyhydroxyalkanoate. As a result, pathways for assimilation of carbon 
may be advantageous. Haloarcula marismortui has assembled a novel acetate-assimilating 
pathway from glutamate fermentation, acetate fermentation and propionate assimilation 
genes all of which originated from the Bacteria (Khomyakova et al., 2011). The resulting 
pathway, known as the methylaspartate pathway, allows these halophiles to assimilate 
acetyl-CoA in microaerobic environments where the canonical glyoxylate pathway cannot 
function (Khomyakova et al., 2011). The discoverers suggest that this pathway could serve 
as a mechanism to cope with glutamate overloads.

Ribosomal RNA and proteins
16S rRNA sequences are typically considered the ‘gold standard’ for phylogenetics, primar-
ily for historical reasons. Early prokaryotic phylogenies that described relationships between 
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taxa used 16S rRNA gene sequence data (Woese and Fox, 1977; Woese et al., 1990) and the 
marker became the standard for describing a newly discovered strain’s place in the tree of life 
(Oren et al., 1997; Stackebrandt and Goebel, 1994). With the advent of PCR, environmen-
tal 16S rRNA gene sequencing for understanding community composition independently 
of cultivation vastly expanded the database. After the discoveries of frequent HGT, it was 
argued that the 16S rRNA gene, and other informational genes, such as those involved 
in DNA transcription and translation, are resistant to horizontal transfer (Complexity 
Hypothesis: ( Jain et al., 1999)). Transferred genes whose products participated in many 
macromolecular interactions would be poorly optimized to interact efficiently as part of a 
complex in their new host. This contrasts with so-called accessory or operational genes that 
often are involved in few interactions ( Jain et al., 1999) and which are frequently gained and 
lost from lineages (Lawrence and Roth, 1996). For example, a cytosolic catalytic enzyme 
might not need to interact with any other gene-product to fold, become active and metabo-
lize its substrate. The result is that many accessory genes may be able to function at normal 
efficiency in foreign environments whereas an informational gene might cause a substantial 
penalty, and decrease the fitness of the organism it arrived in.

Though the complexity hypothesis is probably enforced most of the time, the examples of 
apparent ribosomal RNA and ribosomal-associated protein gene transfers have been grow-
ing (e.g. Badger et al., 2005; Boucher et al., 2004a; Gogarten et al., 2002; Gupta et al., 2003; 
Wellner et al., 2007; Williams et al., 2012; Zhaxybayeva et al., 2006, 2009) indicating it is not 
always deleterious, and perhaps sometimes useful to have a foreign-derived informational 
gene. Specific examples can be found in the Halobacteria. H. marismortui possesses two 
rRNA operons. The SSU genes are 5.0% divergent from each other while the large subunit 
(LSU) genes are 1.3% dissimilar (Mylvaganam and Dennis, 1992). Halosimplex carlsbadense 
possesses SSU genes 6.8% divergent and LSUs 2.7% divergent; Natrinema sp. strain XA3-1 
exhibits four operons wherein three SSU genes are ~0.1% distant and the fourth is ~5.0%; 
all four LSUs are ~1–2% distant; in both Har. marismortui and Hsx. carlsbadense the rRNA 
intergenic spacers (ITS), are 24.6% and 49.1% divergent, respectively; the Natrinema strain 
displays zero divergence in its ITS region (Boucher et al., 2004a).

Each Har. marismortui, Hsx. carlsbadense and Natrinema SSU gene clearly does not share 
a common recent history with its intragenomic relatives. In Natrinema the three nearly 
identical copies fit expectations but the fourth with ~5.0% divergence did not display strong 
affinity with any other known species at the time. In the other two strains, the very high level 
of divergence between the two rRNA operons suggest that at least one version likely evolved 
in a different lineage and was horizontally transferred into its current genome.

The Natrinema sequences are particularly interesting. The ITS regions are among the 
most hyper-variable and should diverge much faster than the rRNA genes themselves, 
which have large amounts of their sequence under strong purifying selection. However, all 
four are identical. It is possible that the ITS locus is under strong purifying selection though 
no function is known; more likely recombination between the rRNA operons coexisting 
in the same genome recently purged the diversity in this region, as was discussed for the 
rRNA operons in Thermomonospora chromagena (Gogarten et al., 2002; Yap et al., 1999). 
In contrast, the LSU genes themselves have all accrued ~1.0% separation from each other.

A more detailed examination of the evolutionary signals within the divergent genes 
identified an apparent transfer between Natrinema sp. XA3–1 strain and Natrialba magadii. 
A 100-bp region from one Natrinema copy showed strong similarity to the corresponding 
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region in N. magadii’s LSU genes (Boucher et al., 2004a). This indicates that the region was 
transferred into Natrinema, a homologous recombination event occurring across a distance 
of ~5%, while the remainder of the LSU was not.

There are many problems for microbial phylogeneticists, ecologists and taxonomists 
associated with highly divergent intragenomic rRNA heterogeneity. First, it is greater than 
that typically seen within species, which usually is below ~2.0%. This creates difficulties 
for the suitability of rRNA genes as a marker for classification in strains featuring such 
heterogeneity: which SSU copy is to be used for determining relationships? Further, with 
divergent copies in a single chromosome, the difficulties of obtaining a reliable sequence 
are immense. Multiple divergent copies will cause a PCR product that is directly sequenced 
(i.e. without cloning first) to have dozens of sites across the alignment be unresolved, with 
peaks in sequencing chromatograms for two different nucleotides at the same position. If 
the PCR product is cloned and then sequenced, chimera artefacts will likely occur lead-
ing to overestimating the number of copies, and sequence variation per copy. For example, 
when Halosimplex carlsbadense was first described, it reportedly contained three distinct 16S 
rRNA genes, with A and B being 97.7% similar and C being 93.8 and 92.2% similar to A 
and B respectively (Vreeland et al., 2002). Later, using PCR independent techniques, it was 
demonstrated that Hsx. carlsbadense has only two distinct copies that are 6.8% divergent 
(Boucher et al., 2004a). Multiple divergent operons from single cells will also over estimate 
community species richness and abundance (in addition to forming PCR induced chimeric 
sequences) when applying standard PCR and cloning techniques to analysis of environ-
mental DNA from saturated brines. Finally, fractions of rRNA genes can be transferred 
independently of the entire gene or operon (Boucher et al., 2004a). Thus, a single recom-
bination event might sufficiently obscure the ‘true’ evolutionary signal. A single transfer of 
several hundred nucleotides might be spotted, if multiple sequence alignments are analysed; 
however, mosaics formed as the result of multiple gene conversion events that ultimately 
lead to homogenization of the initially divergent copies coexisting in a genome likely remain 
undetectable in most instances.

Gene conversion, the effect of homologous recombination between two copies of the 
same gene on the same chromosome, is known to occur in Halobacteria (Lange et al., 2011) 
and would prevent divergence of loci (Liao, 1999) unless subfunctionalization occurs and 
variation is selected for. Without subfunctionalization and selection, there would likely be 
no bias towards maintaining the original copy and both copies are expected to contribute 
to the homogenized mosaic resulting from many gene conversion events. In many Halo-
bacteria, rRNA heterogeneity appears stably maintained and may be quite common within 
the class (Dennis et al., 1998; Grant et al., 1998). Evidence from analysis of rRNA operons 
in Haloarcula and Halomicrobium species has demonstrated that the divergent copies are 
expressed under different laboratory conditions, e.g. temperature and salinity, and probably 
confer adaptive advantages when the organism finds itself in fluctuating environmental cir-
cumstances (Cui et al., 2009; Lopez-Lopez et al., 2007).

tRNA synthases
The Halobacteria have some tRNA synthases with unusual evolutionary histories. The class 
contains two versions of the Leucine tRNA synthase (Andam et al., 2012). The first type is 
the archaeal version that falls within the Euryarchaeota (LeuRS-A). The other type, more 
common among the Halobacteria, is more similar to bacterial homologues (LeuRS-B). In 
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phylogenetic reconstruction the B-type does not actually group inside the cluster of bacte-
rial homologues. Rather, it branches deeper than the last common bacterial ancestor. Thus, 
it appears that the Halobacteria received the LeuRS-B genes from an unsampled, or pos-
sibly extinct, lineage that diverged from the Bacteria before that domain’s common ancestor 
appeared.

The Halobacterial LeuRS gene distribution is the product of HGT. When the presence 
of LeuRS-A and B are mapped onto an MLSA tree, created using concatenated housekeep-
ing genes, an unusual pattern emerges. All of the strains that possess an A-version lack a 
B-version. Likewise, all of the strains with a B-version do not have an A-version. What is 
striking is that the A and B gene type phylogenetic trees and the MLSA derived versions are 
conflicted, and carriers do not form monophyletic groups. Apparently, several lineages have 
replaced their own LeuRS genes with extremely divergent out-paralogues (xenologues). The 
LeuRS A and B loci are not in syntenic gene neighbourhoods suggesting that lineages gained 
the xenologous copy through non-homologous recombination and that after co-existing for 
some time one or the other LeuRS version was lost.

The possibility that lineages maintained the two divergent LeuRSes is possibly sup-
ported by the evolutionary dynamics of the B-version. The B-version has a split inside its 
own group, which divides it into two subgroups, designated B′ and B′′. Every strain with 
a B′′ copy is also a carrier of B′. However, B′ is often a solitary copy. There are two possible 
explanations for this arrangement. The first is that in taxa with both versions the protein has 
evolved to function as a hetero-dimer. Second, this could be evidence that multiple versions 
can be maintained for evolutionarily meaningful time before differential loss purges one or 
the other. Presumably, if this is the case, both copies confer some form of selective advantage 
under different conditions to enforce their maintenance (Andam et al., 2012).

The origins of the Halobacteria may be rooted in horizontal 
gene transfer
The different studies above describing the number of gene families that have been trans-
ferred into or among the Halobacteria suggests that this class of organisms have been heavily 
impacted by participation in HGT events throughout their evolutionary history. New evi-
dence is now suggesting that the very origins of the Halobacteria are founded on the influx 
of genes from elsewhere, especially from the Bacteria.

Phylogenetic analysis, including that of the 16S rRNA gene and ribosomal proteins, 
place the Halobacteria as sister to Methanosarcina, and unrelated to Methanococcus and 
Methanobacterium (Matte-Tailliez et al., 2002). In contrast, phylogenies drawn completely 
from the presence and absence of genes across the entire Archaea place the Halobacteria 
near the root of the domain (Korbel et al., 2002). The methanogen placement has gained 
overall acceptance. The supposition that the ancestor to all Halobacteria was a methanogen 
is rather interesting, as they are dissimilar in almost every metabolic pathway. Methanogens 
are obligate anaerobes and chemoautolithotrophs. They create methane from H2 and CO2 
to fuel synthesis of ATP. They also use the acetyl-CoA pathway to convert CO2 into cellular 
material. Halobacteria are obligate heterotrophs. They are also either obligate or facultative 
aerobes. Many supplement energy production by generating a proton gradient via their light 
driven proton pump (bacteriorhodopsins). However, this is not an essential component to 
their growth and live exclusively from oxidizing organic carbon substrates (Oren, 2008).
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Both the Halobacteria and their Methanosarcinales neighbours show large bacterial sig-
natures in their genomes (Nelson-Sathi et al., 2012). In the case of the Halobacteria, as many 
as 1089 genes (of 1479 common to at least two Halobacterial genomes from a dataset of 10) 
place the Halobacterial version as branching within or next to the Bacteria. Among these 
genes are those required to transform Halobacteria into the oxidative heterotrophs they are 
today. Critical are the genes encoding the electron transport chain. In total, almost half (482, 
44%) of the putative transfers from bacteria are related to metabolism (Nelson-Sathi et al., 
2012). Several genes in the isoprenoid biosynthesis pathway are also among these. IDI1, a 
type 1 isopentenyl diphosphate isomerase is an analogue of the ubiquitous Archaeal version 
but was acquired from the Bacteria and the Halobacterial glycerol dehydrogenase proteins 
group within the bacterial clade (Boucher et al., 2004b).

The question then arises whether or not these genes arrived largely simultaneously or 
as piecemeal acquisitions. Genes present in all ten genomes (473 total) displayed similar 
topologies within their phylogenetic trees that match the topology of a tree generated from 
56 universally distributed archaeal genes, as confirmed by a goodness of fit test. This agree-
ment of topology suggests that these genes share a common vertically descended history. 
Thus, a considerable fraction of the bacterially acquired genes appear to have arrived at the 
root of the class, prior to the genetic radiation of the modern Halobacteria (Nelson-Sathi 
et al., 2012). Nelson-Sathi et al. (2012) then boldly suggest that the transferred genes came 
from a single bacterial donor, similar in concept to the acquisition of mitochondria and thus 
the origin of eukaryotes popularized by the Hydrogen Hypothesis (Martin and Muller, 
1998). However, in the case of the Halobacteria, transfer was ultimately a failed attempt at 
eukaryogenesis, resulting in ‘just’ aerobic heterotrophic Archaea. While certainly daring and 
thought provoking, the hypothesis of a single bacterial donor is not supported by the data.

Homologous recombination within and between Halobacterial 
lineages
As the studies above demonstrate, recombination is an important force shaping the Halo-
bacteria. This force profoundly affects how their taxonomy and species must be thought 
of. It has been known for more than 15 years that prokaryotes do not recombine at the 
same rate with every other lineage of prokaryotes. More specifically, a log-linear distance–
decay relationship has been observed between the recombination rate and the sequence 
divergence between the two organisms (Fraser et al., 2007; Vulic et al., 1997; Williams et 
al., 2012). Two members of the same species might recombine at a very high rate whereas 
individuals from different genera would do so at a much lower rate. The result being that 
transfers across phyla or domains are exceedingly uncommon. The Halobacteria have been 
demonstrated to have a log-linear distance–decay relationship for homologous recombina-
tion, but it appears to be less of a barrier than that seen in bacterial model organisms (Naor 
et al., 2012; Williams et al., 2012).

HGT has been proposed as a homogenizing force upon populations of related cells 
(Andam et al., 2010a; Doolittle and Zhaxybayeva, 2009; Feil et al., 2000; Gogarten et al., 
2002; Lawrence, 2002; Papke, 2009; Smith et al., 2000; Whitaker et al., 2005). Contrary 
arguments have been put forth that the level of HGT required to homogenize a popula-
tion is much higher than that observed in nature (Cohan, 2002, 2006). The question then 
centres on how much recombination is required to create the phylogenetic clustering or 
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‘clumpiness’ observed in nature. Fraser et al. (2007) explored some of the impacts of varying 
recombination rates via a neutral (i.e. selectionless) model. When recombination rates are 
far below the mutation rate clusters of related organisms form. These clusters are composed 
of individual cells that can be thought to have their own reproductive fate. They behave in a 
manner similar to that posited by ecotype-style hypotheses (Cohan, 2006). When recom-
bination is much higher than the mutation rate a different scenario emerges. The diversity 
of alleles remains the same. However, the number of unique genotypes is higher than in the 
low recombination situation. The clustering seen under the high recombination to mutation 
regime is more pronounced but mostly transient. However, when the recombination ratio 
is between 0.25 and four times that of the mutation rate coherent populations are easily 
discerned and stable. Two extraordinary conclusions, which are in direct conflict with the 
ecotype hypothesis, are drawn from this analysis: (1) recombination can act as a cohesive 
force at biologically observed recombination rates and (2) selection is not required to create 
the appearance of unique genetic clusters (i.e. species): random birth/death processes are 
sufficient (Fraser et al., 2007).

The first consequence of recombination occurring at the observed rates is that, as 
mentioned above, it can act as a cohesive force for populations of organisms (Andam and 
Gogarten, 2011; Andam et al., 2010b; Gogarten et al., 2002). These clustered populations 
can be thought of as species, although that definition is still quite inadequate, as will be 
discussed below. The recombination-dictated clustering, combined with the distance-decay 
frequencies for recombination, suggest that many gene phylogenies within a ‘species’ will 
be conflicted while those outside the species will not be so – although their own intra-
clustering trees will be conflicted, too (Dykhuizen and Green, 1991; Lawrence, 2002). The 
second consequence is a lack of clonality within a species, despite asexual reproduction. As 
genes are transferred between organisms new combinations of alleles will be created that 
may have been impossible, or at least statistically impossible, without recombination. This 
has already been observed via computer modelling (Fraser et al., 2007), and is similar to the 
‘shuffling of a deck of cards’ metaphor used by Dawkins (1976) in his book The Selfish Gene 
to describe sexual recombination. If one were playing a game of cards where each player had 
a hand and could only change their hand one card at a time, in gradual intervals, from a draw 
pile it might be thought of as analogous to the situation predicted by an ecotype hypothesis. 
Here, players would be largely stuck with the hand they had been dealt and when a player 
is forced to fold the diversity (cards) they possess is lost to the population (card players). 
Each card in a player’s hand would be linked to the fate of the hand as a whole, no matter 
how advantageous that card may be. However, if the game allowed players to swap cards 
with each other, either through a communal pool or by directly taking cards from another 
player’s hand, players could radically alter their hands in short order and sample new card 
combinations which may prove fruitful. Each card would also find itself less linked to the 
fate of the hand (player) as a whole. Even if a player were to fold, a strong card from their 
hand may have already found new life in another player’s hand.

How do the Halobacteria fare compared to these predictions and consequences devel-
oped for bacterial models? Multilocus sequence analysis of over 150 Halorubrum strains 
cultivated from three sites (two different salinity ponds from a saltern in Santa Pola, 
Spain, and a salt lake in Algeria) demonstrated that recombination was so frequent within 
phylogenetically defined clusters of closely related strains (< 1% DNA divergence; called 
phylogroups) that alleles at loci were unlinked to the extent that there was no association of 
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alleles and loci (i.e. there was no evidence for clonality) (Papke et al., 2004, 2007). Measure-
ments of recombination to mutation demonstrated that loci change twice as frequently by 
recombination than mutation, which is right in the middle of the range identified by Fraser 
et al. (2007) – see above. The two above observations for random association of alleles and 
loci, and a rate of homologous recombination in agreement with computer model studies, 
strongly supports that Halorubrum clusters are homogenized by homologous recombina-
tion rather than by a selective sweeps model proposed for Cohan’s ecotype hypothesis.

Because genes were unlinked through recombination, if selection were applied to a 
single allele, in theory it could rise in frequency independently of the genes in the rest of 
the chromosome. Evidence for the fixation of a single allele was seen in the bacteriorhodop-
sin locus for two Halorubrum phylogroups. The bop showed minimal nucleotide diversity; 
approximately 90% of the strains had the same allele in their respective phylogroup, and the 
only mutations seen were in two strains where A and T mutations were observed in neutral 
third codon positions. These are likely transient mutations as Halobacteria are well know 
for their high G + C genomic content, which is especially pronounced at 3rd codon posi-
tions, reaching approximately 90%. The other loci examined in that study all demonstrated 
more polymorphisms in 3rd codon positions, in some cases nearly 10 times more, and for 
each of the additional loci, no allele was found in more than 50% of the strains. The lack of 
diversity at the third codon positions, which due to the redundancy in the genetic code can 
be assumed to be neutrally evolving at least within phylogenetic clusters, while maintaining 
diversity at other loci in the third codon position is indicative of a recent fixation of the 
bop allele only. If frequent recombination did not occur and genes remained linked, then 
selection on one adaptive allele that led to its fixation would have also fixed all the other loci 
in the population, and all diversity within the Halorubrum phylogroups would have been 
purged. Because diversity was purged in only one locus, the only possible explanation is that 
there is frequent recombination that enables the fixation of single alleles.

Another discussion point to be made from that study is the appearance of well-supported 
clusters. Clustering is often considered evidence for species, which of course has a lot of 
intellectual baggage, one of which would be from the Darwinian model that two sister spe-
cies have a common ancestor. However, that outcome was not necessarily observed. For 
instance, despite the fact that individuals typically generated the same clusters, irrespective 
of the locus examined, each gene supported a different sister lineage, indicating the lack of a 
common ancestor for those ‘species’. The only reasonable explanation is that genes originat-
ing from outside the population are continuously homologously recombined and fixed in 
the population, in the same way as described above for the bop genes. Furthermore, the 
16S rRNA gene tree was completely incongruent with the concatenated gene tree, indicat-
ing it is probably the most frequently recombined gene among closely related phylogenetic 
clusters, an outcome of its extreme sequence conservation and the log-linear frequency of 
recombination and genetic distance relationship. Interesting to point out is that it is not the 
strain relatedness but the gene relatedness that is important for frequency of recombination, 
indicating that numerous recombination events could be ongoing at multiple loci between 
multiple ‘lineages’, simultaneously (Papke et al., 2007).

Given that recombination is the diving force behind diversification (and by extension 
selection) in the Halobacteria, it is logical to attempt to quantify this level of influence. 
Recent studies have confirmed that the class as a whole is highly recombinogenic (Naor et 
al., 2012; Williams et al., 2012). Both Williams et al. (2012) and Naor et al. (2012) recover 
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a distance–decay relationship between relatedness and frequency of recombination. In 
Williams’ case the frequency of recombination and genetic distance is measured using 
ribosomal protein tree as a query tree to discover recombined genes on the chromosomes 
and ribosomal protein divergence to estimate how related the donor and recipient are. Naor 
measured directly the frequency of recombination using genetically manipulatable strains 
with sequenced genomes: Hfx. volcanii, and Hfx. mediterranei. Williams found the log-linear 
relationship to hold throughout the entire class (using 21 genomes, representing all of the 
major Halobacterial groups). Examining the relaxed core (defined as genes found in 15 of 
the 21 Halobacterial genomes) it was estimated that 11–20% of genes evolved in other taxa. 
Naor’s work focused on putative barriers to mating (cell fusion) and recombination within 
and between species that display approximately 14% nucleotide divergence. As mentioned 
above, mating is a multistep process that first involves cell membrane fusion, and then recom-
bination. The rate of cell fusion (a ‘premating’ barrier) was measured by taking advantage 
of the fact that mated cells remain in a heterochromosomal (diploid) state that preserves 
the presence of molecular markers from both of the mated strains: PCR amplification was 
used to assess the presence of each molecular marker. The numbers of between species cell 
fusion events was less than an order of magnitude smaller compared to within species cell 
fusions. After measuring the successful fusion events, selection pressure was added to het-
erochromosomal colonies to identify any hybrid strains that underwent recombination, and 
an estimate for recombination (a ‘postmating’ barrier) frequency was made. Surprisingly, 
the difference within to between species recombination was less than an order of magnitude 
different. The results recapitulated the expected distance–decay relationship. However, the 
slope was drastically reduced compared to expectations (e.g. see Vulic et al., 1997; Zawadzki 
et al., 1995). Instead of the multifold orders of magnitude drop-off in recombination seen in 
bacterial data (and the basis for computer simulations of Fraser et al.), less than an order of 
magnitude decrease was observed. However, these data still support a ‘clumpiness’ to organ-
isms in nature defined by groups or clusters that engage in more recombination amongst 
each other than between groups, something we refer to as preferred trading partners (Papke 
and Gogarten, 2012).

Geographic isolation and barriers to recombination
From the evidence, it becomes fairly easy to conclude that homologous recombination is 
an overwhelming homogenizing force for maintaining genetic cohesion within populations 
of gene trading partners. New alleles that provide a selective advantage arising from muta-
tion can sweep through populations without affecting even nearby loci on a chromosome. 
In comparison, if loci were linked on chromosomes, the selection process would affect all 
loci equally bringing them all to zero diversity. Most data indicate that loci have varying 
amounts of sequence variation (especially at 3rd codon positions), the best explanation for 
this observation is that genes are unlinked due to recombination. Alleles that originate from 
outside a recombining population and provide an adaptive advantage will have the same fate 
as one that arose by mutation alone. However, it will leave a ‘foreign’ signature because the 
phylogenetic reconstruction will show a different relationship among relatives for the same 
gene. When new alleles are invading populations on a regular basis, the evolutionary history 
of the group will acquire a mosaic appearance, in comparison to any relatives. In a recent 
publication on marine Vibrio populations, comparative genome analysis demonstrated that 
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a very small fraction (approximately only 100 loci out of thousands shared) had the same 
phylogenetic topology, indicating that genes were invading and being fixed in populations 
on a regular basis (Shapiro et al., 2012). Within Halobacterial populations, gene flow is fast 
enough to unlink alleles and loci to the point of random association, to fix alleles in popu-
lations and to generate every possible evolutionary relationship for individual genes on a 
chromosome (Papke et al., 2007). The important point to emphasize here is that there is 
an additional layer of complexity between diverged strains: the rate of homologous recom-
bination though slower between than within phylogenetic clusters, can still be quite high, 
dictating that once diverged, two populations could re-merge given an increase in trading 
frequency (for interesting possibilities see Sheppard et al., 2008; Zhaxybayeva et al., 2009). 
The conclusion drawn is that preventing recombination between closely related cells (e.g. 
sister clones) is very difficult. Yet divergence occurs nonetheless! The question, then, is 
‘How?’ We suggest a role for geographic isolation.

The geographic distribution of the Halobacteria may play a major role in the dynamic 
interplay between homogenizing and diverging forces. A fundamental fact is that the same 
genera, and some might argue species within the Halobacteria have a global distribution (e.g. 
Haloquadratum walsbyi (Dyall-Smith et al., 2011; Oh et al., 2010)). Contrasted against this 
is the reality that not every halophilic environment is the same (e.g. thalassohaline vs. athal-
assohaline; basic vs. neutral pH). Examination of community composition for solar saltern 
saturated brines (~35%NaCl) located in Alicante, Spain and Chula Vista, California, revealed 
dramatically different species richness and abundance, despite both sites being sampled at 
the same time, being derived from seawater, and existing at the same latitude (Zhaxybayeva 
et al., 2013). Alicante hosted almost completely Halobacterial inhabitants, and primarily the 
genus Haloquadratum, while Chula Vista possessed an approximately 50:50 split between 
archaeal and bacterial communities. Each site was uniquely constructed, and had limited 
shared operational taxonomic units even when applying 95% identity definitions, sug-
gesting enormous difficulty for most halophilic prokaryotes to freely disperse across great 
distances. Interestingly, saturated brines from Australia that have similar chemical composi-
tion also displayed clear difference in species richness and abundance between locations, 
and very few shared OTUs in comparison to site-specific ones (Oh et al., 2010), indicating 
even within continents it is difficult to disperse between sites. In the case for strains from the 
same species, evidence for geographic affect is also found. Comparison of two Haloquadra-
tum walsbyi genomes from Spain and Australia demonstrated approximately 1.4% sequence 
divergence across roughly 84% of their shared genomic regions (Dyall-Smith et al., 2011). 
Given the known high recombination rates of Halobacteria, which act as a homogenizing 
force, it is unlikely these two isolates have lived in the same location for some time.

Despite finding a few recognizable Halobacterial OTUs across the globe, the evidence 
indicates that each halophilic site is unique in composition. This on the surface seems 
paradoxical, as with the ability to freely disperse, one would expect that each site should 
be composed similarly. There could be at least two explanations for the observation. Sam-
pling could be a big issue: how deeply sites are sampled could affect the observations and 
conclusions made. If methods cannot obtain a statistically significant representation of the 
true diversity and its abundance than we are in deep trouble as ecologists and evolution-
ists. Molecular techniques though having limitations and biases seem to be very sensitive 
for estimating diversity and abundance, however. Underlying some of the objection to the 
observation of differentially composed communities, and the push for the ‘poor sampling’ 
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hypothesis is the culturally ingrained and ancient microbiological dictum ‘everything 
is everywhere’, which is taken to mean that if two distant locations have similar abiotic 
conditions they should be composed of the same microbiota (i.e. no dispersal or invasive-
ness limitations). This idea came out of the Darwinian revolution (i.e. only fitness affects 
speciation) and before ideas of geographic endemism were accepted for macroflora and 
fauna (O’Malley, 2007). Add to this layer a dearth of technological knowhow for most of 
the twentieth century for identifying prokaryotic diversity, and a real possibility that we 
may never know what bacterial species are, it is no wonder that we can see the ‘same thing’ 
everywhere. In the world of macrofauna and flora biologists, geographic isolation is the null 
hypothesis for speciation, and proving deviations from the null model is required to pro-
pose sympatric speciation. Though sympatric speciation occurs in animals and plants, only 
a few rare conditions exist that can promote it in freely recombining populations (Hey and 
Pinho, 2010). We microbiologists do not have a null model for speciation, but we seem to 
accept sympatric speciation frequently without examining the global distribution. Data are 
accruing in favour of geographic endemism for halophiles and Halobacteria. The same types 
of observation are frequently made: similar species and genera are found in many places 
but often there are radiations of microdiversity in specific locations, and that similar sites 
are composed of different diversity. We think the data support a hypothesis that periods of 
endemism occur in sites all over the world, but that it happens over short geological time. 
Short durations of endemism are followed by dispersal events. If recombination prevents 
divergence in populations, and there is excellent evidence indicating that this is the rule, 
not the exception, but even if it is not and the homogenizing force is selective sweeps (e.g. 
see Papke and Ward, 2004), then migration to a new location will counteract both of those 
forces and divergence can ensue. This means that speciation will be easily facilitated if the 
rate of mutation and recombination between ‘species’ is faster as an evolutionary force at 
generating diversity than the rate of dispersal is at finding places already occupied by the 
same ‘species’.
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4Comparative Genomics of 
Haloarchaeal Viruses
Elina Roine

Abstract
Haloarchaeal viruses have been among the least studied group with prokaryotic (i.e. bac-
teria and Archaea) hosts. However, recent efforts have brought the number of isolated 
haloarchaeal viruses from 20 to almost 70, environmental phage genomes from 1 to more 
than 40 and increased the amount of environmental sequences of halophilic viral fraction 
with several megabases. Also, new research has further reinforced the observation that 
haloarchaeal viruses are more reminiscent of bacteriophages (i.e. bacteria-infecting viruses) 
than the morphologically varying crenarchaeal viruses. This review will update the latest 
advances in genomics of haloarchaeal viruses, its impact on taxonomy, and suggest some 
additional aspects of the bacteriophage genomics that may prove to be of significance also 
in haloarchaeal viral genomics.

Introduction
Viruses at their simplest are nucleoprotein complexes parasitizing cellular life. Suttle (2005) 
postulated that where ever there is cellular life there will also be viruses. Because of the obli-
gate parasitic nature of viruses, the interplay with their hosts is bound to be very close. This 
applies especially to the aspects of genome replication for which many cellular enzymes are 
often utilized as well as to transcription and translation of viral components.

Hypersaline environments have been considered to be restricted in organismic diversity. 
The major players among micro-organisms have traditionally included halophilic prokary-
otes from both bacterial and archaeal domains as well as the halophilic alga Dunaliella 
salina (Oren, 2008). There are, however, also a range of other eukaryotic organisms such as 
extremely halotolerant black yeasts or melanized yeast-like fungi (Oren, 2008; Plemenitaš 
and Gunde-Cimerman, 2011). Environmental studies have suggested that in the hypersa-
line environment the amount of viruses increases along the salt gradient (Pedrós-Alió et 
al., 2000) and exceeds the amount of their hosts at least 10-fold (Santos et al., 2012, and 
references therein). Although viruses were found to be the only parasites in some hypersa-
line environments (Guixa-Boixareu et al., 1996), actively grazing flagellates have also been 
found in other hypersaline systems (Park et al., 2003). When studying the direct impact of 
haloarchaeal viruses on their hosts, it is important to make a distinction between a func-
tional virus and genetic element that seems to originate from a virus with no information 
about its ability to infect an organism. Since real viruses can be identified on the basis of 
their ability to produce infective viral particles, virions, with few exceptions this review will 
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mainly concentrate on discussing those genomes that are shown to originate from func-
tional viruses.

The goal of this review is to synthesize the results from the many fresh reports of viral 
genomic sequences obtained from the hypersaline environments. I will concentrate on 
viruses of haloarchaea, but by introducing first the general concepts prevailing in genomics 
of prokaryotic viruses. While there are plenty of examples of the more indirect influence of 
prokaryotic virus infections on their hosts (Brüssow et al., 2004; Casjens, 2003; Hendrix et 
al., 2000; Suttle, 2005, 2007), we can only predict similar phenomena to be found also in the 
interactions between haloarchaeal viruses and their hosts. Information presented in many 
extensive previous reviews of haloarchaeal viruses will for the most part not be duplicated 
here. (e.g. Dyall-Smith et al., 2003; Porter and Dyall-Smith, 2006; Porter et al., 2007, 2008; 
Reiter et al., 1988; Roine and Oksanen, 2011).

Haloarchaeal versus prokaryotic viruses
In 2007 there were approximately 5500 prokaryotic viruses described by electron 
microscopy (Ackermann, 2007). Of these 96% were tailed viruses belonging to the order 
Caudovirales. Most of the tailed viruses (61%) belong to the family Siphoviridae, tailed 
viruses with flexible, but non-contractile tail (Fig. 4.1A; Ackermann, 2007). Family Myoviri-
dae, tailed viruses with contractile tail contains 25% of the order and the rest (14%) belong 
to the family Podoviridae. The remaining 4% of all known prokaryotic viruses consists of 
viruses with various morphotypes such as simple icosahedral viruses or icosahedral viruses 
with inner membrane, filamentous viruses and viruses containing an outer membrane (an 
envelope; Fig. 4.1A). Crenarchaeal viruses exhibit wider diversity in the virion morpho-
types, whereas the characterized haloarchaeal viruses are more similar to bacteriophage 
morphotypes (Dyall-Smith et al., 2003; Pina et al., 2011). The first haloarchaeal virus 
isolated and characterized was a tailed virus (Torsvik and Dundas, 1974). This discovery 
was followed by almost a dozen more tailed viruses (Porter et al., 2008). Still to date, tailed 
morphotypes represent by far the majority among haloarchaeal viruses (Fig. 4.1B and Table 
4.1). The first non-tailed haloarchaeal virus isolated was His1, a spindle shaped virus (Bath 
and Dyall-Smith, 1998) and SH1, an icosahedral virus infecting Haloarcula hispanica, was 
the first icosahedral membrane containing virus among haloarchaeal viruses (Porter et al., 
2005). In a recent study (Atanasova et al., 2012) we reported the results of screening for 
haloarchaeal viruses world-wide using the culture based method. We isolated 28 new tailed 
viruses and among them the first member of haloarchaeal podovirus ‘Haloarcula sinaiien-
sis’ tailed virus 1, HSTV-1. In addition to the pleomorphic viruses HRPV-1 (Pietilä et al., 
2009) and HHPV-1 (Roine et al., 2010), three new pleomorphic viruses were reported. 
Also, one new icosahedral virus Haloarcula hispanica icosahedral virus 2 (HHIV-2) that is 
closely related to SH1 was isolated. In conclusion, the morphotypes discovered in the study 
of Atanasova et al. (2012) reflect well the proportions of morphotypes found in bacterio-
phages except for the filamentous viruses that have not (yet) been found among haloarchaeal 
viruses. Also, the majority of isolated haloarchaeal tailed viruses are myoviruses instead of 
siphoviruses (Table 4.1). The viral genome home page at NCBI (http://www.ncbi.nlm.nih.
gov/genomes/GenomesGroup.cgi?taxid=10239&opt=Virus&sort=genome) currently 
lists almost 700 complete genome sequences of bacteriophages (August 2012). There are 
approximately 40 complete genome sequences of archaeal viruses listed at the same site 
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and seven of those viruses infect haloarchaea. As shown in Table 4.1, the actual number 
of complete genome sequences of haloarchaeal viruses is 26. All of these numbers are in 
vast minority when compared to the total number of complete viral genome sequences of 
almost 3000, and this quantity does not reflect the fact that the vast majority of viruses in 
the universe infect prokaryotic organisms (Brüssow and Hendrix, 2002; Hendrix, 2002).

Infection cycle
In order to understand the genomics of prokaryotic viruses, it is very useful to keep in mind 
their life cycle and the different modes of infection. That is, viruses come with at least two 
different kinds of infection strategies: virulent and temperate (Weinbauer, 2004). Virulent 
viruses infect the host cell and produce the progeny that are usually released from the infected 
cell by lysis i.e. break down of the host cells. Temperate viruses, on the other hand, can either 
go through the same type of life cycle as virulent viruses or postpone the production of prog-
eny viruses often by inserting the viral genome into the host genome (Weinbauer, 2004). In 
this way, the viral genome becomes an integral part of the host and is passed on to the next 
generations of the host cells that have become lysogens. Temperate viruses are common not 
only among tailed viruses, but also among filamentous morphotypes (Brüssow et al., 2004). 

Figure 4.1 Different morphotypes of bacteriophages and haloarchaeal viruses. (A) A schematic 
representation of the different bacteriophage morphotypes. Circles present lipid membranes 
inside (Tectiviridae and Corticoviridae) or outside the capsid (Cystoviridae). Redrawn and 
modified from (Ackermann, 2007). (B) A schematic representation of the currently known 
haloarchaeal virion morphotypes. For each morphotype, at least one example of a haloarchaeal 
virus species is given.

B

A
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Table 4.1 List of haloarchaeal viruses
Virus Nomenclature/host/morphotype Reference

Myoviruses
φCh1 Natrialba magadii Witte et al. (1997)
φH Halobacterium salinarum Schnabel et al. (1982b)
HF1 Haloferax lucentense Nuttall and Dyall-Smith (1993)
HF2 Halorubrum coriense/Halorubrum 

saccharovorum
Nuttall and Dyall-Smith (1993)

Hs1 Halobacterium salinarum Torsvik and Dundas (1974)
Ja1 Halobacterium salinarum Wais et al. (1975)
S41 Halobacterium salinarum Daniels and Wais (1998)
S50.2 Halobacterium salinarum Daniels and Wais (1998)
S4100 Halobacterium salinarum Daniels and Wais (1990)
S5100 Halobacterium salinarum Daniels and Wais (1990)
HATV-1 Haloarcula head-tail virus 1 Atanasova et al. (2012)
HATV-2 Haloarcula head-tail virus 2 Atanasova et al. (2012)
HGTV-1 Halogranum head-tail virus 1 Atanasova et al. (2012)
HJTV-1 Haloarcula japonica head-tail virus 1 Atanasova et al. (2012)
HJTV-2 Haloarcula japonica head-tail virus 1 Atanasova et al. (2012)
HRTV-1 Halorubrum head-tail virus 1 Kukkaro and Bamford (2009)
HRTV-2 Halorubrum head-tail virus 2 Atanasova et al. (2012)
HRTV-3 Halorubrum head-tail virus 3 Atanasova et al. (2012)
HRTV-5 Halorubrum head-tail virus 5 Atanasova et al. (2012)
HRTV-6 Halorubrum head-tail virus 6 Atanasova et al. (2012)
HRTV-7 Halorubrum head-tail virus 7 Atanasova et al. (2012)
HRTV-8 Halorubrum head-tail virus 8 Atanasova et al. (2012)
HRTV-9 Halorubrum head-tail virus 9 Atanasova et al. (2012)
HRTV-10 Halorubrum head-tail virus 10 Atanasova et al. (2012)
HRTV-11 Halorubrum head-tail virus 11 Atanasova et al. (2012)
HRTV-12 Halorubrum head-tail virus 12 Atanasova et al. (2012)
HSTV-2 Halorubrum sodomense head-tail virus 2 Atanasova et al. (2012)
HSTV-3 Halorubrum sodomense head-tail virus 3 Atanasova et al. (2012)
HTV-1 Halophilic head-tail virus 1 Atanasova et al. (2012)
Siphoviruses
BJ1 Halorubrum saccharovorum Pagaling et al. (2007)
B10 Halobacterium sp. Torsvik (1982)
φN Halobacterium halobium Vogelsang-Wenke and Oesterhelt (1988)
HCTV-1 ‘Haloarcula californiae’ head-tail virus 1 Kukkaro and Bamford (2009)
HCTV-2 ‘Haloarcula californiae’ head-tail virus 2 Atanasova et al. (2012)
HCTV-5 ‘Haloarcula californiae’ head-tail virus 5 Atanasova et al. (2012)
Hh-1 Halobacterium salinarum Pauling (1982)
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These two basic modes of infection are not to be considered the same as the two main 
exit strategies: lysis of the cells or extrusion/budding out without breaking the host cell 
membrane integrity. All tailed viruses known to date, both virulent and temperate, lyse their 
host cells in the end of the productive infection cycle. Enveloped viruses take advantage of 
their hosts by obtaining the membrane from the host cellular membrane in the process of 
budding out of the cell (Garoff et al., 1998). On the other hand, filamentous bacteriophages 
(family of Inoviridae) such as M13 or Pseudomonas Ff-phages produce new progeny viruses 
by protrusion through the viral encoded outer membrane pore, so called secretin that is 
similar to the ones found in type II and type III secretion pathways (Hobbs and Mattick, 
1993). The filamentous viral particles, however, do not obtain a lipid envelope, but the 
virion coat proteins are assembled in a controlled fashion into the capsid concomitantly 
with the assembly and release from the infected cell (Rakonjac et al., 2011; Russel, 1991). 
Yet another exception is the bacteriophage Φ6, for which the lipid envelope is assembled in 

Virus Nomenclature/host/morphotype Reference

Hh-3 Halobacterium salinarum Pauling (1982)
HHTV-1 Haloarcula hispanica head-tail virus 1 Kukkaro and Bamford, (2009)
HHTV-2 Haloarcula hispanica head-tail virus Atanasova et al. (2012)
HRTV-4 Halorubrum head-tail virus 4 Atanasova et al. (2012)
HVTV-1 Haloarcula vallismortis head-tail virus 1 Atanasova et al. (2012)
HVTV-2 Haloarcula vallismortis head-tail virus 2
SNJ1 Natrinema sp. Mei et al. (2007)a

S45 Halobacterium salinarum Daniels and Wais (1984)
Podoviruses
HSTV-1 ‘Haloarcula sinaiiensis’ head-tail virus 1 Atanasova et al. (2012)
Spindle shaped 
His1 Haloarcula hispanica/spindle-shaped virus Bath and Dyall-Smith (1998)
His2 Haloarcula hispanica/spindle-shaped virus Bath et al. (2006)
Unclassified icosahedral 
SH1 Porter et al. (2005)
HHIV-2 Haloarcula hispanica icosahedral virus 2 Atanasova et al. (2012)
SNJ1 Natrinema sp. Zhang et al. (2012)a

Unclassified pleomorphic
HHPV-1 Haloarcula hispanica pleomorphic virus 1 Roine et al. (2010)
HGPV-1 Halogeometricum pleomorphic virus 1 Atanasova et al. (2012)
HRPV-1 Halorubrum pleomorphic virus 1 Pietilä et al. (2009) 
HRPV-2 Halorubrum pleomorphic virus 2 Atanasova et al. (2012)
HRPV-3 Halorubrum pleomorphic virus 3 Atanasova et al. (2012)
HRPV-6 Halorubrum pleomorphic virus 6 Pietilä et al (2012b)

aSNJ1, originally characterized as a tailed halovirus (Mei et al., 2007) was recently reported to be 
icosahedral (Zhang et al., 2012).

Table 4.1 continued
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the cytoplasm of the host cell prior to lysis of the cells (Bamford et al., 1976; Mindich and 
Lehman, 1979). All of the known icosahedral viruses that contain a membrane inside the 
capsid structure (e.g. PRD1, Bam35, PM2, P23-77, SH1, HHIV-2, SSIV-1) lyse the cells in 
exit (Aalto et al., 2012; Cota-Robles et al., 1968; Jaakkola et al., 2012; Jaatinen et al., 2008; 
Kivelä et al., 1999; Porter et al., 2005; Roine and Oksanen, 2011).

Salt concentration influences the adsorption and infection rates of halophilic viruses in 
different ways (Aalto et al., 2012; Daniels and Wais, 1990; Kukkaro and Bamford, 2009; 
Torsvik and Dundas, 1980). The adsorption of viruses from both low salt and hypersaline 
environments was systematically studied by Kukkaro and Bamford (2009), who showed 
that changes in salt concentration affect the adsorption rate. However, no generalizations 
could be made. Although the lowest adsorption rate constants were found for haloarchaeal 
viruses (2.9 × 10–13 ml/min for HHTV-1), some haloarchaeal viruses exhibited adsorption 
rate constants similar to bacteriophages from low salt environments (2.0 × 10–10 ml/min for 
HHPV-1 and 4.4 × 10–10 ml/min for PRD1). A recent study on tailed haloarchaeal viruses 
HVTV-1 and HSTV-2 showed that their infectivity was recovered when the particles were 
first incubated in buffer devoid of salt and then brought back to the concentration of salt 
required for infection (Pietilä et al., 2013).

Salt concentration also influences the infection strategy (Aalto et al., 2012; Bettarel et al., 
2011). The haloarchaeal viruses Hs1 and S5100 were shown to change from lytic infection 
to lysogenic strategy in increasing concentrations of NaCl (Daniels and Wais, 1990; Torsvik 
and Dundas, 1980). Similar observations were made in a study using an environmental 
approach (Bettarel et al., 2011). Opposite results were obtained for the halophage Salisaeta 
icosahedral phage 1 (SSIP-1; Aalto et al., 2012) for which at least 19% artificial salt water 
(SW; Halohandbook, 2009) concentration was required for plaque production. Temperate 
viruses in the studied cases have adjusted the switch between different life cycle modes to 
conditions when the host cell experiences stress (UV-induction, mitomycin C treatment). 
In halophilic organisms changes of extracellular salt concentrations may be such a stress 
factor consequently leading to a switch between lytic or lysogenic strategy of the infection.

Related or not related, that’s the problem
Prokaryotic classification is in great turmoil due to the whole genome sequencing that 
reveals the great genomic divergence even between organisms that were considered closely 
related (Doolittle, 1999; Doolittle and Papke, 2006; Fraser et al., 2009; Rhodes et al., 2011; 
Thompson et al., 2005). On one hand it explains the confusing results obtained by gene 
sequencing indicating that organisms having exactly the same 16S rRNA gene sequence can 
still have less than 70% of their genomic DNA hybridized (Stackebrandt and Goebel, 1994). 
On the other hand, it also muddles our perception regarding which genes should be used 
for classification (de la Haba et al., 2012; Fraser et al., 2009; Graham et al., 2000; Papke et 
al., 2007). With viruses the perplexity is even greater, because of the lack of a universal gene 
such as the one encoding 16S rRNA in cellular organisms. Before the era of whole genome 
sequencing the higher level classification of viruses has traditionally been based on the viral 
genome and replication types (Baltimore, 1971), the host type (prokaryotic/eukaryotic) 
and the morphology of the virion (King et al., 2012). In prokaryotic viruses the sequence 
divergence can happen in relatively short evolutionary time due to their fast reproduction 
that has been estimated to occur at 1023 infections every second (Hendrix, 2003; Suttle, 
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2007). Especially viruses isolated from new environmental niches often show no significant 
similarity even at the level of translated amino acid sequences of predicted open reading 
frames (ORFs) let alone at the nucleotide sequence level (for example Hendrix et al., 1999; 
Krupovič et al., 2011; Senčilo et al., 2012, 2013). Apart from the genes encoding the basic 
structural proteins (see below) the functions of the vast majority of predicted ORFs remain 
unknown (for example Baudoux et al., 2012; Senčilo et al., 2013). In addition to sequence 
divergence occurring through point mutations, short deletions and insertions, recombina-
tion is an important mechanism generating the genomic mosaicism of viral genomes.

Genomic mosaicism
Along the whole genome sequencing of viruses it has become clear that the genomes of 
prokaryotic viruses are mosaic in structure (Hatfull and Hendrix, 2011; Hendrix et al., 
1999; Juhala et al., 2000). The genes encoding products involved in the same function, e.g. 
capsid formation or tail structure, are clustered into modules (Hendrix et al., 1999), and the 
order of the different genes in a module is often conserved (Hendrix, 2003; Krupovič et al., 
2011; Lawrence et al., 2002). The genes found clustered on a chromosome (module) may 
show similar evolutionary histories but different modules, for example the capsid encoding 
genes and genes encoding the components of the tail structure, can have different evolution-
ary histories ( Juhala et al., 2000; Lawrence et al., 2002). Viral components involved in host 
recognition (e.g. tail fibres of tailed viruses and spike proteins of icosahedral viruses) are also 
under different selection pressure than the components required for the capsid formation 
(Brüssow and Desiere, 2001; Lubbers et al., 1995; Saren et al., 2005). Tailed viruses have 
been classified according to the tail type (contractile/non-contractile etc.), which can be 
seen in the relatedness of the tail-encoding genes also at the sequence level (Lawrence et 
al., 2002). Modular structure of the bacteriophage genomes exists in all virus morphotypes 
where comparative genomics has been conducted to analyse them (Krupovič et al., 2011; 
Lawrence et al., 2002).

What are the mechanisms behind the observed mosaicism? It has been suggested 
that both homologous (HR) and non-homologous recombination (NHR) are involved 
in the exchange of the different modules between viruses that are infecting the same cell 
(Krupovič et al., 2011 and references therein). Naturally, HR is involved in recombination 
of related genomes (Arbiol et al., 2010) and NHR of non-related genomes ( Juhala et al., 
2000; Pedulla et al., 2003). Although it is clear that many of the new genomic combinations 
created through NHR are not viable, it has been estimated, that even NHR is involved in the 
production of 109 to 1010 functional viral genomes every second (Hendrix, 2009).

It is easy to imagine that recombination can also occur between an infecting virus and 
an integrated temperate virus. The temperate viruses are thus in this respect more prone to 
the exchange of modules than the virulent viruses (Lawrence et al., 2002). Indeed, analyses 
of virulent T4 family bacteriophages showed that there is an extensive set of core genes that 
are inherited vertically (Comeau et al., 2007; Filée et al., 2006). In theory, all different kinds 
of recombination events can occur, but the successful combinations are those that retain the 
ability to produce infective viral particles (Hatfull and Hendrix, 2011; Hendrix et al., 2000).

Structure based virus classification
Since virion is the hallmark of a virus it has been proposed that the viral architecture and 
the 3D structure of the major capsid protein should serve as the higher order classification 
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criteria (Abrescia et al., 2012; Bamford, 2003; Bamford et al., 2002; Benson et al., 2004). 
This suggestion was based on the initial observation that the major capsid proteins of the 
icosahedral bacteriophage PRD1 and the icosahedral adenovirus both adopt the so called 
double jelly roll fold (Benson et al., 1999). In further studies several putative lineages have 
been proposed that consist of viruses infecting hosts from different domains of life, but shar-
ing the same major capsid protein structure (Abrescia et al., 2010, 2012; Bamford et al., 
2002; Benson et al., 2004). To date, the PRD1-adenovirus -lineage contains the most mem-
bers. The hosts for these viruses represent different domains of life: bacteriophages PRD1 
and PM2 infect bacteria, adenovirus a eukaryote and crenarchaeal viruses Sulfolobus tur-
reted icosahedral virus (STIV (Khayat et al., 2005) and Sulfolobus turreted icosahedral virus 
2 (STIV2) hyperthermophilic Archaea (Happonen et al., 2010). It is a well-documented 
phenomenon and an appreciated fact that within an evolutionary time period two homo-
logues of a protein can diverge in amino acid sequence to the point where no identity can 
be detected at the primary sequence level while the protein 3D structure is still conserved 
(Orengo and Thornton, 2005, and references therein). It should not then come as a surprise 
if this has also happened during the viral evolution where related viruses have adopted dif-
ferent hosts after the divergence of the proposed last universal common ancestor (LUCA) 
of cellular life forms to different domains (Archaea, Bacteria, Eukarya; Woese et al., 1990). 
Although there is a possibility that similar folds have appeared through convergent evolu-
tion, in case of viruses also other features such as similar clustering of packaging ATPases 
support the hypothesis of a common ancestor (Abrescia et al., 2012).

In conclusion, the 3D structure of the major capsid protein of a virus can reveal deep evo-
lutionary relationships extending beyond the divergence of the cellular life forms (Abrescia 
et al., 2012; Bamford et al., 2005a; Benson et al., 2004). Viruses related at the highest order 
of classification do not necessarily show relatedness at the genomic level. Both prokaryotic 
cellular and viral genomes are mosaics or dynamic networks containing genes from different 
origins (Hatfull and Hendrix, 2011; Koonin et al., 2009; Papke and Gogarten, 2012). Some 
genes, however, are more often inherited vertically than other genes. No matter how small 
this proportion is in comparison with the whole genome content, it still is the part that has 
the highest potential to reveal the true ancestral cellular or viral lineage.

The influence of viral genes on their hosts
Owing to the high infection and recombination rates combined with the intimate relation-
ship of the prokaryotic viruses with their hosts, it is not surprising to see the many ways 
prokaryotic viruses influence their hosts: viral encoded genes have turned many benign 
bacteria into serious pathogens (Brüssow et al., 2004; Casjens, 2003). These genes are often 
the so called ‘morons’ (from words ‘more DNA’: Hendrix et al., 2000; Juhala et al., 2000), 
genes or gene cassettes inserted between the different gene modules that do not seem to be 
important for basic viral functions. Examples include the phage-encoded virulence factors 
such as Shiga- and cholera toxin genes (Brüssow et al., 2004). These toxin-encoding genes 
have become members of the host genome after integration of a temperate virus genome. In 
these cases the genes introduced by viruses are beneficial for hosts.

There are also examples where host genes carried by the viruses have been accommo-
dated to serve the purposes of the virus infection. Such examples include the cyanobacterial 
genes involved in photosynthesis (Lindell et al., 2005; Mann et al., 2003, 2005; Millard et 
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al., 2004; Sharon et al., 2009; Sullivan et al., 2005). These genes and their products have 
been suggested to enhance the viral infection by maintaining photosynthesis rate of the 
host during the infection and increasing the cyanophage fitness (Lindell et al., 2005; Mann 
et al., 2003). The cyanophage encoded photosynthesis genes are also evolving rapidly and 
provide a reservoir for photosystem evolution for their hosts (Sullivan et al., 2006).

New functions of viral structures
Not only single viral genes can have considerable effects on the host biology, but also sets 
of viral genes encoding structural components (Veesler and Cambillau, 2011). Examples of 
these spin-offs are the type VI secretion pathway of Gram-negative bacteria (Leiman et al., 
2009; Pell et al., 2009), the macromolecular bacteriocins such as carotovoricins (Nguyen et 
al., 1999; Yamada et al., 2006) and pyocins R and F (Nakayama et al., 2000) as well as gene 
transfer agents (GTAs; Lang and Beatty, 2007). In Gram-negative bacteria the virulence 
related type VI secretion system (T6SS) components VgrG and Hcp proteins can form 
oligomeric structures that look like bacteriophage spike protein and tail tube, respectively 
(Basler et al., 2012; Leiman et al., 2009; Pukatzki et al., 2007; Veesler and Cambillau, 2011). 
The 3D protein structures are also similar to the corresponding structures of gp27 of T4 and 
gpVN of bacteriophage λ (Leiman et al., 2009; Pell et al., 2009).

All three known macromolecular bacteriocins, i.e. carotovoricins and pyocins R and 
F, have similar morphology to either myoviral or siphoviral tail structures and the genes 
encoding them are related to bacteriophage tail-encoding genes (Nakayama et al., 2000; 
Yamada et al., 2006). Also haloarchaea produce toxins comparable with the bacteriocins, 
the so-called halocins (O’Connor and Shand, 2002). Although the genes encoding known 
halocins do not show homology to viral tail genes, the possibility of finding new macromo-
lecular halocins that are related to bacteriophage tail structures cannot be ruled out.

Gene transfer agents (GTAs) are particles that look like viral particles, but most of the 
time they contain host DNA (Lang and Beatty, 2007). GTAs have been described fre-
quently among the members of the Alphaproteobacteria and gene regions involved in their 
production have been identified in the host genomes (Lang and Beatty, 2007; McDaniel et 
al., 2010). The genes include homologues for terminase, portal, capsid and tail encoding 
genes of tailed viruses, but their regulation is different suggesting that these genes may have 
originated from tailed viruses, but have diverged and become part of the host biology and 
are not just proviral genes any more (Lang and Beatty, 2007; McDaniel et al., 2010).

Haloarchaeal viruses

Tailed haloarchaeal viruses
As mentioned above, the first haloarchaeal virus was the tailed Hs1 (Porter et al., 2008; Tors-
vik and Dundas, 1974). Subsequently, many other tailed viruses were isolated and studied in 
terms of their infection biology (Porter et al., 2008). The first genomic sequences of tailed 
haloarchaeal viruses were obtained from ϕH, which still to date is among the best char-
acterized haloarchaeal viruses, although the genome is not completely sequenced (Gropp 
et al., 1992; Porter et al., 2008). The genome of fH was shown to be very instable due to 
varying number of insertion elements ISH1.8 and ISH50 as well as deletions (Reiter et al., 
1988; Schnabel et al., 1982a). fCh1 is a temperate tailed virus that infects haloalkaliphilic 
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Natrialba magadii (Witte et al., 1997). In addition to the determined structural proteins and 
the dsDNA genome, the virion also contains RNA species of cellular origin (Witte et al., 
1997). The complete genome sequence of fCh1 shows high similarity with the sequenced 
parts of fH (Klein et al., 2002) even though the host of fCh1 is a haloalkaliphile. The 
close relatedness between fH and fCh1 is peculiar also because of the instability of fH 
genome. This instability may directly reflect the genomic instability of the host Halobacte-
rium salinarum (Reiter et al., 1988) whereas instability of Natrialba magadii genome has not 
been reported. The 58.5 kb genome of fCh1, however, contains a region that can undergo 
inversion and generate variation in the C-terminal parts of the predicted ORFs34 and 36 
polypeptides (Klein et al., 2002; Rössler et al., 2004). The ORF34 has now been shown to 
encode a tail fibre protein that is subject to phase variation (Klein et al., 2012).

The isolation of two myoviruses, HF1 and HF2, was reported in 1993 (Nuttall and Dyall-
Smith, 1993). The genomic sequences of HF1 (Tang et al., 2004) and HF2 (Tang et al., 
2002) showed high similarity throughout most parts of the genome (Fig. 4.2). The only 
exception is the region possibly containing genes encoding tail fibre proteins (approximately 
between nucleotides 20,000 and 30,000; Fig. 4.2). Since tail fibre proteins are responsible 
for the host recognition, it makes sense that their sequences are usually the most diverged 
part of the genome (Brüssow and Desiere, 2001; Lubbers et al., 1995; Saren et al., 2005). 
Indeed, HF1 was found to have a host range different from HF2 (Nuttall and Dyall-Smith, 
1993). BJ1, a temperate tailed haloarchaeal virus was isolated from a hypersaline lake in 
Inner Mongolia (Pagaling et al., 2007) and shown to infect a Halorubrum host (16S rRNA 
sequence 98% identical to Halorubrum saccharovorum). The 42,271 bp genome is terminally 
redundant and possibly circularly permuted containing 70 predicted ORFs (Pagaling et al., 
2007).

In our recent study we have analysed complete genomes (Senčilo et al., 2013) of four 
myoviruses and six siphoviruses of the isolated haloarchaeal tailed viruses described in 
Atanasova et al. (2012). The sizes of the genomes range between 35 and 144 kb yielding in 
total of 760 kb of new viral sequence. Analyses show that myoviruses HRTV-5 and HRTV-8 
are closely related to HF1 and HF2 even at the nucleotide level whereas the relatedness 
between HCTV-1 and HCTV-5 can mostly be seen at the amino acid level of the predicted 
ORFs (Senčilo et al., 2013). Most of the predicted ORFs do not show significant similarity to 
any sequences in the databases (higher than 32.5% identity at the aa level or BlastP E-value 
of 10–50 or less; Cresawn et al., 2011; Senčilo et al., 2013). The HVTV-1 genome reported 
by Pietilä and others (Pietilä et al., 2013) is closely related to HCTV-5, and the HSTV-2 is 
remotely related to the HRTV-5, HRTV-8, HF1 and HF2 cluster of related viruses (Pietilä 
et al., 2013; Roine, unpublished).

In recent study by Garcia-Heredia and others (Garcia-Heredia et al., 2012), 42 new 
genomic sequences of haloviruses were reported. They were retrieved by cloning viral DNA 

Figure 4.2 (opposite page) Genomic organization of the haloarchaeal tailed viruses HCTV-1 
and HCTV-5. Nucleotide sequence similarity is depicted by shading between the genomes 
according to colour spectrum determined in Phamerator (Cresawn et al., 2011) with purple 
representing the highest identity. Protein families (pfams) as determined in Phamerator are 
numbered above each ORF. RnR, ribonucleotide reductase; Thy, thymidylate; AdoMet-Mtase, 
S-adenosylmethionine-dependent methyltransferase; RFC, replication factor; TMP, thymidine 
monophosphate; TerL, terminase large subunit. Figure reproduced from Senčilo et al. (2013). 





Roine88 |

isolated and purified from a concentrated water sample. They all contained the hallmark 
genes for tailed viruses i.e. terminase and/or portal-like genes.

Genomic structure of tailed haloarchaeal viruses
The genome maps of HCTV-1 and HCTV-5 are shown in Fig. 4.2. The genomic sequence 
analyses of haloarchaeal tailed viruses show that they are in many aspects similar to the tailed 
bacteriophages (Klein et al., 2002; Senčilo et al., 2013; Tang et al., 2004). This can be seen 
in the complete genome sequences of isolated tailed haloarchaeal viruses as well as in the 
partial genomes of the so-called environmental viruses recently reported (Garcia-Heredia 
et al., 2012; Klein et al., 2002; Pagaling et al., 2007; Senčilo et al., 2013; Tang et al., 2002). 
Even though the overall nucleotide sequence similarity is practically non-existing, searches 
with some predicted gene products, can give meaningful hits to proteins in the sequence 
database. As in bacteriophage genomes, the gene encoding large subunit of terminase can 
usually be recognized in the genomes of tailed haloarchaeal viruses (Casjens, 2003; Pagal-
ing et al., 2007; Tang et al., 2002, 2004). This protein forms heteromultimeric complexes 
with the small subunit of terminase (Casjens, 2011), and is involved in packaging of the 
genome. The genes encoding portal proteins can also often be recognized through matches 
in the sequence database. The gene encoding tail tape measure protein (Katsura and Hen-
drix, 1984) can often be identified as a relatively long ORF located in the cluster of genes 
encoding the tail structure. Enzymes involved in genome replication can also be recognized 
(Pagaling et al., 2007; Tang et al., 2002) and the different modules encoding identified struc-
tural components are organized in the same way: terminase and portal (assembly)–major 
coat protein (head structure)–tail tube protein (tail structure) (Casjens, 2003; Krupovič et 
al., 2011; Lawrence et al., 2002). The other parts of the genome, often also transcribed in 
the opposite direction, contain genes required for genome replication but for most no clear 
function can be assigned (Hatfull, 2010).

tRNAs in the genomes of tailed viruses
As in many tailed bacteriophages, the genomes of tailed haloarcheal viruses also carry genes 
encoding tRNAs. The amount of tRNAs varies from none (for example HCTV-2) to 36 in 
the approximately 144-kb-long genome of the HGTV-1 myovirus (Pagaling et al., 2007; 
Senčilo et al., 2013; Tang et al., 2002, 2004). It has been hypothesized that tRNA genes in 
bacteriophage genomes would play a role in enhancing the translational efficiency of viral 
genes in hosts with codon usage different from the most expressed viral genes (Daniel et 
al., 1970; Enav et al., 2012; Kunisawa, 2000; Limor-Waisberg et al., 2011). Also, a posi-
tive correlation was reported between virulent life style and the abundance of tRNAs in 
viral genomes (Bailly-Bechet et al., 2007). For cyanophages Limor-Waisberg et al. (2011) 
showed that analysed myoviruses with larger genomes and wider host range seemed to adapt 
by maintaining tRNA genes whereas podoviruses that had narrow host ranges and smaller 
genomes had been adapted to host genomic conditions by adjusting their GC-content. In 
haloarchaeal tailed viruses it is difficult to assess the role of tRNAs before the other aspects 
of viral infection such as virus–host interactions (virulent/temperate) and the host range 
has been properly studied. As there also seems to be correlation between the morphotype 
of the tailed virus (myo-, podo- or siphovirus) and the tRNA content (Enav et al., 2012; 
Limor-Waisberg et al., 2011) the proper characterization of the viruses and their hosts 
cannot be emphasized too much.
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Other predicted genes
Ten of the newly described genomes encode predicted freestanding homing endonucleases 
(HE; Pietilä et al., 2013; Senčilo et al., 2013). The most remarkable example is the HCTV-5 
genome that contains 14 putative HEs (Senčilo et al., 2013). Some of these HEs flank both 
the large subunit of terminase (TerL) as well as the portal encoding genes (Senčilo et al., 
2013). It is typical for virus-encoded HEs that they are inserted within or near functionally 
critical virus genes (Edgell et al., 2010).

One family of HEs is the so called PD-(D/E)XK endonucleases that can be found in 
seven of the newly studied viruses (Pietilä et al., 2013; Senčilo et al., 2013) as well as in HF1 
and HF2 (Senčilo et al., 2013). These predicted proteins show homology to RecB exonu-
cleases and give hits to the Cas4 superfamily proteins in the conserved domain database 
(Senčilo et al., 2013). Cas4 proteins are part of the newly described CRISPR/Cas system 
(clustered regularly interspaced short palindromic repeats) that is involved in adaptive 
immunity against foreign viral and plasmid nucleic acid (Barrangou et al., 2007; Bolotin 
et al., 2005). It is roughly comparable to the RNAi system in eukaryotic cells but it is not 
homologous and many differences also exist (Bhaya et al., 2011; Goren et al., 2012). Cas4 
proteins can be found in the type I and type II systems (Makarova et al., 2011) and have 
been suggested to be RecB family exonucleases involved in the spacer acquisition pathway 
(Bhaya et al., 2011). A simple alignment of a subset of the Cas4-like proteins with the Cas4 
protein of the closest host homologue (Fig. 4.3) shows that the three C-terminal cysteins 
conserved in Cas4 proteins ( Jansen et al., 2002) can be aligned although the viral encoded 
Cas4 proteins are longer and vary in amino acid sequence from the host encoded proteins 
especially in the middle of the polypeptide (Senčilo et al., 2013). The function of these cas4-
like genes in the viral genomes is currently unknown. We have hypothesized that if used 
for the benefit of the viruses these Cas4 homologues could interfere with the normal func-
tion of the host encoded Cas4 complexes (Senčilo et al., 2013). Whether the viral encoded 
proteins serve in the normal functions of replication or recombination, or whether there is a 
benefit for the haloarchaeal virus in counter-defence remains an open question and a subject 
for future studies.

The newly described viral genomes HCTV-1, HCTV-5 and HVTV-1 contain predicted 
genes that encode putative zeta toxin domains (Pietilä et al., 2013; Senčilo et al., 2013). The 
zeta toxins studied before are shown to be fosforyl-transferases and part of the proteina-
ceous toxin–antitoxin (TA) systems in bacteria (Hayes and Van Melderen, 2011; Mutschler 
et al., 2011). The toxin–antitoxin systems are involved in many important cellular processes 
such as programmed cell death, stress response or phage defence through abortive infection 
(Hayes and Van Melderen, 2011). It is peculiar that in the viral genomes no counterpart of 
antitoxin can be recognized and that the predicted gene products carrying the zeta toxin 
domain are more than 100 kDa in size suggesting that in addition to zeta toxin, some other 
functions are encoded as well. In addition, the predicted genes reside in the module encod-
ing structural proteins of the viruses.

Icosahedral viruses
Currently there are two published complete genomes of icosahedral viruses that both 
infect Haloarcula hispanica: SH1 (Porter et al., 2005) and HHIV-2 ( Jaakkola et al., 2012). 
Recently, Zhang et al. (2012) reported that the previously known plasmid pHH205 is actu-
ally proviral genome that can be induced in its host, Natrinema sp., to produce icosahedral 
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Figure 4.3 Comparison of the predicted viral Cas4 proteins with Cas4 of Haloquadratum 
walsbyi C23 Cas4A homologue. Alignment of the HCTV-1, HCTV-5, HRTV-5, HRTV-7, HRTV-8, 
HF1 (HalHV1gp046, NP_861634) and HF2 (HF2p052, accession NP_542546) Cas4-like protein 
sequences with Cas4A homologue of Hqw C23 (YP_005839106.1). The C-terminal conserved 
cysteine residues are marked in grey. Figure reproduced from Senčilo et al. (2013). 
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virions. This is in contrast to the previous report that the virus in question, SNJ1, was a tailed 
halovirus (Mei et al., 2007).

Preliminary virion structure analysis of HHIV-2 ( Jaakkola et al., 2012) and a detailed 
study on SH1 ( Jäälinoja et al., 2008) show that both virions contain an internal membrane 
underneath the capsid. The dsDNA genomes are almost of the same size (30,889 bp of 
SH1 and 30,578 of HHIV-2) and the overall sequence similarity is 59.1% ( Jaakkola et al., 
2012). Both genomes are linear dsDNA molecules with inverted terminal repeats (ITRs) of 
309 bp (SH1) and 305 bp (HHIV-2) in length (Fig. 4.4; Bamford et al., 2005b; Jaakkola et 
al., 2012). There is strong evidence suggesting that the 5′-ends of the SH1 genome are cova-
lently attached to terminal proteins (Porter and Dyall-Smith, 2008) that are responsible for 
the priming of genome replication (Salas, 1991) by host polymerases. The genomes of SH1 
and HHIV-2 contain 56 and 43 predicted ORFs, respectively (Fig. 4.4). There are 15 (SH1) 
and 16 (HHIV-2) structural proteins in the virions, of which 11 for SH1 and 10 for HHIV-2 
have been identified using N-terminal sequencing and/or mass spectrometry (Bamford et 
al., 2005b; Jaakkola et al., 2012; Kivelä et al., 2006). As in the bacteriophage PRD1, the genes 
encoding structural proteins reside mainly in the middle of the genome in both viruses (Fig. 
4.4B). Exceptions are the VP1 encoding gene in both viruses and the VP18 encoding gene 
in HHIV-2 (Bamford et al., 2005b; Jaakkola et al., 2012). Also, the region encoding the spike 
proteins VP3 and VP6 of SH1 ( Jäälinoja et al., 2008) shows no similarity with the HHIV-2 
genome encoding predicted ORFs 22 to 26 ( Jaakkola et al., 2012). As discussed above for 
the tailed viruses, this is a clear example of closely related viruses in which the region encod-
ing host recognition functions are less related. It also suggests that even though both viruses 
infect the same host, the receptors for these two viruses may be different.

In both viruses there are also two genes encoding major capsid proteins yielding prod-
ucts of approximately 25 kDa (VP4) and 20 kDa (VP7) in size (Fig. 4.4A). In SH1 these 
proteins have been suggested to fold into single β-barrel structures ( Jäälinoja et al., 2008). 
Corresponding proteins of HHIV-2 are 84% (VP4) and 72% (VP7) identical in amino acid 
sequence ( Jaakkola et al., 2012) to the SH1 proteins suggesting strongly similar folding of the 
proteins. Both SH1 and HHIV-2 contain a predicted ORF encoding a putative homologue 
for a packaging ATPase that has been shown to share features similar to the other packaging 
ATPases of icosahedral viruses ( Jaakkola et al., 2012; Strömsten et al., 2005). It has been 
proposed that SH1 and HHIV-2 belong to the PRD1-adenovirus – lineage of icosahedral 
viruses (Bamford et al., 2005b; Jaakkola et al., 2012; Jäälinoja et al., 2008; Kivelä et al., 2006; 
Porter et al., 2005). There are several features in common especially with bacteriophage 
PRD1 such as the icosahedral morphotype of the virion, an internal membrane underneath 
the capsid, similar packaging ATPase, linear dsDNA genome with terminal proteins and the 
genomic organization of the genes, which support the hypothesis (Bamford et al., 2005b; 
Jäälinoja et al., 2008; Kivelä et al., 2006; Krupovič and Bamford, 2008; Porter and Dyall-
Smith, 2008; Porter et al., 2005; Strömsten et al., 2005). Although the 3D structure of the 
major capsid proteins of SH1 and HHIV-2 have not been solved to high resolution, it is clear 
that instead of the double jelly roll fold structure found in the major structural proteins of 
the other members of the PRD1-adenovirus –lineage, there are two separate proteins both 
folding possibly to single β-barrel structures ( Jäälinoja et al., 2008). Therefore, it has been 
suggested that the SH1 and HHIV-2 viruses together with a thermophilic bacteriophage 
P23–77 ( Jaatinen et al., 2008) would form a related group of viruses, the so-called single 
β-barrel lineage ( Jaakkola et al., 2012; Krupovič and Bamford, 2008).
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Relatively few proviral elements have been found in the haloarchaeal host genomes 
that show relatedness to the icosahedral viral genomes ( Jaakkola et al., 2012; Jalasvuori 
et al., 2009). There are short regions in Haloarcula marismortui chromosome that contain 
homologues for the two major capsid proteins as well as the packaging ATPase ( Jalasvuori 
et al., 2009) and one longer region in Haladaptatus paucihalophilus (strain DX253; RefSeq 
NZ_AEMG01000027.1) which shows similarity along longer genomic region including 
the genes encoding most of the structural genes ( Jaakkola et al., 2012). As discussed above 
for tailed viruses, this most probably reflects the virulent life styles of the two icosahedral 
viruses ( Jaakkola et al., 2012; Roine and Oksanen, 2011).

Spindle-shaped viruses
Currently there are two haloarchaeal viruses, His1 and His2 that have been classified into 
the genus Salterprovirus (King et al., 2012). The genomes of both viruses are linear dsDNA 
molecules of 14,464 bp (His1) and 16,067 bp (His2) in length. As in icosahedral viruses the 
genomes contain inverted terminal repeats and 5′ terminal proteins (Bath et al., 2006; Porter 
and Dyall-Smith, 2008). The genomes share very little similarity at the nucleotide level and 
at the amino acid sequence level the only detectable similarity can be found between puta-
tive DNA polymerases (Bath et al., 2006). Both His1 and His2 genomes have undergone 
independent recombination events (Bath et al., 2006). Recently, it has been suggested that 
instead of Salterprovirus, His2 should actually be classified as a member of the haloarchaeal 
pleomorphic virus group (see below; Pietilä et al., 2012b; Senčilo et al., 2012). In addition, a 
new study on the structure of His1 virion shows that unlike His2 it does not contain lipids, 
but the 7.9 kDa major capsid protein VP21 is most probably lipid modified (Pietilä et al., 
2012a).

Pleomorphic viruses
Haloarchaeal pleomorphic viruses represent a new group of recently isolated viruses with 
simple virion architecture (Fig. 4.5A and B; Atanasova et al., 2012; Pietilä et al., 2009, 
2012b; Roine et al., 2010; Senčilo et al., 2012). HRPV-1 was the first pleomorphic virus 
isolated (Pietilä et al., 2009) and currently there are seven members that are suggested to 
belong to this group of viruses (Table 4.2; Pietilä et al., 2012b; Senčilo et al., 2012). His2 
is also suggested to belong to the group of pleomorphic viruses on the basis of the virion 
morphology, the major structural protein pattern and collinearity of the approximately 7 kb 
of the His2 genome (Fig. 4.5; Pietilä et al., 2012b; Senčilo et al., 2012). HRPV-1 was also the 
first archaeal virus shown to contain an ssDNA genome (Pietilä et al., 2009). Pleomorphic 
viruses are geographically widely distributed: they have been isolated from two different 
locations in Italy (Trapani and Margherita di Savoia), Israel, Thailand, Spain and Australia 
(Atanasova et al., 2012; Bath et al., 2006; Pietilä et al., 2012b).

The virion architecture is pleomorphic and consists of a genome enclosed in lipid mem-
brane vesicle (Fig. 4.5B; Pietilä et al., 2010, 2012b). The virions contain two major structural 
proteins that are associated with the membrane. The larger protein, VP4 and VP4-like 
proteins, form spike structures, protrusions that are usually responsible for the viral recog-
nition of the host receptor. The spike proteins are C-terminally anchored to the membrane 
whereas the smaller structural protein, VP3 and VP3-like proteins, are mostly embedded in 
the viral envelope (Pietilä et al., 2009, 2010, 2012b; Roine et al., 2010). HGPV-1 and His2 
viruses have one or two structural proteins in addition to the two major ones (Pietilä et al., 
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2012b). HRPV-1 VP4 is N-glycosylated comprising a pentasaccharide containing glucose, 
glucuronic acid, mannose, sulfated glucuronic acid and a terminal 5-N-formyl-legionaminic 
acid residue (Kandiba et al., 2012). The virion structure with a host acquired lipid envelope 
suggests an exit strategy similar to the one of many animal viruses i.e. by budding without 
lysis of the host cells, and there is evidence that the cells producing viral progeny are alive, 
but grow slower than the non-infected cells (Pietilä et al., 2009, 2012b; Roine et al., 2010). 
HRPV-1 has been reported to establish an infection persisting through several successive 
passages of culturing (Pietilä et al., 2009).

Genomic structure of pleomorphic viruses
The genome sizes of the pleomorphic viruses vary from the 7 kb of HRPV-1 to the 16.1-kb 
of His2 (Senčilo et al., 2012). These viruses are characterized by a conserved set of five genes 
(Fig. 4.5B) starting from the genes encoding the two major structural proteins and ending 
after the predicted gene encoding putative P-loop NTPase. At the nucleotide level significant 
sequence similarity can only be found between the HRPV-2 and HRPV-6 genomes (Senčilo 
et al., 2012), the two viruses isolated from the same solar saltern in Thailand (Atanasova et 
al., 2012; Pietilä et al., 2012b). Although related, the amino acid sequences of the conserved 
cluster genes are not similar enough in order to conduct proper phylogenetic analyses of the 
different gene products. Preliminary analyses suggest, however, that at least VP3-like, VP8-
like and ORF7-like products may have a common evolutionary history. Thus, the genes 
and predicted ORFs in the conserved cluster may be a uniform module. These genomes, 
however, also contain variable regions that do not show significant similarity (Fig. 4.5; see 
below).

Based on the genome organization and gene content in the variable regions, these 
viruses can be further divided into three subgroups (Fig. 4.5C). The first predicted open 
reading frame in the first subgroup members is a putative replication initiation protein 
(Rep) of rolling circle replication (RCR). There is also a short homologous ORF (ORF2 
in HRPV-1) just upstream of the gene encoding the smaller major structural protein. The 
second subgroup members differ from the first subgroup members by showing relatively 

Table 4.2 The molecular weight (in kDa) of the two major structural proteins and their protein 
names in different pleomorphic viruses
Virus VP3-like protein VP4-like proteina

HHPV-1 14.4 (VP3) 51.6 (VP4)
HRPV-1 13.9 (VP3) 53.3 (VP4)
HRPV-2 14.3 (VP4) 56.5 (VP5) 
HRPV-3 14.6 (VP1) 57.3 (VP2) 
HRPV-6 14.5 (VP4) 57.3 (VP5) 
HGPV-1 9.5 (VP2) 48.5 (VP4) 
His2 53.6 (VP29)b

aThe molecular weight of the protein calculated in its processed form is shown. bIn addition to VP4-
like protein, His2 virion contains three other major structural proteins: VP27, VP28 and VP32 (Pietilä 
et al., 2012b). Neither of the membrane proteins VP27 or VP32 are related to the VP3-like proteins.
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low amino acid sequence identity of the VP3-like proteins both within this subgroup and 
between the subgroups 1 and 2. In addition, instead of the putative RCR Rep, they con-
tain a putative conserved ORF in the variable part of the genome that is transcribed to the 
direction opposite from the conserved gene cluster and is predicted to contain a winged 
helix–turn–helix motif (wHTH) in the C-terminal part of the protein (Senčilo et al., 2012). 
His2 with linear dsDNA genome is, at the moment, the only representative of the third 
subgroup. The approximately 7 kb region at the 3′ end of His2 genome harbours the cluster 
of genes conserved in the pleomorphic viruses (Dyall-Smith et al., 2011; Pietilä et al., 2009; 
Senčilo et al., 2012).

The most remarkable feature of the pleomorphic viruses is that although conserved in 
the virion architecture and co-linearity of the genome, the HRPV-1, HRPV-2 and HRPV-6 
genomes are circular single-stranded DNA (ssDNA) whereas the HHPV-1 is circular 
double-stranded DNA (dsDNA; Fig 4.5C). The genomes of HRPV-3 and HGPV-1 are also 
circular dsDNA molecules, but discontinuous (see below). The His2 genome, on the other 
hand, is linear dsDNA molecule containing 5′ covalently attached terminal proteins (Bath 
et al., 2006; Porter and Dyall-Smith, 2008) comparable to those in SH1 and HHIV-2. Thus, 
these related viruses, containing different genome types, violate the rules of current viral 
classification schemes (King et al., 2012). It is also perhaps an extreme example of genomic 
plasticity among viruses.

Discontinuous regions of HRPV-3 genome
The pleomorphic virus group further violates conventional observations and wisdom 
because HRPV-3 and HGPV-1, members of the subgroup 2 viruses, contain a rare type of 
genome that is mostly dsDNA, but with short stretches of ssDNA. We were able to show 
that in the genome of HRPV-3 the ssDNA stretch coincided with specific pentanucleotide 
motif GCCCA (Senčilo et al., 2012). There are 27 GCCCA pentanucleotide motifs found 
in the genome of HRPV-3, and in 13 cases there was an associated ssDNA region adjacent to 
it. The location of these motifs also correlated with the transcriptional direction of the genes 
(Senčilo et al., 2012). As these ssDNA stretches could not be repaired using ligase alone, 
but required the combined activities of polymerase and a ligase, we concluded that the dis-
continuity is not only a nick, but a genuine short stretch of ssDNA (Senčilo et al., 2012). In 
case of the HGPV-1 genome, it has been more difficult to distinguish a similar type of motif 
and the studies are ongoing. Discontinuous dsDNA genomes can be considered rare at least 
among the prokaryotic viruses, although some tailed bacteriophage genomes are reported 
to contain nicks (Kulakov et al., 2009; Wang et al., 2005). Among eukaryotic viruses the 
Human hepatitis virus B (HBV) and its relative Woodchuck hepatitis virus (WHV) have 
been shown to contain partially ssDNA genomes (Summers et al., 1975, 1978). In all of 
these cases the ultimate reason for discontinuous genomic regions remains open. Upon the 
infection of HBV, the genome is converted into covalently closed circular form (cccDNA; 
Tuttleman et al., 1986) by host enzymes (Köck and Schlicht, 1993). Although similar ini-
tial steps may also occur for the haloarchaeal genomes, the rest of the genome replication 
cycle does not need to be reminiscent of the elaborated genome replication scheme of HBV 
(Ganem and Varmus, 1987). It is tempting to speculate, however, that in all of these cases 
the discontinuous viral genomes attract the host machinery involved in DNA repair and 
replication, and eventually take advantage of it.
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Proviral regions related to pleomorphic viruses
In addition to the pleomorphic viral genomes characterized, there are related proviral ele-
ments found frequently in many of the haloarchaeal host genomes (Roine and Oksanen, 
2011; Senčilo et al., 2012). These proviral regions are usually longer than the characterized 
viral genomes and many of them also contain ORFs predicted to encode putative integrase 
and fH repressor-like proteins. In most of them a tRNA gene could also be found in the 
vicinity (Roine et al., 2010; Roine and Oksanen, 2011; Senčilo et al., 2012). Related genetic 
elements have also been reported as plasmids (Holmes et al., 1995; Roine et al., 2010). Thus, 
they seem to represent typical complete proviral elements, although there is no evidence 
that they can be induced to produce functional virions. Comparison of the proviral elements 
with the isolated pleomorphic viruses shows that the viral genomes are indeed smaller than 
the proviral regions. To date we have not been able to isolate a single pleomorphic virus the 
genome of which would contain an ORF predicted to encode a putative integrase. Future 
studies will hopefully show whether this tendency continues and has some meaningful biol-
ogy behind it.

Viruses and plasmids, related genetic elements
The genomes of pleomorphic viruses are in many ways similar to plasmids. Furthermore, 
pleomorphic viruses do not lyse the cells, but retard the host growth and exit most prob-
ably through budding (Pietilä et al., 2009, 2012b; Roine et al., 2010). High copy-number 
plasmids also retard the growth of a cell. Since plasmids and viral genomes often are very 
close to each other as genetic elements we have to admit that there may be a ‘twilight 
zone’ between viruses and plasmids. As mentioned before, the manifestation of a virus is 
the ability to produce particles packaged with the genetic information for its production. 
Thus, we consider the pleomorphic viruses to be viruses. An alternative concept, a plasmid 
that has an autonomous vehicle for its delivery from one cell to another, would need even 
more imagination and maybe additional examples in the real life to support its existence. 
Among haloarchaea this may not be so far-fetched, however, because there are no reports 
of existence of traditional conjugative plasmids. In comparison, thermophilic crenarchaeal 
plasmids have been characterized that carry genes encoding TraG and TrbE homologues, 
proteins involved in conjugational transfer of plasmids in bacteria (Lipps, 2006; Schröder 
and Lanka, 2005).

Conclusions and future prospects
The field of haloarchaeal virus genomics is in its infancy. Currently, there are approximately 
100 haloarchaeal viruses and less than 30 complete viral genomic sequences published. As 
in other prokaryotic viruses, the genomes of haloarchaeal viruses very often show little if 
any similarity to the database deposited nucleotide sequences. The second level of infor-
mation, the primary amino acid sequence may reveal more relationships to existing data. 
Yet, for more than half of the predicted genes in viral genomes a putative function on the 
basis of homologues found in the database cannot be assigned. On the basis of the ‘higher 
level’ observations we can say that haloarchaeal viruses resemble bacteriophages: tailed 
viruses are common and we can also find icosahedral viruses that seem to be related with 
the icosahedral bacteriophages. The genomes of both of these viral classes also resemble 
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the corresponding bacteriophage genomes. Pleomorphic viruses have been suggested to be 
related to Plasmaviridae family of bacteriophages such as L172 (Dybvig et al., 1985; Pietilä 
et al., 2009; Roine and Oksanen, 2011), but the closer characterization of L172 virion archi-
tecture and genome sequence is missing. The genomes of analysed haloarchaeal viruses 
show similar type of mosaicism already seen in bacteriophage genomes. The mosaicism of 
viral genomes is most apparent in the genomes of viruses with complex virion architectures 
such as tailed viruses, but also in the more simple ones, such as the pleomorphic viruses, 
there is clear modularity. In conclusion, the new haloarchaeal viruses and information of 
their genomes further support the suggested classification scheme in which the structural 
features of the virion as well as the atomic structure of the major structural proteins are used 
in the higher order classification. For further division into lower levels of classification, the 
features of the rest of the genome can be utilized.

In addition to the direct influence of viruses as parasites of their hosts, there are examples 
of the indirect effects viruses can have (see ‘Influence of viral genes on their hosts’, above) on 
their host biology. For example, part of the type VI secretion pathway (Leiman et al., 2009; 
Pell et al., 2009) and macromolecular toxins (Nakayama et al., 2000; Yamada et al., 2006) 
are encoded by homologues of viral genes encoding the tail structure, and toxin encoding 
genes carried by viral genomes have been incorporated into the host genomes for the benefit 
of the host (Brüssow et al., 2004; Casjens, 2003). These examples nicely light up the close 
relationships and dynamics between the viral and host genomes. Does this also happen 
in haloarchaea and what are the outcomes of the interplay between haloarchaea and their 
viruses remains to be answered in future studies.

Characterization of the genomes of new haloarchaeal viruses, especially the pleomorphic 
viruses has further reinforced the dichotomy of viral functions. As already discussed above, 
the genes encoding for the virion structural components experience the selective pressure 
for virion formation whereas the genes involved in genome replication, transcription and 
translation need to be compatible with the same processes of the host. The nature of the 
genome itself may also be a reflection of the conditions of the host. One of the early exam-
ples was the genomic instability of fH (Reiter et al., 1988; Schnabel et al., 1982a) which 
was in accordance with the instability of the host genome (Pfeifer et al., 1981; Reiter et al., 
1988; Sapienza et al., 1982; Simsek et al., 1982). The pleomorphic viruses, although clearly 
related, contain different types of genomes (see above). This may also reflect the nature of 
the replication process in their host cells. For example, it may be that in different host cells 
the rates of different replication steps vary leading to packaging of either single stranded or 
double stranded DNA genomes. Genomic instability has also been reported for the crenar-
chaeal virus SIRV1 (Prangishvili et al., 1999). Although the mechanisms for this instability 
were also not studied further, the interplay between unidentified factors in the viral genome 
together with a certain host was suggested (Prangishvili et al., 1999).

Taken together, there is relatively small amount of complete prokaryotic viral genome 
sequences published and even smaller amount of haloarchaeal viral genomes. Considering 
the fact that prokaryotic viruses, including the haloarchaeal viruses, are the most abundant 
life forms on earth we still have many new things to discover. In addition, the already shown 
influence the prokaryotic viruses have on their hosts warrants proper efforts to be put in the 
characterization of them. Not only new genome sequences, but also the functional testing 
of the gene content is required. The most interesting findings in the studies of viral genomes 
come from careful characterization of both the viruses and their hosts. Unfortunately, it is 
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not an easy, cheap or fast process even during these modern times of molecular biology. 
Yet, only by detailed studies of the viral–host interactions will we be able to find out the 
basic rules, if any, behind the interplay between the viral and host genomes resulting in the 
dynamic genomes of prokaryotic viruses.
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Abstract
The ability of extremophiles to survive and multiply under extreme conditions is of great 
importance for microbial physiology, evolution and industry. Whole genome sequencing 
has provided significant insight into mechanisms used by extremophiles for adaptation 
to extreme environments. This chapter reviews the current knowledge on the adaptation 
of two halophiles, the anaerobic alkalithermophilic Natranaerobius thermophilus, and the 
aerobic Halobacillus halophilus, to their extreme environments, with emphasis on traits 
delineated from their genome sequences. N. thermophilus and H. halophilus have developed 
different mechanisms for adaptation to their extreme environments. N. thermophilus faces 
multiple extremes and consequently employs different and diverse adaptive mechanisms, 
including accumulation of compatible solutes to counteract high salinity, multiple cation/
proton antiporters for intracellular pH and ion regulation and changing intracellular amino 
acid content in response to high temperature. H. halophilus faces predominantly salt stress 
and has developed a hybrid strategy for adaptation involving accumulation of a mixture 
of compatible solutes in addition to accumulation of molar concentrations of chloride 
and probably potassium inside its cells. Intracellular solute composition in H. halophilus 
is strictly regulated to adjust to changing extracellular osmolarity. Genomic diversity of N. 
thermophilus indicates the presence of complex regulatory mechanisms necessary for sur-
vival under multiple extreme conditions.

Introduction
Several ecosystems on earth are extreme from a human perspective. Such environments 
may have extremely high or low pH, high or low temperatures, high salinity, high pressure 
and various combinations thereof. These environments are not ‘sterile’ but inhabited by spe-
cialized microorganisms that are adapted to them. Since these microorganisms live under 
extreme conditions, they are termed ‘extremophiles’. Extremophiles are present in all three 
domains of life, the Archaea, Bacteria and Eukarya. Often, extremophiles are challenged 
by more than one extreme condition, these are termed ‘polyextremophiles’ (Mesbah and 
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Wiegel, 2008). Examples of multiple extreme conditions are hot, alkaline springs, hypersa-
line, alkaline lakes, and hot, acidic springs.

Microorganisms adapted to life at high salinities were the first extremophiles discovered. 
These extremophiles, termed halophiles, grow optimally in the presence of extremely high 
salinities, up to 5 M NaCl. They accumulate intracellular KCl in concentrations higher than 
the external NaCl concentration to maintain a turgor pressure. This strategy, called the 
‘salt-in’ strategy, is found, in the Halobacteriales (Archaea) and the bacterium Salinibacter 
ruber. The ‘salt-in’ strategy requires that the cellular machineries are adapted to high KCl 
concentrations. In general, halophiles using the ‘salt-in’ strategy are restricted to growth at 
high salt. A more flexible strategy is found in moderately halophilic bacteria that grow over 
a wide range of salinities (typically 0.5–3 M NaCl). This strategy, the ‘low-salt-in’ strategy, 
relies on accumulation of high concentrations of organic compatible solutes and retains a 
cytoplasm iso-osmotic or slightly hyperosmotic with its surrounding.

This chapter summarizes current knowledge on the molecular basis of adaptation of two 
moderate halophiles, the anaerobic polyextremophile Natranaerobius thermophilus, and the 
aerobic moderate halophile Halobacillus halophilus, to their environments. Special emphasis 
is on the discussion of the metabolic traits delineated from the genome sequence.

The anaerobic polyextremophile Natranaerobius thermophilus
Strains of Natranaerobius thermophilus were isolated from the highly saline soda lakes of 
the Wadi An Natrun, Egypt (Mesbah et al., 2007b). The alkaline brines of the Wadi An 
Natrun have pH values ranging between 9 and 11 (Imhoff et al., 1979; Mesbah et al., 2007a; 
Taher, 1999). These alkaline brines are rich in carbonate and chloride, and lack significant 
quantities of the divalent cations magnesium and calcium. N. thermophilus grows optimally 
at 3.3–3.9 M Na+ (derived from both NaCl and Na2CO3/NaHCO3), pH 9.5 (measured at 
55°C) and 53°C. N. thermophilus is obligately anaerobic and chemoorganotrophic, produc-
ing acetate and formate when grown in the presence of sucrose, yeast extract and tryptone 
(Mesbah et al., 2007b).

N. thermophilus is phylogenetically classified within the order Natranaerobiales, Class 
Clostridia, Phylum Firmicutes (Mesbah et al., 2007b). The order Natranaerobiales consists 
exclusively of extremely halophilic, alkaliphilic and moderately thermophilic anaerobes. 
Among the Natranaerobiales, N. thermophilus has been the most extensively studied physi-
ologically and biochemically (Krulwich et al., 2009; Mesbah et al., 2007b, 2009; Mesbah 
and Wiegel, 2011, 2012).

General features of the Natranaerobius thermophilus genome
The genome of N. thermophilus strain JW/NM-WN-LFT (= DSM 18059T = ATCC BAA-
1301T) was sequenced at the Joint Genome Institute (Walnut Creek, CA, USA), using a 
combination of 3-, 8-, and 40 kbp insert libraries and random shotgun sequencing (Zhao et 
al., 2011). The N. thermophilus genome consists of a single, circular chromosome (3.2 Mbp) 
and two circular plasmids, pNTHE01 and pNTHE02 (17 and 8.6 kbp, respectively) (Fig. 
5.1). The average G+C content of the three elements was 36.4% for the chromosome, 34.1% 
for pNTHE01, and 35.7% for pNTHE02 (Zhao et al., 2011). On the basis of the G+C ratio 
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Figure 5.1 Circular representation of the N. thermophilus chromosome (A), plasmid pNTHE01 
(B) and plasmid pNTHE02 (C). The distribution of coding sequences is depicted by the coloured 
boxes according to functional categories. The first two circles from the outside represent the 
predicted coding sequences on the plus and minus strands, respectively. The two innermost 
circles represent the per cent G+C and G+C skew, respectively. Colours represent the following: 
dark grey, hypothetical proteins; light grey, conserved hypothetical and unknown function; 
brown, general function prediction; red, replication and repair; green, energy metabolism; blue, 
carbon and carbohydrate metabolism; cyan, lipid metabolism; magenta, transcription; yellow, 
translation; orange, amino acid metabolism; pink, metabolism of cofactors and vitamins; 
light red, purine and pyrimidine metabolism; lavender, signal transduction; sky blue, cellular 
processes. The third circle represents red for rRNA and green for tRNA genes. 
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and G-C skew, the origin of replication was estimated to be upstream of the gene coding 
for the chromosomal replication initiator protein (DnaA), and the site of termination of 
replication is nearly 1.6 Mbp from the origin. However, a gene encoding the replication 
termination protein was not found.

Coding sequences covered 88.3% of the chromosome, 49.9% of pNTHE01, and 25.7% 
of pNTHE02. The chromosome encodes for 2882 predicted proteins, 71.4% of which were 
assigned putative functions. The remainder was identified as conserved proteins of unknown 
function. The plasmid pNTHE01 encoded for 14 proteins, five of which were assigned puta-
tive functions and plasmid pNTHE02 encoded for ten predicted proteins, five with putative 
functions. Fifty annotated pseudogenes were also identified on the chromosome, and one 
pseudogene was identified on pNTHE01. Proteins of N. thermophilus predicted from the 
2882 coding regions were estimated to range in length from 31 to 1474 amino acids.

The chromosome of N. thermophilus contains four rRNA operons, each consisting of 16S, 
23S and 5S rRNAs. Fifty-one transfer RNAs (tRNAs), representing 36 different anticodons, 
are encoded in the genome.

Long-term survival: endospore formation
Spore formation in Gram-positive bacteria is a complex developmental process that takes 
about 6–8 hours for completion (Errington, 1993; Stragier and Losick, 1996). Sporula-
tion requires intricate networks of temporal and compartmental regulation and, in Bacillus 
subtilis, at least 75 genes must act sequentially (Paidhungat et al., 2001). Therefore, if a com-
ponent involved in a sequential process is missing, spore formation will not be observed. 
As a result, asporogenic phenotypes occur (Onyenwoke et al., 2004). This appears to be the 
case in N. thermophilus. Many genes involved in the sporulation process were identified in 
the genome, including Spo0A, a DNA-binding protein shown to be the master regulator for 
entry into sporulation in B. subtilis (Molle et al., 2003). In addition, many genes involved in 
post-septation and post-engulfment are present in the N. thermophilus genome. However, 
spores have not been observed in cells of N. thermophilus, neither in ultrathin sections using 
electron microscopy nor by light microscopy after heat treatment (10 minutes at 80°C) 
(Mesbah et al., 2007b). A similar phenomenon has been reported in the halophilic and 
thermophilic bacterium Halothermothrix orenii. The genome sequence of H. orenii contains 
homologues for the majority of the genes involved in the sporulation process but the strain 
is apparently asporogenic (Mavromatis et al., 2009).

Metabolism
N. thermophilus is an anaerobic chemoorganotroph, growing best in a complex medium 
supplied with 0.2% yeast extract and 0.2% tryptone. No growth was observed in minimal 
medium, indicating that it is unable to synthesize necessary components, such as essential 
amino acids, fatty acids, and purine and pyrimidine and nucleotides. N. thermophilus can uti-
lize xylose, ribose, glucose, fructose, sucrose, cellobiose, trehalose, pyruvate, casamino acids, 
acetate, and peptone as carbon and energy sources (Mesbah et al., 2007b). The chromosome 
of N. thermophilus contains putative genes for a complete Embden–Meyerhof pathway, a 
non-oxidative pentose phosphate pathway and a reductive branch of the tricarboxylic acid 
cycle (Fig. 5.2). The genes for a putative pyruvate formate lyase (catalysing the non-oxida-
tive cleavage of pyruvate to formate and acetyl-CoA) and the phosphate acetyltransferase 
(converting acetyl CoA to acetylphosphate, the acetate kinase forming acetate and ATP) 
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were also identified. Formate and acetate were the major fermentation products when N. 
thermophilus was grown on sucrose (Mesbah et al., 2007b). N. thermophilus possesses genes 
for a phosphenolpyruvate synthase and fructose-1,6-bisphosphatase, but a gene encoding 
for glucose-6-phosphatase was not found. Therefore, N. thermophilus is not genetically capa-
ble of gluconeogenesis. Genes for the oxidative branch of the pentose phosphate pathway 
and the Entner–Doudoroff pathway were not found.

The chromosome of N. thermophilus contains six genes for nitrate reductases, a gene 
encoding for an anaerobic sulfide reductase and an anaerobic ribonucleoside triphosphate 
reductase. N. thermophilus was able to utilize nitrate and thiosulfate as electron acceptors 
(Mesbah et al., 2007b). N. thermophilus possesses a complete F-type ATPase complex. In 
addition, two clusters of genes with high similarity to the ion-motive Rnf electron transport 
complex were found (Biegel et al., 2011).

Long-term adaptation: adaptation to hypersaline conditions
N. thermophilus was isolated from a mixed sediment water sample from the alkaline, hyper-
saline Lake Fazda, Wadi An Natrun, Egypt (Mesbah et al., 2007b). The water of this lake 
typically evaporates during the summer and fills during the winter due to a small amount of 

Figure 5.2 Overview of putative transport systems and central metabolism predicted in 
the chromosome of N. thermophilus. Abbreviations: G-6-P, glucose-6-phosphate; F-6-P, 
fructose-6-phosphate; F-1,6-bisP, fructose-1,6-bisphosphate; GA-3-P, glyceraldehyde-3-
phosphate; G-1,3-bisP, 1,3-biophosphoglycerate; G-3-P, 3-biophosphoglycerate; G-2-P, 
2-biophosphoglycerate; PEP, phosphoenolpyruvate; Ru-5-P, ribulose-5-phosphate; Xu-
5-P, xylulose-5-phosphate; R-5-P, ribose-5-phosphate; GAP, glyceraldehyde-3-phosphate; 
S-7P, sedoheptulose-7-phosphate; E-P, erythrose-4-phosphate; DHAP, dihydroxyacetone 
phosphate; PRPP, phosphoribosyl pyrophosphate.
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rainfall. As a result, the halophilic N. thermophilus must have the ability to rapidly adjust to 
fluctuating salinity.

Analysis of the proteome of N. thermophilus showed that, consistent with being an 
extreme halophile, the isoelectric point of proteins is predominantly acidic, ranging between 
4 and 5. Thus the majority of intracellular proteins are negatively charged. This resembles 
the profiles mainly observed in organisms that use the ‘salt-in’ strategy (Elevi Bardavid and 
Oren, 2012). Analysis of the amino acid composition of N. thermophilus showed predomi-
nance for the amino acids glutamate as well as the non-polar leucine and isoleucine. It thus 
would be expected that N. thermophilus uses the ‘salt-in’ strategy for osmotic adaptation.

However, analysis of the intracellular ion content in energized cells of N. thermophilus 
showed that, at the optimal growth conditions of 53°C, pH55°C 9.5 and 3.5 M Na+, intracel-
lular K+ concentration was only 250 mM. Intracellular K+ concentration did not vary with 
changes in the K+ concentration of the culture medium. The concentration remained con-
stant below extracellular pH55°C 9.5, but increased sharply at more alkaline extracellular pH 
values reaching 540 mM at pH55°C 10.6, the maximum growth pH for N. thermophilus. These 
values were still too low to combat external salinity but consistent with those measured in 
exponentially growing cells under the same growth conditions. The intracellular Na+ con-
centration in both exponentially growing and energized cell suspensions was only 8 mM 
at extracellular pH55°C 9.5, and increased to 33 mM at pH55°C 10.5 (Mesbah et al., 2009). 
Concentrations of other ions (Mg2+, Mn2+, Li+) were in the nanomolar range. These data 
indicate that N. thermophilus does not rely solely on the ‘salt-in’ strategy for osmotic adapta-
tion.

Compatible solutes are usually amino acids and their derivatives, methylamines, polyols 
and sugars (Roberts, 2005). In many microorganisms, the compatible solute glycine betaine 
can be synthesized de novo or from exogenously provided choline. Synthesis de novo of gly-
cine betaine is by way of glycine; it involves 3-fold methylation of glycine at the N position 
with S-adenosylmethionine as a methyl donor. These methylation reactions are catalysed by 
two enzymes, glycine sarcosine methyltransferase (GSMT) and sarcosine dimethylglycine 
methyltransferase (SDMT) (Nyyssola et al., 2001). The chromosome of N. thermophilus 
contains genes encoding putative GSMT and SDMT. Thus, N. thermophilus has the genetic 
ability to synthesize glycine betaine. Homologues of genes involved in the synthesis of gly-
cine betaine from choline were not found. The chromosome of N. thermophilus also contains 
15 genes for potential glycine betaine ABC transporters, four genes for glycine betaine/l-
proline ABC transporters, and three for betaine/carnitine/choline transporters (Zhao et al., 
2011) (Fig. 5.2). The delineated ability to accumulate glycine betaine by de novo synthesis 
and/or uptake is consistent with physiological data. N. thermophilus grown at 52°C, pH55°C 

9.5 and 3.3 M NaCl had an internal glycine betaine concentration of 410 mM that increased 
to 1.1 M at 4.5 M Na+, indicating that this compatible solute plays a role in osmotic stress 
response.

The chromosome of N. thermophilus also contains three genes for glutamine synthetase, 
five genes for Na+/proline symporters and two for Na+/glutamate symporters (Fig. 5.2). 
Collectively, the presence of a large number of compatible solute symporters together with 
the low intracellular ion content of N. thermophilus indicates that this extreme anaerobic 
halophile uses mainly the ‘salt-out’ strategy for osmotic adaptation. Noteworthy is the 
‘acidic’ proteome that would argue for a ‘salt-in’ strategy or a hybrid strategy as discussed 
below for H. halophilus.
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Long-term adaptation: sodium bioenergetics and adaptation to 
alkaline conditions
The bioenergetic problems faced by alkaliphiles are enormous, an inverted ΔpH, suboptimal 
proton motive force and the need to constantly acidify the cytoplasm while growing in near 
absence of protons (Krulwich, 1995). Alkaliphiles must have mechanisms for cytoplasmic 
acidification and/or homeostasis. Many strategies exist, including increased expression 
and activity of cation/proton antiporters (CPA), changes in cell surface properties and 
increased production of metabolic acids via amino acid deaminases and sugar fermentation. 
Among these, cation/proton antiporters play an essential and dominant role in cytoplasm 
pH regulation (Padan et al., 2005; Slonczewski et al., 2009).

The chromosome of N. thermophilus contains genes for 11 monovalent cation/proton 
antiporters of the NhaC type, a gene cluster encoding a multisubunit cation/proton anti-
porter of the CPA-3 family, four monovalent cation/proton antiporters of the CPA1 and 
CPA2 family, and one gene encoding a cation/proton antiporter of the NdhF-a family 
(Krulwich et al., 2009; Mesbah et al., 2009; Zhao et al., 2011) (Fig. 5.2). Cloning and het-
erologous expression of 12 of these genes revealed that seven had Na+(K+)/H+ antiport 
activity, one was a specific K+/H+ antiporter, and four showed K+ transport, where they 
complemented a K+ uptake deficient strain of Escherichia coli (Mesbah et al., 2009). The 
kinetic and biochemical properties of the antiporter proteins correlated well with the intra-
cellular conditions of N. thermophilus (Mesbah et al., 2009).

The unusually large number of predicted antiporter loci in the genome of N. thermo-
philus suggests that the size of the antiporter complement of a bacterium is influenced by 
the number of environmental stressors it faces. There are 17 predicted antiporters in the 
chromosome of N. thermophilus; extremely alkaliphilic, halotolerant and mesophilic Bacil-
lus halodurans and Oceanobacillus iheyensis have only five and four predicted antiporters, 
respectively (Takami et al., 2000, 2002). Halophilic and thermophilic Halothermothrix 
orenii has only one predicted antiporter of the NhaC type in its genome (Mavromatis et 
al., 2009), whereas the haloalkaliphilic Thioalkalivibrio sulfidiphilus has only two predicted 
antiporters (Muyzer et al., 2011). It is possible that extremophiles facing only one extreme 
require a small number of antiporters specifically adapted to cope with the bioenergetic 
problems faced by that extreme. On the other hand, poly-extremophiles such as N. ther-
mophilus utilize a larger number of antiporters, with different roles to function as defence 
mechanisms against the large number of bioenergetic difficulties posed by multiple extreme 
conditions.

N. thermophilus harbours an ATPase with nine predicted subunits. The deduced subunits 
are similar to those of F1FO ATP synthases. In contrast to most other F1FO ATP synthases, 
but similar to the anaerobic bacterium Acetobacterium woodii (Fritz and Müller, 2007; 
Rahlfs et al., 1999; Schmidt et al., 2009), the atp operon encodes two different c subunits. 
The c subunits of F1FO ATP synthases make the rotor of the membrane-embedded motor 
and are assembled into a ring-like structure. In most cases, the c ring is made of multiple 
copies of just one c subunit that has two membrane-integral α-helices that are connected by 
a small cytoplasmic loop. Each c subunit harbours one ion binding site. In V1VO ATPases 
found in organelles of eukarya, the c subunit encoding gene underwent a duplication event 
followed by the loss of one ion binding site. This gave rise to a c subunit with four transmem-
brane helices and one ion binding site and thus c rings that have only half the number of ion 
binding sites (Manolson et al., 1992). This is seen as the reason for the apparent inability 
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of V1VO ATPases to synthesize ATP (Müller and Grüber, 2003). In contrast, this design 
favours the generation of steep ion gradients driven by ATP hydrolysis. The atp operon of 
N. thermophilus harbours a second gene encoding a c subunit of the V1VO ATPase type. This 
indicates the presence of a hetero-oligomeric c ring, as has been reported in Acetobacterium 
woodii (Fritz et al., 2008). Furthermore, the sequence signature for coordination of Na+ 
(Q33, E66, T67, T68, Y71) is present in the c subunit of the N. thermophilus ATPase. Purifica-
tion and functional characterization of the enzyme showed that the ATPase is Na+-coupled, 
and reported maximal hydrolysis at the alkaline pH of 9.4 and 47°C (Mesbah and Wiegel, 
2011). Synthesis of ATP by the enzyme proceeded very slowly, and it was concluded that 
the enzyme is geared primarily in the hydrolysis direction, where it serves as a pump to expel 
excess Na+ from the cytoplasm (Mesbah and Wiegel, 2011). Genes homologous to V-type 
ATPases were not found in the chromosome of N. thermophilus.

Long-term adaptation: adaptation to elevated temperature
An analysis of a subset of genome sequences showed that the major effect of thermophily at 
the proteome level was a significant reduction in the frequency of thermolabile amino acids: 
histidine, glutamine and threonine (Hickey and Singer, 2004). Thermophiles also show an 
increase in both positively charged amino acid residues (arginine and lysine) and negatively 
charged residues (glutamate and aspartate), suggesting that ionic bonds between oppositely 
charged residues help to stabilize proteins at high temperature (Tekaia et al., 2002). The 
proteomes of thermophiles also contain a larger fraction of proteins with isoelectric points 
in the basic range (Kawashima et al., 2000).

Analysis of the amino acid composition of N. thermophilus showed a low abundance of 
the amino acids cysteine, histidine, methionine and tryptophan. There was a large abun-
dance in the amino acids leucine, isoleucine and glutamate. The proteome of N. thermophilus 
contains proteins with isoelectric points in the acid range (pH 4–5), consistent with being 
a halophile (Mesbah et al., 2009). Based on genomic analyses, it appears that adaptation 
mechanisms to high salinity and high temperature conflict. This could explain why N. ther-
mophilus is a moderate thermophile, showing no growth at temperatures greater than 56°C 
(Mesbah et al., 2007b). It is interesting to note that the intracellular concentration of the 
amino acid glutamate in N. thermophilus increases from 61 to 178 mM in response to an 
increase in growth temperature from 37 to 54°C. Compatible solutes of thermophiles are 
generally negatively charged (Martins et al., 1997). Therefore the increase in the intracel-
lular concentration of the negatively charged amino acid glutamate indicates that it plays a 
role in adaptation of N. thermophilus to heat.

The genome of N. thermophilus contains a number of genes potentially involved in adap-
tation to life at elevated temperature. The N. thermophilus genome contains a homologue for 
a putative spermine synthase, involved in the synthesis of spermine. Spermine is a positively 
charged polyamine that has been reported to play critical roles in the stabilization of proteins 
and nucleic acids during exposure to extreme temperatures (Tabor and Tabor, 1985; Terui 
et al., 2005). Indeed, analysis of the polyamine content in cells of N. thermophilus showed 
the presence of the polyamine spermine, as well as spermidine, putrescine and two other 
unidentified polyamines. These polyamines could play a role in stabilization of proteins and 
nucleic acids in the moderately thermophilic N. thermophilus.

The N. thermophilus genome also contains four genes encoding orthologous rRNA 
methyltransferases and three genes encoding orthologous tRNA methyltransferase. It has 
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been suggested that rRNA and tRNA methyltransferases play roles in thermophily, where 
base methylation provides structural stabilization of DNA and RNA at high temperature. 
The genome of thermophilic Bacillus kaustophilus (optimal growth at 60°C, maximum 
growth temperature 74°C), contains three tRNA and rRNA methyltransferase genes that 
are not present in other mesophilic bacilli, B. subtilis, B. halodurans, B. anthracis, B. cereus and 
Oceanobacillus iheyensis (Takami et al., 2004). In addition, 12 genes for heat shock proteins 
are present in the chromosome of N. thermophilus.

Combating oxidative stress
Genes encoding for a copper/zinc superoxide dismutase, manganese superoxide dismutase, 
manganese catalase, as well as a bacterioferritin and peroxiredoxin peroxidase AhpC were 
identified in the chromosome of N. thermophilus. Superoxide dismutase catalyses the dis-
mutation of superoxide into molecular oxygen and hydrogen peroxide, preventing damage 
from oxygen-mediated free radicals. Bacterioferritin and peroxiredoxins are abundant in 
a wide variety of cells and play major roles in peroxide detoxification in prokaryotic cells 
(Seaver and Imlayt, 2001; Wang et al., 2005). Superoxide dismutases and catalases function 
in antioxidative defence in aerobic and facultative anaerobic microorganisms, but have also 
been detected in obligate anaerobes such as H. orenii (Mavromatis et al., 2009). In general, 
obligate anaerobes are not uniformly sensitive to oxygen, some species are very sensitive to 
oxygen and others remain viable for long periods in the presence of oxygen. A relationship 
between superoxide dismutase activity and aerotolerance has been reported, where high 
activity was reported in an aerotolerant strain and vice versa (Brioukhanov et al., 2006). N. 
thermophilus can tolerate exposure to oxygen for short periods as long as it is not at the 
optimal temperature for growth. It remains to be determined whether the catalase and per-
oxidase genes are expressed in N. thermophilus and whether the enzyme activities increase 
in response to oxygen.

Combating radiation
Genes encoding the DNA mismatch repair proteins MutS and MutL were identified in the 
chromosome of N. thermophilus. Homologues for the recFOR genes were also detected. 
The large and small subunits of exodeoxyribonuclease VII and exodeoxyribonuclease III 
were present, as were two homologues for DNA polymerase V (Pol V). In addition, genes 
involved in nucleotide excision repair (exinucleases), base excision repair and photorepair 
(UvrC, DNA repair photolyase) were present. The RecFOR pathway is a pathway of homol-
ogous recombination that repairs DNA, it can repair single- or double-stranded gaps (Hiom, 
2009). Exodeoxyribonuclease VII is involved in methyl-directed mismatch repair (Burdett 
et al., 2001). In E. coli, Pol V is involved in translesion synthesis, which allows DNA replica-
tion machinery to bypass base substitution mutations in DNA due to exposure to ultraviolet 
light (Friedberg et al., 2005; Wagner et al., 2002). N. thermophilus showed remarkable resist-
ance when exposed to the three wavelengths of UV A,B and C radiation (385, 312 and 
254 nm resulting in irradiance levels of 0.35 mW/cm2, 0.38 mW/cm2 and 0.645 mW/cm2, 
respectively), where it had between 40% and 80% survival after 28 h of exposure ( J. Blamey, 
personal communication). Under the same test conditions, E. coli showed no survival after 
2 hours of exposure. The presence of several putative DNA repair systems in the genome of 
N. thermophilus could explain its resistance to UV radiation. Functional genetic analyses are 
needed to confirm the role of each gene in the UV resistance of N. thermophilus.
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Mobile genetic elements
It has been proposed that lateral gene transfer plays a crucial role in adaptation of prokaryotes 
to extreme environments (Averhoff, 2009). This appears to be the case in N. thermophilus. 
Its genome contains 72 mobile genetic elements, consisting of 39 transposons, 29 inte-
grases and four phage-related genes. A putative phage integrase was encoded on plasmid 
pNTHE01 and a putative integrase family protein was present on pNTHE02. However, 
clustered regularly interspaced short palindromic repeat (CRISPR) elements common in 
Gram-positive bacteria and Archaea were not found (Sorek et al., 2008).

The aerobic moderately halophilic Halobacillus halophilus
The rod-shaped, endospore-forming, Gram-positive bacterium H. halophilus was isolated 
from a salt marsh at the North Sea coast of Germany and was originally described as Sporo-
sarcina halophila (Claus et al., 1983). Based on 16S rRNA homologies, H. halophilus is 
now phylogenetically classified within the order Bacillales, class Bacilli, phylum Firmicutes 
(Spring et al., 1996). Being moderately halophilic, H. halophilus grows optimally between 
0.5 and 2.0 M NaCl but can tolerate NaCl concentrations up to 3.0 M NaCl with a growth 
rate only 38% of the optimum (Roessler and Müller, 1998). H. halophilus adapts to changing 
environmental salinities that occur due to extensive rain fall or dryness and can survive a 
broad range of external salt concentrations. This is possible through a fine-tuned adapta-
tion of osmoregulation that is evident in the genome sequence of H. halophilus (Saum and 
Müller, 2008b).

General features of the Halobacillus halophilus genome
The genome of H. halophilus DSM 2266 consists of one chromosome (4,150,632 bp) and 
two plasmids of 16,047 bp (PL16) and 3329 bp (PL3) (Fig. 5.3) (Saum et al., 2013). The 
chromosome has a G+C content of 42% and codes for 4132 proteins with a coding den-
sity of 83%. The chromosome shows a typical bacterial GC skew with a minimum at the 
replication origin (pos 1, upstream of the dnaA gene) and a maximum at 2.17 Mbp, the 
probable replication termination point. A gene for DNA polymerase III epsilon subunit 
(Hbhal_3177) is close to the proposed termination point. H. halophilus has seven rRNA 
operons and 67 tRNA genes.

The 16 kbp plasmid has a low coding density with only seven ORFs encoding proteins 
longer than 100 aa. Among those are a phage integrase family protein and a helix–turn–
helix (HTH) domain protein. No replication proteins could be identified; there were no 
sequences with similarity at the nucleotide level in the GenBank database. The 3 kbp plas-
mid codes for a plasmid replication protein and three short ORFs.

H. halophilus has several genomic islands with significantly altered GC content, typical 
of prokaryotic genomes. Within these islands, many of the genes have no assigned func-
tion. Several are from protein families typically found in plasmids and phages (transposase, 
integrase, maturase, prophage, DNA replication protein).

Catabolic traits and nutritional versatility
H. halophilus is a chemoorganoheterotrophic, strictly aerobic bacterium with great nutritional 
versatility. It is able to hydrolyse complex substrates such as casein, gelatin, DNA, starch and 
pullulan (Claus et al., 1983). Genes encoding two extracellular proteases (Hbhal_5155 and 
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Figure 5.3 Circular representation of the H. halophilus chromosome (A), plasmid PL3 (B) and 
plasmid PL16 (C). The distribution of coding sequences is depicted by the coloured boxes 
according to functional categories. The first two circles from the outside represent the predicted 
coding sequences on the plus and minus strands, respectively. The two innermost circles 
represent the per cent G + C and G + C skew, respectively. Colours represent the following: 
dark grey, hypothetical proteins; light grey, conserved hypothetical and unknown function; 
brown, general function prediction; red, replication and repair; green, energy metabolism; blue, 
carbon and carbohydrate metabolism; cyan, lipid metabolism; magenta, transcription; yellow, 
translation; orange, amino acid metabolism; pink, metabolism of cofactors and vitamins; 
light red, purine and pyrimidine metabolism; lavender, signal transduction; sky blue, cellular 
processes. The third circle represents red for rRNA and green for tRNA genes. 
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Hbhal_4449), one amylase (Hbhal_4101) and one pullulanase (Hbhal_2962) were identi-
fied in the genome. In addition, H. halophilus is able to grow on hexoses such as glucose or 
fructose (by way of glycolysis) and on amino acids. Noteworthy is the use of carbon sources 
that are also used as compatible solutes such as glutamate and proline. Proline and gluta-
mate, major compatible solutes of H. halophilus, are good growth substrates and may also 
be used as nitrogen sources, indicating a sophisticated regulatory network balancing dif-
ferent cellular needs. For example, proline is degraded by proline dehydrogenase (ProDH) 
and Δ1-pyrroline-5-carboxylate dehydrogenase (P5CDH) to glutamate via Δ1-pyrroline-
5-carboxylate of which H. halophilus has two coding isogenes each for prodh and p5cdh. 
prodh2 and p5cdh2 form an operon (put operon) that is involved in the utilization of proline 
as carbon and energy source whereas ProDH1 and P5CDH1 may be involved in supplying 
the cell with nitrogen from proline (Saum et al., 2013).

In contrast to Halomonas elongata, the genome of H. halophilus does not encode for 
ectoine utilization genes, consistent with the observation that ectoine is only a minor solute 
in H. halophilus.

The chloride modulon
One of the outstanding physiological features of H. halophilus is its chloride dependence of 
growth, gene expression and enzymatic activity. In the first instance, growth of H. halophilus 
was shown to strictly depend on the presence of chloride and to sense the salt concentra-
tion of its environment via the external chloride concentration. In absence of chloride the 
strain does not grow. In consequence of high external salinities, Cl– is accumulated in the 
cytoplasm following the ‘salt-in’ strategy. While the internal Cl– concentration is negligible 
at low external Cl– concentrations, it increases to 50% of the external Cl– concentration at 
higher salt concentrations (Roessler and Müller, 1998). This elevated internal chloride in 
consequence is not only necessary to regulate the germination of endospores (Dohrmann 
and Müller, 1999) and the motility of the vegetative cell (Roessler and Müller, 2002) but 
also to control the expression of genes and the enzymatic activity of proteins needed for 
the halophilic life style of H. halophilus (Saum and Müller, 2008b). These proteins are key 
players of the biosynthesis of compatible solutes which are essential to cope with high and 
changing salinities. All known processes regulated by the internal chloride concentration are 
summarized in the chloride modulon (Fig. 5.4).

Since the measured internal chloride concentrations are too high to be in equilibrium 
with the membrane potential, it has been suggested that chloride is actively accumulated in 
the cytoplasm of H. halophilus (Roessler and Müller, 1998). However, so far no gene could 
be identified to encode for a chloride transporter or even a simple channel (Saum et al., 
2013). Several genes are annotated to encode for potential symporters but their substrate 
specificity remains to be elucidated. To completely understand the chloride modulon the 
chloride transporter has to be found and characterized in detail.

Hybrid strategy for long-term adaptation to saline environments
H. halophilus has originally been described as a bacterium that amasses compatible solutes 
to establish cellular turgor. However, as discussed above, it is now known that it also accu-
mulates molar concentrations of chloride in the cytoplasm. This survival strategy is now 
seen as a hybrid strategy of the moderate halophilic H. halophilus to cope with changing 
salinities of the environment.
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A detailed analysis of the proteome deduced from the genome sequence revealed a clear 
distinction of proteomes from extreme halophiles and non-halophiles with a higher number 
of acidic proteins in the extreme halophiles. The proteome of H. halophilus takes an inter-
mediary position for the number of proteins with a slightly acidic isoelectric point of 6.6. 
This trend was seen for soluble as well as for membrane proteins. Based on these data and 
the fact that H. halophilus amasses compatible solutes as well as chloride in the cytoplasm, it 
was postulated that it uses a hybrid strategy of ‘solute-in’ and ‘salt-in’ to combat the external 
salinity (Saum et al., 2013).

The counterion for chloride is not known but is likely to be potassium as shown for many 
other organisms. It is not yet understood why potassium is the main monovalent intracellu-
lar cation and why it is preferred above Na+ in this function. In bacteria, K+ might modulate 
activity and correct folding of proteins more effectively than Na+. Another explanation for 
the accumulation of K+ and the concomitant active extrusion of Na+ is that this situation 
enables the cells to develop an inwardly directed electrochemical transmembrane Na+ gradi-
ent. This gradient can then be used for energy-consuming processes like secondary transport 
or flagella movement (Bakker, 1992). Interestingly, the genome of H. halophilus encodes 
for only one Ktr-type potassium transporter (Hbhal_1246) and two potassium channels 
(Hbhal_3837, Hbhal_3881) while high-affinity, ATP-dependent transporters like the Kdp 
system could not be found (Saum et al., 2013). Further studies are needed to elucidate the 
role of potassium and identify involved uptake systems.

Figure 5.4 The chloride regulon of Halobacillus halophilus. For further explanations see text.



Mesbah et al.120 |

Biosynthesis of compatible solutes
H. halophilus synthesizes a cocktail of different solutes to combat external salinity. The 
major solutes are glutamate, glutamine and proline but also ectoine, Nδ-acetyl ornithine and 
Nε-acetyl lysine are produced (Saum et al., 2013; Saum and Müller, 2008b). The biosynthesis 
pathways of glutamate, glutamine, proline and ectoine are predicted based on the genome 
sequence and studied biochemically (Fig. 5.5) while the pathways of Nδ-acetyl ornithine 
and Nε-acetyl lysine are deduced from the genome sequence.

For the biosynthesis of glutamate and glutamine three main enzymatic reactions are 
known (Saum et al., 2006). The biosynthesis of glutamate can either be accomplished by 
the action of a glutamate synthase (GOGAT, a sequence of glutamine synthetase and glu-
tamate synthase) or by the action of a glutamate dehydrogenase (GDH) while glutamine 
is synthesized by the action of a glutamine synthetase (Gln). The genome contains two 
putative open reading frames encoding a glutamate synthase (gdh1 and gdh2), only one 
open reading frame encoding the large subunit of a glutamate synthase (gltA) and two open 
reading frames each potentially encoding the small subunit of a glutamate synthase (gltB1 
and gltB2). The glutamine synthetase Gln is encoded by two open reading frames (glnA1 
and glnA2). While the former (glnA1) clusters with a gene (glnR) encoding the regulatory 
protein GlnR that is known from B. subtilis to be essential in nitrogen metabolism, the latter 
(glnA2) lies solitary and is predicted to be regulated by a promoter recognized by σB, the 
general stress σ-factor.

Proline is synthesized from glutamate by a sequence of a glutamate 5-kinase (ProJ), a 
glutamate 5-semialdehyde dehydrogenase (ProA) and a pyrroline-5-carboxylate reductase 

Figure 5.5 Proposed biochemical pathways of the main compatible solutes in Halobacillus 
halophilus.
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(ProH) (Saum and Müller, 2007). The enzymes are encoded by a cluster of three genes – 
proH, proJ and proA, which are organized in an operon.

Also the three biosynthetic genes (ectABC) for the production of ectoine are arranged on 
one operon (Saum and Müller, 2008a). Ectoine is produced from aspartate semialdehyde 
by a sequence of a diaminobutyrate-2-oxoglutarate transaminase (EctB), a diaminobutyric 
acid acetyltransferase (EctA) and an ectoine synthase.

The pathway for the production of Nδ-acetyl ornithine still has to be elucidated but 
presumably ornithine is the direct precursor, for which several pathways are known. All 
necessary genes encoding the corresponding enzymes were identified on the genome of H. 
halophilus and possible pathways were recently described in detail by Saum and colleagues 
(Saum et al., 2013).

The last potential compatible solute that is synthesized by H. halophilus is Nε-acetyl lysine. 
However, its role as compatible solute still has to be confirmed by further studies. Based on 
the now available genome sequence it was assumed that H. halophilus is capable of synthesiz-
ing lysine using the classical diaminopimelate pathway (Saum et al., 2013). In this pathway 
aspartate is initially activated by an aspartate kinase. Halobacillus halophilus possesses two 
copies of this enzyme (dapG1, Hbhal_3090, dapG2, Hbhal_3465) which might be subject 
to different modes of regulation. The activated aspartyl moiety then becomes reduced to the 
corresponding semialdehyde [catalysed by an aspartate semialdehyde dehydrogenase (asd, 
Hbhal_3089)] which then undergoes a condensation reaction with one molecule of pyru-
vate resulting in the formation of 2,3-dihydrodipicolinate. This reaction, which is the first 
that differs from the ectoine biosynthesis pathway, is catalysed by the dihydrodipicolinate 
synthase. Three copies of the corresponding gene were identified (dapA1, Hbhal_2387, 
dapA2, Hbhal_3091, dapA3, Hbhal_5017) which may indicate its critical role in the bio-
synthesis. It is likely that the different genes are controlled by different demands such as 
the need for lysine as a compound in protein biosynthesis, the need of Nε-acetyl lysine as 
osmoprotectant or the need to provide precursors for the biosynthesis of peptidoglycan. 
The following sequence of reactions leading to lysine is then catalysed by a dihydrodipicoli-
nate reductase (Hbhal_3261), a tetrahydrodipicolinate N-acetyltransferase (Hbhal_2790), 
an acetyltransferase, an N-acetyldiaminopimelate deacetylase (Hbhal_2791), a diami-
nopimelate epimerase (dapF, Hbhal_2627) and finally a diaminopimelate decarboxylase 
(lysA, Hbhal_3343). The final acetylation at the ε-amino group requires an acetyltransferase 
(Hbhal_3877).

Salinity- and growth phase-dependent adaptation of the solute pool
Interestingly, H. halophilus switches its osmolyte content depending on salinity (Saum and 
Müller, 2008b). At intermediate salinities of around 1.5 M NaCl, glutamate and glutamine 
are the major solutes. Transcription analyses after an osmotic upshock from 0.8 to 2 M NaCl 
have shown that one of the putative glutamate dehydrogenase genes (gdh1) was induced 
and the mRNA level increased within 1.5 hours to about 4-fold compared to the level before 
the upshock which enables an increased production of glutamate from 2-oxoglutarate and 
NH4

+. In contrast, the transcript levels of the second glutamate hydrogenase gene (gdh2) 
were close to the detection limit likely being involved in nitrogen metabolism rather than 
osmoregulation. So far, also the glutamate synthase gene (gltA) did not seem to be involved 
in osmoregulation. Glutamine is synthesized by the action of a glutamine synthetase which 
is encoded by two genes (glnA1 and glnA2) in H. halophilus. On a transcriptional level 
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only the expression of glnA2 was shown to be up-regulated at increasing salt concentra-
tions with a maximal increase of transcripts of about 4-fold (compared to the value at 0.4 
M NaCl) at 1.5 M NaCl or higher. The expression of glnA1 was not affected. Moreover, 
the expression of glnA2 and especially the glutamine synthetase activity were shown to be 
chloride-dependent being increased with increasing chloride concentrations. The maximal 
enzymatic activity was found at 2.5 M NaCl or higher (Saum et al., 2006). This is in line 
with the chloride dependence of growth and the accumulation of Cl– into the cytoplasm as 
described above. However, it is unknown how chloride modulates the enzymatic activity. 
Both, a direct interaction of chloride with the glutamine synthetase or the involvement of a 
regulatory protein that senses the concentration of chloride, are possible.

At high salinities (2.0 M NaCl or higher), glutamine and glutamate pools stay rather 
constant but proline is produced in addition, and becomes the dominant solute at high 
salt. It was shown that the transcription of the pro operon was increased with increasing 
salinities with a maximum at 2.5 M. The mRNA level reached a maximum 1.5 hours after 
an osmotic upshock while the maximal concentration of proline was determined after six 
hours. Consequently, the increased amount of enzymes led to an increased production of 
proline (Saum and Müller, 2007). However, not only NaCl but also Na-glutamate had an 
effect on gene expression. Compared to NaCl Na-glutamate was shown to dramatically 
increase the proHJA mRNA concentration. Since proline is produced from glutamate, and 
sodium glutamate had a more stimulating effect on gene expression than NaCl, NaCl now 
is supposed to be the initial signal for the proline production only. Glutamate instead acts as 
‘second messenger’ that further regulates the pro operon expression by its internal concen-
tration which increases with increasing salinity (Saum and Müller, 2007).

In addition to the salinity-dependent solute regulation, another layer of regulation 
is active: proline contents are maximal in exponentially growing cultures but reduced in 
stationary phase cultures. Under these conditions, ectoine is synthesized. To resolve the 
time-dependent kinetics of ectoine production H. halophilus cells were subjected to an 
osmotic upshock from 0.8 to 2.0 M NaCl and the biosynthesis of ectoine was measured 
at the levels of transcription, translation and solute accumulation. Transcripts were read-
ily detectable already at time-point 0 h, but increased dramatically with time and reached 
a maximum not before three hours after upshock. Most important, expression of ect genes 
was preceded by expression of genes responsible for glutamine, glutamate or proline bio-
synthesis. The signal leading to ect gene transcription is therefore assumed to be an indirect 
one mediated by one or more yet to be identified factors rather than by the presence of the 
osmolyte. The production of the ectoine synthase EctC nicely corresponds to the increase 
of ectC transcript. Both were found to increase 2-fold. Surprisingly, four hours after upshock 
the EctC content again decreased with time and the level reached a value only slightly above 
the value at the beginning, although the external stress was still present. This decrease, how-
ever, was not reflected in the ectoine concentration, which steadily increased and reached a 
maximum after 18 hours after upshock. Again, this demonstrates a great delay in accumula-
tion compared to proline that reached its maximum already 6 hours after upshock and hints 
to a role of ectoine not only in the immediate response to osmotic upshock but to a function 
as a more general protectant in the cell (Saum and Müller, 2008a).

To quickly adapt to changing salinities and growth phases H. halophilus regulates the syn-
thesis of solutes by both increasing expression of the enzymes involved and activating the 
produced enzymes in a chloride-dependent manner. H. halophilus also has a gene encoding 
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a potential ectoine hydroxylase, but hydroxyectoine has not been detected (Saum et al., 
2013). H. halophilus does not have the genetic capacity for de novo biosynthesis of glycine 
betaine, but can take up choline from the environment and oxidize it to glycine betaine 
(Burkhardt et al., 2009).

Long-term adaptation: sodium bioenergetics and pH regulation?
Growth of H. halophilus is strictly sodium ion dependent. Use of Na+ in primary bioenerget-
ics seems unlikely since the c subunit of the F1FO ATP synthase does not have the conserved 
sodium ion binding motif. Likewise, the known redox-driven Na+ pumps Nqr (Hayashi et 
al., 2001) and Rnf (Biegel et al., 2011) are absent. Therefore, secondary sodium ion bioen-
ergetics and pH homeostasis is the most likely reason for the observed Na+ dependence. In 
contrast to N. thermophilus, H. halophilus is not an alkaliphile. However, it grows in the range 
of pH 7 to 9 with an optimum at pH 7.8 indicating a capacity to grow at slightly alkaline pH 
values and to regulate internal pH. H. halophilus has four genes that potentially encode an 
NhaC-type Na+/H+ antiporter, one that encodes a Nhe-type as well as three that encode 
NhaP-type Na+/H+ antiporter (Saum et al., 2013). These may be involved in Na+ homeo-
stasis (expelling Na+ to keep the intracellular Na+ concentration low) and/or pH regulation 
under alkaline conditions. In addition to the mono-subunit Na+/H+ antiporter the genome 
of H. halophilus encodes a multisubunit Mrp-like Na+/H+ antiporter that is known to be 
involved in stress-induced Na+ export in B. subtilis (Ito et al., 1999). The sodium ion gradient 
established by these Na+/H+ antiporters may then be used to drive solute uptake. Indeed, 
the genome of H. halophilus encodes for a multitude of potentially sodium ion-coupled 
symporters for diverse nutrients as well as a sodium ion-driven flagella motor.

Adjusting membrane lipids
The major lipids produced by H. halophilus are sulfoquinovosyldiacylglycerol and phos-
phatidylglycerol, while cardiolipin is a minor lipid together with phosphatidic acid, 
alanyl-phosphatidylglycerol and two not yet fully identified lipid components. Upon 
an increase of the salinity of the culture medium, an increase in the shorter chains and 
chain unsaturation were observed (Lopalco et al., 2013). These changes in the lipid core 
structures might compensate for the increase in packing and rigidity of phospholipid and 
sulfoglycolipid polar heads in high salt medium, therefore contributing to the homeostasis 
of membrane fluidity and permeability in salt stress conditions.

Long-term survival: endospore formation
In contrast to N. thermophilus, H. halophilus is known to produce endospores and the genes 
required for the trait are present in the genome. Interestingly, germination of endospores 
requires chloride (Dohrmann and Müller, 1999), indicating the existence of a chloride 
sensor in the germination cascade that has not been identified in the genome.

Combating UV radiation and oxidative stress: the role of carotenoids
Carotenoids are naturally occurring pigments found in a wide variety of plants and microor-
ganisms (Sandmann, 2001). Interestingly, many endospore forming bacteria isolated from 
saline environments like salt marshes contain carotenoids, whereas their non-halophilic 
relatives do not (Turner and Jervis, 1963), indicating that carotenoids play a crucial role 
in salt adaptation in these organisms. H. halophilus is pigmented and the major carotenoid 
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was identified as a C30 methyl glucosyl-3,4-dehydro-apo-8′-lycopenoate (Fig. 5.6) (Köcher 
et al., 2009). Based on the genomic data as well as on spectroscopic evidence, biosynthesis 
starts from geranyl-pyrophosphate and geranylgeranyl-pyrophosphate via apo-8′-phytoene, 
methyl-hydroxy-3,4-dehydro-apo-8′-lycopinoate and glycosyl-3,4-dehydro-apo-8′-
lycopene to a C30 methyl glucosyl-3,4-dehydro-apo-8′-lycopenoate.

The common feature of carotenoids is their function as lipophilic antioxidants. For sev-
eral bacteria, the presence of the antioxidative enzyme catalase was shown to be important 
for osmoprotection (Cho et al., 2000; Lee et al., 2005). In contrast, growth of H. halophilus 
at conditions where the synthesis of coloured carotenoids was inhibited was comparable to 
the non-inhibited culture. However, when oxidative conditions were applied that allowed 
about 50% growth of the non-inhibited culture, the culture devoid of coloured carotenoids 
did not grow. This result indicates that the carotenoids produced by H. halophilus allow it to 

Figure 5.6 Proposed carotenoid biosynthetic pathway in Halobacillus halophilus DSM 2266. 
Gene products catalysing the individual reactions are indicated in grey next to the arrows. 
Substrates, intermediates and products are shown in black.
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cope with oxidative stress. This is in accordance with the fact that the main carotenoid pro-
duced by H. halophilus (methyl glucosyl-3,4-dehydro-apo-8′-lycopenoate) is a very potent 
antioxidant (Shindo et al., 2008).

Evolutive traits: gene transfer
As mentioned above the genome of H. halophilus harbours several genomic islands that 
typically are gained by horizontal or lateral gene transfer. Horizontal gene transfer is seen 
as essential for adaptation to life in extreme environments (Averhoff, 2009). It thus is 
very likely, that H. halophilus has a natural competence as is predicted from the genome 
sequence. However, so far no growth condition has been identified in which the uptake 
of naked DNA was observed. Possible reasons are diverse: the right condition to develop 
natural competence has not yet been found, genes are mutated resulting in inactive proteins 
or genes essential for competence are missing in H. halophilus. Potential candidates for the 
latter are the missing genes comX, comS, rok and nucA, respectively, whose products have 
been shown to be involved in natural competence in other organisms (Saum et al., 2013).

Synopsis
The two examples N. thermophilus and H. halophilus highlighted in this chapter give a good 
impression of the genetic variety that enables microbial adaptation to saline environments. 
Both have developed independent strategies to cope with changing external salt concen-
tration. While N. thermophilus probably follows the ‘salt-out’ strategy, H. halophilus has 
developed a hybrid strategy of both ‘salt-in’ and ‘salt-out’. In N. thermophilus neither the 
accumulation of Na+ and K+ nor of any other cation was observed. H. halophilus in contrast 
accumulates up to molar concentrations of Cl– and probably K+ as counter ion. Another 
variation becomes obvious by comparing the major compatible solutes accumulated for 
osmoregulation. N. thermophilus is hypothesized to synthesize glycine betaine while the 
major solutes in H. halophilus are glutamate and glutamine as well as proline and ectoine. 
This is likely to have evolved due to the supply from the environment which also explains 
why H. halophilus can use the prevalent solutes as carbon and nitrogen sources. Since H. 
halophilus faces mainly salt stress as the changing extreme its solute regulation is strictly 
adapted to cope with changing osmolarities in an energetically optimized way. N. ther-
mophilus was shown to be much more diverse because it faces different extremes namely 
alkalinity, salinity and elevated temperatures. It needs to adapt to different changes which 
requires among others different compatible solutes, changing amino acid contents and vary-
ing cation/proton antiporters. The regulatory mechanisms of N. thermophilus are not yet 
elucidated in detail but the genomic diversity suggests a much more complex regulatory 
concept for the survival of this ‘polyextremophile’.
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Abstract
Haloarchaea are surrounded by different macromolecular structures comprising a cell wall. 
The composition of these cell walls is thought to contribute to the ability of these microor-
ganisms to remain intact in the face of molar concentrations of salt. In many instances, the 
haloarchaeal cell is surrounded by a surface layer comprising a single protein component, 
the S-layer glycoprotein. Analysis of the S-layer glycoprotein has provided insight into the 
archaeal version of various post-translational modifications, such as glycosylation and lipid 
modification. In other cases, haloarchaeal cells are surrounded by glycan-based structures. 
In this chapter, selected aspects of haloarchaeal cell wall biology are considered.

Introduction
Today, the availability of a relatively large number of sequenced genomes provides the 
strongest support for the concept that organisms can be assigned to one of three distinct 
groups, namely the Eukarya, the Bacteria or the Archaea (Woese and Fox, 1977; Woese et 
al., 1990; Graham et al., 2000). In earlier times, however, when the sequencing of even single 
genes was considered a significant achievement, traits associated with the cell envelope 
helped distinguish Archaea from other life forms (Kandler and König, 1978, 1985, 1993; 
König, 2001).

Of the various archaeal groups considered in this context, it was the cell surface of the 
haloarchaea that drew the most interest, possibly due to the presence of bacteriorhodopsin, 
the light-driven proton pump, in the purple membrane of Halobacterium halobium (sali-
narum) (Oesterhelt and Stoeckenius, 1971; Henderson, 1975). Indeed, the cell envelopes 
of haloarchaea have proven to be rich sources of novel biological information. The unique 
ether-based membrane lipids of the archaeal membrane were first discerned in Halobacte-
rium cutirubrum (salinarum) in 1962 (Sehgal et al., 1962; Kates et al., 1963), long before 
Archaea were recognized as a distinct life form. The surface (S)-layer glycoprotein of the 
Halobacterium salinarum cell envelope provided the first example of a non-eukaryal N-linked 
glycoprotein (Mescher and Strominger, 1976a,b) and also offered a relatively rare example 
of glycosylation of an Asn residue not found as part of the classic Asn-X-Ser/Thr sequon 
motif, where X is any residue but Pro (Gavel and von Heijne, 1980; Zeitler et al., 1998). 
Halophilic Archaea have also provided examples of heterosaccharide-based structures not 
observed elsewhere (Niemetz et al., 1997).
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The present availability of complete genome sequences for haloarchaea isolated from 
a range of environmental conditions, along with the conclusions of previous biochemical 
and structural efforts, together provide considerable insight into the biogenesis, molecular 
composition and roles served by the cell envelopes surrounding different haloarchaea. In 
the following, chosen aspects of haloarchaeal cell envelope biology will be discussed.

Structure of haloarchaeal surface (S)-layers
Surface (S)-layers are two-dimensional crystalline arrays that comprise the sole layer beyond 
the plasma membrane in several haloarchaea. Indeed, of the various cell envelope types 
reported for haloarchaea, S-layers remain the best characterized. As early as 1956, electron 
microscopy revealed the Hbt. halobium (salinarum) surface as being covered by a hexagon-
patterned monolayer comprising morphological units spaced approximately 17 nm apart 
(Houwink, 1956). Subsequent examination of thin-sectioned haloarchaeal cells revealed 
a 17-nm-thick cell wall beyond the plasma membrane (Stoeckenius and Rowen, 1967; 
Steensland and Larsen, 1969; Kirk and Ginzburg, 1972). X-ray diffraction was employed 
to demonstrate the presence of a protein layer some 8 nm from the haloarchaeal plasma 
membrane (Blaurock et al., 1976). In these studies, morphological subunits presenting an 
inverted-parabola shape, thus creating a periplasmic-like space, were reported. Iodination 
of Hbt. salinarum surface proteins, together with proteolysis-based approaches, showed 
the S-layer to be the sole component of the S-layer glycoprotein (Mescher and Strominger, 
1976a). Although the glycoprotein-based composition of the Halobacterium cell envelope 
had been previously suggested (Koncewicz, 1972; Mescher et al., 1974), it was Mescher and 
Strominger (1976b) who isolated and described the Hbt. salinarum S-layer glycoprotein, 
thus providing the first example of non-eukaryal N-glycosylation.

Having been shown as being important for maintaining the proper shape of the cell 
(Mescher and Strominger, 1976a), a more refined view of the structure of the Hbt. sali-
narum S-layer was next sought. Relying on the Hbt. salinarum S-layer glycoprotein primary 
sequence (Lechner and Sumper, 1987), together with previously obtained X-ray diffraction 
data and electron microscopic images of negatively stained cell envelopes from Haloferax 
(then Halobacterium) volcanii, a three-dimensional reconstruction of the haloarchaeal 
S-layer glycoprotein and cell envelope was offered (Kessel et al., 1988). Based on a 2 nm 
resolution, this model recruits six S-layer glycoproteins, organized into a 4.5 nm-thick 
dome-shaped pore around a narrow opening at the outermost face of the pore that widens as 
it approaches the membrane. The entire structure is thought to linked to the membrane by 
the predicted C-terminal trans-membrane domain of each S-layer glycoprotein. At the same 
time, an O-glycosylated region of the S-layer glycoprotein just upstream of the putative 
C-terminal trans-membrane domain is proposed to prop up the domed structure, acting as 
a spacer domain. While those agents responsible for maintaining the integrity of the S-layer 
structure are not known, divalent cations are somehow involved (Mescher and Strominger, 
1976a; Kessel et al., 1988). More recent tomography-based reconstruction of the Hbt. 
salinarum S-layer has offered a more realistic portrayal of the haloarchaeal cell wall (Tra-
chtenberg et al., 2000). Such studies, performed using intact cells maintained in their growth 
medium and rapidly frozen to maintain a high degree of sample preservation, revealed the 
Hbt. salinarum cell envelope as possessing the same basic architecture as the Hfx. volcanii 
S-layer. At 2 nm resolution, both strains display a matching hexagonal arrangement of the 
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same basic, domed-shaped morphological unit, with each presenting identical 6-fold sym-
metry and identical 15 nm centre–centre spacing in each case. Nonetheless, despite these 
similarities in their S-layer architecture, Hbt. salinarum and Hfx. volcanii assume extremely 
different shapes; Hbt. salinarum appears as rods and Hfx. volcanii appears as indented disks. 
As such, it would seem that factors other than the S-layer determine cell shape.

Haloarchaeal S-layer glycoproteins
It is thought that haloarchaeal S-layers comprise a single glycoprotein species, the S-layer 
glycoprotein (Mescher and Strominger, 1976b; Sumper et al., 1990). While genes encoding 
S-layer glycoproteins have been noted in available haloarchaeal genome sequences, only the 
S-layer glycoproteins from Hbt. salinarum and Hfx. volcanii, and to a some degree, that of 
Haloarcula japonica (Wakai et al., 1997), have been examined in detail (Eichler, 2003).

The Hbt. salinarum S-layer glycoprotein is an 818 amino acid residue-long polypeptide, 
synthesized together with a 34 amino acid signal peptide (Lechner and Sumper, 1987). The 
Hfx. volcanii S-layer glycoprotein is a 794 amino acid residue-long polypeptide, also synthe-
sized with a 34 amino acid signal peptide (Sumper et al., 1990). While predicted to have 
molecular masses of 86.5 and 81.7 kDa, respectively, both S-layer glycoproteins migrate at 
the ~190 kDa position in SDS-PAGE due to an abundance of negatively charged residues, 
an adaptation designed to allow haloarchaeal proteins to fold properly in hypersaline condi-
tions (Lanyi, 1984; Fukuchi et al., 2003). Although the two polypeptides differ in terms of 
their glycosylation profile, each protein is modified by both N- and O-glycosylation. While 
the Hbt. salinarum S-layer glycoprotein includes 11 putative N-glycosylation sites, only 
three have been confirmed as being modified experimentally (Paul et al., 1986; Lechner 
and Sumper, 1987). In contrast, Asn-17, a putative N-glycosylation site, is apparently not 
modified (Lechner and Sumper, 1987). Strikingly, the Hbt. salinarum S-layer glycoprotein 
is modified by two distinct N-linked glycans, each relying on a different linking sugar. 
Whereas Asn-2 is modified by a repeating sulfated pentasaccharide moiety linked through 
a N-acetylgalactosamine residue, other modified Asn residues present a glucose-linked, 
sulfated polysaccharide (Lechner and Wieland, 1989).

The Hfx. volcanii S-layer glycoprotein contains seven putative N-glycosylation sites, two 
of which were originally reported as containing a linear string of glucose subunits (Sumper 
et al., 1990; Mengele and Sumper, 1992). More recent analysis has, however, led to a revi-
sion of the N-linked glycan composition (Abu-Qarn et al., 2007; Magidovich et al., 2010; 
Guan et al., 2010; Calo et al., 2011b). In these studies, Asn-13 and Asn-83 were shown as 
being decorated by a pentasaccharide comprising a hexose, two hexuronic acids, a methyl 
ester of hexuronic acid and a terminal mannose subunit. The composition of the glycan(s) 
identified at other Hfx. volcanii S-layer glycoprotein N-glycosylation sites were also par-
tially characterized in the past, with glucose, galactose, mannose, and idose being reported 
(Sumper et al., 1990; Mengele and Sumper, 1992). Thus, despite their similarities at the 
amino acid level (40.5% identity), the S-layer glycoproteins of the two species present very 
different glycosylation profiles. Accordingly, it had been proposed that the enhanced nega-
tive character and subsequent increase in surface charge density resulting from the sulfated 
nature of Hbt. salinarum S-layer glycoprotein N-linked glycans, relative to their non-sulfated 
counterparts in Hfx. volcanii, represents an adaptation to the enhanced saline surroundings 
encountered by the former species (Mengele and Sumper, 1992). Recently, this hypothesis 
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has been called into question when it was shown that in Hfx. volcanii cells grown in the 
presence of 1.75 M NaCl, the S-layer glycoprotein is modified by a second glycan, this time 
comprising sulfated hexose, hexose, hexose, rhamnose, in addition to the pentasaccharide 
described above (Guan et al., 2012).

Finally, both the Hbt. salinarum and Hfx. volcanii S-layer glycoproteins are O-glycosylated. 
In both proteins, glucose–galactose pairs decorate threonine residues clustered upstream of 
the proposed single membrane-spanning domain proceeding the C-terminus (Lechner and 
Sumper, 1987; Sumper et al., 1990).

Glycosylation of haloarchaeal S-layer glycoproteins
Upon demonstration of the N-glycosylation of the Hbt. salinarum S-layer glycoprotein 
(Mescher and Strominger, 1976b), efforts to define the pathway responsible for the halo-
archaeal version of this post-translational modification were initiated. Such studies revealed 
significant similarities between the archaeal process and the well-defined eukaryal N-gly-
cosylation pathway, the only other version of N-glycosylation known at the time (Sumper, 
1987; Lechner and Wieland, 1989).

In higher Eukarya, seven soluble nucleotide-activated sugar subunits are sequentially 
added to a dolichol pyrophosphate lipid carrier on the cytoplasmic face of the endoplasmic 
reticulum (ER) membrane. Following a ‘flipping’ of the lipid-linked heptasaccharide to face 
the ER lumen, seven additional sugar subunits are added, each derived from an individual 
dolichol phosphate carrier, previously charged in the cytoplasm and ‘flipped’ to face the 
ER lumen. Once the 14-member oligosaccharide has been assembled, the entire polymer 
is transferred, en bloc, to select Asn residues of nascent polypeptide targets translocating 
across the ER membrane via the Stt3 subunit of the oligosaccharide transferase complex 
(for reviews, see Burda and Aebi, 1999; Helenius and Aebi, 2004; Yan and Lennarz, 2005).

As in Eukarya, mono- and polysaccharide-charged phosphodolichol carriers have also 
been detected in Hbt. salinarum (Mescher et al., 1976). The participation of sugar-charged 
dolichol pyrophosphate in Hbt. salinarum S-layer glycoprotein N-glycosylation was con-
cluded based on the inhibition of this post-translational modification upon addition of 
bacitracin, an antibiotic that selectively interferes with the regeneration of pyrophosphate-
containing dolichols (Mescher and Strominger, 1976a). Moreover, the fact that this 
membrane-impermeant antibiotic prevented glycosylation at the Hbt. salinarum S-layer gly-
coprotein Asn-2 position is indicative of a process implicating steps that occur on the outer 
surface of the plasma membrane, the topological homologue of the lumen-facing face of the 
ER membrane. The failure of bacitracin to hinder Hfx. volcanii S-layer glycoprotein N-gly-
cosylation is in keeping with the detection of mono- and polysaccharide-charged dolichol 
phosphate, rather than dolichol pyrophosphate in this species, as the singly phosphorylated 
version of dolichol is not susceptible to bacitracin (Kuntz et al., 1997; Eichler, 2001; Guan 
et al., 2010). The modification of membrane-impermeant N-glycosylation site-containing 
peptides further supports the assignment of the outer membrane surface as the site of Hbt. 
salinarum S-layer glycoprotein N-glycosylation (Lechner et al., 1985a). Subsequent studies 
involving the glucosyltransferase inhibitors, amphomycin, PP36 and PP55, also concluded 
that Hfx. volcanii S-layer glycoprotein glycosylation occurs on the outer cell surface (Zhu 
et al., 1995). In contrast, the lipid-linked oligosaccharides that are ultimately delivered 
to the S-layer glycoprotein Hbt. salinarum and Hfx. volcanii are sulfated and methylated, 
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respectively, in the cytoplasm (Lechner et al., 1985a; Magidovich et al., 2010). Likewise, 
the transient methylation experienced by the lipid-bound sulfated oligosaccharide in Hbt. 
salinarum is also predicted to transpire in the cytoplasm. While the role of this transient 
methylation remains unclear, its inhibition blocked Hbt. salinarum S-layer glycoprotein 
glycosylation (Lechner et al., 1985b). Such processing of archaeal lipid-linked glycans prior 
to their transfer to the target protein seemingly does not occur in Eukarya (Varki, 1998). 
Furthermore, the ability of Hbt. salinarum to N-glycosylate the S-layer glycoprotein Asn-2 
position upon replacement of the Ser-4 position by a Val, Leu or Asn residue (Zeitler et 
al., 1998) suggests that glycosylation motifs apart from the classic Asn-X-Ser/Thr sequon, 
where X is any residue but proline (Gavel and von Heijne, 1990), are recognized in Archaea. 

In recent years, the availability of an ever-growing number of archaeal genome sequences 
and the appearance of appropriate molecular tools for more and more species has made 
detailed dissection of archaeal N-glycosylation possible. Hfx. volcanii represents a leading 
model system in such efforts (Calo et al., 2010a). Initially, Abu-Qarn and Eichler (2006) 
scanned the Hfx. volcanii genome for homologues of genes whose products are involved in 
N-glycosylation in Eukarya or Bacteria. In this manner, Hfx. volcanii homologues of genes 
encoding participants in both systems were identified. Support for these Hfx. volcanii ORFs 
as corresponding to true genes was provided by reverse-transcriptase polymerase chain reac-
tions that confirmed the transcription of the vast majority of these sequences in cells grown 
to exponential phase in rich medium. To identify additional Hfx. volcanii N-glycosylation 
genes, sequences in the vicinity of the first set of sequences identified above were considered 
(Yurist-Doutsch and Eichler, 2009). Subsequent gene deletion, followed by mass spectro-
metric analysis of S-layer glycoprotein N-glycosylation sites, served to assign roles to the 
various gene products in the N-glycosylation process.

In this manner, a series of agl (archaeal glycosylation) genes encoding proteins involved in 
the assembly and attachment of a pentasaccharide to select Asn residues of the Hfx. volcanii 
S-layer glycoprotein was identified. Acting at the cytoplasmic face of the plasma membrane, 
AglJ, AglG, AglI and AglE sequentially add the first four pentasaccharide residues (i.e. a 
hexose, two hexuronic acids and the methyl ester of a hexuronic acid) onto a common 
dolichol phosphate carrier, while AglD adds the final pentasaccharide residue, mannose, 
to a distinct dolichol phosphate (Abu-Qarn et al., 2007, 2008; Yurist-Doutsch et al., 2008, 
2010; Guan et al., 2010; Kaminski et al., 2010; Magidovich et al., 2010). The use of dolichol 
phosphate by Archaea as the lipid carrier upon which the N-linked is assembled also holds 
true in eukaryal N-glycosylation (Burda and Aebi, 1999). In contrast, bacterial N-linked 
glycans are first assembled on a different isoprenoid, namely undecaprenol phosphate (Szy-
manski and Wren, 2005; Weerapana and Imperiali, 2006). N-glycosylation roles have been 
assigned to Hfx. volcanii AglF, a glucose-1-phosphate uridyltransferase (Yurist-Doutsch et 
al., 2010), AglM, a UDP-glucose dehydrogenase (Yurist-Doutsch et al., 2010) and AglP, a 
methyltransferase (Magidovich et al., 2010). Indeed, AglF and AglM were shown to act in 
a sequential and coordinated manner in vitro, transforming glucose-1-phophosphate into 
UDP-glucuronic acid (Yurist-Doutsch et al., 2010). In a reaction requiring the archaeal oli-
gosaccharide transferase, AglB (Abu-Qarn and Eichler, 2006; Chaban et al., 2006; Igura et 
al., 2008), the lipid-linked tetrasaccharide and its precursors are delivered to select Asn resi-
dues of the S-layer glycoprotein. Finally, the terminal pentasaccharide residue, mannose, is 
transferred from its dolichol phosphate carrier to the protein-bound tetrasaccharide (Guan 
et al., 2010). Current understanding of Hfx. volcanii N-glycosylation is depicted in Fig. 6.1.
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Finally, while the Haloarcula marismortui S-layer glycoprotein is modified by the same 
pentasaccharide as is N-linked to the corresponding Hfx. volcanii protein, the pathway of 
pentasaccharide assembly differs between the two species. In Har. marismortui, the penta-
saccharide is first fully assembled onto a common dolichol phosphate carrier and only then 
delivered to select Asn residues of the S-layer glycoprotein, rather than relying on distinct 
dolichol phosphate carriers, as does Hfx. volcanii. Thus, although both originate from the 
Dead Sea, Har. marismortui and Hfx. volcanii have developed distinct N-glycosylation strate-
gies (Calo et al., 2011b).

Modulation of haloarchaeal S-layer glycoprotein 
N-glycosylation as an adaptive response
In Hfx. volcanii, cells lacking AglB (and hence unable to perform N-glycosylation) are viable 
(Abu-Qarn et al., 2007). Still, absent or compromised N-glycosylation have detrimental 
effects on the ability of Hfx. volcanii to grow in high salt (Abu-Qarn et al., 2007), on S-layer 
stability and architecture (Abu-Qarn et al., 2007) and on the resistance of the S-layer to 
added protease (Yurist-Doutsch et al., 2008, 2010; Kaminski et al., 2010). Thus, while not 
essential for survival, it would seem that N-glycosylation is advantageous to Hfx. volcanii 
in certain situations. This, together with the fact that all but one of the known agl genes are 
clustered into a single gene island (Yurist-Doutsch and Eichler, 2009), raises the possibil-
ity that Hfx. volcanii modulates N-glycosylation of the S-layer glycoprotein in response to 
changing environmental conditions.

The first evidence supporting a role for modulated S-layer glycoprotein N-glycosylation 
in allowing Hfx. volcanii to cope with changing surroundings came from real-time PCR 
studies. Here, cells were raised in four arbitrarily selected conditions, namely growth in 

Figure 6.1 The current model of Hfx. volcanii N-glycosylation pathway. See text for details. The 
inset presents the symbol used to depict dolichol phosphate (DolP).
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the presence of 4.8 M NaCl, growth in the presence of 1.75 M NaCl, growth to stationary 
phase and upon heat shock, and the levels of transcripts of a subset of adjacent agl genes 
were determined in each case. These levels were then compared with the amounts of the 
same transcripts obtained from cells grown to mid-exponential phase in rich medium. Such 
comparison revealed the coordinated up- or down-regulation of agl gene transcription as a 
function of growth condition (Yurist-Doutsch et al., 2008, 2010).

The hypothesis that N-glycosylation of the S-layer glycoprotein can be modulated in 
response to changes in the environment was most recently substantiated when the N-linked 
glycan profile of the S-layer glycoprotein was compared in cells grown in medium containing 
3.4 or 1.75 M NaCl (Guan et al., 2012). At the higher salinity, S-layer glycoprotein Asn-13 
and Asn-83 were shown to be modified by the pentasaccharide described above, while 
dolichol phosphate was shown to be modified by the tetrasaccharide comprising the first 
four pentasaccharide residues or by a single mannose residue that corresponds to the final 
pentasaccharide residue. In contrast, cells grown at low salinity contain dolichol phosphate 
modified by a distinct tetrasaccharide not seen in cells grown at high salinity, comprising a 
sulfated glucose, two glucoses and a rhamnose residue. The same tetrasaccharide was shown 
to modify S-layer glycoprotein Asn-498 in cells grown in low salt, at position not glyco-
sylated in cells grown in the high salt medium. At the same time, Asn-13 and Asn-83 were 
modified by substantially less pentasaccharide in response to growth at the lower salinity 
(Fig. 6.2). Hence, in response to environmental salinity, Hfx. volcanii not only modulates 
the composition of the N-linked glycans decorating the S-layer glycoprotein but also which 
residues are subjected to this post-translational modification.

Figure 6.2 The Hfx. volcanii S-layer glycoprotein presents distinct N-linked glycan profiles in 
high and low salt surroundings. The N-linked glycan profile of the S-layer glycoprotein from 
Hfx. volcanii cells grown in either 3.4 or 1.75 M NaCl-containing medium was assessed by LC-
ESI MS. In cells grown at high salinity, Asn-13 and Asn-83 are modified by a pentasaccharide 
comprising a hexose, two hexuronic acids, a methyl ester of a hexuronic acid and a mannose. 
In cells grown at low salinity, Asn-13 and Asn-83 are modified by the same pentasaccharide, 
albeit to a lesser extent, whereas Asn-498 is modified by a tetrasaccharide comprising 
a sulfated hexose, two hexoses and a rhamnose. Asn-370 is not modified in either growth 
condition. The inset presents the identities of sugars comprising the N-linked glycan.
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Lipid-modification of haloarchaeal S-layer glycoproteins
In addition to glycosylation, haloarchaeal S-layer glycoproteins are also subject to post-
translational lipid-modification. This was demonstrated upon incubation of Hbt. salinarum 
cells with the isoprene precursor, [3H]-mevalonate, as well as with other tritiated archaeal 
lipid precursors, which led to selective incorporation of the radiolabel into the S-layer 
glycoprotein (Kikuchi et al., 1999). Mass spectrometric analysis of the linked lipid moiety 
revealed it to be a novel diphytanylglycerol phosphate. While the manner by which the lipid 
is attached to the S-layer glycoprotein has yet to be described, it is thought to involve a 
phosphodiester-based linkage to either a Ser or Thr residue. Attempts to define the posi-
tion of this modification in the protein assigned the added lipid to a 28 kDa C-terminal 
tryptic fragment comprising residues 731–816. Moreover, upon considering the sequence 
similarity of the same C-terminal region in the Hfx. volcanii and Haloarcula japonica S-layer 
glycoproteins (Lechner and Sumper, 1987; Sumper et al., 1990; Wakai et al., 1997), it was 
predicted that here too a similar lipid modification transpires (Kikuchi et al., 1999). In the 
case in Hfx. volcanii, lipid modification of the S-layer glycoprotein was indeed subsequently 
demonstrated (Eichler, 2001; Konrad and Eichler, 2002).

Studies addressing the biogenesis of the Hfx. volcanii S-layer glycoprotein provided 
further insight into the process of lipid modification of haloarchaeal S-layer glycoproteins. 
Through the use of [35S] pulse-chase metabolic radiolabelling and the ribosomal-acting 
antibiotic, anisomycin, the Hfx. volcanii S-layer glycoprotein was shown to undergo a post-
translational maturation step, reflected as an increase in the hydrophobicity and apparent 
molecular weight of the protein (Eichler, 2001). As growth in the presence of [3H] meva-
lonic acid resulted in radiolabel being incorporated into the S-layer glycoprotein and given 
the ability of mevinolin, an inhibitor of 3-HMG-CoA reductase (involved in converting 
acetyl-CoA into mevalonic acid), to prevent S-layer glycoprotein maturation, it was con-
cluded that the Hfx. volcanii S-layer glycoprotein is modified via lipid attachment, an event 
taking place late in the biogenesis of the protein, only after the protein has translocated 
across and inserted into the plasma membrane (Konrad and Eichler, 2002). Such lipid 
anchor attachment does not, however, occur in the absence of Mg2+ (Eichler, 2001), the 
presence of which is important for maintaining haloarchaeal S-layer integrity (Mescher and 
Strominger, 1976a; Kessel et al., 1988). Finally, since the Hbt. salinarum S-layer glycoprotein 
undergoes a similar lipid-based maturation step as does its Hfx. volcanii counterpart, this 
event may represent a necessary step in S-layer glycoprotein biogenesis in other haloarchaea 
(Konrad and Eichler, 2002).

The cell envelope of the square haloarchaeon, Haloquadratum 
walsbyi
Most thalassic (seawater-derived) NaCl-saturated environments are dominated by Halo-
quadratum walsbyi, a square, non-motile pigmented haloarchaeal species (Oren et al., 1996; 
Anton et al., 1999; Benlloch et al., 2001; Bolhuis et al., 2004, 2006; Burns et al., 2004). Able 
to tolerate up to 2 M MgCl2, Hqr. walsbyi can survive conditions of extremely low water 
activity and, as such, is the last living organism remaining in crystallizer ponds before these 
become sterile, magnesium-saturated pools ( Javor, 1984; Oren, 2002). The success of Hqr. 
walsbyi in such low water environments may be related to a cell envelope that is thought to 
include halomucin, a protein reminiscent of animal mucins in terms of amino acid sequence 
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and domain organization (Bolhuis et al., 2006). Halomucin may represent a specific adapta-
tion to desiccation, acting much like the mucin-based cocoon of lungfish, creatures able 
to avoid dehydration and survive even after prolonged periods outside water (Chew et al., 
2004). In keeping with its sequence and possible functional similarities to mucins, halomu-
cin contains numerous putative sites of N-glycosylation and sulfation. Such modifications 
would further contribute to the overall negative charge of the protein, contributing to the 
creation of an aqueous shield over the Hqr. walsbyi cell. A similar role has been attributed 
to the glycan moieties attached to the major glycosylated membrane-bound protein species 
coating Thermoplasma acidophilum, a cell-wall lacking thermoacidiphilic archaeon (Yang 
and Haug, 1979). As noted above, enhanced levels of negative charges on the glycan moie-
ties decorating Hbt. salinarum S-layer glycoprotein have been cited as contributing to the 
ability of this species to survive in hypersaline surroundings (Mengele and Sumper, 1992). 
Of late, atomic force microscopy was employed to present a detailed analysis of the Hqr. 
walsbyi cell envelope (Saponetti et al., 2011). Such efforts detected not only the presence 
of an S-layer, as seen in other haloarchaea (see above), but also a more external thin layer 
surrounding the cell, possibly composed of halomucin.

Animal mucins include glycans that are often capped by sialic acids, namely sugars pos-
sessing a nine-carbon backbone that serve to contribute rigidity to the protein-linked glycan 
(Sheehan et al., 1991). Although widespread in Eukarya (Sheehan et al., 1991; Sampath-
kumar et al., 2006) and detected in some Bacteria (Vimr et al., 2004), sialic acids have yet 
to be detected in Archaea, although a sialic-like sugar, 5-N-formyl-legionaminic acid, has 
been shown to be N-linked to a haloarchaeal viral protein generated in Halorubrum sp. strain 
PV6 (Kandiba et al., 2012). Thus, while it remains to be determined whether halomucin 
contains sialic acids, it is of note that the Hqr. walsbyi genome includes homologues of the 
two essential sialic acid biosynthesis genes, neuA and neuB (Bolhuis et al., 2006). The anno-
tated Hqr. walsbyi genome also encodes two shorter homologues of halomucin and at least 
fourteen S-layer glycoprotein homologues that may contribute to the cell envelope of this 
species. Finally, Hqr. walsbyi may also be surrounded by a poly-γ-glutamate capsule, given 
the presence of genes homologous to bacterial sequences involved in the biosynthesis of this 
polymer (Ashiuchi and Misono, 2002).

Does the haloarchaeal cell envelope include a periplasmic 
space?
In addition to the N-glycosylation considered above, the S-layer glycoproteins of Hbt. 
salinarum and Hfx. volcanii also undergo O-glycosylation. In both cases, disaccharides 
comprising glucose and galactose are linked to threonine residues clustered upstream of the 
predicted C-terminal membrane-spanning domain (Wieland and Sumper, 1989; Sumper et 
al., 1990). These O-linked glycans have been postulated as serving to ‘prop up’ the S-layer, 
thereby creating a periplasmic space between the plasma membrane and the inner surface 
of the S-layer surrounding the cell (Kessel et al., 1988). The presence of such a structural 
compartment carries implications for a variety of cell processes. For instance, the presence 
of a periplasmic space would permit target proteins to undergo various post-translational 
modifications in a protected space. Such an arrangement would allow protein processing 
events to occur over a longer period that would be the case for a secreted substrate released 
directly to the extracellular world. Likewise, protein oligomerization events could exploit 
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the existence of a physical barrier, i.e. the S-layer, to prevent the diffusion of any exported 
complex subunits until such time as oligomer assembly is complete. Although the presence 
of multimeric protein machines on the outer surface of the haloarchaeal plasma membrane 
has not yet been reported, such complexes have been reported in other archaeal species 
(Zolghadr et al., 2011). Finally, the existence of a periplasmic space in haloarchaea could rep-
resent a compartment where elaborate nutrient capture, breakdown and uptake machines 
could work in tandem.

The heteropolysaccharide cell walls of Halococcus morrhuae 
and Natronococcus occultus
In addition to the relatively simple S-layer considered until now, certain haloarchaea rely on 
other cell envelope structures. Much less, however, is known of these assemblies. Still, what 
is currently known demonstrates the great variety in haloarchaeal cell envelope composition 
that exists. Two such examples are considered here.

Halococcus morrhuae is a coccoid haloarchaeon surrounded by a rigid cell wall sacculus 
appearing as a 50–60-nm wide electron-dense layer (Kandler and König, 1993). The realiza-
tion made in the early 1970s that the cell wall of this species did not contain peptidoglycan, 
a major component of the bacterial cell wall, was a pillar upon which the assignment of 
the Archaea as a distinct phylogenetic kingdom rested (Wolfe, 2006). Since, the chemical 
composition of purified cell wall from Hcc. morrhuae stain CCM 859 has been determined 
and shown to contain glucose, mannose, galactose, glucuronic acid, galacturonic acid, 
glucosamine and gulosaminuronic acid, an aminouronic acid (Steber and Schleifer, 1975; 
Schleifer et al., 1982). While the structure of this oligosaccharide has yet to be fully solved, 
it is thought to be arranged into three domains and to include sulfated subunits and N-acet-
ylated amino sugars (Schleifer et al., 1982; Kandler and König, 1998). In addition, the rigid 
Hcc. morrhuae cell wall also contains significant amounts of glycine, proposed to bridge the 
amino groups of glucosamines with the carboxyl groups of uronic or gulosaminuronic acid 
residues in the glycan strands (Steber and Schleifer, 1979). At present, nothing is known of 
the biosynthesis of this sulfated glycan.

Natronococcus occultus is a haloalkalophile that grows optimally in hypersaline environ-
ments with pH values between 9.5 and 10 (Tindall et al., 1984) and is surrounded by a 
cell wall unique among the Archaea, comprising l-glutamate, N-acetyl-d-glucosamine, 
N-acetyl-d-galactosamine, d-galacturonic acid, d-glucuronic acid and d-glucose in a molar 
ratio of 5:7:1:8:0.5:0.3 (Niemetz et al., 1997). The glycan comprising this cell wall polymer 
is thought to be formed from a 60 residue-long poly-(γ-l-glutamine) chain linked to two 
distinct heterosaccharides via N-amide linkages to the α-carboxylic group of the glutamine 
residues. Alternatively, two distinct poly-(γ-l-glutamine) chains may be linked to either 
heterosaccharide moiety. Here too, nothing is known concerning the biosynthesis of the 
cell wall polymer.

Future trends
The identification, isolation and sequencing of novel haloarchaeal species, together with 
the use of sophisticated tools for the genetic manipulation of haloarchaea and improved 
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protocols for the purification of haloarchaeal proteins now available (Soppa et al., 2006), 
will allow future studies on the haloarchaeal cell wall to answer questions not possible until 
now. Many such questions will focus on the S-layer glycoprotein. For instance, addressing 
the interplay between S-layer N- and O-glycosylation and conditions in the surroundings 
will provide insight into the adaptation of haloarchaeal to their environment. One could 
imagine future efforts at engineering such responses into host organisms to introduce 
enhanced halotolerance. Alternatively, further understanding of haloarchaeal S-layer gly-
coprotein glycosylation could serve as the basis for glyco-engineering efforts designed to 
introduce tailored glycans into proteins of interest. Indeed, such efforts have already begun, 
using Hfx. volcanii as a platform (Calo et al., 2010b, 2011a).

Based on what is known to date, it would appear that in addition to the sole predicted 
membrane-spanning domain of the haloarchaeal S-layer glycoprotein located close to the 
C-terminus, a lipid-based moiety also anchors the protein to the membrane. Yet, paradoxi-
cally, the spheroplasts formed for transformation of Hfx. volcanii cells require EDTA-based 
treatment for release of the S-layer (Cline et al., 1989). Such treatment would not release 
an integral membrane protein. As such, it is possible that two distinct populations of the 
S-layer glycoprotein exist, one anchored by a trans-membrane domain and one anchored 
by a lipid moiety. Future efforts will test this hypothesis and determine whether the former 
population serves as a precursor of the latter.

Finally, the application of modern imaging techniques, such as tomography and high-
resolution structured illumination microscopy, to the study of haloarchaeal cell envelope 
architecture will provide novel structural insight into these assembly and composition of 
these entities. Such findings could form the basis for exploiting the two-dimensional lattice 
that is the haloarchaeal S-layer for a variety of applied uses.
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Abstract
Halobacterium salinarum has a very strict cell cycle control and stops cell division when rep-
lication is inhibited. Synchronized cultures were used to quantify cell cycle-specific changes 
of the transcriptome and the proteome. The number of cycling transcripts and proteins is 
much smaller than in other species. An explanation might be the surprising finding that 
Hbt. salinarum does not have an S-phase but replicates constitutively. It is the first species 
found to have replication uncoupled from other cell cycle processes like intracellular DNA 
transport and cell division. Hbt. salinarum, Haloferax volcanii and Haloferax mediterranei are 
all polyploid with 15 to 25 copies of their major chromosome. It is tempting to speculate 
that polyploidy might be typical for haloarchaea. The copy numbers of the minor chromo-
somes and plasmids differ from those of the major chromosome and from one another, thus 
the dosage of haloarchaeal genes depends on their localization on different replicons and 
can differ by as much as a factor of five. Nine different possible evolutionary advantages of 
polyploidy for haloarchaea are discussed, including a low mutation rate, high desiccation/X-
ray irradiation resistance, survival over geological times or at extraterrestrial places, gene 
redundancy enabling the existence of heterozygous cells, relaxation of replication control, 
global gene dosage control, statistical instead of stochastical regulation of gene expression, 
and the usage of DNA as phosphate storage polymer. The majority of these evolutionary 
advantages require the presence of intermolecular gene conversion, which could indeed be 
shown to exist in haloarchaea.

Introduction
The cell cycle has to be tightly regulated to ensure that the cells are constant in size and 
genetic material over many generations. Specifically it has to be guaranteed that the cell 
mass doubles after the birth of cells until the next cell division, that the entire DNA is rep-
licated exactly once, that DNA segregation has occurred with high fidelity so that the two 
daughter cells get identical genetic material, and that a septum is formed at the right time 
at mid-cell. Cell cycle regulation has been extensively studied in eukaryotes and bacteria, 
and a few reviews summarize the state of the art (eukaryotes: Cai and Tu, 2012; Cross et al., 
2011; David et al., 2012; Uhlmann et al., 2011; bacteria: Errington, 2010; Jenal, 2009; Than-
bichler, 2010; Touzain et al., 2011; Zaritsky et al., 2011). In Archaea, cell cycle research has 
been restricted to the crenarchaeon Sulfolobus acidocaldarius and the euryarchaeon Halo-
bacterium salinarum. Recent reviews summarize results obtained with Sulfolobus (reviews: 
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Samson and Bell, 2011; Bernander, 2007), while the results obtained with Hbt. salinarum 
are summarized in this contribution.

Cell cycle-specific intracellular DNA transport has led to the hypothesis that Hbt. 
salinarum only has a single copy of its chromosome and is thus monoploid. Therefore it 
was a surprise when quantification of the chromosome copy number using two different 
methods led to the discovery that Hbt. salinarum and Haloferax volcanii are both polyploid 
(Breuert et al., 2006). Quantification of the chromosome copy number of seven species of 
Euryarchaeota of six genera revealed that none of them is monoploid and thus oligoploidy 
or polyploidy seems to be widespread and typical for this kingdom of Archaea (Soppa, 
2011). In contrast, all analysed Crenarchaeota (seven species of four genera) were found to 
be monoploid and thus there is a stark dichotomy in the archaeal phylogenetic lineages. This 
is different in bacteria: monoploid, oligoploid and polyploid species are intermixed in vari-
ous phylogenetic groups. However, only a minor fraction of bacterial species is monoploid 
and thus oligoploidy/polyploidy is typical for bacteria. This is true for different groups of 
bacteria, e.g. Proteobacteria, Cyanobacteria, and Gram-positive bacteria (Griese et al., 2011; 
Pecararo et al., 2011; Böttinger, B., Zerulla, K., and Soppa, J., unpublished data). Therefore, 
it seems that polyploidy evolved several times independently in various groups of prokary-
otes. In this contribution we focus on haloarchaea and summarize recent results about the 
regulated ploidy of various replicons of Hbt. salinarum and two species of Haloferax. In 
addition, nine possible evolutionary advantages of polyploidy for haloarchaea are discussed. 
Last but not least, it is shown that haloarchaea possess an effective system for intermolecu-
lar gene conversion, which is a prerequisite for the majority of the discussed evolutionary 
advantages. Finally, an outlook is given and future trends are discussed.

The cell cycle of Halobacterium salinarum

Synchronization of cell cultures
A method for the synchronization of Hbt. salinarum cultures has been established, which 
allowed to characterize cell cycle-specific changes of gene expression as well as additional 
cell cycle-related phenomena (Herrmann and Soppa, 2002; Baumann and Soppa, 2007; 
A. Baumann and J. Soppa, unpublished data). The method makes use of aphidicolin, an 
inhibitor of eukaryotic replication that was shown to block DNA synthesis also in Hbt. 
salinarum (Forterre et al., 1984). Hbt. salinarum has a strictly controlled cell cycle, thus the 
replication block results in a total inhibition of cell division. Other cellular processes remain 
undisturbed, and therefore incubation of a haloarchaeal cell culture with aphidicolin leads 
to a steady increase in the average cell length. When the inhibitor is removed after an opti-
mized time of incubation, all cells of the culture divide synchronously. Fig. 7.1 shows the 
average cell length as well as the cell density during the incubation with aphidicolin during 
two subsequent cell cycles. As is typical for whole culture synchronization methods, the 
degree of synchronization is much lower during the second cell cycle and synchronization 
is totally lost soon thereafter. However, the degree of synchronization is about 100% during 
the first cell cycle, and thus the first cycle was used to obtain the results described in the 
following paragraphs. The high degree of synchrony was also verified by a third criterion, i.e. 
microscopic identification of cells in the process of septum formation, which was exclusively 
found in the boxed time windows of Fig. 7.1.
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Notably Hbt. salinarum is one of only very few prokaryotic species for which an efficient 
synchronization procedure has been established. Well-studied bacterial species for which a 
synchronization method is available include Escherichia coli which can be synchronized by 
isolating newborn cells with a ‘baby machine’, Caulobacter crescentus which can be synchro-
nized by isolating swarmer cells, Bacillus subtilis, which can be synchronized making use of 
the outgrowth of spores, and Synechococcus which can be synchronized by daily cycles of 
light and darkness. The only additional archaeal species for which a synchronization method 
has been established is Sulfolobus acidocaldarius. Initially dilution of stationary phase cul-
tures was used to generate partially synchronized cultures (Hjort and Bernander, 1999), 
but recently usage of a ‘baby machine’ has been introduced to generate highly synchronized 
cultures (Duggin et al., 2008). It should be noted that S. solfataricus is a representative of the 
kingdom of Crenarchaeota, while Hbt. salinarum belongs to the kingdom of Euryarchaeota. 
The availability of synchronization procedures for one species of each kingdom has revealed 
that an ‘archaeal cell cycle’ does not exist, but that many species- or kingdom-specific dif-
ferences are found. Some differences will be mentioned below; a detailed discussion about 
the cell cycle of Sulfolobus is given in several recent reviews (Bernander, 2007; Samson et 
al., 2011).

Figure 7.1 Synchronization of Hbt. salinarum cultures. Hbt. salinarum cultures can be 
synchronized by treating the cells for an optimized time with the replication inhibitor aphidicolin 
(see arrows). Synchronization is analysed by quantification of the average cell length (top panel) 
and the cell density (bottom panel). Cells with visible constrictions, which are in the process of 
septum formation, are exclusively observed during the boxed time periods. The first two cell 
cycles after inhibitor removal are shown.
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Cell cycle specific changes of the transcriptome and the proteome
To get a global overview of cell cycle-dependent transcript level regulation, synchronized 
cultures were used to analyse transcriptome changes using a DNA microarray (Baumann 
et al., 2007). After removal of aphidicolin, aliquots were taken every 30 minutes for five 
hours, so that the first synchronized cycle was completely covered. At all eleven time points 
the transcriptomes of the synchronized culture were compared to a control unsynchronized 
culture. Three biological replicates were performed and average values were calculated. 
Transcripts of nearly 2500 genes could be analysed, which represent 88% of all ~2800 genes 
of Hbt. salinarum. Unexpectedly, only 87 of the transcript levels were cell cycle-regulated. 
These 87 genes could be clustered into seven groups of kinetically co-regulated genes. The 
regulatory profiles of the first four clusters are shown in Fig. 7.2. Often several or all members 
of gene clusters or operons were grouped into the same cluster, e.g. all five genes of the ABC 
transporter operon OE4300–OE4304. Cluster 1 contains all three subunits of the glycerol-
3-phosphate dehydrogenase (OE3763–OE3765). Cluster 3 is comprised exclusively of 
genes encoding enzymes involved in purine biosynthesis. Counterintuitively, the genes for 
pyrimidine biosynthesis enzymes are not cell cycle-regulated, but constitutively expressed.

Overall the number of cell cycle-regulated transcripts is only 3% smaller than in other 
species, e.g. the archaeon Sulfolobus acidocaldarius (18%), the bacterium Caulobacter 
crescentus (19%), or the eukaryotes Schizosaccharomyces pombe (10%) and Homo sapiens 

Figure 7.2 Cell cycle-specific transcriptome changes. Hbt. salinarum cultures were 
synchronized and at the indicated time points aliquots were removed. RNA was isolated and 
compared to the RNA of a mock-treated cultures using DNA microarrays. Transcript levels were 
analysed and 87 transcripts were found to have cell cycle-specific concentration changes. 
These transcripts could be sorted into seven groups of kinetically co-regulated genes. Average 
values of four of these groups are shown (modified after Baumann et al., 2007).
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(18–28%) (Cho et al., 2001; Laub et al., 2000; Lundgren and Bernander, 2007; Marguerat 
et al., 2006; Whitfield et al., 2002). Noteworthy, the levels of many transcripts that are cell 
cycle-regulated in other species are constitutively expressed in Hbt. salinarum. For example, 
eight out of nine transcripts encoding Cdc6 homologues have a constant level throughout 
the cell cycle. The same is true for histones and DNA polymerases. This might be correlated 
with the lack of a clear S-phase in Hbt. salinarum, as described below (see ‘Relaxation of 
replication control’ below).

In addition to the characterization of transcriptome changes cell cycle-specific changes 
of the proteome were analysed (Baumann, A., and Soppa, J., unpublished data). Again, cul-
tures were synchronized and 14 aliquots were removed that represented one complete cell 
cycle. 2D differential gel electrophoresis (DIGE) was used to quantify protein level changes. 
A mixed sample comprised of equal aliquots of all time points was used as internal control 
and labelled with one fluorescent dye. Two other fluorescent dyes were used to label the 
extracts of two different time points. All three samples were mixed, separated by 2D gel 
electrophoresis, and scanned at three different excitation wavelengths. The values of the two 
time points were normalized using the internal control. As the experiment was performed 
in triplicates, in total 42 samples were analysed on 21 2D gels. More than 600 protein spots 
could be quantified at each time point in each of the three replicates. The results of the 
three biological replicates were averaged and the time series was examined for proteins with 
cyclic concentration changes. Unexpectedly, less than 30 proteins out of the more than 600 
analysed exhibited cell cycle-dependent cyclic concentration changes. Several of them were 
analysed by peptide mass fingerprinting, but none had a cell cycle-related function. Taken 
together, similar to the transcriptome analyses also the proteome analyses indicated that 
Hbt. salinarum differs from other prokaryotes and eukaryotes as the fraction of cell cycle-
specific concentration changes of its constituents is much smaller.

Cell cycle specific DNA transport
Synchronized cultures were also used to analyse the intracellular localization of the DNA. 
The localization was not constant but that the DNA was dynamically transported within 
the cell (Fig. 7.3; Herrmann and Soppa, 2002). First, the DNA was evenly distributed 
throughout the cell. Later, it was concentrated in the middle of the cell, and subsequently 
it was transported towards the cell poles, so that the middle of the cell was devoid of DNA. 
After that, a septum formed at mid-cell giving rise to two newborn daughter cells of equal 
size and DNA content. At first these results were thought to be very similar to the ‘factory 
model of replication’ that has been described for B. subtilis (Lemon and Grossman, 1998). In 
this view the replicating DNA polymerases are localized exclusively at or near mid-cell. The 
un-replicated DNA is transported to mid-cell, is replicated there and the replicated chromo-
somes are transported to the cell poles, starting with the origin region and ending with the 
terminus region. However, subsequently it was revealed that Hbt. salinarum does not have 
an S-phase, but replication takes place at all time points shown in Fig. 7.3 (see ‘Relaxation 
of replication control’ below). In addition, the chromosome of Hbt. salinarum has more 
than one replication origin (Coker et al., 2009), and thus the simple model that is true for 
a bacterium with a single replication origin like B. subtilis cannot apply to Hbt. salinarum. 
Taken together, the results indicate that Hbt. salinarum has totally uncoupled replication 
from segregation, and that segregation requires concentration of all DNA at mid-cell before 
equal amounts are transported to the two cell poles.
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Cell cycle specific oscillation of the cAMP concentration
In addition to transcript and protein levels also the level of cAMP was quantified throughout 
the cell cycle making use of synchronized cultures of Hbt. salinarum. Interestingly it was 
revealed that it was constant throughout most of the cell cycle, but that there were two very 
short peaks of cAMP concentration increase at the beginning and at the end of the period 
in which all cells divided (see figure 7 in Baumann et al., 2007). In both peaks the increase 
was about a factor of two compared with the basal cAMP level. The results indicate that 
cAMP is used as a signal important for cell cycle progression at two times in the cell cycle. 
Whether cAMP is also a starvation signal in haloarchaea, like in E. coli and other bacteria, 
is currently unknown. If it would be so, cAMP could integrate carbon source supply with 
cell cycle progression. Cell cycle-dependent cAMP fluctuations have also been observed in 
Saccharomyces cerevisiae and in Tetrahymena pyriformis, and an integrative function of cAMP 
has also been hypothesized for these eukaryotes (Dickinson et al., 1977; Müller et al., 2003; 
Smith et al., 1990; Watson and Berry, 1977).

Figure 7.3 Cell cycle-specific intracellular DNA transport. Hbt. salinarum cultures were 
synchronized and aliquots were removed at different time points throughout the cell cycle. The 
cells were fixed, DNA was stained and the cells were observed with a fluorescence microscope. 
Left panel: Two typical cells are shown for selected time points (overlay of microscopic and 
fluorescence pictures). At two time points fluorescent foci are indicated by white arrows, at 
one time point the DNA-free area at mid-cell is indicated with black arrows. Right panel: A 
schematic overview of cell cycle-specific intracellular DNA transport.
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Regulated polyploidy in haloarchaea

Growth phase dependent ploidy of Halobacterium salinarum and 
Haloferax species
The cell cycle-dependent intracellular DNA transport (see above) had led to the hypoth-
esis that Hbt. salinarum is monoploid. Therefore, it was surprising that quantification of 
the genome copy number revealed that Hbt. salinarum is polyploid and contains about 25 
genome copies in exponential phase and 15 genome copies in stationary phase (Breuert 
et al., 2006). The results were obtained using two independent methods, i.e. quantitative 
Southern blotting and a newly developed Real Time PCR method. Fig. 7.4 shows the quan-
tification of five different sites of the chromosome using Real Time PCR. The results are 
virtually identical irrespective of the localization near or far from an origin, in contrast to 
fast growing E. coli cells that are mero-oligoploid and harbour more origins than termini. 
Quantification of the copy numbers of the three megaplasmids of Hbt. salinarum revealed 
that the growth phase-dependent differential copy number regulation of pHs1 is even larger 
than that of the chromosome, while the copy number of pHs2 and pHs3 is about five and is 
totally independent of the growth phase (compare Fig. 7.5). Therefore, the gene dosage of 
Hbt. salinarum genes depends on the replicon and the growth phase and spans the numbers 
from 5 to 25.

Figure 7.4 Quantification of the copy number of five sites distributed over the major 
chromosome of Hbt. salinarum. A growth curve of a Hbt. salinarum cultures is shown (left 
Y-axis). At five sites the copy number of the major chromosome was quantified using the Real 
Time PCR method described by Breuert et al. (2006), and the copy number at different time 
points is plotted versus time (right Y-axis).
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Analysis of Hfx. volcanii replicons revealed that the copy numbers of the major 
chromosome as well as of the minichromosomes pHV1, pHV3 and pHV4 are growth 
phase-regulated (Zerulla, K., and Soppa, J., unpublished data). The numbers of all four 
replicons are down-regulated in stationary phase. Again, the dosage of Hfx. volcanii genes 
depends on the growth phase and the respective replicon and can be as low as eight (pHV4 
in stationary phase) and as high as 50 (pHV3 in exponential phase). A third analysed species 
is Haloferax mediterranei. It is also polyploid and the copy number of the chromosome is 
also growth phase-regulated (Zerulla, K., and Soppa, J., unpublished results). Table 7.1 sum-
marizes results obtained with the three species of two haloarchaeal genera. As all of them 
are polyploid and show growth phase-dependent copy number regulation, it is tempting 
to speculate that this might well be true for other species and might be characteristic for 
haloarchaea.

Single cell analysis of the ploidy level
Quantification methods like quantitative Southern blotting, real-time PCR or spectroscopic 
assays reveal average copy numbers of cell populations and cannot tell anything about the 
differences between single cells. Therefore, ten randomly selected colonies of Hfx. volcanii 
were used to inoculate cultures and to analyse the DNA amounts in single cells of these cul-
tures using a Fluorescent Activated Cell Sorter (FACS). It turned out that the distribution 
of the DNA content was identical in all ten independent clones (Zerulla, K., and Soppa, J., 
unpublished results). Therefore, the copy number is highly regulated at the single cell level 
and the variance in a population of Hfx. volcanii cells is very small.

Figure 7.5 Copy number of Hbt. salinarum replicons. A growth curve of a Hbt. salinarum 
cultures is shown (left Y-axis). The copy numbers of the four different replicons of Hbt. 
salinarum were quantified at different times of the growth curve and the copies numbers are 
plotted versus time (right Y-axis) (reprinted from Breuert et al., 2006).
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Influence of external parameters on the ploidy level
Characterization of the chromosome copy number of the bacterium Azotobacter vinelandii 
had shown that only fast growing cells are polyploid, in contrast to slow-growing cells which 
are monoploid (Maldonado et al., 1994). Therefore, the authors concluded that polyploidy 
of A. vinelandii might not exist outside of the laboratory.

To investigate whether the ploidy level of haloarchaea is also growth rate-dependent, 
Hbt. salinarum was grown at three different conditions. A fast-growing culture incubated 
aerobically under optimal conditions at 42ºC was compared with two slowly growing 
cultures, one culture incubated at 30ºC and one culture grown anaerobically by arginine 
fermentation. The chromosome copy numbers of all three cultures were identical in all 
growth phases, showing that for Hbt. salinarum the ploidy level is independent of growth 
rate (Breuert et al., 2006). The same results were obtained with Hfx. volcanii that was grown 
with two different carbon sources (Zerulla, K., and Soppa, J., unpublished results). Again, 
the ploidy levels of fast-growing and slow-growing cells were identical underscoring that in 
haloarchaea the growth rate does not influence the chromosome copy number.

Evolutionary advantages of haloarchaeal polyploidy
In the following paragraphs nine possible evolutionary advantages are discussed that might 
have driven the development of polyploidy in haloarchaea. For all but one of these advan-
tages experimental evidence at least in the form of model experiments exists. It should be 
noted that not all advantages apply to all species. For example, Hbt. salinarum and Hfx. vol-
canii are both polyploid and have similar numbers of chromosomes, but only the former is 
highly resistant to X-irradiation. Further evolutionary advantages exist that do not apply to 
haloarchaea and several of those are mentioned in the last paragraph.

Low mutation rates
When a mutation occurs in one copy of the chromosome of a polyploid species, another 
copy with the wild-type information can be used as a template for DNA repair. Species 

Table 7.1 Genome copy numbers and replicons of three haloarchaeal species

Organism Location

Growth phase

Exponential Stationary

Hbt. salinarum CHR 28.0 ± 1.0 15.0 ± 0.6
phs1 23.0 ± 0.1 14.0 ± 0.9
phs2 4.8 ± 0.3 3.5 ± 0.1
phs3 7.1 ± 0.1 4.2 ± 0.2

Hfx. volcanii CHR 39.9 ± 5.3 27.9 ± 5.4
pHV1 25.7 ± 3.4 10.3 ± 4.3
pHV3 35.9 ± 5.5 28.2 ± 6.4
pHV4 15.0 ± 2.1 7.8 ± 2.5

Hfx. mediterranei CHR 20.3 ± 6.1 10.6 ± 3.8
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that make use of such a repair mechanism would have a lower apparent mutation rate than 
species that lack this pathway or monoploid species. For Hfx. volcanii it has in fact been 
observed that the mutation rate is much lower than in other species that have been analysed 
with the same genetic assay (Mackwan et al., 2007). Spontaneous mutations in the pyrE2 
gene were selected based on the resistance of the resultant mutants against 5-fluoroorotic 
acid. A rate of about 2 × 10–8 mutations per cell division was observed for pyrE2, which 
was used to calculate a genomic mutation rate of 4.5 × 10–4. This value is about one order 
of magnitude lower than the genomic mutation rates of 2–5 × 10–3  determined for other 
species (Mackwan et al., 2007).

Resistance against desiccation and irradiation
Double strand breaks (DSBs) are a much more severe kind of mutation compared to point 
mutations (mismatch mutations, alkylations, oxidations etc.). In the laboratory X-irradia-
tion is commonly used to induce DSBs. However, DSBs are also induced by desiccation 
and thus are a common threat for terrestrial microorganisms. In addition, when replication 
forks pass single strand breaks, a double-strand break is produced in the daughter genome 
and therefore DSBs are very common in all organisms. It is long known that the bacterium 
Deinococcus radiodurans, which is oligoploid and contains about eight copies of the chro-
mosome, is highly resistant to X-irradiation as well as desiccation (Hansen, 1978). Within 
hours it can restore complete chromosomes out of small overlapping fragments of totally 
shattered chromosomes. It could be shown that this is a two-stage process that includes 
DNA synthesis followed by homologous recombination (Zahradka et al., 2006).

Hbt. salinarum was also shown to be highly resistant to 60Co gamma irradiation as well as 
desiccation and high vacuum (Kottemann et al., 2005). More than 20% of the cells survived 
20 days of desiccation or incubation under high vacuum. The radiation resistance of a LD10 
of 5 kGy is 20-fold higher than that of E. coli. The resistance of Hbt. salinarum is higher in the 
exponential phase than in stationary phase cells, which fits to the growth phase dependent 
regulation of the ploidy level described above.

Four cycles of gamma irradiation followed by regrowth led to the selection of two inde-
pendent Hbt. salinarum mutants that had an increased resistance (LD50

 > 11 kGy) and were 
described to have a higher resistance than any known natural isolate (Deveaux et al., 2007). 
Both mutants had an elevated level of a single strand binding protein, in agreement with the 
involvement of homologous recombination in the repair of shattered chromosomes. Similar 
to Deinococcus also Hbt. salinarum can restore complete chromosomes out of overlapping 
fragments, albeit somewhat slower (Kottemann et al., 2005).

While the ability to restore complete chromosomes from small fragments require over-
laps and is thus possible only in oligoploid and polyploid species, it should be noted that 
there is no direct correlation between the number of chromosomes and the degree of resist-
ance against DSBs. Hbt. salinarum harbours 3-fold more chromosomes than D. radiodurans, 
but is slightly less resistant to DSBs. The polyploid Hfx. volcanii is not at all resistant against 
gamma irradiation, underscoring that not all possible evolutionary advantages apply to all 
species that could theoretically make use of them. In contrast to its low resistance to X-irra-
diation, Hfx. volcanii was found to be very resistant to desiccation (Zerulla, K., and Soppa, 
J., unpublished results). Furthermore, the survival rate depended on the number of chro-
mosomes present in the cell. Cells with only two chromosomes (generated by phosphate 



Ploidy in Haloarchaea | 155

starvation, see ‘DNA as a phosphate-storage polymer’ below) survived a 12-day desiccation 
period much less efficiently than cells with the normal number of 20 chromosomes.

Survival over geological times
Several research groups have repetitively reported the isolation of haloarchaea from ancient 
halites of different ages, one as old as about 250 million years (Fendrihan et al., 2006; 
McGenity et al., 2000; Sankaranarayanan et al., 2011; Schubert et al., 2010; Stan-Lotter et 
al., 2002; Vreeland et al., 2007; and references therein). The earliest reports date back exactly 
50 years (Dombrowski, 1963; Tasch, 1963). In addition, the isolation and characterization 
of DNA from salt of different geological ages has been reported, the oldest sample was 
claimed to have an age of 429 million years (Park et al., 2009). However, the matter always 
has been and still is heavily debated. One major counterargument is that DNA simply does 
not have the chemical stability to survive extended times without destruction (Dose et al., 
1991; Heebsgaard et al., 2005; Nickle et al., 2002; review: Grant, 2004). Another major 
counterargument is that the 16S rRNA sequences of the isolated ‘ancient’ haloarchaea are 
extremely similar to modern haloarchaea and that they do not branch off very early in evo-
lutionary trees. Therefore, applying normal evolution rates results in the conclusion that 
they cannot be as old as anticipated; on the contrary, they cannot be old at all (references 
as above). In summary, whatever the artefact may be, the reports of isolation of living halo-
archaea from ancient halites must be false in spite of the extremely great care that was taken 
in external sterilization of salt samples prior to cultivation. In the extreme case the surfaces 
of salt samples were deliberately contaminated prior to sterilization to unambiguously proof 
that the sterilization protocol is 100% effective (Sankaranarayanan et al., 2011).

However, the now-known fact that haloarchaea are polyploid might resolve the chemical 
stability contradiction. If double-strand breaks can easily be repaired using additional copies 
of the chromosome, a non-limited number of DSBs can occur without compromising the 
viability of salt-embedded haloarchaea. In addition, gene conversion (see below) might 
explain the similarity between ancient haloarchaea and recent species.

As the halites are not solid rocks but include brine-filled inclusions, the energy for DNA 
repair might stem from several sources. It has been proposed that haloarchaea might use 
glycerol and other resources that leak from co-included dead Dunaliella algae (Schubert et 
al., 2009). Ultimately haloarchaea might cannibalize dead individuals of their own species. 
The energy needed for survival in brine-filled inclusions probably is extremely very low 
as growth does not occur and the chemical and physical conditions do not favour DNA 
damage, e.g. absence of UV light, reactive oxygen species, or alkylating chemicals from 
active metabolism. It has been observed that haloarchaea can form several small spherical 
particles from rod-shaped cells that have been proposed to represent dormant states (Fen-
drihan et al., 2012). Noteworthy, such particles have also been observed in ancient halite. 
The controversy might never become resolved. However, polyploidy certainly adds another 
aspect to the topic of living haloarchaea from ancient halites.

Survival in extraterrestrial environments
For more than a decade it has been discussed whether haloarchaea might be able to grow 
or survive on other planets, e.g. on Mars, or might survive interplanetary transport, e.g. 
on meteorites. The discussion has been stimulated by the discoveries that Mars may still 
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contain ground water and that long ago the conditions on Mars were much more similar to 
the current conditions on Earth than today. A boost experiment was performed in 1994 as a 
Synechococcus isolate and an archaeon originally designated Haloarcula sp. but now described 
as Halorubrum chaoviator (Mancinelli et al., 2009) were exposed to a space environment for 
15 days and survival rates were determined afterwards (Mancinelli et al., 1998). For Hrr. 
chaoviator the survival rate was 10–7 for cells exposed to vacuum alone and 2 × 10–8 for cells 
exposed to vacuum and UV-irradiation. Of course, these rates are low, nevertheless they 
document that haloarchaea can survive real space conditions. It was also shown that several 
species of haloarchaea including Halococcus dombrowskii survive simulated Mars conditions 
(Fendrihan et al., 2009). Similar results have also been reported for methanogenic Archaea 
(Kendrick and Kral, 2006; Morozova et al., 2007), opening the fascinating possibility that 
microorganisms might exist on other planets and might have even survived interplanetary 
transport on meteorites (Dornmayer-Pfaffenhuemer et al., 2011), e.g. from Mars to Earth. 
Of course, survival under these extreme conditions would probably depend on a very high 
capacity of repairing broken chromosomes, which is enhanced in polyploid species (see 
above).

Gene redundancy: a population of genomes instead a population of 
cells
In polyploid cells carrying several or many copies of each gene, the theoretical possibility 
exists that some copies can be mutated without losing the wild-type information on the 
remaining copies. This could be important under conditions when the cells are unable 
to grow and favourable mutations might restore the growth capacity. In growing cells the 
genomes could be equalized again by gene conversion, which is discussed below. While 
this is a theoretical consideration, at least the existence of heterozygous cells under specific 
selection conditions in the laboratory has been proven for haloarchaea as well as for other 
groups of polyploid prokaryotes. Selection in the absence of leucine and tryptophan led to 
a heterozygous Hfx. volcanii culture that contained two different types of genomes in every 
cell, one with the leuB gene at the leuB locus and the other with the trpA gene at the leuB 
locus (Lange et al., 2011). Often heterozygous cells are the result of an attempt to replace 
a gene with a selection marker. If the respective gene turns out to be essential, heterozy-
gous cells are selected that contain genomes with the selection marker as well as genomes 
with the essential gene. This has been observed for methanogenic Archaea (Hildenbrand et 
al., 2011; Stock et al., 2010) as well as for several species of Cyanobacteria (Labarre et al., 
1989; Nodop et al., 2008; Spence et al., 2004; Takahama et al., 2004). The ease of selecting 
heterozygous polyploid cells in the laboratory in diverse species of prokaryotes indicates 
that heterozygous cells also arise in natural populations of polyploid prokaryotes. However, 
experimental evidence is still missing.

Relaxation of replication control
The cell cycle is divided into several phases, notably containing a so-called S-phase (synthe-
sis phase) that is the time of replication. For monoploid cells with one replication origin it 
is important that replication is initiated faithfully once and only once every cell cycle. Only 
a tight replication control in combination with a tight segregation control guarantee that 
both daughter cells get a chromosome and that the number of chromosomes is constant 
over many generations. Polyploid cells theoretically do not have these necessities; both 
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segregation control as well as replication control could be relaxed. And indeed two poly-
ploid species have been described that have a relaxed segregation control. In Synechocystis 
PCC 6803 the two daughter cells do not get exactly the same amount of DNA, on average 
one daughter cell gets about 5% more than the other, but the difference can be much bigger 
and exceed the factor of two (Schneider et al., 2007). The loss of control is even bigger in 
Methanocaldococcus jannaschii, which divides into cells of unequal size that can get very dif-
ferent amounts of DNA (Malandrin et al., 1999). This is not the case for Hbt. salinarum, 
which forms a septum exactly at mid-cell and that distributes the DNA equally to both 
daughter cells (Breuert, S., and Soppa, J., unpublished results).

However, Hbt. salinarum has lost a strict cell-cycle-specific control of replication and 
does not have a S-phase. Eight synchronized cultures were incubated for 30 minutes with 
5-bromo-2′-deoxyuridine (BrdU) and the amount of BrdU that was incorporated into 
genomic DNA during replication was quantified with an anti-BrdU antiserum. As shown 
in Fig. 7.6, no BrdU was incorporated in the first 30 minutes after removal of the inhibi-
tor aphidicolin that was used for culture synchronization, but identical amounts of BrdU 
were incorporated in the seven 30-minute intervals thereafter. Notably, DNA synthesis took 
place before cell division, during cell division, and after cell division (Fig. 7.6). Equal DNA 
synthesis during the whole cell cycle of four hours offers the obvious advantage that the 
enzymatic capacity needed to produce 25 copies of the chromosome is much smaller than 
in the case that replication would be confined to a short S-phase. To our knowledge such a 
total lack of an S-phase has never been described before for any prokaryotic species. Only 
for the polyploid cyanobacterium Synechococcus elongatus PCC 7942 it has been described 
that replication initiation is not totally synchronized (Watanabe et al., 2012). However, a 
peak time of DNA synthesis prior to cell division was observed, and replication was totally 
blocked in the dark. The lack of further examples is most probably due to the facts that only 
a small number of species can be synchronized and that a lack of an S-phase has not been 
assumed. We predict that analysis of DNA synthesis of further polyploid species will lead 
to the discovery of more examples of species with a relaxation or a loss of a tight control of 
replication, segregation and/or septum formation.

Global gene dosage control
The expression level of a gene is often correlated to the gene dosage. Therefore, regulation of 
the degree of polyploidy in response to growth phases or environmental conditions offers 
a way to concomitantly regulate the dosage of all genes and thus to globally regulate gene 
expression. If species contain several replicons, the dosage of genes can be replicon-specific. 
This effect is very pronounced for Hbt. salinarum, i.e. the main chromosome has a copy 
number of up to 25, while two other replicons have only a copy number of five (Fig. 7.5). 
In addition, the copy number of two replicons is growth-phase regulated, while the copy 
number of the other two replicons is independent of the growth phase. Therefore, the ratio 
of the genes on different replicons is not constant, but variable, e.g. the ratio between pHS1 
and pHS2 varies between 1 and 4. It has not been experimentally tested whether the differ-
ential replicon-specific gene dosages really result in differences in gene expression, but this 
will be performed making use of a strain with a deletion of the dhfr (dihydrofolate reductase) 
gene, which can be used to place the dhfr gene on the different replicons and quantify the 
amount of the expression product DHFR. Differential regulation of the ploidy level has also 
been observed in other species. For example, fast growing Methanococcus acetivorans cells 
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contain nearly 20 copies of the chromosome, in stark contrast to slow growing cells, which 
contain only 2–3 copies of the chromosome (Hildenbrand et al., 2011). Another example 
is A. vinelandii, which contains 40 genome copies during fast growth and only one genome 
copy during slow growth (Maldonado et al., 1994). Also in these cases it is tempting to 
speculate that the very high changes in gene dosage could be correlated with expression 
levels, but also in these cases experimental verifications have not been performed. Neverthe-
less, global regulation of the gene dosage in polyploid species in response to growth phase 
and/or external conditions does not seem to be exceptional, but rather the rule.

Shifting regulation from stochastics to statistics
Monoploid species contain just one copy of each gene, including the regulatory sequences 
upstream of the coding region. If the intracellular concentrations of transcription factors 

Figure 7.6 Hbt. salinarum lacks an S-phase. Eight Hbt. salinarum cultures were synchronized 
as described by Baumann et al. (2007) (left panels). For the four hours following removal of 
the inhibitor aphidicolin, each of the eight cultures was treated with 5-bromo-2ʹ-deoxyuridine 
(BrdU) for 30 minutes and harvested directly afterwards. Genomic DNA was isolated from the 
eight cultures, digested with a restriction enzyme and run on an agarose gel (panel top right). 
The DNA was blotted to a nylon membrane and incorporated BrdU was visualized using an 
anti-BrdU antibody coupled with an enzymatic reaction with a chemiluminescence substrate 
(panel bottom right). No BrdU incorporation was observed in the first 30 minutes following 
inhibitor removal, while identical amounts were incorporated during the next seven 30 minute 
time intervals, which represent times before, during, and after cell division.
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are low, which is typically the case, then gene expression becomes stochastic in two differ-
ent aspects. First, the average concentration of transcription factors can be around or even 
lower than one molecule per cell and thus a fraction of the cells does not contain a single 
molecule. A quantitative determination of 1000 different YFP tagged proteins in single cells 
of E. coli revealed that the average intracellular protein amount ranges from 0.1 molecule per 
cell to 10,000 molecules per cell (Taniguchi et al., 2010). Second, the interaction between 
transcription factors and their respective recognition motif in the genome is a binding 
equilibrium determined by association and dissociation rates. At the low concentrations of 
both binding partners present in monoploid species there are phases when the transcription 
factor is bound and transcription is blocked and phases when it is dissociated from the DNA 
and transcription happens. Thus gene expression happens as a probabilistic burst of the 
synthesis of mRNA and concomitantly protein. The development in recent years of single 
cell analysis methods that are sensitive enough to detect single molecules of mRNAs and 
proteins have allowed the experimental verification that gene expression in E. coli and other 
bacteria really happens in this stochastic fashion (Tanigushi et al., 2010; review: Broude, 
2011). One consequence is that genetically identical individual bacteria in a population are 
heterogeneous concerning their intracellular concentrations of mRNAs and proteins and 
can be heterogeneous concerning their phenotypes (de Jong et al., 2012).

This situation totally changes when the concentrations of the two binding partners, DNA 
recognition motifs as well as transcription factors, are considerably higher. In haloarchaea 
the number of genome copies is 20–25 and thus more than one order of magnitude higher 
than in monoploid species. The intracellular concentration of transcription factors is not 
known, but it seems likely that the number of molecules is at least as great as the number 
of DNA binding sites, otherwise a complete inhibition of gene expression would not be 
possible. However, a complete lack of gene expression has been observed for a variety of 
haloarchaeal genes in the absence of a cognate inducer. Therefore, also the intracellular con-
centration of transcription factors in haloarchaea might be one order of magnitude higher 
than in monoploid species. If that were true, then the enhanced concentration of both bind-
ing partners would results in a different mode of gene regulation than in monoploid species, 
it would not be the stochastic on/off switching described above for E. coli but a statistical 
smooth regulation of the strength of gene expression. In addition, the heterogeneity of cellu-
lar composition and phenotypes of a genetically identical population of haloarchaea would 
be much smaller than a population of monoploid species. Experimental verification of this 
potential evolutionary advantage of polyploidy in haloarchaea would not only require the 
quantification of transcription factors, but also the development of single cell techniques 
with single molecule sensitivity, which is complicated by the high intracellular salt concen-
tration.

DNA as a phosphate-storage polymer
Polyploid cells contain much more phosphate, carbon and nitrogen bound in their DNA as 
monoploid cells. It could be shown that Hfx. volcanii can grow for several generations in syn-
thetic medium in the absence of phosphate. Under these conditions Hfx. volcanii sacrifices 
all genetic advantages of polyploidy discussed above and reduces the number of chromo-
somes from 30 to only 2 (Zerulla, K., Chimileski, S., Gophna, U., Papke, T., and Soppa, J., 
in revision). Upon re-addition of phosphate to phosphate-starved cells the number of chro-
mosomes increases very fast and reaches the original level within a few hours. These results 
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reveal that Hfx. volcanii and probably also other polyploid haloarchaea use their genomic 
DNA not only as genetic material, but also as a phosphate-storage polymer. It is currently 
believed that DNA was added to the biology of cells because it is much more stable than 
RNA and therefore replaced the original RNA genomes. Based on the results obtained with 
Hfx. volcanii an alterative view seems possible. DNA might have been added to the biology 
of cells early in evolution as a phosphate-storage polymer because it is much more stable 
than the alternative phosphate-storage polymer polyphosphate and might have evolved into 
its role as genetic material only later.

Further advantages not applying to haloarchaea
The relaxation of the DNA segregation control observed in M. jannaschii and S. elongatus 
has already been discussed above. Another advantage is the possibility to enlarge the size 
of cells. An extreme example is Epulopiscium sp. that can reach cell lengths of longer than 
600 μm and cell volumes five orders of magnitude larger than E. coli. The genome copy 
number correlates with the cell volume and is extremely high, ‘small’ cells contain about 
50,000 genome copies and large cells about 200,000 genome copies (Mendell et al., 2008). 
Polyploidy is probably essential for very large prokaryotic cells because diffusion would not 
allow an equal distribution of mRNAs and proteins in the cell if it would contain only a single 
chromosome. In line with this reasoning the chromosomes of Epulopiscium sp. are arranged 
at the cell periphery all around the cell. The evolutionary advantage of large prokaryotic cells 
is that they escape predators of normal-sized prokaryotes.

Another putative evolutionary advantage is the possibility to perform several cell divi-
sions without the need to replicate the DNA between them. This has been discussed as an 
advantage for pathogens soon after entering a host. Using this strategy a single cell could 
multiply very fast into several cells and enhance the chance that one or more of the descend-
ants will escape the immune system of the host and firmly establish itself in the host.

Gene conversion and escape from ‘Muller’s ratchet’
The possible evolutionary advantages of polyploidy described in paragraphs 4.1 to 4.5 all 
require that the information of one copy of the chromosome can be transported to another 
copy of the chromosome, a process called ‘gene conversion’. Gene conversion is defined 
as the non-reciprocal transfer of information between two homologous sequences. Gene 
conversion has mostly been studied in eukaryotes, somewhat in bacteria, and hardly at all 
in Archaea (Lawson et al., 2009). Gene conversion has been detected as a process occurring 
during meiosis in fungi about 50 years ago (Holliday, 1964). In bacteria gene conversion is 
nearly exclusively studied as an intramolecular interaction between two sites of the same 
chromosome, leading to the concerted evolution of ribosomal RNA operons and gene 
families as well as being one of two molecular mechanisms underlying antigenic or phase 
variation (Santoyo and Romero, 2005). However, the evolutionary advantages discussed 
above would require gene conversion between the same sites of two different copies of the 
chromosome (intermolecular gene conversion). Only two studies about intermolecular 
gene conversion with prokaryotes have been performed, one of those was using Hfx. volcanii.

The study made use of a double deletion mutant that contained a genome lacking both 
the trpA gene encoding an enzyme involved in tryptophan biosynthesis and the pyrE gene 
encoding an enzyme involved in pyrimidine biosynthesis (Allers et al., 2004). Using a triple 
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selection scheme a heterozygous mutant was generated that contained two different types 
of genomes, one with the leuB gene encoding an enzyme involved in leucine biosynthesis 
at the leuB locus and the other with the trpA gene at the leuB locus (Lange et al., 2011). In 
the absence of both amino acids the mutant was forced to retain both types of genomes 
simultaneously in the cell. This strain was subsequently cultivated under three different 
conditions: (1) in the presence of only leucine, selecting only for the presence of the trpA 
gene, (2) in the presence of tryptophan, selecting only for the presence of the leuB gene, 
and (3) in the presence of both amino acids, i.e. in the absence of any selection (compare 
Fig. 7.7). At different times during growth aliquots were taken and the copy numbers of 
both types of genomes were quantified. It was revealed that under all three conditions gene 
conversion led to an equalization of genome copies. Conditions (1) and (3) led to a loss of 
the trpA-type genome within a very short time period of only several days. Condition (2) 
led to a loss of the leuB-type genome, but it took several weeks. These results were in line 
with the design of the experiment, because the two directions were not symmetrical. Gene 
conversion from the trpA-type to the leuB-type genome required DNA synthesis of only 
less than 50 nt, while gene conversion from the leuB-type to the trpA-type genome required 
the synthesis of nearly 1 kbp (Lange et al., 2011). The most important result of this study 
was that genome equalization via gene conversion occurred in the total absence of selection.

To our knowledge only one additional study about intermolecular gene conversion in 
prokaryotes exists. It made use of a heterozygous strain of Methanococcus maripaludis that 
was a result of the attempt to replace an essential gene with a resistance gene (Stock et al., 
2010). This strain contained a low copy number of the genome with the essential gene 
(1–2) and a high copy number of the genome with the resistance gene (about 15). It was 
incubated in the presence of three different concentrations of the antibiotic, thereby varying 
the strength of the selection, and in the absence of the antibiotic equalling the absence of 
any selection (Hildenbrand et al., 2011). Again, the most important result was that even in 
the absence of selection gene conversion led to an equalization of the genome copies, in this 
case in the direction of the essential gene that could not be totally lost, while in the absence 
of selection the resistance gene was not needed. As expected, under full selection pressure 
the situation remained unchanged. Interestingly, low selection pressures led to intermediate 
results. Thus it seemed that M. maripaludis retained only so many copies of the genome with 
the resistant gene as necessary for growth and ‘tried’ to enhance the number of genomes 
with the essential gene, albeit the gene product of the essential gene was needed only in very 
low amounts and the growth rates of cells containing one copy of the essential gene versus 
20 copies of the essential gene were identical.

A third example of intermolecular gene conversion has been reported in chloroplasts, 
which are the descendants of endosymbiotic Cyanobacteria. It could be shown that in a 
mixture of mutated and wild type chloroplast genomes deleterious mutations were elimi-
nated by gene conversion (Khakhlova and Bock, 2006). The sparseness of results about 
intermolecular gene conversion in prokaryotes is probably due to the lack of studies and it 
can be predicted that it occurs in many more polyploid species.

The occurrence of intermolecular gene conversion solves several puzzles and is an escape 
from ‘Muller’s ratchet’. ‘Muller’s ratchet’ is a theoretical prediction that asexual polyploid 
should be unable to exist (Muller, 1964). The polyploidy of haloarchaea has often been 
questioned because it is readily possible to isolate point mutants or to construct designed 
changes of the chromosome. It has been reasoned that this would be impossible for a 



Zerulla et al.162 |

polyploid species because the mutations arise in a single copy of the chromosome and for 
statistical reasons it cannot spread to all other e.g. 20 chromosomes. This counterargument 
became invalid as it was shown that genomes are equalized by intermolecular gene conver-
sion (Lange et al., 2011). The reason is that inevitably deleterious mutations in essential 
genes must accumulate up to a point that two daughter cells inherit chromosomes that do 
not have the native version of an essential gene on any of their chromosomes. Again, inter-
molecular gene conversion solves this problem and is thus an escape from ‘Muller’s ratchet’.

Conclusions and outlook
The three analysed species of haloarchaea are all polyploid and thus polyploidy might be 
widespread in and typical for haloarchaea. The copy number is tightly regulated and influ-
enced by growth phase as well as environmental conditions. There are various evolutionary 

Figure 7.7 Gene conversion leads to the equalization of Hfx. volcanii chromosomes in the 
absence of selection. Using a triple selection scheme a heterozygous Hfx. volcanii mutant 
was generated that contained two types of chromosomes simultaneously, which carried either 
the leuB gene or the trpA gene at the leuB locus (schematically shown on top). In synthetic 
medium in the absence of leucine and tryptophan the mutant is forced to retain both type of 
chromosomes. In the presence of only tryptophan or only leucine, there is selection for only one 
type of chromosome, while in the presence of both tryptophan and leucine there is no selection 
at all. The mutant culture was used to inoculate cultures that were grown with the additions 
of the two amino acids as indicated (each condition in triplicates). The theoretically possible 
outcomes are shown schematically in the middle of the figure. After 5 days and 37 days, 
respectively, aliquots were removed and the leuB locus was analysed by Southern blotting. A 
probe was used that hybridized identically to the leuB gene and the leuB::trpA gene. As can be 
seen, under all three conditions the genomes were equalized by gene conversion, even in the 
total absence of selection (taken from Lange et al., 2011). 
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advantages of polyploidy for haloarchaea, and experimental evidence or at least indica-
tions exist for nearly all of the nine discussed evolutionary advantages. Polyploidy might 
explain why haloarchaea can survive in halites over geological times, what has often been 
questioned based on the lack of stability of DNA. The ease of selection of heterozygous 
cells in haloarchaea (and other polyploid species of Archaea and bacteria) in model experi-
ments indicate that under specific environmental conditions heterozygous cells arise also in 
nature, and these have advantages compared to homozygous wild-type cells. Intermolecular 
gene conversion has been shown to exist in haloarchaea and to be an effective mechanism 
for the equalization of genomes in growing cells. While recent years have led to many novel 
and surprising results in this area of research, many challenges remain to be tackled in the 
future, and a few questions will be shortly discussed below.

It has been shown that the copy number of haloarchaeal replicons is tightly regulated, but 
the molecular mechanism is totally unknown. We could show that a genomic region of only 
very few kbp around the origin of replication transfers the ability of autonomous replication 
to a suicide plasmid. This was attempted for two replication origins of the major chromo-
some and it was successful in both cases (Zerulla, K., and Soppa, J., unpublished data). 
These haloarchaeal artificial chromosomes (HACs) can easily be manipulated and will 
allow unravelling the molecular details of copy number regulation. The molecular details of 
gene conversion are also not known. It can be expected that the RadA protein is involved, 
but other participating components are unknown. In addition, nothing is known about the 
regulation of gene conversion. A system is needed that enables an easy, fast, sensitive and 
quantitative analysis of gene conversion in the absence of selection.

Nine putative evolutionary advantages of polyploidy in haloarchaea have been discussed. 
It remains to be elucidated how many and which of these advantages apply to a given species 
e.g. Hfx. volcanii, under various conditions. It would also be interesting to clarify whether 
species newly isolated from ancient halites are really polyploid. Another question is whether 
all 25 copies of the chromosome are transcribed to the same extent, or whether ‘working 
copies’ and ‘genetic storage copies’ of the chromosome exist. While this is theoretically pos-
sible to unravel, it will be extremely demanding because it requires establishing single cell 
methods with single molecule sensitivity in the high salt cytoplasm of haloarchaea. During 
recent years haloarchaea have been used as model organisms for other species of polyploid 
prokaryotes. For example, intermolecular gene conversion has not been studied in any spe-
cies of bacteria. Hopefully research with haloarchaea will continue to supply exciting results 
and insights also in the future.
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8Cell Regulation by Proteolytic 
Systems and Protein 
Conjugation
Julie Maupin-Furlow

Abstract
Proteases and protein conjugation systems are important in regulating cell function. 
Archaea synthesize (or are predicted to encode) numerous types of regulatory proteases 
including proteasomes, Lon protease, intramembrane cleaving proteases and others. Of 
these, proteasomes are demonstrated to be important in stress responses and essential to 
the growth of halophilic Archaea. Halophilic Archaea also synthesize a protein conjuga-
tion system termed sampylation in which different ubiquitin-like SAMPs are conjugated to 
protein targets through isopeptide bonds. While as yet unknown, sampylation is thought 
to regulate cellular functions by targeting proteins for proteasome-mediated degradation 
and for other non-proteolytic modifications. This chapter is focused on how Archaea may 
regulate cell function through proteolysis and protein conjugation with emphasis on the 
halophilic Archaea.

Introduction
Proteases not only serve to remove unassembled, misfolded or foreign proteins but also to 
regulate important cellular processes. Enzyme-mediated protein cleavage is used by cells to 
control metabolic and environmental adaptations, cell differentiation, cell-cycle progression, 
signal transduction, transcription and other important biological functions (McAdams and 
Shapiro, 2009; Ciechanover, 2010; Gur et al., 2011). Proteolysis is advantageous over other 
control mechanisms in that it is rapid and irreversible, thus, enabling the cell to efficiently 
reduce the levels of distinct components, guarantee loss of protein function for regulation, 
and even active proteins by clearing polypeptide precursors. Complete turnover of a protein 
comes at a high energy cost considering the amount of energy the cell devotes to the syn-
thesis and productive folding of proteins. To avoid uncontrolled degradation of proteins, 
proteolysis is highly selective at the initial stages of protein substrate cleavage.

Archaea synthesize a wide variety of proteases, typically linked to cell regulation, includ-
ing intramembrane-cleaving proteases, Lon and proteasomes (Maupin-Furlow et al., 2005). 
Energy-dependent proteases, such as Lon, and proteasomes, typically have associated 
mechanisms to recognize dysfunctional or regulatory proteins for processive degradation 
to small peptides. Contrastingly, intramembrane-cleaving proteases often cleave and release 
membrane-anchored proteins or peptides for cellular signalling events, appendage assembly 
on the cell surface, or other biological functions.
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An archaeal ubiquitin-like system of protein conjugation (termed sampylation) was 
recently discovered (Humbard et al., 2010a). Similar to ubiquitylation, sumolyation and 
other protein conjugation systems of eukaryotes, the sampylation system of Archaea involves 
the covalent attachment of small archaeal ubiquitin-like modifier proteins or SAMPs 
through an isopeptide bond to target proteins. While the biological role(s) of sampylation is 
yet unknown, proteins modified by sampylation are thought to be degraded by proteasomes 
and/or be altered in their activity, location and/or ability to form multisubunit interactions 
with other protein partners.

This chapter is focused on how proteolytic systems and protein conjugation may be used 
by halophilic Archaea to regulate cell function. Molecular mechanisms of regulation will 
be integrated into the discussion when available. Studies of other organisms will also be 
incorporated as needed to provide a broad perspective on the topic. Proteolytic systems will 
include intramembrane-cleaving proteases, LonB-type proteases, and proteasomes. The 
recently discovered ubiquitin-like system of protein conjugation (termed sampylation) will 
also be discussed.

Intramembrane proteolysis
Intramembrane proteolysis is thought to be a very ancient mechanism used by cells to 
control stress responses, metabolism, differentiation, development and other biological 
processes (Koonin et al., 2003; Urban and Shi, 2008). Intramembrane proteolysis is used by 
cells to cleave (pre)protein targets within their single-pass transmembrane domain, resulting 
in the liberation of soluble proteins or peptide fragments that can act as molecular effectors 
(e.g. transcription factor, quorum sensing peptide) or components of external structures 
(e.g. type IV pili homologues such as the archaeal flagella). Intramembrane proteolysis is 
also used to degrade membrane-retained protein fragments that are no longer needed (e.g. 
remnant signal peptides after their production by signal peptidase).

Intramembrane cleaving proteases
Proteases that catalyse intramembrane proteolysis are termed intramembrane-cleaving pro-
teases or I-CLiPs. I-CLiPs have the common ability to hydrolyse peptide bonds within lipid 
bilayers and can be divided into three major groups (metallo-, serine and aspartyl proteases) 
based on the proteolytic active sites discovered so far (Wolfe, 2009; Erez et al., 2009). 
Members within each I-CLiP group can be quite diverse in primary sequence, but all have 
multipass transmembrane segments and conserved active site motifs likely derived through 
convergent evolution (Koonin et al., 2003). Site-2 proteases (S2Ps) and rhomboids (RHOs) 
are of the metalloprotease and serine protease group, respectively. I-CLiPs of the aspartyl 
protease group (termed GXGD-type) include the prokaryotic type IV prepilin peptidase 
(TFPP), the eukaryotic signal peptide peptidase (SPP), and presenilin (the catalytic subu-
nit of the γ-secretase complex). Depending on the orientation of the active site within the 
membrane, I-CLiPs cleave either type 1 (Nout–Cin) or type 2 (Nin–Cout) membrane pro-
teins (Ng et al., 2007; Golde et al., 2009; Wolfe, 2010). For clarification, both prokaryotic 
signal peptide peptidase A (SppA) (found in bacteria, Archaea and plant chloroplasts) and 
eukaryotic SPP degrade remnant signal peptides. However, in contrast to the eukaryotic 
SPP, which is an I-CLiP, the prokaryotic SppA is quite distinct and is instead composed of a 
soluble dome-shaped catalytic domain (with proposed Ser as the nucleophile and Lys as the 
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general base) anchored to the membrane by a single N-terminal transmembrane segment 
(Kim et al., 2008).

Archaeal I-CLiPs
I-CLiP homologues (of the aspartyl, metallo- and serine type) are widely distributed 
in Archaea (Koonin et al., 2003; Maupin-Furlow et al., 2005; Kinch et al., 2006; Torres-
Arancivia et al., 2010). In fact, most halophilic Archaea encode two to five members of each 
I-CLiP group with some of these intramembrane protease domains fused to large hydro-
philic N- or C-terminal domains of separate function. For example, rhomboid homologues 
closely related to Hfx. volcanii HVO_0727 are common among halophilic Archaea and 
include an extensive N-terminal AN1-type Zn finger domain (known to bind DNA, RNA, 
protein and/or lipid substrates in other proteins) (Klug, 1999; Matthews and Sunde, 2002; 
Hall, 2005; Brown, 2005; Gamsjaeger et al., 2007). In analogy to eukaryotes and bacteria, 
archaeal I-CLiPs are presumed to regulate cell function. The discussion below is focused on 
archaeal I-CLiPs that have been biochemically or genetically characterized including the 
TFPP- and presenilin-like aspartyl proteases as well as the intramembrane metalloproteases.

TFPP-like aspartyl proteases
TFPP/TFPP-like proteases use a diaspartyl active site (coupling an Asp residue with a dis-
tant GXGD motif) to cleave type 2 membrane proteins (Fig. 8.1). Often these proteases 

Figure 8.1 TFPP-like (FlaK) and presenilin aspartyl proteases. Membrane topology diagrams of 
the two diaspartyl intramembrane proteases are depicted with conserved active site residues 
(Asp of FlaK TM1 and presenilin TM6, GXGD motif of FlaK TM4 and presenilin TM7) and 
C-terminal proline (including P or PAL). [Figure modified from (Hu et al., 2011) with permission.]
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cleave N-terminal leader peptides from precursor proteins resulting in their secretion and 
assembly into type IV pilin-like structures on the cell surface. Archaeal TFPP-like aspartyl 
proteases that have been characterized include Methanococcus spp. FlaK, Sulfolobus solfatari-
cus PibD, and more recently Haloferax volcanii PibD (Ng et al., 2007; Tripepi et al., 2010; 
Hu et al., 2011; Pohlschröder et al., 2011). The most extensively studied of these is FlaK, 
which has recent crystal structure data to guide understanding TFPP-like protease function 
(Hu et al., 2011). In relation to biological function, the FlaK and PibD proteases cleave the 
N-terminal signal peptide from preflagellin prior to its incorporation into the growing flagel-
lar filament, a step essential to flagellar assembly and motility (Bardy and Jarrell, 2002, 2003; 
Albers et al., 2003). While FlaK appears somewhat narrow in its substrate preferences, PibD 
has a relatively broad specificity for substrates including the ability to cleave signal peptides 
as short as three amino acids (Ng et al., 2006, 2009). Thus, PibD is thought to cleave not 
only preflagellin but also preproteins that assemble into non-flagellar type IV pilus-like 
structures used for surface adhesion (with biochemical and genetic evidence to support this 
function in S. solfataricus and Hfx. volcanii) (Albers et al., 2003; Szabo et al., 2006; Tripepi et 
al., 2010; Zolghadr et al., 2011).

Presenilin-like aspartyl proteases
Only recently have presenilin-like aspartyl proteases been identified and characterized in 
Archaea. Presenilin proteases are related to the TFPP-like proteases in their use of two aspar-
tate residues in the active site (Fig. 8.1), but differ in membrane topology and their ability 
to cleave type 1 (not type 2) membrane proteins (Wolfe, 2010). Recently, homologues 
of presenilin were identified in Archaea by scanning genome sequences for the diaspartyl 
signature (YD and GXGD) and C-terminal PAL motifs common to presenilins (Torres-
Arancivia et al., 2010). DUF1119/COG3389 proteins were identified in Korarchaeota and 
Euryarchaeota as candidate presenilin-like I-CLiPs and Methanoculleus marisnigri MCMJR1 
was selected from this group for further purification based on its high level production in 
recombinant Escherichia coli (Torres-Arancivia et al., 2010). MCMJR1 was purified and 
found to cleave the artificial substrate β-amyloid precursor protein at several transmembrane 
sites without the need for other protein co-factors (in contrast to eukaryotic presenilin, 
which is proteolytically active only when associated with other γ-secretase subunits). While 
it is likely that the archaeal presenilin-like proteases regulate and maintain cellular homeo-
stasis, physiological substrates are yet to be discovered.

Intramembrane metalloproteases
Site-2 metalloprotease (S2P) family members are widespread in all domains of life and are 
characterized by a conserved HESSHXnDG metal-binding motif and at least four trans-
membrane helices (Lewis and Thomas, 1999; Rudner et al., 1999; Brown et al., 2000; Kinch 
et al., 2006). Most halophilic Archaea encode at least two S2P homologues with conserved 
active site residues. The S2P family derives its name from the mammalian S2P enzyme 
which cleaves sterol-regulatory element-binding protein (SREBP) within a transmembrane 
segment at site-2 (Rawson et al., 1997). This cleavage is required for release of the cyto-
plasmic domain of SREBP from the endoplasmic reticulum (ER) membrane, which can 
then function as a transcription factor in the activation of genes regulating cholesterol and 
fatty acid metabolism (Brown et al., 2000). In bacteria, S2P-mediated untethering of solu-
ble protein domains by cleavage from transmembrane anchors contributes to pheromone 
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production (An et al., 1999), polarity determination (Chen et al., 2006), sporulation (Yu 
and Kroos, 2000), and stress responses (Alba et al., 2002). Similarities of present-day bacte-
rial and eukaryal S2P family members in their ability to respond to unfolded protein stress 
(Ye et al., 2000; Alba et al., 2002) combined with comparative genomics suggest intramem-
brane metalloproteases were used in ancient signalling cascades to report extracytoplasmic 
stresses (Kinch et al., 2006).

Crystal structures of an S2P homologue from the archaeon Methanocaldococcus jan-
naschii (mjS2P) have provided the first insight into S2P structure (Fig. 8.2) (Feng et al., 
2007). Among 40 S2P homologues from various bacteria and Archaea, the transmembrane 
core domain of mjS2P (residues 1–224) was the most amendable to crystallography (Feng 
et al., 2007). Like soluble metalloproteases, the catalytic active site of mjS2P is formed by 
three residues (His54, His58 and Asp148) that coordinate zinc, a glutamate residue (Glu55) 
likely involved in water deprotonation and an asparagine residue (Asn140) positioned to 
interact with the substrate carbonyl. Open and closed conformations are detected in mjS2P 
crystal structures suggesting the route for substrates access to the active site is controlled 

Figure 8.2 Intramembrane metalloprotease (mjS2P). (A) Crystal structures suggest mjS2P 
adopts an open and closed conformation that is used to gate substrate access to the active 
site. Transmembrane helices mobile between these two conformations (TM1 and TM5-TM6 
in dark blue), catalytic zinc ion (purple ball), and side chains of residues coordinating zinc 
(cyan sticks) are indicated. (B) Cartoon of S2P mechanism based on crystal structure with 
water molecules (black dots) thought to access the catalytic active site (red asterisk) through 
a channel from the cytosol. [Figure modified from (Feng et al., 2007; Erez et al., 2009) with 
permission]. 
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(Fig. 8.2). An mjS2P channel from the cytosolic side of the membrane to the catalytic active 
site (buried within transmembrane domains) is proposed to allow passage of water mol-
ecules and, thus, enable peptide bond hydrolysis (Fig. 8.2).

The biological substrates of archaeal S2Ps are as yet unknown, but (in analogy to eukary-
otes and bacteria) these substrates are likely tethered to membranes in an inactive form 
and activated upon release of a soluble domain by the S2P. Consistent with this model, 
mjS2P can cleave sites within the segments of a protein substrate that would typically span 
a membrane as demonstrated using the artificial substrate protein Caenorhabditis elegans 
CED-9 in detergent micelles (Feng et al., 2007). Interestingly, many S2P gene homologues 
are linked in apparent operons with traB-like genes in halophilic Archaea (e.g. Hfx. volcanii 
HVO_1555 and HVO_1554, respectively). In the bacterium Enterococcus faecalis, TraB is a 
transmembrane protein that functions in association with Eep (an S2P homologue) in medi-
ating pheromone response (Clewell, 2011). Eep is required for processing the precursors of 
both the cAD1 peptide pheromone and iAD1 inhibitor peptide, while TraB influences the 
amount of mature cAD1 peptide pheromone that is secreted (Clewell, 2011). Although yet 
to be examined experimentally, it is reasonable to speculate that the haloarchaeal S2P and 
TraB homologues are functionally linked in cell regulation.

Energy-dependent proteases
Energy-dependent proteases are involved in general and regulatory proteolysis. Energy-
dependent proteases degrade not only dysfunctional proteins, but also proteins that must 
be removed at specific times and/or cellular locations for proper control of cell function 
(Gottesman and Maurizi, 1992; Gottesman, 1999; Gur et al., 2011; Maupin-Furlow, 
2012). Post-translational mechanisms are often used to target substrate proteins to energy-
dependent proteases (e.g. binding to an adaptor protein, covalent attachment of molecular 
groups such as ubiquitin) (Kirstein et al., 2009; Maupin-Furlow, 2012). The advantage of 
linking proteolysis to energy dependence is that the cell can maintain checkpoints to insure 
that the proper protein is selected for degradation. As the name implies, the protease itself 
requires energy (ATP binding/hydrolysis) to unfold the protein and enable this substrate 
to contact the proteolytic active sites. Mechanisms that target the substrate protein to the 
energy-dependent protease can even require energy such as the ATP-dependent activation 
(adenylation) of ubiquitin prior to protein conjugation (Hochstrasser, 2009).

Four major groups of energy-dependent proteases are currently known including Lon, 
FtsH, Clp, and HslUV/proteasome (Lupas et al., 1997). Only two of these groups are 
universally conserved in Archaea, the proteasomes and Lon proteases (Maupin-Furlow et 
al., 2005). Interestingly, while highly diverse in amino acid sequence, these four groups of 
proteases share a number of common structural features. The proteases are all self-compart-
mentalized with their (relatively non-specific) proteolytic active sites sequestered within 
an (often gated) chamber that protects the cell from random proteolysis (Maupin-Furlow, 
2012). Proteins with folded structure are prevented from entering the proteolytic chamber 
unless assisted by separate proteins or protein domains of the AAA+ superfamily (ATPases 
associated with diverse cellular activities) (Ogura and Wilkinson, 2001; Dougan et al., 
2002a; Tucker and Sallai, 2007). The AAA+ component of energy-dependent proteolysis 
uses ATP binding/hydrolysis to unfold the substrate protein, open the protease gates, and 
translocate the protein into the protease chamber for destruction (Bar-Nun and Glickman, 
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2012). Typically, energy-dependent proteolysis is processive. Once a substrate undergoes 
hydrolytic attack by energy-dependent proteases (or the associated proteolytic chamber), 
the protein is completely degraded to small peptides without the release of large intermedi-
ates (Thompson et al., 1994; Akopian et al., 1997; Kisselev et al., 1998, 1999; Jennings et 
al., 2008; Licht and Lee, 2008; Hsieh et al., 2011). Processive degradation is thought to be 
important in preventing the release of protein fragments that might interfere with cell func-
tion. For instance, protein fragments could promote the formation of protein aggregates or 
catalyse functions that are no longer regulated due to degradation of regulatory domains. 
The non-processive hydrolysis of proteins (with release of large fragments) is reported for 
energy-dependent proteases but appears less common than processive degradation (Wang 
et al., 1999; Ferrington et al., 2001; Cardozo and Michaud, 2002; Denny, 2004).

Lon proteases
Lon proteases are highly conserved among all organisms and considered one of the most 
streamlined operational units to mediate energy-dependent proteolysis. In bacteria and 
eukaryotic organelles, Lon proteases have a prominent role in degrading denatured and 
misfolded proteins (Kowit and Goldberg, 1977; Rigas et al., 2012). In E. coli, Lon protease 
is also demonstrated to maintain the quality control of presecretory proteins (Sakr et al., 
2010) and regulate the half-life of native proteins (e.g. cell division inhibitor SulA and UV 
mutagenesis protein UmuD) (Sonezaki et al., 1995; Gonzalez et al., 1998; Ishii et al., 2000). 
As with other energy-dependent proteases, Lon proteases are also implicated in protein 
folding (Suzuki et al., 1997).

Lon proteases are tandem fusions of AAA+ and Ser-Lys catalytic dyad protease domains 
and can be divided into two major subfamilies, A-Lon and B-Lon (Rotanova et al., 2004, 
2006). A distinguishing feature of these two groups is the presence of a multilobed A-Lon 
N-terminal (LAN) domain that is absent from the B-Lons. A-Lons are soluble and common 
to the bacterial cytosol and eukaryotic organelles (i.e. mitochondrial matrix, chloroplast 
stroma) (Swamy and Goldberg, 1982; Adam et al., 2001; Venkatesh et al., 2012). B-Lon 
homologues are widespread among Archaea and often include transmembrane domains 
emerging from their AAA+ domain. While certain Gram-positive bacteria (e.g. Bacillus 
subtilis) harbour A- and B-Lons, both of these bacterial Lons appear soluble and devoid of 
membrane anchors (Serrano et al., 2001).

Recent biochemical and structural studies provide insights into the molecular mecha-
nism of archaeal B-Lon function. Similarly to A-Lons (Stahlberg et al., 1999; Park et al., 
2006), the archaeal B-Lons are purified from recombinant E. coli as ring-like particles (of 
six identical subunits) that are functional in energy-dependent proteolysis autonomous of 
other AAA+ complexes (Fukui et al., 2002; Besche and Zwickl, 2004; Botos et al., 2005; Cha 
et al., 2010). However, unlike the A-Lons, archaeal B-Lons are anchored to cell membranes 
(Fukui et al., 2002; Besche et al., 2004).

A number of crystal structures of A-/B-Lons are available that provide insight into Lon 
function. In particular, structures of AAA+ and protease domains of A-/B-Lons have been 
pieced together (Rotanova et al., 2006), and structures of an intact B-Lon (Ton B-Lon of 
the hyperthermophilic archaeon Thermococcus onnurineus) are also available (Cha et al., 
2010). For Ton B-Lon, a soluble, stable form of the particle (with both AAA+ and protease 
domains) was generated for crystallography by deletion of the membrane anchoring region 
and site-directed mutagenesis of the Ser-Lys catalytic dyad (to prevent its self-degrading 
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activity) (Cha et al., 2010). From a 2.0 Å structure of Ton B-Lon, a three-tiered hexagonal 
cylinder with a large sequestered proteolytic chamber is evident (Fig. 8.3). Much like FtsH, 
the proteolytic active sites of Ton B-Lon are sequestered within the same chamber as the 
AAA+ molecular chaperone used for unfolding protein substrates during protein degrada-
tion. This streamlined architecture is in contrast to the Clp and HslUV/proteasome groups, 
which have AAA+ and proteolytic components separated by a relatively narrow opening 
likely used for the passage of proteins during their destruction. The general structure of Ton 
B-Lon, thus, suggests that the protein unfolding and degradation activities are intimately 
linked. In addition, proteolysis is unidirectional with substrates entering via an entry portal 
adjacent to the cell membrane and small peptide products exiting from a relatively narrow 
exit pore that opens to the cytosol (or soluble protein component).

Like other energy-dependent proteases, Ton B-Lon appears gated with an aromatic-
hydrophobic (Ar-φ) loop at its presumed entry portal (Fig. 8.3) (Cha et al., 2010). Ar-φ 
loops are often crucial for the unfolding and degradation of proteins by energy-dependent 
proteases and are thought to grip and pull on substrate proteins (via hydrophobic interac-
tions), with cycles of ATP hydrolysis driving this motion (Martin et al., 2008b). Consistent 
with this function, a site directed variant (F216A) in the Ar-φ loop renders Ton B-Lon 
relatively inactive in ATP-dependent proteolysis (Cha et al., 2010). Likewise, structural 
differences between free and nucleotide (ADP) bound states of Ton B-Lon suggest nucleo-
tide exchange causes the diameter and shape of the substrate entry portal to fluctuate and 
bring the Ar-φ loops into contact with different regions of the substrate (Cha et al., 2010). 

Figure 8.3 Archaeal B-Lon protease. (A) Crystal structure of Thermococcus onnurineus B-Lon 
(TonLonB) hexamer with five subunits in surface representation and one monomer as a ribbon 
diagram. Insert 1 (which is attached to the deleted membrane anchor) is depicted as an orange 
ribbon. ADP binding site is indicated as stick figure and lavender balls indicate positions where 
Ser-Lys catalytic dyad for protein degradation likely residues. (B) Ribbon diagram of TonLonB 
with a vertical section through the centre. Substrate entry portal with residues likely gating the 
opening indicated (Cα atoms of F216 and M275 in red and green balls, respectively). Substrate 
exit pore is also indicated. (C) Surface rendering of TonLonB vertical slab with red arrows 
indicating substrate binding grooves. (D) Top view of TonLonB residues gating the entry portal 
indicated as above. [Figure modified from (Cha et al., 2010) with permission]. 

A B C
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Additional flexible loops within the entry portal (termed Ins2 and 3) are also displaced by 
nucleotide binding and are thought to facilitate the active translocation of bound proteins 
towards the proteolytic sites (Cha et al., 2010).

In contrast to the A-Lons, less is known regarding the substrates and biological roles 
of the B-Lons that are common to Archaea. Detailed analysis of archaeal B-Lon substrate 
specificity has not been conducted and physiological substrates remain to be determined. 
Archaeal B-Lons can hydrolyse folded proteins in an ATP-dependent manner, but the 
protein substrates used in these in vitro assays are from non-archaeal sources (e.g. bovine 
α-casein, E. coli UmuD, synthetic fusion proteins) (Fukui et al., 2002; Besche et al., 2004; 
Cha et al., 2010).

In analogy to the A-Lons, the B-Lons of Archaea are thought to be important regulators 
of cell function. Bolstering this idea is the finding that some archaeal B-Lon genes (Pyro-
coccus spp.) contain inteins (Pietrokovski, 2001). Genes containing inteins are often vital 
for host survival (Pietrokovski, 2001). Inteins are selfish DNA elements inserted in-frame 
and translated together with their host proteins. The intein-containing precursor protein 
undergoes an autocatalytic protein splicing reaction resulting in two products: the host 
protein and the intein-derived protein fragment. Consistent with this functional model, the 
intein of Pyrococcus abyssi B-Lon mediates efficient protein self-splicing when produced in 
recombinant E. coli (O’Brien et al., 2010).

Study has been initiated on understanding the function of B-Lons in halophilic Archaea. 
In the genomes of halophilic Archaea, the coding sequences for the B-Lons are often in close 
proximity to cct3 (a heat-shock inducible gene encoding a subunit of the thermosome in 
Hfx. volcanii) (Large et al., 2002) and genes which may encode membrane-associated pro-
teases (Sastre et al., 2011). Indeed, preliminary analysis of Natrialba magadii transcripts by 
RT-PCR suggests B-Lon is co-transcribed with its transmembrane protease gene neighbour 
(Sastre et al., 2011). Interestingly, transcription of Lon protease is heat shock inducible in 
bacteria (Chin et al., 1988) and FtsH (the energy-dependent protease associated in bacte-
rial cell membranes) is functionally linked to other transmembrane proteases (e.g. HtpX) 
(Sakoh et al., 2005). While the substrates and catalytic activities are as yet unknown, Nab. 
magadii (Nm) B-Lon has been purified from recombinant E. coli and used to generate 
polyclonal antibodies for immunoblot analysis (Sastre et al., 2011). Based on immunob-
lot, Nm B-Lon was detected in membrane (vs. cytosolic) fractions at relatively constant 
levels throughout all phases of growth (Sastre et al., 2011). In contrast, the ATP-dependent 
caseinolytic activity of the membrane-associated fractions was only detected in stationary 
phase cells, prompting the researchers to propose that intracellular signals activated the 
B-Lon of Nab. magadii (Sastre et al., 2011). While preliminary evidence also suggests Nab. 
magadii B-Lon binds DNA, it is unclear whether this DNA binding activity is specific and/
or used to regulate function similarly to the A-Lons of bacteria and eukaryotes (Fu et al., 
1997; Fu and Markovitz, 1998; Lu et al., 2003; Liu et al., 2004).

Proteasomes
Proteasomes are energy-dependent proteases that are widespread in eukaryotes, Archaea 
and some bacteria (i.e. actinobacteria) (Maupin-Furlow, 2012). Proteasomes are composed 
of a cylindrical 20S core particle (CP) of four-stacked heptameric rings (Fig. 8.4) that har-
bour 6–14 proteolytic active sites within the interior. Subunits of the CP are of the related 
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α- and β-type subfamilies with the α-type forming the outer two rings and β-type forming 
the inner two rings that harbour the proteolytic active sites. CPs have openings on each end 
of the cylinder that serve as substrate entry portals, which are gated by the N-termini of the 
α-type subunits. While small peptides can enter through this portal, folded proteins are too 
bulky. To degrade folded proteins, the CPs associate with separate AAA+s that require ATP 
to unfold proteins, open the CP gates, and enable proteins to be translocated to the pro-
teolytic interior of the CP for degradation. Proteins are typically degraded by a processive 
mechanism, with small peptides released as products and little evidence of release of large 
fragments, which (if uncontrolled) would compromise cell function.

Figure 8.4 Archaeal proteasomes. Proteasomes are composed of a catalytic core particle (CP) 
that catalyses the hydrolysis of peptide bonds. CPs are barrel-like structures composed of 
four stacked heptameric rings of α- and β-type subunits (indicated by α7 and β7, respectively). 
CPs have a central channel with narrow openings on each end that are gated by α subunit 
N-termini. The proteolytic active sites formed by the N-terminal Thr residues of β-type subunits 
(indicated in red) line the central cavity of the CP. CPs associate with a variety of regulators 
including the archaeal PAN. PAN is a hexameric ATPase that docks (via its C-terminal HbYX 
motif) to the ends of CPs. PAN has coiled-coil, OB-fold, Ar-Φ loop and AAA motor components 
that coordinate to unfold proteins and facilitate their passage into the central chamber of the 
CP for destruction. [Figure modified from (Zhang et al., 2009a; Stadtmueller and Hill, 2011) 
with permission].
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Mix and match protease domains with regulators/chaperones
Proteasomes and Clp proteases are similar in their ability to mix and match the association 
of protease domains with AAA+ or other regulatory/chaperone complexes. This flexibility 
is in contrast to Lon and FtsH proteases, which are synthesized as tandem protease–AAA+ 
fusions from a single gene. In the Clp system (of bacteria and eukaryotic organelles), the 
protease domain (ClpP) associates with different AAA+ complexes (e.g. ClpX, ClpA) to 
form energy-dependent proteases with distinct but overlapping substrate specificities 
(Gottesman et al., 1998; Flynn et al., 2003). In E. coli, a ClpS adaptor can deliver N-end 
rule substrates and aggregated model substrates to ClpAP for degradation (Dougan et al., 
2002b; Erbse et al., 2006; Roman-Hernandez et al., 2011), while SspB delivers ssrA-tagged 
cargo for destruction by ClpXP (Levchenko et al., 2000; Flynn et al., 2001). Proteasomes, 
likewise, are not a uniform population of complexes and, instead, include CPs interacting 
with distinct regulators. For instance, the 26S proteasomes of eukaryotes are complexes of 
CPs with 19S caps or regulatory particles (RPs) that harbour regulatory particle triple-A 
(Rpt, AAA+) subunits (Finley et al., 1998; Voges et al., 1999). The ATP-driven chaper-
one valosin-containing protein (VCP)/p97/Cdc48 is also linked to the activity of CPs in 
eukaryotes (Meyer et al., 2012). CPs can even interact with non-AAA+ complexes such as 
the 11S proteasome activator (PA28), which increases the ability of CPs to degrade small 
peptides (Stadtmueller and Hill, 2011).

Proteasome-activating nucleotidases
In Archaea, the most-studied AAA+ complexes thought to interact with CPs are the pro-
teasome-activating nucleotidases or PANs (Fig. 8.4). Archaeal PANs and CPs have been 
instrumental in the quest to understand the molecular details of proteasome structure and 
function. PANs were first identified based on their close homology to the regulatory parti-
cle triple-A (Rpt, AAA+) subunits of eukaryotic 26S proteasomes and are now known to 
interact with and stimulate ATP-dependent proteolysis by CPs (Zwickl et al., 1999; Wilson 
et al., 2000; Smith et al., 2005, 2011). Crystal structures of CPs and subdomains of PANs 
have been pieced together, and a model of how proteasomes work has emerged (Lowe et 
al., 1995; Groll et al., 2003; Djuranovic et al., 2009; Zhang et al., 2009a,b; Yu et al., 2010). 
Chemical cross-linking mass spectrometry (CXMS) coupled with available structural data 
has also been used to develop models of halophilic CPs, less amendable to crystallography 
(Karadzic et al., 2012).

PANs interact with CPs and together this complex can mediate the energy-dependent 
degradation of proteins (Fig. 8.4). Alone, PANs associate into a doughnut-like hexameric 
ring (Smith et al., 2005; Medalia et al., 2009; Zhang et al., 2009a). PAN can unfold proteins 
by energy-dependent transfer of substrate through its hexameric ring and can thread the 
unfolded protein into the CP channel for proteolytic destruction (Smith et al., 2005; Zhang 
et al., 2009b). In addition, PAN has a C-terminal HbYX motif (where Hb is a hydrophobic 
amino acid and X is any amino acid) that is important for docking and opening the gates on 
each end of the CP cylinder. Thus, in current proteasome models, the C-terminal domain of 
PAN is in contact with the outer rings of the CP, and the central channels of PAN and CP are 
positioned coaxial, forming a long central tunnel for the passage of substrate proteins (Fig. 
8.4). Coiled-coil (CC) tentacle-like structures within the N-termini of PAN are thought to 
stretch out from the ends of the proteasome complex searching for substrates (or protein 
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partners). Once substrates are recognized, Ar-Φ (pore-1) loops that line the central pas-
sage of the AAA+ domain of PAN are thought to grip and tug portions of the substrate 
protein into the PAN channel by ATP fuelled motions (similarly to other energy-dependent 
proteases) (Wang et al., 2001; Hinnerwisch et al., 2005; Inobe et al., 2008; Martin et al., 
2008a,b; Zhang et al., 2009a,b). PAN also has an oligonucleotide/oligosaccharide binding 
(OB)-fold domain that forms a narrow pore (16 Å diameter) immediately adjacent to the 
coiled-coil domains (Fig. 8.4). OB-folds are generally stable (Alexandrescu et al., 1995, 
1999). Thus, the OB domain of PAN is thought to provide a rigid platform that blocks 
the movement of folded proteins through its narrow pore as the protein substrate is being 
tugged and pulled by the Ar-Φ loop (Zhang et al., 2009a). Passive resistance of the OB-fold 
domain would promote protein unfolding. Ultimately, the energy-dependent translocation 
of a protein through PAN results in its unfolding and passage into the central chamber of the 
CP for destruction.

The stoichiometry of ATP binding to PAN and functional effects of this binding imply 
an ordered reaction cycle occurs during energy-dependent proteolysis (Smith et al., 2011). 
Within the hexameric ring of PAN, subunits that are opposite each other appear to partner-
up and mediate an ordered reaction cycle of ATP binding, hydrolysis and release (Smith et 
al., 2011). This repetitive reaction cycle is thought to coordinate and drive conformational 
changes in the ring (in particular, tugging/pulling motions of the Ar-Φ loops within the 
channel) that are critical for protein unfolding.

Additional regulators likely to bind archaeal CPs
One caveat to study of PAN is that its direct association with CPs has not been demon-
strated in an archaeal cell. Thus, formation of the PAN and CP complex is speculated to be 
transient with additional regulatory components or chaperones likely to bind CPs in the 
cell. Consistent with this proposal, PAN does not bind CPs with high affinity, and PAN 
binding is mediated through a C-terminal HbYX motif that is common to other archaeal 
components (e.g. PbaA) (Kusmierczyk et al., 2011). Other points that suggest CPs interact 
with more than just PAN are that many archaeal genomes that encode CPs do not have 
PAN homologues (Maupin-Furlow et al., 2004), and CPs are demonstrated to be essential 
for growth while PANs are dispensable (at least in Hfx. volcanii) (Zhou et al., 2008). These 
observations, combined with the inability of CPs to degrade folded proteins, have prompted 
speculation that the VAT/p97/Cdc48 family of AAA+ proteins may function in energy-
dependent proteolysis by CPs in Archaea (Maupin-Furlow, 2012). ATPases of the VAT/
p97/Cdc48 family are closely linked to proteasome function in eukaryotes (Meyer et al., 
2012) and can unfold proteins in Archaea (based on in vitro analysis of VAT from Thermo-
plasma acidophilum) (Gerega et al., 2005). Recent studies now provide evidence for Cdc48 
association and function with CPs in archaea (Barthelme and Sauer, 2012, 2013).

Proteasomes in halophilic Archaea
One advantage of using halophilic Archaea as model systems is that numerous genetic tools 
are available that can be coupled with protein biochemistry to examine proteasome func-
tion in an archaeal cell. Proteasomes and associated regulatory complexes have been studied 
in a variety of halophilic Archaea including Hfx. volcanii, Halobacterium salinarum R1 and 
Haloarcula marismortui. For review and reference, a timeline of studies on haloarchaeal regu-
latory proteases and protein conjugation systems is outlined in Table 8.1.
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Table 8.1 Timeline of regulatory proteases and protein conjugation systems studied in 
halophilic Archaea
System Important finding(s)/achievement(s) Reference

Hfx. volcanii 
proteasome

First report that haloarchaea encode/synthesize CPs. CP 
subtypes purified, sequenced and demonstrated to catalyse 
the hydrolysis of peptides and unfolded proteins. First 
description of prokaryotic with CP subtypes. CP genes 
(two α-type, one β-type) cloned by reverse genetics. Large 
propeptide (49 aa) of β precursor demonstrated to be removed 
in CPs to expose N-terminal Thr

Wilson et al. 
(1999)

Har. marismortui 
proteasome

Active CP of α and β subunits purified and used for 3D 
reconstruction from negatively stained electron micrographs

Franzetti et 
al. (2002)

Hfx. volcanii 
proteasome

Subunit topology of two CP subtypes (α17β7β7α17 and α17 
β7β7α27) determined by chemical cross-linking

Kaczowka 
and Maupin-
Furlow (2003)

Proteasome protein levels monitored in cell culture. PAN-A, α1 
and β relatively constant throughout growth. PAN-B and α2 
dramatically increase during stationary phase

Reuter et al. 
(2004)

GFP reporter developed and used to demo that proteins with 
hydrophobic C-terminal tails are at low levels, but increase 
upon addition of proteasome inhibitor

Reuter and 
Maupin-
Furlow (2004)

CP proteins are modified post-translationally (Nα-acetylation of 
α1/2, phosphorylation of β)

Humbard et 
al. (2006)

Proteasomal genes are cotranscribed with gene neighbours 
(RNase P, MOSC domain, SAM-methyltransferase 
homologues)

Gil et al. 
(2007)

Proteasome inhibitor has global impact on cellular proteome 
(e.g. increase in proteins related to sulfur mobilization, 
translation, metabolism and cell division)

Kirkland et al. 
(2007)

PAN-A deletion has global impact on proteome including 
increase in phosphoproteins. MS-based proteomics used to 
identify nine Ser/Thr/Tyr phosphosites including two that are 
unique to PAN-A mutant strain. Additional proteins altered in 
PAN-A mutant strain were identified

Kirkland et al. 
(2008)

Hbt. salinarum 
proteasome

Immunoanalysis/RNA mapping provide preliminary evidence 
that PAN-A and -B do not associate, PAN-B and CP interact in 
ATP-dependent manner and PAN N-termini are heterogeneous. 
Heterogeneity proposed to have biological role in proteolysis

Chamieh et 
al. (2008)

Hfx. volcanii 
proteasome

Systematic single and double deletion of CP and PAN genes 
(including conditional lethal and trans-complement strains) 
used to demonstrate: CPs are essential; PAN-A/B are 
dispensable; α1 and PAN-A are required for optimal growth 
at low salt and in the presence of L-canavanine (stimulates 
protein unfolding); α1 is required for optimal growth after 
exposure to thermal stress; α2 and PAN-B do not complement 
α1 and PAN-A mutations, respectively, suggesting distinct roles 
for these homologues in the cell

Zhou et al. 
(2008)

N-terminal penultimate residue of α1 influences the Nα-
acetylation and protein levels α1 as well as the growth rate, and 
stress responses of the cell

Humbard et 
al. (2009)

PAN-A mutation increases the half-life of PCNA (archaeal DNA-
sliding clamp protein) 

Kirkland and 
Maupin-
Furlow (2009)



Maupin-Furlow180 |

From work using Hfx. volcanii as a model system, a picture of archaeal proteasome 
function is revealed. The results of these studies demonstrate that halophilic Archaea can 
synthesize a population of proteasomal subtypes including PANs of PAN-A and PAN-B 
homo- and hetero-oligomeric composition (Humbard et al., 2010b) and CPs composed of 
β subunits that associate with outer rings of different α subunit composition (symmetrical 
CPs in α17β7β7α17 and α27β7β7α27 configuration as well as asymmetrical CPs of α17β7β7α27 
stoichiometry) (Wilson et al., 1999; Kaczowka and Maupin-Furlow, 2003; Karadzic et 
al., 2012). Similarly to eukaryotes, proteasomal proteins of Hfx. volcanii are modified by 
Nα-acetylation (acetylation of the α-amino group of N-terminal Met), phosphorylation of 
Ser/Thr residues, O-methylesterification of Asp/Glu residues and cleavage of a large pro-
peptide (49 aa) to expose the active site N-terminal Thr of the CP β-type subunit (Wilson et 
al., 1999; Humbard et al., 2006, 2010b). Study of Hfx. volcanii proteasomes also reveals that 
the levels of proteasomal proteins are modulated with growth phase: PAN-B and α2 proteins 
at highest levels in stationary versus log phase, while PAN-A, α1 and β protein levels are rela-
tively constant throughout the different phases of growth (Reuter et al., 2004). Interestingly, 
like eukaryotes, CPs are essential: a lethal phenotype is observed after conditional depletion 
of either the single β gene or both α-type genes (Zhou et al., 2008) suggesting that CPs 
are important in regulating cell division, protein quality control, or other important func-
tions in Hfx. volcanii. In contrast, the viability of panA panB double mutants indicates PANs 
are dispensable (Zhou et al., 2008) signifying CPs have function(s) independent of PANs 
and may use alternative AAA+ ATPases (e.g. Cdc48/p97/VAT homologues) for some 
proteolytic functions. Consistent with the thought that archaeal proteasomes have a role 

System Important finding(s)/achievement(s) Reference

Proteins with hydrophobic C-terminal residues appear unstable 
(may be linked to proteasome function)

Reuter et al. 
(2010)

Proteasome proteins are phosphorylated (α1, α2, PAN-A) 
and O-methylated (α1). Mutations in α1 phosphosites 
display dominant negative phenotypes for cell viability and 
pigmentation. Rio1 Ser/Thr kinase phosphorylates α1 (but 
not phosphosite variants). Phosphorylated PAN-A is found 
associated with PAN-B

Humbard et 
al. (2010b)

Third CP subtype (α27 β7β7α27) purified from Hfx. volcanii.
Two symmetrical CPs (α17β7β7α17, α27β7β7α27) analysed by 
chemical cross-linking, MS and in silico modelling

Karadzic et 
al. (2012)

Hfx. volcanii 
sampylation

First report that ubiquitin-like proteins (SAMP1/2) form protein 
conjugates in Archaea

Humbard et 
al. (2010a)

E1- and ubiquitin-like proteins demonstrated to mediate both 
protein conjugation and sulfur transfer in Archaea

Miranda et al. 
(2011)

Nab. magadii 
Lon 

Lon membrane-associated and transcriptionally linked to 
protease gene homologue. Lon may bind DNA

Sastre et al. 
(2011)

Hbt. salinarum 
proteasome

Stress proposed to regulate PAN-proteasome system in 
Halobacterium. Increased peptidase activity detected in CP-
associated fractions after thermal and low salt stresses. CP 
and PAN transcripts may be linked to stress. PAN-A and PAN-B 
thought associate after exposure to stress

Chamieh et 
al. (2012)

Table 8.1 continued
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in protein quality control, PAN-A and α1 are needed for Hfx. volcanii to overcome stresses 
such as exposure to l-canavanine (an amino acid analogue that causes protein unfolding) 
and growth at suboptimal salt conditions (Zhou et al., 2008). The α1 protein is also needed 
for cells to overcome thermal stress (Zhou et al., 2008).

Targeting proteins for proteolysis
To avoid the widespread and uncontrolled breakdown of proteins (synthesized at high 
energy cost), cells have mechanisms to select proteins from their milieu for destruction by 
proteases. The mechanisms used by cells to target proteins for degradation vary but often 
involve changes in protein structure. In this section, mechanisms thought to be used by 
Archaea for selective proteolysis are discussed including sampylation (an archaeal form of 
ubiquitylation), the N-end rule pathway (including Nα-acetylation of N-terminal residues), 
and phosphorylation. Other mechanisms not discussed, but which may also control prote-
olysis in Archaea, include N ε-acetylation of lysine residues, glycosylation and methylation. 
This latter suggestion is based on the demonstration of these types of post-translational 
modifications in Archaea (Soppa, 2010; Calo et al., 2010; Botting et al., 2010; Streif et al., 
2010; Humbard et al., 2010b) and their known association with proteolysis in eukaryotes 
(Ravid and Hochstrasser, 2008; Pradhan et al., 2009; Bertaggia et al., 2012).

Ubiquitin-like protein conjugation
Small archaeal ubiquitin-like modifier proteins (SAMPs) form isopeptide bonds to lysine 
residues of proteins by a ubiquitylation-like process termed sampylation (Humbard et al., 
2010a) (Fig. 8.5). This mechanism of post-translational modification is predicted for all 
Archaea and demonstrated for Hfx. volcanii (Humbard et al., 2010a). Sampylation appears 
to be an ancient form of protein modification based on its conservation with the TtuBC 
protein conjugation system recently demonstrated for the hyperthermophilic bacterium 
Thermus thermophilus (Shigi, 2012).

Figure 8.5 Sampylation, an archaeal form of ubiquitylation. In Hfx. volcanii, small archaeal 
ubiquitin-like modifier proteins (SAMPs) can form isopeptide bonds to proteins by a mechanism 
termed sampylation that is reminiscent of ubiquitylation in its dependence upon the E1 
homologue UbaA for function. However, unlike ubiquitylation, E2 and E3 homologues are not 
predicted for sampylation. UbaA and SAMP1/2 also appear to be linked to sulfur mobilization 
in the biosynthesis of MoCo and thiolated tRNA, where rhodanese homologues (Rhd) may 
provide the sulfur needed for SAMP thiocarboxylation.
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SAMPs are members of the β-grasp fold superfamily found in all domains of life. Small 
proteins with β-grasp folds include the ubiquitin and ubiquitin-like proteins that form pro-
tein conjugates in eukaryotes (Burroughs et al., 2007). MoaD/ThiS-type proteins, which 
are required for sulfur transfer to form biomolecules (e.g. molybdenum cofactor, thiamine, 
and thiolated tRNA), are also members of the β-grasp fold superfamily (Burroughs et al., 
2007). A diglycine motif, on the extreme C-terminus of the β-grasp fold proteins, is typi-
cally required for function (i.e. protein conjugation, sulfur transfer). Most Archaea encode 
more than one small protein with a C-terminal diglycine motif that is predicted to form a 
β-grasp fold structure. In Hfx. volcanii, two of these ubiquitin-like proteins (SAMP1/2) are 
demonstrated to form protein conjugates (Humbard et al., 2010a). The C-terminal digly-
cine motif of SAMP1/2 is required for function (Humbard et al., 2010a). SAMP1and its 
methanogen homologue have a β-grasp fold structure based on solution NMR and X-ray 
crystallography (Ranjan et al., 2010; Jeong et al., 2011), and SAMP2 is predicted to have a 
related structural fold based on modelling ( Jeong et al., 2011).

The standard ubiquitin modification occurs through an isopeptide linkage between the 
α-carboxyl of the C-terminal glycine of ubiquitin and the ε-amino group of a lysine residue 
on the target protein (Hochstrasser, 2009). A three-step cascade catalyses the formation 
of this isopeptide bond. The E1 or ubiquitin-activating enzyme forms an ATP-dependent 
thioester linkage between ubiquitin and the cysteine residue of the E1 active site. Next, an 
E2, or conjugating enzyme, binds E1 and transfers the ubiquitin to E2. Finally, the E2 binds 
an E3, or ubiquitin ligase, which has bound the protein target and catalyses the formation of 
the isopeptide bond to the target protein.

Sampylation has many aspects that are analogous to ubiquitylation. Like ubiquitin, 
SAMP is conjugated to proteins by an isopeptide bond between its C-terminal α-carboxyl 
group and the lysine residues of target proteins (Humbard et al., 2010a) (Fig. 8.5). Further-
more, an E1-like enzyme termed ubiquitin-like activating enzyme of Archaea (UbaA) is 
required for sampylation (Miranda et al., 2011). Additional proteins that may provide speci-
ficity to the sampylation pathway (e.g. E2 and E3 homologues) have yet to be identified. 
RING (really interesting new gene) domain E3 ubiquitin ligases (Borden and Freemont, 
1996; Budhidarmo et al., 2012) harbour a zinc finger motif that is common to many small 
hypothetical proteins of Archaea. While zinc fingers can mediate a wide range of protein 
activities (e.g. DNA binding, protein–protein interaction), the function(s) of small proteins 
with these motifs is only recently studied in Archaea (Tarasov et al., 2008). Thus, in archaeal 
sampylation, it is unclear whether the E1-like UbaA catalyses the first step of a divergent 
ubiquitin-like E1–E2–E3 cascade or directly conjugates SAMPs to their protein targets.

In analogy to ubiquitylation, sampylation is thought to be regulated and reversible. In 
eukaryotes, deubiquitylases (DUBs) are responsible for the removal of ubiquitin from pro-
tein conjugates and have an important role in cell regulation (Burrows and Johnston, 2012). 
DUBs are of two major types: cysteine proteases and JAMM [ Jab1/Mov34/Mpr1 Pad1 
N-terminal+ (MPN+)] domain metalloproteases (Komander, 2010). Of these, the JAMM 
domain homologues are conserved in Archaea and, thus, predicted to mediate desampy-
lation (Humbard et al., 2010a; Maupin-Furlow, 2012). Archaeal JAMM domain protein 
function is yet to be demonstrated. However, the crystal structure of an Archaeoglobus 
fulgidus JAMM domain protein (termed Af JAMM) has been used to model the active sites 
of the eukaryotic DUB Rpn11/Poh1 subunit of 26S proteasomes and deneddylase Csn5/
Jab1 subunit of the COP9 signalosome (CSN) (Tran et al., 2003; Ambroggio et al., 2004).
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In analogy to ubiquitin, sampylation is thought to alter protein structure, enzyme activity 
and the types of protein partners that would associate including proteasomes, transcrip-
tion factors and others (Maupin-Furlow, 2012). However, the physiological reason for the 
formation of ubiquitin-like protein conjugates in Archaea (and hyperthermophilic bacteria) 
remains to be determined. Interestingly, SAMPs not only form isopeptide bonds with pro-
tein targets, but are also required for sulfur transfer to biomolecules including molybdenum 
cofactor (MoCo) and tRNA (similar to Urm1 of eukaryotes and TtuB of the bacterium 
Thermus thermophilus) (Miranda et al., 2011; Wang et al., 2011; Shigi, 2012). Consistent 
with this physiological association, SAMP encoding genes are linked to with molybdenum 
cofactor (MoCo) biosynthesis and tRNA modification (Makarova and Koonin, 2010). 
Sampylation differs from the system of protein conjugation recently predicted for the 
archaeon Candidatus Caldiarchaeum subterraneum (based on metagenomics) (Nunoura et 
al., 2011) and some bacteria (based on analogy) (Burroughs et al., 2011). This latter system 
is rare in Archaea (restricted to Candidatus Caldiarchaeum subterraneum) and appears to 
incorporate not only ubiquitin activating E1 homologues but also ubiquitin-conjugating E2 
and ubiquitin ligase E3 homologues (Nunoura et al., 2011).

Sampylation may be linked to proteasome function. The levels of SAMP1-protein con-
jugates are higher in proteasome mutants than wild-type cells providing indirect evidence 
for a connection between these two systems (Humbard et al., 2010a). However, ubaA 
(encoding the single ubiquitin-activating E1 homologue of Hfx. volcanii) is dispensable 
while proteasomal CP genes are essential (Miranda et al., 2011). Thus, not all proteasome 
functions are linked to sampylation.

N-end rule pathway
The N-end rule is a pathway in which the N-terminal residue of a protein determines its 
half-life (Varshavsky, 2011; Tasaki et al., 2012). Not only can the type of N-terminal residue 
influence protein stability but also its modification by acetylation, proteolytic cleavage, oxi-
dation, deamidation, leucylation, arginylation, and phenylalanylation. N-end rule pathways 
function in bacteria and eukaryotes and are presumed to occur in Archaea (Varshavsky, 
2011; Tasaki et al., 2012).

In bacteria such as E. coli, the N-end rule pathway is streamlined (Erbse et al., 2006; 
Varshavsky, 2011; Tasaki et al., 2012). A ClpS adaptor protein recognizes proteins with 
destabilizing N-termini and targets them for degradation by ClpAP. N-terminal residues 
that are destabilizing include residues that are bulky hydrophobic (Leu, Phe, Trp, Tyr) or 
susceptible to leucylation/phenylalanylation (Asp, Glu, Arg, Lys, Met).

The N-end rule pathway is less direct in eukaryotes than in bacteria (Varshavsky, 2011; 
Tasaki et al., 2012). Components of the ubiquitylation system (i.e. E3 ubiquitin ligases) are 
used in eukaryotes to recognize proteins with destabilizing N-termini and modify these 
proteins with covalent poly-ubiquitin chains. The poly-ubiquitylated proteins are then 
recognized by 26S proteasomes for destruction. Destabilizing N-termini include bulky 
hydrophobic residues (Ile, Leu, Phe, Trp, Tyr), basic residues (Arg, His, Lys), residues 
susceptible to oxidation (Cys) or deamidation (Asn, Gln), and residues that undergo argin-
ylation (Glu, Asp, oxidized Cys). Recent evidence also reveals an ‘Ac/N-end’ rule pathway 
operates in yeast, in which an E3 ubiquitin ligase (Doa10) ubiquitylates substrates carry-
ing exposed N-terminal residues that are Nα-acetylated (Met, Ala, Val, Ser, Thr, Cys) and, 
thus, targets them for degradation by 26 proteasomes (Hwang et al., 2010). While yet to be 
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demonstrated, proteins with ‘hidden’ acetylated N-termini (e.g. due to rapid folding, inter-
action with chaperones, or assembly into appropriate multisubunit complexes) are thought 
to have degradation signals that are inaccessible for ubiquitinylation by E3 ubiquitin ligases. 
Thus, the protein would be stabilized. Contrastingly, delayed or defective protein folding 
would keep acetylated N-termini exposed and available for ubiquitylation and ultimate 
destruction by proteasomes.

An N-end rule pathway is thought to exist in Archaea (but yet to be demonstrated) (Var-
shavsky, 2011). Glimpses into an archaeal Ac/N-end rule pathway are provided by study 
of α-type subunits of 20S proteasomes (Humbard et al., 2009; Varshavsky, 2011). These 
α-type proteins are acetylated at their N-terminal Met in diverse Archaea (e.g. species of 
Haloferax, Halobacterium, Natronomonas, Sulfolobus and Methanothermobacter) (Humbard 
et al., 2006; Falb et al., 2006; Mackay et al., 2007; Enoki et al., 2011). Using Hfx. volcanii as a 
model system, modification of the N-terminal penultimate residue of α1 is found to alter the 
Nα-acetylation profiles of α1 and the concentration of α1 protein in the cell (Humbard et al., 
2009). In particular, α1 variants that were only partially Nα-acetylated were at dramatically 
higher levels than the fully Nα-acetylated α1, and the preferred form of α1 that was assem-
bled into 20S proteasomes was Nα-acetylated. These findings can now be explained in light 
of the Ac/N-end rule pathway developed for yeast (Hwang et al., 2010; Varshavsky, 2011). 
Based on this model, α1 proteins with exposed Nα-acetylated N-termini would be less stable 
than unmodified forms of α1 unless assembled with proteasomal partners. Association of α1 
with proteasomal partners may obstruct recognition of the Nα-acetylated domain of α1 by 
an Ac/N-end rule pathway and prevent its proteolytic destruction.

Phosphorylation
Phosphorylation is a covalent form of post-translational modification that occurs at His, 
Asp, Ser, Thr or Tyr residues of proteins. Halophilic Archaea were demonstrated to phos-
phorylate all of these different types of residues (Rudolph et al., 1995; Kirkland et al., 2008; 
Aivaliotis et al., 2009). The cellular advantages of using phosphorylation are that the pro-
cess is rapid and reversible and can generate conformational changes in protein structure 
that mediate an array of biological responses ( Johnson and Barford, 1993). A number of 
reviews and genomic surveys are available that highlight the phosphorylation of archaeal 
proteins and the enzymes (protein kinases/phosphatases) likely to mediate and/or regulate 
this form of posttranslational modification (Leonard et al., 1998; Kennelly and Potts, 1999; 
Kennelly, 2003; Eichler and Adams, 2005; Tyagi et al., 2010).

Phosphorylation often regulates proteolysis. A classic example is in E. coli, where the 
response regulator RssB is a σS recognition factor, whose affinity for RpoS is enhanced by 
phosphorylation of its receiver domain (Hengge-Aronis, 2002). RssB~P delivers the RpoS 
cargo to the ClpXP protease for degradation. Likewise in eukaryotes, phosphorylation can 
serve as a molecular signature (or ‘phosphodegron’) that leads to recruitment of E3 ubiq-
uitin ligases followed by ubiquitylation and cleavage/hydrolysis of the phosphoprotein by 
26S proteasomes (Chen et al., 1995; Lin et al., 2006; Zou et al., 2011; Omnus et al., 2011).

Phosphorylation may be linked to proteasome function in Archaea. In support of this 
possibility, an Hfx. volcanii panA mutant (deficient in synthesis of the proteasomal AAA+ 
PAN-A) displays a striking increase in the number of proteins that are phosphorylated 
compared to its parent strain (Kirkland et al., 2008). A number of phosphosites were identi-
fied in these strains by enrichment of phosphopeptides using immobilized metal affinity 
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chromatography (IMAC) and metal oxide affinity chromatography (MOAC) (in parallel 
and sequentially) followed by tandem mass spectrometry (MS/MS) (Kirkland et al., 2008). 
Included in this analysis were phosphosites that mapped to Cdc6–1/Orc1–1 Ser321 and 
pyruvate kinase Thr533 that were unique to the proteasomal panA mutant (vs. parent). Pro-
teins corresponding to these phosphopeptides are speculated to be substrates of the PAN-A 
AAA+ of proteasomes that depend on their phosphorylation status for destruction.

Conclusions
We now recognize that proteolysis and protein conjugation mechanisms are important in 
regulating a broad array of cellular activities ranging from cellular homeostasis and protein 
quality to metabolism, transcription and cell cycle control. Consistent with this insight, 
proteases and protein conjugation systems are present in Archaea that appear important in 
regulating cell function. Most notable are the intramembrane proteases, energy-dependent 
proteases (Lon and proteasomes), and the recently discovered archaeal form of ubiquityla-
tion, termed sampylation. Sampylation is likely to regulate cells by targeting proteins for 
proteasome-mediated proteolysis, modulating enzyme activity, altering association with 
protein partners, and/or facilitating other activities of the cell.
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