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SUMMARY
Research on archaeal extrachromosomal genetic elements (ECEs)
has progressed rapidly in the past decade. To date, over 60 archaeal Published 18 February 2015
viruses and 60 plasmids have been isolated. These archaeal viruses Citation Wang H, Peng N, Shah SA, Huang L, She Q. 18 February 2015. Archaeal
exhibit an exceptional diversity in morphology, with a wide array xiirdrenmesemE gemeie clamenis. Ml el Bt Ry
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of shapes, such as spindles, rods, filaments, spheres, head-tails, ; ; i
. Address correspondence to Li Huang, huangl@sun.im.ac.cn, or Qunxin She,
bottles, and droplets, and some of these new viruses have been qunxin@biokudk.
classified into one order, 10 families, and 16 genera. Investlgatlon Supplemental material for this article may be found at http://dx.doi.org/10.1128
of model archaeal viruses has yielded important insights into /MMBR.00042-14.
mechanisms underlining various steps in the viral life cycle, in- Copyright © 2015, American Society for Microbiology. All Rights Reserved.
cluding infection, DNA replication and transcription, and virion doi:10.1128/MMBR00042-14

egression. Many of these mechanisms are unprecedented for any
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known bacterial or eukaryal viruses. Studies of plasmids isolated
from different archaeal hosts have also revealed a striking diversity
in gene content and innovation in replication strategies. Highly
divergent replication proteins are identified in both viral and plas-
mid genomes. Genomic studies of archaeal ECEs have revealed a
modular sequence structure in which modules of DNA sequence
are exchangeable within, as well as among, plasmid families and
probably also between viruses and plasmids. In particular, it has
been suggested that ECE-host interactions have shaped the coevo-
lution of ECEs and their archaeal hosts. Furthermore, archaeal
hosts have developed defense systems, including the innate re-
striction-modification (R-M) system and the adaptive CRISPR
(clustered regularly interspaced short palindromic repeats) sys-
tem, to restrict invasive plasmids and viruses. Together, these in-
teractions permit a delicate balance between ECEs and their hosts,
which is vitally important for maintaining an innovative gene res-
ervoir carried by ECEs. In conclusion, while research on archaeal
ECEs has just started to unravel the molecular biology of these
genetic entities and their interactions with archaeal hosts, it is
expected to accelerate in the next decade.

INTRODUCTION

he phylogenetic study by Carl Woese and his colleagues using

sequences of the small-subunit rRNA genes revealed that life
on Earth comprises three main lineages or domains, i.e., Bacteria,
Archaea, and Eukarya (1, 2). This proposal has gained strong sup-
port from complete genome sequencing of several archaeal and
bacterial organisms in the late 1990s as well as research on archaeal
viruses and plasmids, which clearly have been shown to be equally
distantly related to their bacterial and eukaryal counterparts as
Archaea are related to Bacteria and Eukarya (3-5).

Viruses are considered to be the most abundant biological en-
tities in the biosphere and thrive in every ecosystem on Earth
(6-8), including extremely acidic, thermal, and hypersaline envi-
ronments (3, 9). Because of their abundance, viruses may promote
the turnover of a large sum of biomass every day (6) and play
important roles in microbial population dynamics, genetics, and
evolution (3, 9, 10).

Research on archaeal viruses started in the 1970s, when the
concept of the archaeal domain was still in its infancy (11), but the
early work essentially followed the logic of bacteriophage studies
by looking for head-tail phage particles. A turning point occurred
when Wolfram Zillig and colleagues started systematic investiga-
tions of archaeal viruses in the 1980s (4, 12). They discovered the
first archaeal virus of a novel morphotype, known as Sulfolobus
spindle-shaped virus 1 (SSV1 [formerly Sav-1]) (13). This was
followed by tremendous efforts, led mainly by David Prangishvili’s
laboratory, to identify viruses infecting archaea, especially crenar-
chaea of the order Sulfolobales (14-27). These pioneering studies
laid the groundwork for the rapid development of the new and
exciting field of archaeal virology. By now, >60 archaeal viruses,
isolated mainly from acidic hot springs and hypersaline lakes
worldwide, have been described. They are morphologically di-
verse and genetically unique, representing the most fascinating
group of the virosphere (3, 9). Notably, however, the host origins
of currently known archaeal viruses represent only a very small
proportion of identified archaeal species, and the number of
known archaeal viruses accounts for ~1% of all reported viruses
(28). Clearly, we are only beginning to explore the vast archaeal
virosphere.

118 mmbr.asm.org

Microbiology and Molecular Biology Reviews

Research on archaeal plasmids also started in the 1970s, when
haloarchaeal plasmids were found to be related to gas vacuole
formation in Halobacterium salinarium (29, 30). The recognition
of Archaea as the third domain of life greatly stimulated archaeal
plasmid research aiming to develop genetic tools for studying
these unique organisms. This led to the immediate isolation of
several plasmids from different archaeal hosts. Five of them were
from methanogens, including pMP1, pME2001, and pME2200
from Methanobacterium thermoautotrophicum (31-34) and pFV1
and pFZ1 from Methanobacterium thermoformicicum (34). Two
plasmids were isolated from hyperthermophilic archaea: pDL10
from Acidianus ambivalens, a thermophilic crenarchaeon isolated
from a hot spring in Iceland (35), and pGT5 from Pyrococcus
abyssi, a hyperthermophilic euryarchaeon isolated from a deep sea
hydrothermal vent (36). Small plasmids were also isolated from
haloarchaea. Among them, pHV2, pHSBI, and pHK2 were soon
used as backbones for constructing cloning vectors (37-39).

Plasmids occur widely in archaea and are most common in
haloarchaea. Among 15 haloarchaea for which complete genomes
have been determined, only one lacks a plasmid (40). Systematic
screening for plasmids has also been conducted for two families of
thermophilic archaea, the Sulfolobaceae and Thermococcaceae.
Whereas it was estimated that up to 3% of the isolates obtained
from terrestrial hot springs in Iceland contained a conjugative
plasmid (CP) (41), Daniel Prieur and colleagues found that >40%
of >190 thermococcal isolates contained at least one plasmid with
a genome size ranging from 2.8 to >35 kb (42).

To date, >60 viruses and >60 plasmids have been isolated
from archaea (Table 1). Most viruses exhibit both morphological
and genomic novelties, which have been extensively reviewed in
several recent general reviews (3, 9, 43—45) and compared to those
of bacterial viruses (46, 47). Many excellent reviews on different
archaeal viruses have been published, and the most recent ones
include those on structural genomics of archaeal viruses (48, 49);
lytic viruses and their exceptional release mechanism (50, 51); the
molecular biology of rudiviruses (52), fuselloviruses (53), and Sul-
folobus turreted icosahedral virus (STIV) (51, 54, 55); as well as
lipids of archaeal viruses (56). In comparison, archaeal plasmids
are less frequently reviewed, with only a few reviews being found
in the current literature (57—60). In this review, we focus on the
molecular biology of archaeal viruses and plasmids, virus-plasmid
interactions, as well as interactions of these genetic elements with
their host organisms.

ARCHAEAL VIRUSES

The past decade has seen a rapid increase in the number of isolated
and characterized archaeal viruses as well as a fast evolution of the
taxonomy of these viruses. One order and 10 families of archaeal
viruses have now been recognized (Table 2). However, there are
still a number of archaeal viruses waiting to be classified (61, 62).
Most of the currently recognized viruses with unusual morpho-
types infect crenarchaea (Fig. 1). Crenarchaeal viruses with linear
virions are grouped into the only archaeal virus order, Ligamenvi-
rales, which comprises two families, i.e., Lipothrixviridae and
Rudiviridae. The family Lipothrixviridae contains enveloped fila-
mentous viruses, whereas the Rudiviridae include rod-shaped vi-
ruses without a lipid membrane (28). Among spindle-shaped or
lemon-shaped viruses, some have been placed in the families Fu-
selloviridae (i.e., SSV1, SSV2, SSV4 to -7, SSV8 [also known as SSV
K1], SSV9 [also known as SSV RH], and Acidianus spindle-shaped
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TABLE 1 Overview of extrachromosomal genetic elements in archaea

Archaeal Viruses and Plasmids

No. of ECEs identified

Plasmids Viruses

Archaeal phylum Family Cryptic Conjugative Families Species®

Crenarchaeota Sulfolobaceae 9 12 6 24/4
Desulfurococcaceae 0 0 2 4/2
Thermoproteaceae 1 0 2 2

Euryarchaeota Haloarchaeaceae >60/19" 0 1 18/8
Thermococcaceae 14 0 Unclassified 2
Methanococcaceae 10 0 0 0
Methanobacteriaceae 8¢ 0 1 3
Methanosarcinaceae 2 0 0 0
Other euryarchaea 5 0 0 0

@ ECEs were identified from genome sequencing; thus, it is unclear if they are plasmids or viruses.
b More than 60 are megaplasmids, many of which carry essential genes, whereas 19 are small haloarchaeal plasmids that appear to be cryptic.
¢ The first number indicates the number of virus species classified, and the second indicates the number of viruses species not yet classified.

virus 1 [ASV1]) and Bicaudaviridae (Acidianus two-tailed virus 1
[ATV]). Unclassified spindle-shaped viruses (e.g., Sulfolobus
tengchongenesis spindle-shaped virus 1/2 [STSV1/2] and Pyrococ-
cus abyssi virus 1 [PAV1]) are believed to be associated with either
of the above-mentioned two families on the basis of structural
protein analysis (63). Of the spherical archaeal viruses, two (i.e.,
Pyrobaculum spherical virus [PSV] and Thermoproteus tenax
spherical virus 1 [TTSV1]) have been assigned to the family
Globuloviridae, and the rest are still unclassified (e.g., STIV/
STIV2, spherical halovirus 1 [SH1], Pink Lake Haloarcula his-
panicavirus 1 [PH1], and Haloarcula hispanica icosahedral virus 2
[HHIV-2]). Bottle-shaped and droplet-like viruses are members
of the families Ampullaviridae (i.e., Acidianus bottle-shaped virus
[ABV]) and Guttaviridae (i.e., Sulfolobus neozealandicus droplet-
shaped virus [SNDV] and Aeropyrum pernix ovoid virus 1
[APOV1]), respectively. Aeropyrum bacilliform virus 1 (APBV1)
is the only member of the family Clavaviridae. Most of the isolated
euryarchaeal viruses are of the head-tail type, some of which have
been assigned to the families Myoviridae and Siphoviridae, al-
though spindle-shaped and spherical icosahedral virus particles
are often seen in samples taken from typical high-salt environ-
ments such as the Dead Sea (7) and Spanish solar salterns (64).
The majority of isolated euryarchaeal viruses have yet to be clas-
sified (66, 67). The considerable variation in morphology and
genomic properties found in known archaeal viruses has
prompted a search for general principles applicable to the classi-
fication of some archaeal viruses in particular and all viruses in
general. In this regard, structural proteins have been increasingly
recognized as candidates for being a valuable marker in determin-
ing the relatedness of viruses, primarily because they are encoded
by the true viral “self” genes (63, 68, 69). For example, structural
studies have revealed that the structure of the coat protein of STTV
is very similar to that of the coat protein of the bacterial virus
PRD1 and those of the eukaryal viruses Paramecium bursaria
Chlorella virus 1 (PBCV-1) and adenovirus (70). This observation
offers clues to the evolutionary relatedness among viruses from
the three domains of life (71). Conceivably, progress in this area
will help delineate the evolutionary relationship amongall viruses,
including those infecting archaea.

All known archaeal viruses, except for the crenarchaeal Aero-
pyrum coil-shaped virus (ACV) and the euryarchaeal Halorubrum
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pleomorphic virus 1/2/6 (HRPV1/2/6) and Haloarcula hispanica
pleomorphicvirus 1 (HHPV2), contain either a circular or a linear
double-stranded DNA (dsDNA) genome of 5 to 144 kb (16). The
linear dsSDNA genomes are ended in different fashions: free, cova-
lently closed, modified in an unknown manner, or linked to a
specific protein. ACV, HRPV1/2/6, and HHPV?2 have a circular
single-stranded DNA (ssDNA) genome. Attempts to isolate an
archaeal RNA virus have so far been unsuccessful. However, an
RNA virus genome was assembled from a hot spring sample by
using a metagenomic approach, suggesting that archaeal RNA vi-
ruses may exist in nature (72).

The genomes of nearly all isolated archaeal viruses have been se-
quenced. Only a small fraction of the annotated viral open reading
frames (ORFs) encode a predictable function or share significant se-
quence similarity with genes of nonarchaeal origins in public data-
bases. Therefore, approaches involving structural, biochemical, ge-
netic, and transcriptomic analyses have been employed to gain
insights into the functions of these unknown proteins in the life
cycles of these viruses (48). The richness of unknown proteins
reinforces the idea that archaeal viral genomes are a huge gene
pool for the evolution of Archaea in particular and life in general.

There has been a tremendous expansion of our knowledge of
archaeal viruses in the past 2 decades. Recently, more attention has
been given to mechanisms underlining steps in the life cycle of
these fascinating entities (52, 54, 55). Here we review some of the
latest developments in molecular biology of the life cycle of ar-
chaeal viruses.

Adsorption and Entry

Entry into a host cell is the first step in the life cycle of a virus. It
entails the recognition and binding of a receptor on the surface of
the host cell by the virus and the subsequent delivery of the viral
genome and, in some cases, proteins required for viral replication
in the host cell (75-77). Very little is currently known about the
mechanisms of host entry by archaeal viruses, but this important
step has attracted increasing research attention in recent years.
As implied by their enormous diversity in morphology, ar-
chaeal viruses appear to be highly innovative in developing mac-
romolecular protein appendages for specific interactions with and
binding to their host cells, presumably in a habitat-adaptive fash-
ion. Electron microscopic observations have revealed that a num-
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TABLE 2 Archaeal viruses”

Taxonomy Genome
Virion Type No. of Size
morphology  Family Genus species  Species name Host species (kb) Type’ int" Reference(s)
Spindle Fuselloviridae — Alphafusellovirus SSV1 Sulfolobus spindle-shaped  Sulfolobus 7 154 ds,C + 13,114,277
virus 1
Betafusellovirus SSve Sulfolobus spindle-shaped = Sulfolobus 2 156 ds,C + 276
virus 6
Bicaudaviridae  Bicaudavirus ATV Acidianus two-tailed virus Acidianus 1 62.7 ds,C + 19,20
Unclassified Salterprovirus Hisl His virus 1 Haloarcula 2 144 ds,L — 86,278
Unclassified Unclassified STSV1  Sulfolobus tengchongenesis  Sulfolobus 2 753 ds,C + 95
spindle-shaped virus 1
PAV1 Pyrococcus abyssi virus 1 Pyrococcus 1 181 ds,C — 229,230
TPV1 Thermococcus prieurii Thermococcus 1 215 ds,C + 98
virus 1
APSV1  Aeropyrum pernix Aeropyrum 1 38.0 ds,C + 22
spindle-shaped virus 1
Bottle Ampullaviridae ~ Ampullavirus ABV Acidianus bottle-shaped  Acidianus 1 238 ds,L — 15
virus
Bacilliform  Clavaviridae Clavavirus APBV1  Aeropyrum pernix Aeropyrum 1 52 ds,C — 16
bacilliform virus 1
Unclassified Unclassified ACV Aeropyrum coil-shaped Aeropyrum 1 249 s, L — 21
virus
Droplet Guttaviridae Alphaguttavirus SNDV  Sulfolobus neozealandicus ~ Sulfolobus 1 20 ds,C — 78
droplet-shaped virus
Betaguttavirus APOV1  Aeropyrum pernix ovoid  Aeropyrum 1 138 ds,C + 22
virus 1
Linear? Lipothrixviridae Alphalipothrixvirus ~ TTV1 Thermoproteus tenax Thermoproteus 1 159 ds,L — 279
virus 1
Betalipothrixvirus SIFV Sulfolobus islandicus Sulfolobus 6 40.8 ds,L — 79
filamentous virus
Gammalipothrixvirus AFV1 Acidianus filamentous Acidianus 1 219 ds,L — 14
virus 1
Deltalipothrixvirus AFV2 Acidianus filamentous Acidianus 1 3.7 ds,L — 24
virus 2
Rudiviridae Rudivirus SIRV2  Sulfolobus islandicus rod-  Sulfolobus 3 354 ds,L — 26
shaped virus 2
Unclassified Unclassified SRV Stygiolobus rod-shaped Stygiolobus 1 28.1 ds,L — 27
virus
Spherical Globuloviridae — Globulovirus PSV Pyrobaculum spherical Pyrobaculum 2 283 ds,L — 25
virus
Unclassified Unclassified STIV Sulfolobus turreted Sulfolobus 2 16.6 ds,C — 80
icosahedral virus
SH1 Spherical halovirus 1 Haloarcula/ 1 309 ds,L — 280
Haloferax
HHIV-2  Haloarcula hispanica Haloarcula 1 30.6 ds,L — 281
icosahedral virus 2
PH1 Pink Lake Haloarcula Haloarcula 1 28.1 ds,L — 282
hispanica virus 1
Pleomorphic Unclassified Unclassified HHPV1 Haloarcula hispanica Haloarcula 2 81 ds,C — 96
pleomorphic virus 1
HRPV1  Halorubrum pleomorphic Halorubrum 3 70 s, C  — 283
virus 1
HRPV3  Halorubrum pleomorphic Halorubrum 1 8.8 ds,C — 66,284
virus 3
HGPV1  Halogeometricum Halogeometricum 1 9.7 ds,C — 66,284

pleomorphic virus 1
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TABLE 2 (Continued)

Archaeal Viruses and Plasmids

Head-tail Mpyoviridae Phihlikevirus phiH Halobacterium phage Halobacterium 1 59 ds,L — 285,286
phiH
Siphoviridae Psimunalikevirus psiM1  Methanobacterium phage  Methanobacterium 1 304 ds,L — 287
psiM1
Unclassified Unclassified phiChl  phiChl Natrialba 1 585 ds,L + 288
HF1 HF1 Halorubrum 2 75.9 ds,L — 289
BJ1 BJ1 Halorubrum 1 423 ds,C + 129
SNJ1 SNJ1 Natrinema 1 16.3 ds,C — 290,291

@ This table was prepared in accordance with the 2011 version of the International Committee on Taxonomy of Viruses catalog (99). Each family is represented by the type species.
Unassigned species are also listed. More detailed information on archaeal viruses is shown in Fig. S1 in the supplemental material.

¥ Genome type is indicated as follows: ds, double-stranded DNA genome; ss, single-stranded DNA genome; L, linear genome; C, circular genome.

¢ Viruses known to encode a putative integrase are indicated with a plus symbol (+); those not known to encode a putative integrase are indicated with a minus symbol (—).

4 Linear viruses are assigned to the only order of archaeal viruses, Ligamenvirales.

ber of archaeal viruses are attached to the cell surface or debris of
their host cells through a unique appendage at the tip or end of the
virion (14, 15, 23, 78). These appendages include tail fibers with
various shapes, lengths, thicknesses, rigidities, and stickinesses
(e.g., SSV1 and SSV6); claws (Sulfolobus islandicus filamentous
virus [SIFV] and Acidianus filamentous virus 1 [AFV1], etc.); and
pointed ends without tail fibers (e.g., ATV, STSV1, and STSV2)
(Fig. 2).

Spindle-shaped viruses appear to have two types of tail struc-
tures. Virions of the family Fuselloviridae (e.g., SSV1, SSV2, and
SSV4 to -9) have a bunch of short fibers at both ends, whereas
those of other spindle-shaped viruses from hyperthermophilic
crenarchaea (e.g., ATV, STSV1, STSV2, and Aeropyrum pernix
spindle-shaped virus 1 [APSV1]) possess pointed ends. Interest-
ingly, ATV was found to be able to undergo substantial morpho-
logical development outside host cells (20). Virions of ATV were

FIG 1 Electron micrographs of diverse morphotypes of archaeal viruses. (A) ATV. (Reprinted from reference 20 by permission from Macmillan Publishers Ltd.
[copyright 2005].) (B) SSV1. (Reproduced from reference 147 [copyright 2003 Elsevier Masson SAS; all rights reserved].) (C) STSV1 (95). (D) STIV2 (47). (E)
SNDV. (Reprinted from reference 3 by permission from Macmillan Publishers Ltd. [copyright 2006].) (F) ABV. (Reprinted from reference 15 with permission.)
(G) phiHI. (Reprinted from reference 3 by permission from Macmillan Publishers Ltd. [copyright 2006].) (H) ACV. (Reproduced from reference 21 with
permission.) (I) APBVI. (Reproduced from reference 16 [copyright Elsevier 2010].) (J) AFV2 (24). (K) SIRV2. (Reproduced from reference 52 with permission

of the publisher [copyright the Biochemical Society].) Bar, 100 nm.
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FIG 2 Appendages of selected archaeal viruses. (A) Claw-like terminal structure of AFV1. (Reproduced from reference 14 [copyright Elsevier 2003].) (B) The
terminal structure of AFV2 (24). (C) The terminal structure of AFV3 (18). (D) T-bar or claw structure with a single thin filament at the end of AFV9. (Reproduced
from reference 23 [copyright 2008 Elsevier Masson SAS; all rights reserved].) (E) SIFV tail fibers. (Reproduced from reference 79 [copyright Elsevier 2000].) (F)
The plug-shaped end of SIRV2. (Reproduced from reference 52 with permission of the publisher [copyright the Biochemical Society].) (G) Thin sticks at the flat
end of ABV. (Reprinted from reference 15 with permission.) (H) Beard-like tail fibers at the pointed end of SNDV. (Reproduced from reference 78 [copyright
Elsevier 2000].) (I) Thick fibers at the tip of ASV1. (Reproduced from reference 276 with permission of John Wiley & Sons [copyright 2009 Society for Applied
Microbiology and Blackwell Publishing Ltd.].) (J) Sticky ends of SSV7. (Reproduced from reference 276 with permission of John Wiley & Sons [copyright 2009
Society for Applied Microbiology and Blackwell Publishing Ltd.].) (K) Variable tails with appendages (insert) at the end of APSV1. (Reprinted from reference 22

with permission.) (L) Tail fibers of ATV. (Reproduced from reference 19 [copyright Elsevier 2006].) Bar, 50 nm.

initially protruded from host cells as lemon-shaped tail-less par-
ticles, which then developed tails at both ends at temperatures
close to that of the natural habitat (i.e., 85°C) (19). It was specu-
lated that this unusual property of ATV would allow the virus to
increase the probability of cell contact and adsorption. On the
other hand, no clearly visible end structures have been observed
for spindle-shaped viruses infecting haloarchaea (e.g., His virus 1
[His1]) or hyperthermophilic euryarchaea (e.g., PAV1 and Ther-
mococcus prieurii virus 1 [TPV1]).

The filamentous and rod-shaped viruses of the order Ligamen-
virales exhibit a variety of end appendages (Fig. 2). Conceivably,
viruses with different end appendages may adsorb to, and enter,
host cells in different manners. Although studies on how these end
structures function in viral entry are lacking, it has been shown
that the mop-like tail fibers of SIFV existed in either an open or a
closed form (79). The tail fibers of purified SIFV virions were in
the closed form, whereas those of viral particles, which had been
incubated with host membrane vesicles, were in the open form,
suggesting that the conformational changes of the tail fibers likely
occur during the adsorption of SIFV to its host cells. Notably,
virions of the same family may possess appendages of different
shapes. For example, although AFV1, AFV2, AFV3, AFV7, and
AFV9 are all filamentous viruses of the family Lipothrixviridae,
they differ considerably in their appendage structures (Fig. 2),
raising the possibility that they may recognize different surface
structures of host cells and/or employ different entry strategies.

All sphere-shaped archaeal viruses (e.g., STIV, TTSV1, PHI,
SH1, and HHIV-2) have an icosahedral protein capsid. Cryo-elec-
tron microscopy (cryo-EM) reconstruction has revealed detailed
features of the surface structure of the STIV virion (Fig. 3) (80).
The overall architecture of the virion resembles those found in
bacterial and eukaryal icosahedral viruses. In addition, analysis of
the crystal structure of the major capsid protein of STIV identified
a common overall structure shared by viruses that infect bacteria
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(i.e., PRD1) and eukarya (i.e., adenovirus) (54, 55). A turret-like
appendage projecting outwards from the virion surface was found
at each of the 12 5-fold axes of symmetry. These structures are
speculated to be involved in viral attachment to host receptors,
viral genome entry into the host cell, and/or packaging of viral
DNA into the capsid (54).

How an archaeal virus employs its surface appendage to attach
to and enter its host cell is poorly understood. However, a recent
study of the entry process of Sulfolobus islandicus rod-shaped virus
2 (SIRV2) has offered some interesting clues (81). SIRV2 bound to
the S. islandicus host rapidly, with the majority of the virions being
irreversibly adsorbed to the host cell within 1 min. The calculated
rate constant for adsorption by SIRV2 is 2 X 10~* ml/min. This
rate constant is substantially higher than those reported for
host binding by a group of viruses from haloarchaea, i.e., Haloar-
cula hispanica head-tail virus 1 (HHTV-1) (2.9 X 10~ "> ml/min),
Haloarcula californiae head-tail virus 1 (HCTV-1) (5.1 X 10~"
ml/min), Halorubrum head-tail virus 1 (HRTV-1) (2.2 X 10"
ml/min), HHPV1 (2.0 X 10~ '° ml/min), and SH1 (1.9 X 10~ "?

FIG 3 Cryo-TEM reconstruction of STIV surface features. (A) Turret-like
projections. (B) Side view of the turret-like projections. (Reproduced from
reference 80 with permission of the publisher [copyright 2004 National Acad-
emy of Sciences, U.S.A.].)
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ml/min) (82). The rapid adsorption as well as the relatively long
intracellular phase of SIRV2 presumably allow the virus to mini-
mize its exposure to hostile environments of high temperatures
and low pH. Cryo-EM observations have established that the entry
process of SIRV2 involves an initial binding to the tip of a filament
on the surface of the host cell by the virus with its three terminal
fibers at either end and subsequent movement of the virus along
the filament toward the cell surface. Once it reaches the cell sur-
face, the virion dissembles, presumably as the viral DNA is deliv-
ered into the cell interior (81). The entry process of SIRV2 bears
superficial resemblance to that of pilus-binding bacterial viruses
(e.g., Ff phages). However, these bacterial viruses are brought to
the cell surface through pilus retraction (83). Therefore, the trans-
location of SIRV2 virions along the filament implies that the entry
mechanism of SIRV?2 differs from that employed by pilus-specific
bacterial viruses.

Little is known about archaeal host receptors for viruses at the
molecular level. As is the case for bacterial viruses, various com-
ponents of the host surface structures may serve as receptors for
archaeal viruses. In a preliminary study, a Sulfolobus solfataricus
glycoprotein (the product of SSO1273), which specifically binds
oligopeptides, was proposed to be involved in host receptor rec-
ognition by ATV through the predicted viral AAA ATPase p529
(84). Archaeal cell envelopes show great diversity and differ from
their bacterial and eukaryal counterparts in structure and compo-
sition. It is possible, therefore, that archaeal viruses have evolved
various novel mechanisms for viral entry in addition to those used
by bacterial and eukaryal viruses. Also nearly uninvestigated are
the detailed process and the mechanism of delivery of an archaeal
viral genome into host cells. As probably the first experimental
attempt in this area, DNA ejection from His1 was recently studied
by using a single-molecule approach. The observed ejection ap-
pears to be unidirectional, paused, and incomplete, suggesting
that cellular processes are required for the transfer of the viral
genome into host cells (85).

Genome Replication

Much of the current knowledge about archaeal viral DNA repli-
cation is derived from bioinformatic analyses of viral genome se-
quences. Experimental verification of the properties and func-
tions of putative replication proteins is available for only a few
viruses. Studies on bacterial and eukaryal viruses show that viruses
may replicate their genomes in different manners according to the
nature (DNA or RNA) and structure (linear or circular double-
stranded or single-stranded DNA/RNA) of their genome. The vast
majority of reported archaeal viruses contain a dsDNA genome,
and most of the dsSDNA genomes are circular or linear, with cova-
lently closed ends. Linear dsDNA genomes with ends covalently
linked to a protein have also been found (23, 86, 87). Only five
archaeal viruses (i.e., ACV, HRPV1/2/6, and HHPV2) are cur-
rently known to carry an ssDNA genome.

Linear dsDNA viruses. Archaeal viruses containing a linear
dsDNA genome are members of the families Rudiviridae, Lipothri-
xviridae, Ampullaviridae, Globuloviridae, Myoviridae, Siphoviri-
dae, and Salterprovirus. The genomes of rudiviruses are covalently
closed at both ends (26), whereas those of other linear dsDNA
viruses are linked to a protein (23, 86, 87), modified in an un-
known fashion at the ends (14), or yet to be determined (79).
Genome replication among archaeal viruses is best understood for
SIRV1 (88).
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SIRVI has a 32-kb linear dsDNA genome with 2,029-bp in-
verted terminal repeats (ITRs). The two DNA strands of the ge-
nome are covalently joined at both ends. Following infection of
the viral genome in its host, head-to-head- and tail-to-tail-linked
replication intermediates were identified in the cell extract, sug-
gesting that the SIRV1 genome replicates in the same manner as
the similarly structured linear genomes of eukaryal viruses, such
as poxviruses, African swine fever virus, and Chlorella viruses (89).
The viral DNA in ~5% of the mature virions had a single-
stranded nick 11 nucleotides (nt) from the terminus of the ge-
nome, as expected for the replication mechanism for a genome of
a similar type, in which DNA replication is initiated through the
introduction of a nick near either end of the linear genome. Struc-
tural analysis has shown that ORF119 of SIRV1 encodes a member
of the replication initiator protein (Rep) superfamily, which in-
cludes proteins known to initiate rolling-circle replication (RCR)
of a range of viruses and plasmids (88). The SIRV1 Rep protein
existed as a dimer in solution and was capable of sequence-specific
cleavage of ssDNA in vitro. Multiple nicks were generated by the
protein on a DNA strand with a sequence matching that of the
strand nicked in the viral DNA. However, the site of cleavage in
vivo was preferentially nicked in vitro. No cleavage by Rep was
detected when the cleavable strand was annealed to its comple-
mentary strand, suggesting that the terminal hairpin had some-
how become at least partially single stranded when it was nicked
by Rep in vivo. Once the viral genome was nicked, the newly
formed 5’ end of the DNA was covalently attached to SIRV1 Rep,
presumably via the active-site tyrosine residue in the protein, re-
leasing a free 3’ end of the DNA to prime DNA synthesis. SIRV1
Rep was also able to catalyze the joining reaction, reforming the
contiguous DNA strand and releasing the protein. Based on these
results and previous models for rolling-circle DNA replication in
bacterial and eukaryal viruses, SIRV1 DNA replication is pro-
posed to proceed as follows (Fig. 4) (52, 88). The virus initiates
DNA replication by introducing a single-stranded nick 11 nucle-
otides from either terminus, releasing a free 3" end of the DNA. A
new cleavage site is quickly regenerated with the extension of the
3’ end of the DNA. The newly formed cleavage site is then nicked
by the second subunit of the Rep dimer. A joining reaction ensues,
in which the second 3’ end of the DNA is ligated to the 5" end of
the DNA formed in the initial cleavage reaction, reforming a con-
tiguous circular DNA strand. Strand displacement synthesis initi-
ated from the first 3" end continues to generate a head-to-head- or
tail-to-tail-linked dsDNA circle. As replication goes around the
circle, previously synthesized DNA is displaced and folded back
into a linear SIRV1 dsDNA molecule. Folding of the DNA allows
Rep to remain attached to the strand on the circular DNA after
another round of nicking and joining, freeing a covalently closed
SIRV1 genome. An alternative possibility is that the head-to-head
and tail-to-tail intermediates adopt a cruciform structure at the
borders between the two genome units by extrusion of the palin-
dromic linkers formed by the ITRs. Resolution of these Holliday
junction-like structures then yields new viral genomes. The latter
scenario is supported by the finding that SIRV1 encodes a Holli-
day junction resolvase (ORF121 or Hjc), which was shown to rec-
ognize and cleave four-way DNA junctions in vitro (90). In agree-
ment with this suggestion is the presence of a 23-nt sequence,
which resembles the consensus sequence located near the hairpin
termini of various poxviruses and is required for the resolution of
poxvirus replication intermediates into unit genomes by a virally
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FIG 4 Model for rudiviral DNA replication. (A) One subunit of the dimeric
Rep protein introduces a single-stranded nick 11 nucleotides from a terminus
in the viral genome, generating a free 3" end for the initiation of viral DNA repli-
cation. A new cleavage site is quickly regenerated with the extension of the free 3’
end. (B) The newly formed cleavage site is nicked by the other subunit of the Rep
dimer. The second 3’ end is rejoined with the 5" end formed in the first cleavage
reaction and bound by Rep, allowing the parental strand to be religated to form a
continuous circular DNA strand. (C) Strand displacement synthesis initiated from
the first 3’ end continues to generate a head-to-head- or tail-to-tail-linked dsDNA
circle. (D) As replication goes around the circle, previously synthesized DNA is
displaced and folded back into a linear SIRV1 dsDNA molecule. (E) Folding of the
DNA allows Rep to remain attached to the strand on the circular DNA after
another round of nicking and joining, freeing a covalently closed SIRV1
genome. (Reprinted from reference 88 with permission.)

encoded Holliday junction-cleaving enzyme, near the termini of
SIRV1 DNA (90, 91). Many Rep proteins are fused to a helicase,
which serves to unwind dsDNA during strand displacement syn-
thesis. However, a helicase function has not yet been assigned to
any ORFs of SIRV1. Therefore, it would be interesting to deter-
mine if the virus encodes an unidentified DNA helicase or recruits
ahost helicase for DNA unwinding. Since homologs of SIRV1 Rep
have been identified in the other four known members of the
family Rudiviridae (i.e., SIRV2, Acidianus rod-shaped virus 1
[ARV1], Stygiolobus rod-shaped virus [SRV], and Sulfolobales
Mexican rudivirus 1 [SMR1]), all rudiviruses may replicate their
genomic DNA in the same fashion. Furthermore, SIRV1 Rep pro-
vides the first example in which a member of the Rep superfamily
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functions in a virus replicating its genome in neither an RCR nor
a rolling-hairpin replication (RHR) mode. It appears, therefore,
that initiator proteins of this Rep family are more widely em-
ployed by viruses, especially by linear dsDNA viruses of various
morphotypes, than expected.

Somewhat surprisingly, however, at least some members of the
family Lipothrixviridae, which resembles the family Rudiviridae in
morphology and genome content, appear to employ DNA repli-
cation mechanisms different from those employed by SIRV1 (14,
92). Lipothrixviruses are a large heterogeneous group of filamen-
tous viruses that are divided into four genera (Alpha-, Beta-, Gam-
ma-, and Deltalipothrixvirus) on the basis of genetic dissimilarity.
Long ITRs (500 to 1,000 bp) resembling those present in rudiviral
genomes are found only in betalipothrixviruses (18, 23). How-
ever, no Rep or Hjc proteins have been identified in any of the
known filamentous viruses. Furthermore, the sequences at the
extreme termini of all known lipothrixviruses have not been de-
termined, presumably due to the presence of chemical modifica-
tions or covalent linkage to a protein. No data are available to
suggest that the ends of the lipothrixviral genomes are covalently
closed, as observed for rudiviruses. Intriguingly, lipothrixviruses,
except for those of the genus Alphalipothrixvirus, share a con-
served operon encoding a putative helicase and a putative nuclease
(ORF593 and ORF203, respectively, from AFV3) (18). Taken to-
gether, these observations point to the possibility that lipothrixvi-
ruses employ genome replication strategies, or initiation mecha-
nisms, different from those of rudiviruses. Consistent with the
possible lack of a covalently closed terminal hairpin structure, the
terminal sequences of the gammalipothrixvirus AFV1 contain
smaller and less regular inverted terminal repeats than those in
rudiviral genomes and multiple short direct repeats (TTGTT or its
close variants) (14). Recently, it was found that AFV1 appears to ex-
ploit an unusual mechanism of DNA replication, which starts with
the generation of a D loop at the 5" end of the genome and progresses
toward the right end via strand displacement synthesis. Recombina-
tion is speculated to play a key role in the termination of genome
replication through the formation of terminal loops (92).

Linear dsDNA genomes are also found in archaeal viruses of
other morphotypes. The Haloarcula hispanica spindle-shaped vi-
ruses His1 and His2 possess a dsSDNA genome with terminal ITRs.
The ends of both viral genomes are covalently attached to an un-
identified protein. Both viruses encode a DNA polymerase similar
to type B DNA polymerases from plants, fungal mitochondria,
and some viruses (86). These type B polymerases are able to use
proteins attached to the 5" ends of linear dsDNA to prime DNA
replication. Therefore, both Hisl and His2 may replicate their
genome by using a protein-priming mechanism. Protein-primed
DNA replication is used by a range of viruses and plasmids, in-
cluding some mammalian viruses (e.g., adenovirus), bacterial vi-
ruses (e.g., PRD1, @29, and CP-1), linear Streptomyces plasmids,
and plant mitochondrial DNA (93). Acidianus bottle-shaped virus
(ABV) (87) and the Haloarcula spherical virus SH1 (94) may also
replicate their genome via a protein-primed mechanism.

For many other known linear dsDNA viruses (e.g., PAV1),
attempts to identify the origin of replication and/or the homologs
of replication proteins have been less than successful. It is there-
fore tempting to speculate that these viruses either rely heavily on
the host replication machinery or have evolved replication pro-
teins, and thus replication mechanisms, that remain to be eluci-
dated. The former scenario would entail novel strategies for the
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initiation step of genome replication, which would be followed by
the recruitment of host replication proteins.

Circular dsDNA viruses. Circular dsDNA genomes are found
in many archaeal viruses, including the majority of known cren-
archaeal viruses. Surprisingly, however, how these genomes are
replicated remains obscure. Origins of DNA replication and rep-
lication proteins have been predicted for a number of circular
dsDNA viruses by using bioinformatic tools. However, none of
these putative cis and trans replication elements have been exper-
imentally verified. The 6 and RCR modes of genome replication,
among others, have been proposed for various circular dsDNA
viruses. For example, S. tengchongenesis spindle-shaped virus 1
(STSV1) is speculated to replicate DNA in a § mode since its 75-kb
genome is highly asymmetric and divides into two halves with
respect to gene orientation (95). The putative origin of DNA rep-
lication has been identified by the cumulative GC skew, and this
prediction is supported by a high AT content as well as the pres-
ence of repeating sequences in the region. Presumably, replication
initiated at the origin proceeds bidirectionally. However, STSV1
encodes no identifiable replication proteins. Haloarcula hispanica
pleomorphic virus 1 (HHPV1) encodes a putative Rep protein,
suggesting that the virus may replicate its 8-kb genome in an RCR
mode (96). Homologs of replication proteins have been identified
in the genomes of various archaeal circular dsDNA viruses. These
include minichromosome maintenance (MCM) proteins (TPV1),
highly putative DnaA (SSV1), and Cdc6 (APBV1) homologs (16,
97, 98). However, the biochemical properties of these proteins are
unclear.

Circular ssDNA viruses. Only five archaeal ssDNA viruses, i.e.,
Aeropyrum coil-shaped virus (ACV), Halorubrum pleomorphic
virus (HRPV1/2/6), and Haloarcula hispanica pleomorphic virus 2
(HHPV2), have been isolated so far. All known ssDNA viruses
replicate, or are believed to replicate, their genome in an RCR (for
a circular genome) or RHR (for a linear genome) mode (297). In
bacterial circular ssDNA viruses (e.g., $X174, M13, and fd), the
single-stranded genome is first converted into a double-stranded
replicative form (RF). A nick is then generated on one of the DNA
strands by a Rep protein to release a free 3’ end to initiate genome
replication. HRPV1 encodes a putative Rep protein (ORF1) con-
taining all three key signature motifs, suggesting that the virus may
replicate its genome by using an RCR mechanism (283). More
recently, HRPV2 and HRPV6 were also found to encode a Rep
protein similar to that of HRPV1 (284). Interestingly, HRPV1/2/6
shares remarkable similarity in genome organization and putative
proteins with the circular dsDNA virus HHPV2, which infects H.
hispanica. Since they all have a Rep protein of the RCR superfam-
ily, these viruses appear to replicate their genomes in similar man-
ners. The implications are that viruses are readily adapted to pack-
aging a DNA genome in either its single-stranded or its double-
stranded (RF) form. No putative Rep protein was identified in the
genome of ACV, the largest known ssDNA virus, suggesting that
the virus may have developed a novel replication mechanism (21).
In this regard, ACV encodes a putative protein (ORF33) that ap-
pears to be a highly divergent member of the tyrosine recombinase
family. Since both Rep and recombinase possess an active-site
tyrosine involved in similar catalytic activities of strand nicking
and joining, the ACV protein is suspected to function in viral
genome replication.
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Transcription

Transcription in Archaea has been extensively investigated. In
their work representing a milestone in the understanding of Ar-
chaea ~35 years ago, Wolfram Zillig and colleagues showed that
DNA-dependent RNA polymerase (RNAP) from Sulfolobus aci-
docaldarius was far more complex than its bacterial counterpart
and bore significant resemblance to eukaryal RNAP II (101). Ar-
chaeal RNAP consists of 13 subunits, which, as revealed by se-
quencing of their encoding genes, are homologous to the subunits
of eukaryal RNAP II. Like RNAP II, archaeal RNAP requires ad-
ditional protein factors for its recognition of promoter sequences.
Archaeal TATA box-binding protein (TBP) and transcription fac-
tor B (TFB), homologs of eukaryal TBP and TFIIB, respectively,
are basal factors minimally required to constitute transcription on
archaeal promoters in vitro (102). Likewise, archaeal promoters
are also of the eukaryal type and are often characterized by an 8-bp
AT-rich TATA box ~24 bp upstream of the transcriptional initi-
ation site and a TFB recognition element (BRE) comprising two
A’s immediately upstream of the TATA box (103). Intriguingly,
however, many of the archaeal transcriptional regulators are sim-
ilar to members of the bacterial Lrp-like regulatory protein family
(104, 105). The evolutionary implications of the use by Archaea of
a eukaryal-type transcription apparatus regulated in a bacterial
manner remain to be understood. Archaeal viruses appear to rely
entirely on host RNAP and basal transcription proteins for tran-
scription since they use the same promoter sequences as those of
their host, and none of them are known to encode an RNAP, TBP,
or TFB. Therefore, archaeal viruses must have developed strate-
gies to coopt the host transcriptional apparatus for viral transcrip-
tion. A diverse array of transcriptional regulatory proteins have
been identified in archaeal viral genomes (48). These proteins are
presumably involved in redirecting transcriptional activities in vi-
rus-infected cells such that viral genomes will be transcribed in a
highly controlled fashion. In recent years, transcription profiles of
the genomes of the rudiviruses SIRV1 and SIRV2 (106, 107), the
fuselloviruses SSV1 and SSV2 (108, 110), and the icosahedral virus
STIV (109) in infected host cells have been studied, providing
useful clues to the mechanisms and control of gene expression in
archaeal viruses.

SIRV2. SIRV2 is one of the favored models for the study of
archaeal virus-host interactions. Infection by SIRV2, long consid-
ered to be a temperate virus, resulted in the extensive degradation
of host chromosomal DNA and the lysis of host cells (111). SIRV2,
together with SIRV1, was the first crenarchaeal virus whose ge-
nome-wide transcription was systematically investigated. Follow-
ing infection of S. islandicus LAL14/1 and S. islandicus REN2H1
with SIRV1 and SIRV?2, respectively, patterns of transcription of
the linear viral genomes were initially determined by Northern
hybridization with specific DNA probes (106). Both rudiviruses
display a relatively fast-replicating life cycle, with latent periods of
8 and 6 h for SIRV1 and SIRV?2, respectively. Transcription of all
but one of the viral genes (i.e., SIRV1 ORF55¢/SIRV2 ORF55) was
detected at 30 min postinfection (p.i.), the earliest ssmpling point,
demonstrating the lack of apparent temporal control of genome
transcription for the two viruses.

Recently, the infection cycle of SIRV2 was further investigated
by using microarray and transcriptome sequencing (RNA-seq)
approaches (107, 295). For microarray analysis, Okutan et al.
(295) isolated an S. solfataricus strain, denoted S. solfataricus SE6,

mmbr.asm.org 125


http://mmbr.asm.org

Wang et al.

from an S. solfataricus P2 stock. S. solfataricus 5E6 was highly sus-
ceptible to SIRV2 infection. The virus appeared to exhibit a one-
step growth curve in S. solfataricus 5E6 similar to that in S. islan-
dicus LAL14/1, with a latent period of 5 h. The infection was also
lytic, with host chromosomal DNA being degraded in >80% of
the infected cells at 8 h p.i. After SIRV2 infected S. solfataricus 5E6,
a slight temporal control of viral genome transcription was ob-
served. Transcription of the viral genome proceeded in three
stages, i.e., early, middle, and late stages, as judged by the times
when the transcription of specific regions peaked, and from both
terminal regions toward the center of the linear genome. As found
in the above-mentioned Northern hybridization studies, viral
transcription was initiated rapidly upon infection. Some of the
terminal genes were already weakly expressed at 15 min p.i. About
50% and 80% of the viral genes were significantly transcribed by
30 and 60 min p.i., respectively. All but one of the genes were
expressed by 2 h p.i. Notably, among the early genes, ORF119C
encodes the Rep protein presumably responsible for the initiation of
viral genome replication. On the other hand, genes encoding the ma-
jor coat protein (ORF134) and three minor structural proteins
(ORF488, ORF1070, and ORF564) were all late genes. ORF98, which
encodes the structural component of virus-associated pyramids
(VAPs) (see “Assembly and Release,” below), was also expressed
in the late stage. A total of 148 out of ~3,000 detectable host genes
were differentially expressed by >2-fold, with similar numbers of
up- and downregulated genes, in response to SIRV2 infection,
compared to those in the uninfected cells. Downregulated genes
were primarily those responsible for the stress response and infor-
mational processing. Genes encoding proteins involved in protein
folding (e.g., two thermosome subunits), protein degradation
(e.g., a proteasome subunit and a protease), and the oxidative
response (e.g., superoxide dismutase [SOD], rubrerythrin, and
the peroxiredoxin homolog Bcp4) were downregulated. It was
speculated that the stress response represents a host defense mech-
anism against viral infection. By downregulating the stress re-
sponse genes, SIRV2 was able to circumvent the host defense and
succeed in infecting the host. Among the most strongly down-
regulated genes was a gene encoding one of the four ESCRT-III-
like proteins in S. solfataricus. Two of the three remaining genes
were also downregulated. ESCRT-III proteins are believed to serve
an important role in cell division. More than 15 downregulated
genes are associated with transcription (e.g., two full-length TFB
homologs), translation (e.g., four ribosomal proteins and two
elongation factors), and chromosomal organization. Seventy-six
host genes were upregulated by at least 2-fold upon SIRV2 infec-
tion. More than half of them are involved in transport and metab-
olism. Transcription of the gene encoding a ribonucleotide reduc-
tase, which converts ribonucleotides into deoxyribonucleotides
and presumably contributes to viral DNA replication, was most
strongly induced (~6-fold). Several genes related to fatty acid
degradation were also upregulated. Among them, genes encoding
enoyl coenzyme A (enoyl-CoA) hydratase and a phenylacetic acid
degradation-related protein were upregulated concomitantly with
the viral structural genes and the pyramidal component gene, sug-
gesting their possible role in host membrane modification for vi-
rus release.

Quax et al. (107) provided additional details about the virus-
host interaction during SIRV2 infection of S. islandicus LAL14/1
by using the powerful RNA-seq technology. In their study, total
RNA was isolated from infected host cells at different time points
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up to 9 h p.i. and from uninfected control cells. Transcripts were
converted into cDNAs, which were subjected to deep sequencing.
The number of viral sequencing reads increased steadily over the
course of viral infection, leveling off at 5 h p.i., when viral reads
accounted for ~20% of the total mRNA reads. In agreement with
the Northern hybridization and microarray results, viral tran-
scription began very early during infection, i.e., immediately after
viral infection (time [¢] = 0 h p.i.), from both termini of the viral
genome. Starting from the second sampling time (+ = 1 h p.i.),
essentially all viral genes were significantly expressed, again sug-
gesting a weak temporal pattern in SIRV2 genome transcription.
ORF83a and ORF83b, two identical genes located on the two distal
ends of the genome, were most highly transcribed at the first sam-
pling time. The genomic location of the two genes may represent
an adaptation to the ability of SIRV2 to adsorb to and enter the
host cell from either end. Gene products of ORF83a/ORF83b con-
tain a helix-turn-helix (HTH) motif and are believed to be DNA-
binding proteins. Intriguingly, a yeast two-hybrid screen, per-
formed in that same study, identified an interaction between
ORF83 and ORF121. ORF121 encodes the Holliday junction re-
solvase, which has been implicated in the resolution of viral rep-
licative intermediates. Based on their transcriptional profiles and
biochemical properties, ORF83 and ORF121 appear to function
together in viral genome replication, possibly including the initi-
ation of the process. Surprisingly, it was observed that the expres-
sion of ORF119c, which encodes the Rep protein, was very poor
and peaked at the end of the infection cycle. Although this obser-
vation does not preclude the proposed function of the Rep protein
in viral replication, as described above, it does raise a question
concerning the respective roles of ORF83, ORF121, and the Rep
protein in SIRV2 DNA replication. As shown by the microarray
studies, the expression levels of genes coding for the viral struc-
tural proteins increased during the late stages of infection, with the
transcripts for the major coat protein (ORF134) and the VAP
component (ORF98) representing ~35% and ~13%, respec-
tively, of the total viral transcripts at the end of the infection cycle.
The host response to SIRV2 infection was surprisingly strong.
More than one-third of all S. islandicus LAL14/1 genes were found
to be significantly up- or downregulated in SIRV2-infected cells,
compared to those in uninfected cells. This contrasts sharply with
the finding that only a small fraction (~5%) of the host genes were
differentially expressed by >2-fold in S. solfataricus cells infected
with SIRV2 in microarray assays. This discrepancy most likely
reflects a difference in sensitivity between the two experimental
approaches employed for transcriptomic analysis in those two
studies, although it may also result from differences between the
two host strains. The numbers of up- and downregulated genes
were about the same. As found in the microarray assays, genes
encoding components of the ESCRT-III sorting complex were
downregulated. The complete cdv operon, which comprises these
genes, was downregulated by 10-fold. The reduced expression lev-
els of these genes probably resulted from DNA degradation caused
by SIRV?2 infection, since the Cdv proteins are known to be under
the control of the checkpoint systems, which inhibit cell division
in response to DNA damage (294). Among the upregulated host
genes, those encoding CRISPR-Cas systems, which form the basis
of prokaryotic adaptive immune systems against viruses and plas-
mids (see “CRISPR Systems,” below), were especially activated.
The S. islandicus LAL14/1 genome possesses five complete and one
incomplete CRISPR-cas loci. The complete CRISPR-cas loci con-
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FIG 5 Temporal patterns of viral genome transcription in infected host cells. (A) Transcription of the SSV1 genome in the Sulfolobus solfataricus PH1 lysogen
following UV irradiation. (Reproduced from reference 110 [copyright Elsevier 2007].) (B) Transcription of the SSV2 genome following viral infection of S.
solfataricus P2. (Reproduced from reference 108 [copyright Elsevier 2013].) (C) Transcription of the STTV genome following viral infection of S. solfataricus strain
2-2-12. (Reprinted from reference 109 with permission.) The time sequence of viral genome transcription is shown by colored arrows in the order orange, blue,
green, and gray. The ORF encoding B49 in SSV1 and ORF305 in SSV2 transcribed first. ORFs for which no probes were present or no transcription products were
detected are shown by white or black arrows, respectively. The maps are prepared according to the latest gene annotation in GenBank.

sist of a CRISPR array and adjacently located cas genes, whereas
the incomplete CRISPR-cas locus lacks the CRISPR array. Six cas
operons, corresponding to the six CRISPR-cas arrays, encode two
complexes each of three different types (subtypes I-A, I-D, and
III-B). The transcription of all six operons, except for one encod-
ing subtype III-B, which lacks the accompanying CRISPR array,
was activated quickly in response to SIRV2 infection, and these cas
genes were by far the most strongly upregulated host genes after
viral infection. However, the responses of each of these operons to
viral infection varied. Two operons of subtypes I-A and III-B were
significantly expressed in uninfected cells, and their upregulation
(~10-fold) following SIRV2 infection was the most pronounced
of all the cas operons. The subtype III-B operon without the asso-
ciated CRISPR array was highly expressed in uninfected cells but
was the only cas operon whose expression level decreased by 2-fold
after viral infection. None of the spacers in the CRISPR arrays of S.
islandicus LAL14/1 matches perfectly with the SIRV2 genome.
This probably explains why the host cells were unable to survive
SIRV2 infection. In comparison, genes encoding CRISPR-Cas sys-
tems were not among the genes considered to be upregulated in S.
solfataricus 5E6 cells infected with SIRV2. Presumably, this strain
was unable to activate CRISPR-based antiviral defense in response
to SIRV2 infection because of the deletion or inactivation of part
of its CRISPR-Cas systems. As a result of SIRV2 infection, many of
the host toxin-antitoxin (TA) clusters were also abundantly up-
regulated. The TA clusters, two-gene elements ubiquitously pres-
ent in prokaryotic genomes, are proposed to function in pro-
grammed cell death and in the stress response (293). Intriguingly,
the general stress response was not found to be among the strongly
suppressed processes in S. islandicus LAL14/1 infected with
SIRV2, compared to that in S. solfataricus 5SE6 upon infection by
the virus. The basis for the differences between the different hosts
in the physiological response to infection by the same virus awaits
further investigation.

The rapid and nearly uniform initiation of genome transcrip-
tion suggests that SIRV2, and presumably rudiviruses in general,
may not use a delicate cascade control mechanism, as seen in
viruses that exhibit clearly temporal patterns of viral transcription
(see below). Efficient recruitment of the host transcription appa-
ratus to viral promoters with or without the assistance of virus-
encoded proteins may occur. Rudiviral promoters contain the ca-
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nonical TATA box and BRE sequences as well as, in many
promoters, the rudivirus-specific regulatory sequence element
GTC. GTC-containing promoters may be recognized by specific
host- and virus-encoded transcription factors. Several rudivirus-
encoded transcription factors that may function in the regulation
of viral transcription have been identified. For example, SvtR
(P56b), a ribbon-helix-helix (RHH) DNA-binding protein, has
been shown to repress the transcription of several viral genes,
including ORF98 and ORF1070, which code for the VAP and tail
fiber proteins, respectively, in vitro (112). Other putative DNA-
binding proteins that may be involved in viral DNA replication
and transcription include P59b (RHH motif), P55 (zinc-binding
domain), and P114 (52). SIRV1 has also been shown to be able to
coopt the host transcriptional activator Stal, which possesses a
winged helix-turn-helix (WHTH) fold, for transcription from vi-
ral promoters (113).

SSV1/SSV2. SSV1, originally isolated from Sulfolobus shibatae,
is a 15.5-kb circular dsDNA fusellovirus capable of infecting the
foreign host S. solfataricus as a temperate virus, existing either as
an integrated provirus in the host genome or in a plasmid form
(114). Viral replication in host cells is induced upon UV irradia-
tion, upon mitomycin C treatment, or in stationary phase, result-
ing in the production of a large number of SSV1 particles (up to
100 copies per cell) without apparent lysis of host cells (13, 113,
115). However, UV-induced viral replication is not seen for other
members of the family Fuselloviridae.

When induced with UV irradiation, transcription of the SSV1
genome in S. solfataricus PH1 cells lysogenized with the virus fol-
lowed a clearly temporal pattern, as revealed by microarray anal-
ysis (Fig. 5) (110). Early studies identified 10 transcripts of various
lengths starting from seven promoters on the SSV1 genome (103).
Among them, nine (transcripts T1 to T9) appear to be constitu-
tively synthesized at low levels in uninduced host cells. T-ind, a
short transcript whose encoding sequence lacks the canonical
TATA box, is produced only upon UV irradiation of the host cell.
Following UV induction, transcription of the viral genome pro-
ceeded through three discernible stages, i.e., immediately early,
early, and late stages, in an ~8.5-h transcription cycle ending with
the release of mature progeny virus particles. T-ind, which ap-
peared at 1 h and achieved a 16-fold increase in quantity by 2 h
after UV induction, was the only viral transcript produced in the
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FIG 6 Model of the F55 interaction at its binding sites. In the lysogenic state, F55 (cyan ovals) binds as dimers to the target sequences in the promoters of T’5, T6,
and T-ind (red and yellow boxes) as well as to its own promoter (orange box) and represses transcription of T5, T6, and T-ind (red crosses). When the binding
sites of F55 are saturated in the early promoters, F55 binds to its own promoter and downregulates the expression of its own gene following negative-feedback
control. Upon UV irradiation, the F55 protein is degraded and/or inactivated by an as-yet-unknown mechanism, which releases F55 repression, allowing the
subsequent transcription of the early T-ind, T5, and T6 transcripts to occur. The expression of early viral genes could be further activated by other viral
transcription factors, which might repress F55 expression. (Reprinted from reference 116.)

immediate early stage. This transcript or the protein that it en-
codes (B49) presumably activated the synthesis of transcripts T5
and T6, whose encoding genes flank that of T-ind and are oriented
in opposite directions, in the early stage, as genes located at the 5
end of the two transcripts were detected 1 h after the appearance of
T-ind. Two inverted repeating sequences flanking the TATA box
in the T5 and T6 promoters may represent sites of regulatory
control by the T-ind product. T5 and T6 encode several known or
putative DNA-binding proteins (i.e., HTH proteins E51, C80, and
E73; zinc finger proteins A79, A45, and B129; wHTH proteins F63
and F112; and leucine zipper [LZ] protein D63), which probably
play yet-to-be-defined regulatory roles in viral gene expression.
While the sizes of the two transcripts appeared to increase over
time, with their full-length products being observed 5 h after UV
induction, the integrase mRNA located at the 3" end of T5 was
sporadically detected earlier, for unknown reasons. The early
transcript T9 appeared 5 h after induction or shortly before the
initiation of viral DNA replication (5 to 6 h). Six of the seven
proteins encoded by this transcript are conserved among all
known fuselloviruses. Among them, B251 was proposed to be a
DnaA-like protein (97). It appears, therefore, that T9 serves a role
in viral DNA replication. All remaining transcripts (T1/2, T3, and
T4/7/8), products of the late genes, first appeared 6 h after UV
induction. T2 and T7/8 encode the three structural proteins (VP1
to VP3). Other proteins encoded on these late transcripts may also
be involved in viral assembly and release. Simultaneous transcrip-
tomic analyses revealed only a small difference between the SSV1
lysogenic host and the uninfected control in response to UV irra-
diation. Among the few genes showing a significantly differential
response are those encoding the two subunits of topoisomerase
VI, which is probably involved in SSV1 DNA replication. In con-
clusion, the chronological transcription of the genome of SSV1 in
the Sulfolobus host following UV induction is reminiscent of those
of well-known bacterial and eukaryal viruses. However, the mech-
anistic basis for this regulation is unclear.

How is lysogeny established and maintained following SSV1
infection of its host? Recently, an ~300-nt novel transcript,

128 mmbr.asm.org

Microbiology and Molecular Biology Reviews

termed T-lys, was identified by studying SSV1 lysogeny in S. sol-
fataricus InF1 (116). T-lys is located between T-ind and T6 and is
transcribed in a direction opposite that of T-ind. In InF1(SSV1),
an S. solfataricus InF1 lysogen carrying SSV1, T-ind was not pro-
duced, as expected, but T-lys was highly expressed. The amount of
T-lys was reduced to 20% of the initial level in a late growth phase,
consistent with the observation that SSV1 replication was induced
in the stationary phase. T-lys was not detectable in the UV-irradi-
ated InF1(SSV1) lysogen, suggesting that its role is restricted to the
lysogenic state of the virus. T-lys encodes a 6.5-kDa protein
termed F55. F55, existing as a dimer in solution, is a putative RHH
transcription regulator and shares significant amino acid se-
quence similarity with proteins of the NikR and CopG families.
DNA binding assays showed that F55 bound to an 11-bp specific
site, located in the promoter sequences for T5, T6, T-ind, as well as
T-lys. The binding site of F55 overlaps the transcription start site
(TSS) and the BRE of these promoters. Therefore, binding by F55
to the target sequence would presumably interfere with the re-
cruitment of RNAP to the promoter or the formation of the TBP-
TFB-DNA ternary preinitiation complex, turning off transcrip-
tion from the corresponding promoter (Fig. 6). In accordance
with its differential binding affinities for different target se-
quences, F55 appeared to bind first to the promoters of T5 and T6,
then to the promoter of T-ind, and finally to its own promoter, in
a concentration-dependent manner. It was speculated that F55
would be degraded or inactivated following UV irradiation of the
lysogenic host cell. These data suggest that SSV1 is, to a certain
extent, analogous to bacteriophage \ in establishing and main-
taining lysogeny. Like the CI repressor in a A lysogen, F55 may play
a key role in repressing SSV1 genome transcription by blocking
transcription from the upstream promoters (T5 and T6 promot-
ers) of a regulatory cascade. However, there are differences be-
tween the two systems, since CI is the only N-encoded protein
synthesized in a N lysogen, whereas genes encoding several pro-
teins, in addition to F55, were expressed in an SSV1 lysogen. This
may be related to the fact that, unlike \, which exists only as a

March 2015 Volume 79 Number 1


http://mmbr.asm.org

prophage in the lysogen, both integrated and episomal forms of
SSV1 are present in the lysogenic host.

A genome-wide transcriptional profile has also been deter-
mined for SSV2, a non-UV-inducible member of the family Fu-
selloviridae, during infection of S. solfataricus P2 by microarray
analysis (108). The genome organization of SSV2 closely resem-
bles that of SSV1, and the two viruses share a number of homol-
ogous proteins. Seven nonoverlapping transcripts were predicted
according to, and were named after, their counterparts in the
SSV1 genome. It took about the same length of time (~9 h) for the
infecting SSV2 to turn on all the viral genes in the host cell as that
required for the transcription cycle of SSV1 in lysogenic host cells
following UV irradiation. SSV2 also exhibited a temporal pattern
of initiation of gene expression upon infection of its host (Fig. 5).
However, the sequence of gene expression for SSV2 upon infec-
tion of the host differed distinctly from that for SSV1 following
UV irradiation of an SSV1 lysogen. Transcription of early viral
genes followed a distributive pattern, as genes activated succes-
sively were not adjacently located on the genome. Transcription
was divided into an early stage and a late stage, separated at 4.5 h
p.i. The first viral gene found to be expressed was ORF305. This
gene, located on a monocistronic transcript equivalent to SSV1
T3, was detected at 1 h p.i. The ORF305 mRNA was the most
abundant of all viral transcription products throughout the cycle
of transcription. This contrasts sharply with SSV1 A291, a ho-
molog of ORF305, which was upregulated 6 h after UV induction.
SSV1 T3 was also one of the transcripts produced along with T-lys
in the InF1(SSV1) lysogen. Homologs of ORF305 are encoded by
all known fuselloviruses as well as S. islandicus, S. solfataricus, and
Metallosphaera yellowstonensis. Primary structure prediction sug-
gests that the product of ORF305 is a putative membrane protein
with a signal peptide at its N terminus and a transmembrane seg-
ment in the middle, probably playing a role in virus docking and
release. Expression of the genes encoding two structural proteins,
VP1 and VP3, transcribed as single transcripts but located distal
from ORF305, was detected at 2 h p.i. Transcription of ORF88a
and ORF106, two genes oriented in opposite directions and linked
with neither the ORF305 nor the VP1/VP3 genes, was detected at
3 p.i. By 4.5 h p.i,, ~15 genes residing exclusively on a ~10-kb
stretch of the genome were turned on, with only the T5 and T9
transcripts remaining undetected. SSV2 DNA replication started
to accelerate after 4.5 h p.i., and mature virus particles were re-
leased into the culture fluid at the same time. Nine more genes,
located mostly on T5 and T9 transcripts, were produced at 6 p.i. or
at about the same time as when viral DNA replication accelerated.
As observed for SSV1 genome transcription, the SSV2 integrase
gene, located at the 3" end of T5, was transcribed earlier than genes
upstream of it, implying that transcription of the integrase gene
alone occurred. At 7.5 h p.i., nearly all SSV2 genes were tran-
scribed. ORF72 and ORF79a, located in a region corresponding to
T-ind, were transcribed last, at 9 h p.i. These results show that
following infection of its host cell, SSV2 appeared to be engaged
first in preparation for virus assembly and release and subse-
quently in viral genome replication. In contrast, SSV1 replicates
its genome prior to synthesizing the structural proteins and pro-
teins likely involved in virus assembly and release, in the lysogenic
host cell after UV irradiation. Integration of SSV2 DNA into the
host genome apparently occurred concomitantly with the expres-
sion of the integrase gene and with the rapid accumulation of viral
DNA in the host cell. Like SSV1, SSV2 appears to depend heavily
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on its host for viral genome replication and transcription. The
expression of host genes encoding a number of replication and
transcription proteins was upregulated in SSV2-infected cells.
These proteins included Cdc6-1 (a replication initiator), MCM (a
replicative helicase), PolB1 (a presumed replicative DNA poly-
merase), and PCNA2 (a sliding clamp subunit). Upregulated host
genes also included those coding for reverse gyrase and topoisom-
erase VI, both of which are probably involved in DNA replication
and virus packaging. Likewise, host genes for RNAP subunit F,
TFBII, and a putative transcriptional regulator (SSO1255) were
upregulated in SSV2-infected host cells, indicating a crucial role
for the host in viral genome transcription. Increased expression of
these host proteins may help prevent a decrease in host DNA rep-
lication and transcription, which would otherwise occur as a result
of viral competition for the proteins. This also provides an expla-
nation for the lack of inhibition of host growth by SSV2 infection
during the infection cycle.

STIV. Genome transcription of the lytic icosahedral virus STTV
following infection of S. solfataricus 2-2-12 has been studied by
microarray assays (109). STIV showed a rather slow infection cy-
cle of ~32 h, with the viral genome first being detected in infected
host cells at 16 p.i. and host cell death being observed toward the
end of the infection cycle. Following STIV infection of its host,
four viral transcripts with nine genes were first detected at 8 h p.i.
(Fig. 5). Interestingly, among the early transcripts was a monocis-
tronic transcript encoding C92, a 9.8-kDa membrane-bound pro-
tein. C92 has been shown to form pyramid structures for the re-
lease of mature virions (117). It is worth noting that the first viral
gene (ORF305) expressed upon SSV2 infection of the host cell also
encoded a membrane protein speculated to be involved in virus
release. Transcription of most viral genes (31 in all) was detected
at 16 h p.i. and peaked at 24 h p.i. Genes encoding eight out of nine
virus-encoded proteins identified in STIV virions, located in three
separate regions of the genome, were coordinately transcribed at
16 h p.i., and maximum levels of expression were achieved at 24 h
p.i. Significant transcription of the last two genes and some inter-
genic regions was detected at 24 h p.i. Therefore, unlike the fu-
selloviruses SSV1 and SSV2, STIV does not show strong temporal
regulation of genome transcription. In response to STIV infec-
tion, a small fraction (6%) of host genes was differentially ex-
pressed compared to uninfected cells. Of the 41 host genes up-
regulated by >4-fold, many were associated with functions in
DNA replication and transcription. Of particular interest were
genes encoding the replication initiation proteins Cdc6-1 and
Cdc6-3. Other upregulated replication and transcription genes
included those encoding reverse gyrase, a TFIIB paralog, the M
subunit of RNAP, and a putative transcriptional regulator. The
gene encoding Sso7d was also upregulated in STIV-infected cells,
consistent with the proposed role for the chromatin protein in
viral DNA packaging (118). STIV appears to share limited but
potentially interesting similarity to SSV2 in eliciting a host re-
sponse to infection. The expression level of the Cdc6 gene was
significantly increased in both STIV- and SSV-infected host cells,
suggesting a shared feature in the initiation of their genome rep-
lication. However, fewer host replication genes were upregulated
in STIV-infected cells than in the SSV1-infected cells, presumably
because STIV has a longer life cycle than does SSV1 and, thus, may
not require the synthesis of additional host replication proteins for
its genome replication. The two viruses also use similar strategies
in recruiting host transcription machinery. A point of further interest
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is that among the 20 unannotated host ORFs upregulated in STIV-
infected cells, 7 were also upregulated in SSV2-infected cells (108,
109). Conceivably, these host genes may encode functions required
for steps shared by the two viruses in their infection cycles.

pSSVx. pSSVx is a plasmid-virus hybrid capable of coexisting
with SSV2, the helper virus, in S. islandicus REY15/4 and spread-
ing as virus particles (119). Like SSV2, it exhibits a pattern of
inducible replication during host growth (120). Due largely to the
genomic simplicity of pSSVx, gene expression in this genetic ele-
ment has been investigated in detail (121, 122). There are 11 genes
in pSSVx. Four plasmid genes, i.e., the putative copy number reg-
ulation genes copG (ORF51) and ORF91, the replication gene
repA (ORF892), and the putative plasmid regulatory gene plrA
(ORF76), are shared with the plasmids of the pRN1 family. Three
viral ORFs are homologous to either fuselloviruses or other hybrid
plasmid virus elements, whereas the remaining four are small
RNA genes coding for CRISPR RNA1 (crRNA1) through crRNA4.
In the early growth phase, pSSVx is present at a low copy number
in the host, and only three genes, i.e., plrA and genes for ctRNA1
and ctRNA2, are expressed at high levels. Genes encoding ctRNA1
and ctRNA2, identified by Northern hybridization, are tran-
scribed in a direction opposite that of copG (ORF51) and ORF91
(121). Therefore, the two RNAs are complementary to the copG
and ORF91 mRNAs, respectively. Transcription from the rep
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operon of copG-ORF91-repA terminates prematurely at the 3’ end
of copG or copG-ORF91, yielding two short transcripts lacking the
repA gene. Upon induction, premature termination was attenu-
ated, allowing the repA gene to be transcribed, yielding the long
transcript of the rep operon covering the entire rep operon. Dur-
ing this stage, ctRNA1 and ctRNA2 are kept at undetectable levels,
whereas two repA-containing transcripts (copG-ORF91-repA and
ORF91-repA) are highly expressed. At the same time, induction of
virus and plasmid replication occurs. These observations suggest
that the two crRNAs might have inhibited the transcription of the
repA operon by mediating premature termination. A model has
been proposed for the predicted regulatory events in the induction
of genome replication of the plasmid-virus hybrid (Fig. 7).

Assembly and Release

Assembly. Several archaeal viruses, such as SIRV2, STIV, HHIV-2,
SH1, phiH, and phiChl, have been shown to form progeny capsid
particles in the host cytoplasm. Morphologically similar rudiviruses
(SIRV1, SIRV2, ARV, and SRV) all possess a tube-like superheli-
cal structure formed by dsDNA and multiple copies of the major
capsid protein (MCP), which is glycosylated and highly conserved
(83 to 95% identity among the known rudiviruses) (52). The crys-
tal structure of p134 (ORF134), the rudiviral MCP, reveals a
unique four-helix-bundle topology (296). Recombinant ARV1
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FIG 8 Schematic representation and micrographs of SIRV2 release from the host cell. Late during infection, progeny virions are assembled and aligned into
clusters in the cytoplasm of the host cell and VAPs (red lines) at the cell surface, rupturing the S layer and pointing outwards. Mature virions and the cytoplasm
were released upon the opening of the VAPs, leaving behind the cell envelope as a perforated and empty shell. (Reproduced from reference 111 with permission.)

p134, overproduced in Escherichia coli, was able to self-assemble
into filamentous superhelical structures of uniform widths and
various lengths, and the optimal conditions for the self-assembly
of p134 were close to those of the virus’s habitat, indicating that
the single MCP alone can generate the body of the virion in the
host cytoplasm (27). The nucleocapsid and virion structures of
lipothrixviruses are more complex than those of rudiviruses.
AFV1, a gammalipothrixvirus, has two DNA-binding MCPs
(AFV1-132 and AFV1-140) (123). Notably, both AFV1 MCPs
possess a four-helix-bundle fold resembling that in the MCP of
SIRV (SIRV-134), a finding not only in support of the recent
grouping of the two viral families into the order Ligamenvirales
but also suggestive of a possible similarity in the architectural roles
of MCPs of the two viral families (69). Indeed, mixing of either of
the two AFV1 MCPs with X\ DNA fragments gave rise to long
flexible filaments in vitro (123). Although these filaments are not
directly relevant to virion structure, both proteins are likely in-
volved in nucleocapsid assembly. Cryo-EM showed that native
and SDS-stripped AFV1 displayed zipper-like structures charac-
teristic of two-dimensional projections at different angles of a du-
plex DNA superhelix that would span the entire viral core. In-
triguingly, the two MCPs differ drastically in physicochemical
properties: the C terminus of AFV1-132 is highly positively
charged (pI 9.5), like that of SIRV-134, whereas that of AFV1-140
shows a marked hydrophobic feature. Because both proteins bind
DNA, it has been proposed that the DNA wraps around AFV1-
132, and the AFV1-140 N terminus is attached to the DNA, while
its globular lipophilic C-terminal domain is more exposed at the
surface, such that it might become part of the envelope, forming a
lipid-protein layer. How the AFV1 nucleocapsid is formed re-
mains to be understood.

Aeropyrum coil-shaped virus (ACV), with a unique nonenvel-
oped, hollow, cylindrical virion architecture, represents another
mode of linear nucleocapsid organization. Based on transmission
electron microscopy (TEM) images of dissembled ACV virions,
the circular nucleoprotein formed on the ssDNA genome adopts
two levels of organization by intertwining two halves of the circu-
lar molecule and supercoiling the resulting helix to produce the
cylindrical helix of the virion (21).

STIV is a structurally well-studied Sulfolobus virus, which has
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an icosahedral protein shell dotted with turret-like structures
pointing outwards at 12 5-fold vertices and an inner membrane
enclosing a circular dsDNA genome (124). Mass spectrometry
analyses have identified 11 proteins in the virion, 9 of which are
virus encoded and 2 of which are host derived. In addition to the
MCP, four viral proteins are believed to be involved in turret for-
mation. The Sulfolobus chromatin protein Sso7d, one of the host
proteins in the virion, is likely involved in the packaging of the
viral genome (55). Observations of partially built virus particles in
cellular electron tomograms of STIV-infected host cells suggest
tight coupling in the assembly of the viral protein shell and the
membrane. The viral membrane lipids are believed to be synthe-
sized de novo. The insertion of the MCP into the lipid layer
through its C terminus anchors the internal membrane to the
protein shell. After the procapsid is formed, it is subsequently
filled with the viral DNA in an unknown process.

Assembly of archaeal viruses of other morphotypes is less known.
However, given the structural diversity of non-stick-shaped viruses,
various strategies for virion assembly are conceivably adopted.

Release. The release of mature virions from infected host cells
completes the viral infection cycle. Recently, elegant analyses have
begun to shed light on this step in several well-investigated ar-
chaeal virus-host systems. In their study of the SIRV2-host inter-
action, Prangishvili’s laboratory discovered a novel virus release
mechanism not found previously for other viruses (111). Follow-
ing infection of S. islandicus by SIRV2, massive degradation of
host chromosomal DNA started to occur in the early stage. This
was followed by the assembly of virions in the cytoplasm in the
form of several densely packed bundles of ~50 virions, arranged
side by side. Remarkably, heptagonal pyramidal structures,
termed VAPs (virus-associated pyramids), appeared at the cell
surface at the same time, rupturing the S layer and pointing out-
wards (Fig. 8). Mature virions and the host cytoplasm were re-
leased upon the opening of the VAPs, leaving behind the cell en-
velope as an empty shell. This mechanism of virus release differs
distinctly from those used by lytic bacteriophages, which are re-
leased from the host cell either by degrading peptidoglycan or by
inhibiting cell wall synthesis. VAPs were isolated from the mem-
brane fraction of SIRV2-infected cells as stable, hollow, baseless
pyramids with seven faces. These structures consisted of multiple
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copies of a single SIRV2 protein, P98, which was predicted to be a
type II membrane protein and was self-sufficient to form the pyr-
amid structure. However, questions remain concerning what drives
the assembly of the virion bundles and how the well-orchestrated
opening of VAPs and virion release are achieved. It has long been
believed that most crenarchaeal viruses, including SIRV2, are
nonlytic and exist in a stable carrier state on the basis of the ab-
sence of signs of cell lysis following viral infection. The finding that
SIRV2 is a lytic virus, therefore, has necessitated a revisiting of
these viruses.

Interestingly, this virion egress mechanism also appears to be
used by STIV (54, 292). Young’s laboratory showed that STTV
virions were assembled in the host cell. While DNA-free precap-
sids were scattered around the cytoplasm, those filled with the
viral genome were packed into well-organized quasicrystalline ar-
rays in a way similar to that observed for the assembly of SIRV2
virion bundles before viral release. STIV-infected host cell developed
pyramidal structures protruding from the cell surface. The pyramid
was seven-sided, with sharply defined facets and apex. A 9.8-kDa
membrane-bound viral protein, C92, was enriched in the membrane
fraction of STIV-infected cells (117). This protein is homologous to
P98 of SIRV2 (125, 126). Sulfolobus cells overproducing C92 devel-
oped pyramidal protrusions in the absence of viral infection, imply-
ing that the protein alone is sufficient to form pyramid structures.
The use of similar egress mechanisms by morphologically and
genomically distinct viruses is indicative of independently evolved
morphogenesis and virion release pathways in archaeal viruses.

Recently, it was demonstrated that the S. solfataricus ESCRT-
III machinery may be involved in the assembly and egress of STTV
(127). The ESCRT gene cluster comprising vps4 (SSO0909), an
ESCRT-III gene (SS00910), and cdvA (SSO0911) was among the
most highly upregulated gene clusters in S. solfataricus infected
with STIV (109). Physical interactions between an ESCRT-III
paralog (SS00619) and the MCP of the virus and between another
ESCRT-III paralog (SSO0910) and the pyramidal protein C92 were
identified in a yeast two-hybrid screen. Immunolocalization by epi-
fluorescence microscopy and transmission electron microscopy lo-
calized Vps4 to the pyramid lysis structure. When a mutant vps4 gene
was overexpressed in the host cell, a productive STIV infection was
abrogated. Therefore, it appears that STIV is able to hijack the host
ESCRT machinery for its assembly and release.

Integration and Excision

Many archaeal viruses are capable of integrating their genome into
the host genome, allowing their host to establish lysogeny. A
growing list of these viruses now includes crenarchaeal viruses,
e.g., SSV, ATV, STSV1, TPV, APSV1, and APOV], and euryar-
chaeal viruses, e.g., psiM2, phiCh1, and BJ1 (Table 2) (128). All of
these viruses encode an integrase, which catalyzes both integration
and excision of the viral DNA through site-specific recombina-
tion. However, integration activity has been experimentally dem-
onstrated only for fuselloviruses and ATV (19, 114).

Integrases encoded by archaeal viruses and plasmids are all
members of the tyrosine recombinase superfamily and fall into
two types, the SSV1 type and the pNOBS type. Both types of ar-
chaeal integrase target tRNA genes on the host chromosome.
However, their integration mechanisms are distinguished by the
location of the viral attachment sequences and the active-site res-
idues of the enzymes. For SSV1-type integrases, the attachment
site in the viral genome (attP) is located in the integrase gene

132 mmbr.asm.org

Microbiology and Molecular Biology Reviews

proximal to the 5" end, whereas for pPNOB8-type enzymes, the attP
sequence is upstream of the integrase gene (130, 131). Therefore,
the SSV1-type integrase gene is split upon viral integration into
two fragments, termed intN and intC, found at the boundaries of
the integrated viral genome. Once the free form of the viral ge-
nome is lost, the provirus would become fixed in the host chro-
mosomes. This may serve as a mechanism for horizontal gene
transfer (HGT) (132). In addition, the conserved signature se-
quence in SSV1-type integrases (R. . . KXXR. ..Y) differs from that
in the pPNOBB8-type integrases (R. . .YXXR...Y), both of which are
different from the bacterial signature sequence (R. . . HXXR...Y)
(131). Integrases encoded by all known archaeal viruses and some
plasmids are of the SSV1 type, whereas those encoded by other
archaeal plasmids and putative proviruses of euryarchaea belong
to the pNOBS type.

SSV1 integrase. SSV1 integrase (Int>>¥!) is the prototype of
SSV1-type integrases. It is the only archaeal integrase that has been
extensively studied so far. Int>*V! catalyzes the integration of the
SSV1 genome into a tRNA™"® gene (CCG) in its natural host S.
shibatae or in a foreign host. Integration entails site-specific re-
combination between viral and chromosomal attachment sites,
attP and attA, respectively, to generate a right and a left proviral
attachment site, attR and attL, respectively. A 44-bp invariant se-
quence is found at each att site. This 44-bp sequence comprises the
downstream half of the tRNA*" gene and flanks the provirus as
direct repeats (114, 133). Consequently, the integration of the
SSV1 DNA into the host genome does not result in the disruption
of the target tRNA""® gene, as shown for viral and plasmid inte-
gration in many other prokaryotes (133, 134). Int>*V! is not an
essential protein for SSV1. SSV1 lacking the Int>*V" gene is capable
of completing the infection cycle but is unable to integrate into the
host genome (135).

The biochemical properties of Int were first studied by
Muskhelishvili et al. (136, 137). They showed that the enzyme
catalyzed both integration and excision reactions. No additional
accessory proteins were apparently required for the excision reac-
tion, compared to those for the integration reaction. Int>*"'-me-
diated recombination occurred on linear and negatively and pos-
itively supercoiled DNAs but preferentially on linear templates.
Those researchers found that the 44-bp invariant sequence was
sufficient to support recombination, although the efficiency of
recombination was affected by the flanking sequences. Further-
more, an 18-bp sequence within the att site was identified as the
binding site for Int>*"", as revealed by footprinting. For unknown
reasons, however, their in vitro recombination assays of Int>SV!
have not been successfully established in other laboratories (138).
Therefore, in their studies, Serre et al. employed assays targeting
other activities of Int>V! (138, 139). They showed that Int**V! was
able to cleave a 19-bp duplex DNA containing the above-men-
tioned 18-bp sequence, generating a nick on each of the two DNA
strands in vitro. The two points of cleavage were offset by a stretch
of 7 bp, referred to as the overlapping region, which corresponds
perfectly to the anticodon loop of the target tRNA. Int>s¥! em-
ployed a cleavage mechanism depending on the active-site residue
Tyr’'* and formed a 3'-phosphoprotein intermediate during the
cleavage reaction, as found for bacterial and eukaryal tyrosine re-
combinases. Like \-Int, Int>*V" also exhibited type IB topoisom-
erase activity, being able to relax both positively and negatively
supercoiled DNA. Interestingly, in vitro complementation be-
tween the inactive Int>*V! Y314F mutant and other inactive Int**"!

SSV1
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mutants containing a substitution at each of the canonical resi-
dues forming the catalytic pocket of this family of recombinases
restored the catalytic activity of the enzyme, suggesting that, as
found with the yeast Flp recombinase (140), the active site of
Int*Y! is formed by Tyr*'* from one monomer and the other
residues from another monomer. Domain analysis revealed that
Int%Y! comprised an N-terminal domain and a C-terminal cata-
Iytic domain with similar sizes (residues 1 to 173 and residues 174
to 334, respectively), based on sensitivity to chymotrypsin treat-
ment and amino acid sequence comparison with other tyrosine
recombinases (142). Gel filtration assays showed that full-length
Int%V! existed as a dimer in solution. The N-terminal domain was
responsible for the dimerization of Int>>V"!, whereas the C-termi-
nal domain was capable of DNA cleavage and ligation although at
efficiencies significantly lower than those of the full-length pro-
tein. In addition, neither domain alone showed a strong sequence
preference for DNA binding. Presumably, recognition of the tar-
get sequence and efficient catalysis by Int>V! require covalent
linkage and interdomain communication between the two do-
mains. Recently, the crystal structure of the C-terminal domain of
Int>SV! was resolved (141, 142). The structure reveals a core fold
similar to those of tyrosine recombinases of both bacterial and
eukaryal origins, pointing to the conservation of these enzymes
among the three domains of life. Five of the six catalytic residues
cluster around a basic cleft on the surface of the structure, and the
nucleophile Tyr*'* is located on a flexible loop stretching away
from the central cleft, supporting the suggestion from in vitro
complementation experiments that the catalytic tyrosine is deliv-
ered to a neighboring subunit in trans.

Integrative genetic elements and their impact on genome evo-
lution. Interrogation of the rapidly accumulating genome se-
quencing data has made it increasingly clear that extrachromo-
somal genetic elements (ECEs) and their hosts exhibit more
mutually beneficial interactions than previously appreciated. In
many eukarya, integrated retroviruses and repetitive elements of a
retroviral origin comprise a large fraction of their genomes. For
example, ~42% of the human genome sequence is derived from
retroviruses, and these retroviral elements produce insertion mu-
tations and facilitate DNA recombination, playing important
roles in generating genetic novelty and driving genome evolution
(143, 144). Archaea and Bacteria are single-celled organisms that
can easily exchange genetic materials via three well-known mech-
anisms: direct uptake of naked DNA, plasmid transfer through
conjugation, and virus transduction. After entering a host cell, the
foreign DNA has two alternate fates: to become an integral part of
the host genome or to be degraded. To ensure better survival,
many ECEs have developed a strategy to integrate into their host
chromosome via site-specific recombination, forming proviruses
and integrated plasmids. Indeed, in the early 2000s, when only a
few archaeal genome sequences were available, intact and degen-
erated integrated genetic elements were already identified in dif-
ferent archaeal genomes, including those from Sulfolobus, Aeropy-
rum, and Pyrococcus species (132). Some of these ECEs encode
novel enzymes absent from their hosts, demonstrating that inte-
grative genetic elements are an important vehicle of horizontal
gene transfer (HGT) in Archaea. In addition, these integrative
extrachromosomal genetic elements may interact with other mo-
bile genetic elements such as insertion sequence (IS) elements and
transposons and thus function as a vector in HGT. Once inte-
grated into the host chromosome, these genetic elements may
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facilitate genomic rearrangements via homologous recombina-
tion, resulting in gene gain/loss and thereby providing an impor-
tant mechanism for genome evolution in Archaea and Bacteria
(130, 145, 146).

The integration of a mobile genetic element into its host ge-
nome is mediated by either an SSV1-type or a pNOB8-type inte-
grase in Archaea. The former integrase, found only in Archaea,
promotes the integration of genetic elements into their host chro-
mosome, as discussed above for SSV1/2, whereas the latter en-
zyme catalyzes integration reactions in the same fashion as for the
bacteriophage \-type integrase but carrying a signature sequence
distinct from that of the bacterial enzyme, as discussed above. All
known archaeal conjugative plasmids encode a pNOB8-type inte-
grase and are capable of integrating into their host chromosome at
a tRNA gene. In archaeal genomes, some integrated or captured
genetic elements are still recognizable as intact genetic entities.
pXQ1 and XQ2, identified in the S. solfataricus P2 genome, were
the first examples of these genetic elements. The two integrated
elements are bordered by direct repeats (130, 131). The genomic
regions harboring the two genetic elements are enriched in trans-
posable insertion sequence elements, and one of the insertion se-
quences is inserted in the middle of the putative replication gene
of pXQl. In addition, a cluster of genes with sequences nearly
identical in sequence to two regions of the Acidianus two-tailed
virus (ATV) is present in the chromosome of S. solfataricus P2
(19). A close examination revealed that these gene fragments are
located within the integrated genetic element XQ2 identified pre-
viously (132), and all of the genes encode unknown functions.
Genes homologous to those of SSVs have also been identified in
the S. solfataricus P2 genome, but the integration sites for the
viruses are not recognizable (147). Similar studies on a few other
archaeal genomes have led to the identification of a number of
complete genetic elements or their remnants (130, 131).

While bioinformatic analyses revealed that the numbers of
HGT genes were similar for all archaeal genomes, the numbers of
identifiable integrated or captured genetic elements in a genome
varied among archaeal species. There appears to be a positive cor-
relation between the number of ECEs that have been isolated and
the number of genetic elements integrated into the host genome in
an archaeal species. To date, both integrated elements and plas-
mids/viruses have been identified most frequently from members
of the Sulfolobaceae, Thermococcaceae, and Methanococcaceae.
This may result from biased research efforts, which have focused
mainly on genetic elements in these three archaeal families (see
below). It is generally accepted that integrative genetic elements
have played important roles in genome evolution in all archaea, as
in bacteria. Indeed, when Cortez et al. employed an in silico
Markov model-based strategy to analyze clusters of atypical genes
(CAGs) in 119 archaeal and bacterial genomes, they found that
only 7% of CAGs are likely transferred horizontally from distantly
related cellular organisms, whereas 93% of CAGs are probably
derived from ECEs that are either already known or not yet dis-
covered (148).

ARCHAEAL PLASMIDS

All known archaeal plasmids are derived from the three physio-
logical categories of extremophilic archaea, thermophiles, halo-
philes, and methanogens. These are exactly the three types of ar-
chaeal organisms that Carl Woese and colleagues employed to
construct the phylogenetic tree of life. However, neither thermo-
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philes nor methanogens represent a phylogenetic term since they
are comprised of very diverse organisms. While some thermo-
philes are members of the Crenarchaeota, others belong to the
Euryarchaeota together with methanogens and halophiles (1). Re-
search on archaeal plasmids has been focused on a narrow range of
archaea, including members of the Sulfolobaceae, Haloarchae-
aceae, and Thermococcaceae, and various methanogens. Interest-
ingly, archaeal plasmids isolated from more closely related organ-
isms usually share more genes with one another. Because of this as
well as the fact that replication mechanisms remain largely un-
known for most archaeal plasmids at present, archaeal plasmids
could be classified into four main groups, i.e., sulfolobus, haloar-
chaeal, thermococcal, and methanogenic plasmids. The first three
groups include plasmids isolated from organisms of the Sulfolo-
baceae, Haloarchaeaceae, and Thermococcaceae, respectively, and
the last group represents a collection of plasmids from various
methanogens (see Table S2 in the supplemental material). This
classification scheme is supported by the genetic dissimilarity
shown by plasmids isolated from distantly related archaeal organ-
isms using an operon similarity analysis (149).

Genomic Features

Sulfolobus plasmids. A total of 24 crenarchaeal plasmids or plas-
mid-virus hybrids have been isolated from Sulfolobaceae. They are
temporarily named sulfolobus plasmids because all but two of
these plasmids were isolated from Sulfolobus species. The only two
plasmids that were not derived from Sulfolobus were isolated from
Acidianus species of the family Sulfolobaceae. Grouping of the two
Acidianus plasmids with related sulfolobus plasmids is supported
by sequence analysis (150, 151) and by genetic dissimilarity anal-
ysis (Fig. 9).

All sulfolobus plasmids are related, as they share a few DNA-
binding proteins, although their putative replication proteins
tend to differ. The most highly conserved ORF among these plas-
mids, represented by pRN1 ORF80, is a DNA-binding protein of
unknown function. This protein was first identified in a few cryp-
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tic plasmids through genome comparisons and was designated
plasmid regulatory protein A (PIrA) (150). Genes encoding ho-
mologs of PIrA are also present in some archaeal conjugative plas-
mids (152, 153) and in all known genomes of members of the
Sulfolobaceae, including 10 Sulfolobus strains, Metallosphaera
sedula, and Acidianus hospitalis. Since this ORF is absent from all
other archaeal genomes and genetic elements, the genomic copies
of plrA in the Sulfolobaceae are speculated to be derived from
cryptic and conjugative plasmids via HGT.

The PIrA proteins of pRN1 and pSSVx have been character-
ized. The protein binds to two sites in its own promoter, and the
two binding sites are located 60 bp apart (154, 155), suggesting
that PIrA regulates its own expression. It was further shown that
PIrA formed higher-order complexes upon DNA binding, pre-
sumably via protein-protein interactions (154, 155). Interestingly,
PIrA has been implicated to play a role in plasmid segregation in in
vivo experiments, since plasmid vectors derived from either pRN1
or pRN2 lacking the plrA gene are less stable than those con-
structed from the corresponding wild-type plasmids (65, 156).
Currently, it remains unknown how the biochemical properties of
the PIrA protein are related to its in vivo function.

Another conserved ORF in sulfolobus plasmids encodes a tran-
scriptional repressor that shows a high level of sequence similarity
to CopG, a ribbon-helix-helix (RHH) DNA-binding protein con-
served in bacterial pMV 158 family plasmids (157). For the bacte-
rial systems, it was demonstrated that CopG employs two distinct
mechanisms to regulate the expression of the rep operon: (i) hin-
dering the binding of RNA polymerase to the promoter and (ii)
displacing RNA polymerase once the enzyme has formed a stable
complex with the promoter (158). Likewise, the archaeal CopG
protein is expected to function as a transcriptional factor to re-
press the expression of replication proteins and thereby regulate
the copy number of the plasmid (159). However, the function of
these DNA-binding proteins has not yet been investigated in vivo
for any archaeal genetic elements so far.
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Cryptic plasmids. Although all cryptic plasmids isolated from
organisms of the Sulfolobaceae share several small DNA-binding
proteins, including CopG and PIrA homologs, their putative rep-
lication proteins are highly diverse (60). Some of them clearly
form a group, as they encode a homologous replication protein
(RepA). These RepAs are very large proteins carrying a primase/
DNA polymerase (Prim/Pol) domain at the N terminus and a
helicase domain at the C terminus. The RepA gene often accounts
for over one-third of the genome in these plasmids. pRNT1 is the
prototype of this group of plasmids, and therefore, these plasmids
are referred to as the pRN1 family plasmids (Fig. 9). pRN1 coexists
in S. islandicus REN1H1 with pRN2, another cryptic plasmid of
the same type. However, the two plasmids replicate independently
(12, 160). This group also includes pHEN7 from S. islandicus
HEN7, pDLI0 from the A. ambivalens, and pSSVx, a plasmid-
virus hybrid, from S. islandicus REY15/4 (119, 150, 151).

The genomes of pRN1 family plasmids exhibit a modular or-
ganization of conserved and nonconserved sequences. The con-
served modules consist of at least three genes, which encode RepA,
its regulator(s), and PIrA, respectively, forming either one or two
sequence modules separated by nonconserved DNA stretches at
one or both junctions (151). A conserved sequence motif, 5'-TT
AGAATGGGGATTC-3', is present at the junctions between the
conserved and nonconserved sequence regions in all of these plas-
mids, and this has led to the hypothesis that recombination at
these conserved sequence motifs permits the formation of novel
but related pRN1 plasmids (151).

The remaining Sulfolobus cryptic plasmids, including pSSVi,
pXZ1, pIT3, pORAIL, pTAU4, and pTIK4, encode putative repli-
cation proteins either distantly related or unrelated to those of
the pRN1 family. Furthermore, they are distantly related among
themselves, as shown by genetic dissimilarity analysis (Fig. 9). Two of
these plasmids, i.e., pTAU4 and pSSVi, encode a helicase as their
putative replication protein. pTAU4, a cryptic plasmid isolated
from S. neozealandicus, encodes a homolog of MCM (161), a rep-
licative helicase for chromosomal replication in Archaea and Eu-
karya (162), whereas pSSVi, a novel plasmid-virus hybrid identi-
fied in S. solfataricus P2, contains a gene for a superfamily 3
helicase (163). Putative replication proteins of pXZ1 and pORA1
(161, 164) show significant sequence similarity to that of the ther-
mococcal plasmid pTN2 (PolpTN2), and these proteins carry a
Prim/Pol domain and are very distantly related to the RepAs of the
pRN1 family plasmids (165).

Bioinformatic analysis has furthermore shown that replication
proteins containing the Prim/Pol domain are widespread in vi-
ruses and plasmids of both archaeal and bacterial origins. These
proteins exhibit little conservation in sequence and domain orga-
nization, except for the Prim/Pol domain, among distantly related
viruses and plasmids (166).

Conjugative plasmids. A total of 12 conjugative plasmids (CPs)
have been identified in Archaea, and they are all derived from
members of the Sulfolobaceae. The first archaeal CP to be charac-
terized was pNOBS from Sulfolobus sp. strain NOB8H2, a strain
isolated from a hot spring in Japan (167, 168). Subsequently, sev-
eral CPs, including pING family plasmids (pKEF9, pHVE14,
PARNS3, and pARN4) and pSOG family plasmids, have been iso-
lated from different S. islandicus strains derived from enrichment
cultures of Icelandic hot spring samples (12, 41, 169). Recently, a
conjugative plasmid, pAH1, was obtained from Acidianus hospi-
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talis. A survey revealed that up to 3% of the Sulfolobus isolates
contain a CP (41).

While some of the archaeal CPs are relatively stable, others
exhibit striking genome instability. Interestingly, closely related
CPs may differ significantly in stability. For example, pNOBS8
shows a low copy number and is stably maintained in Sulfolobus
NOB8H2, the native host. However, this plasmid readily forms a
variant plasmid, pNOB8-33, following introduction into S. solfa-
taricus through conjugation, and subsequent incubation of the
transcipient leads to an increase in the copy number of pNOBS-
33, which is followed by plasmid curing in recipient cells (41, 168).
Plasmid pNOB8-33 carries a deletion of an ~8-kb stretch of se-
quence, which encodes proteins homologous to the ParA ATPase
and ParB DNA-binding protein, components of the bacterial plas-
mid partitioning and chromosomal segregation system (168). In
bacteria, the Par proteins interact with the DNA element parC-
parS and actively partition the replicated genomes of the plasmid
or chromosome (170). Whether the pNOB8 ParA and ParB ho-
mologs serve a similar function in Sulfolobus and whether the loss
of the parAB genes is responsible for the instability of pNOB8-33
remain to be investigated.

As a second example, pSOGI and pSOG2, two CPs from S.
islandicus SOG2/4, share ~1/3 sequence homology (153). In the
original host, pSOGI exists at a very low copy number (153). After
introduction into S. solfataricus through conjugation, pSOG1 was
recovered as a high-copy-number plasmid. However, this plasmid
was eventually cured from the foreign host during prolonged in-
cubation of transcipients, presumably as a result of the activity of
the host CRISPR-Cas (clustered regularly interspaced short palin-
dromic repeats—CRISPR-associated) system. On the other hand,
upon conjugation between S. islandicus SOG2/4 as the donor and
S. islandicus HVE10/4 as the recipient, pSOG2 was obtained. In-
terestingly, this plasmid was stably maintained in both S. islandi-
cus and S. solfataricus, suggesting that it did not activate the de-
fense action of the host CRISPR systems. Since both CPs were
derived from the same host, it was postulated that these CPs or
their ancestors might have undergone genetic variation during
conjugation (153).

The third example is the pING1 family CPs in S. islandicus
HEN2P2, which exist as a mixture of unknown plasmids. Their
conjugation into S. solfataricus resulted in various plasmid vari-
ants (41, 171). A few relatively stable pING1 family plasmids have
been characterized by sequencing, whereas conjugative variants
(pING4 and pING6) and nonconjugative but transferable variants
(pING2 and pING3) have been identified (171). Strikingly, a large
two-OREF IS element containing identical homologs of ORF213
and ORF408 in the S. solfataricus P2 genome is absent from
pINGI, the prototype of this plasmid family, but is present in all of
the other stable variants. Conceivably, transposition of the IS ele-
ment may have facilitated changes in pING1 plasmids in S. solfa-
taricus, leading to the formation of relatively stable derivatives.

The nature of the instability of Sulfolobus conjugative plasmids
is not understood so far, but some clues may be obtained from an
analysis of available data. First, the arms race between CPs and
host CRISPR-Cas systems may facilitate genetic changes in CPs.
The host immune system is capable of specifically recognizing
DNA sequence stretches (targeting sites) in CPs and degrading
them by using a small-RNA-based mechanism (see “CRISPR Sys-
tems,” below). CPs lacking the targeting sites may be able to evade
the host defense system. Furthermore, the CRISPR defense of CP
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conjugation may generate double-stranded DNA breaks, which
will facilitate homologous recombination between CPs them-
selves and between CPs and host genomes, yielding CP variants
that are subjected to CRISPR selection. Second, homologous re-
combination at specific DNA sequence motifs may lead to the
generation of CP variants. The nonconserved genomic regions of
conjugative plasmids are bordered by a sequence repeat capable of
forming a hairpin structure (5'-TAAACTGGGGAGTTTA-3")
(152). This motif has been shown to be responsible for generating
non-self-transferable pING2 and pING3 from the conjugative
plasmids pING4 and pING6 of the pING family, respectively (41,
171). Interestingly, this motif shares a high level of sequence sim-
ilarity with the putative recombination motif (5'-TTAGAATGG
GGATTC-3’) identified in the cryptic plasmid family, suggesting
that the recombination mechanism for plasmid diversification in
Sulfolobaceae is conserved.

Comparative genomic analyses of six Sulfolobus conjugative
plasmids revealed three conserved and functionally distinct mod-
ules in the genomes, i.e., sections A, B, and C (41, 152). Section A
encodes probably all the components of the conjugative appara-
tus. All proteins encoded by section A ORFs are predicted to
possess transmembrane helix motifs, a feature characteristic of
proteins involved in DNA transfer. These include two ATPase
proteins that are likely homologs of the bacterial conjugative pro-
teins TraG and TraE (168). Section B contains a putative origin of
replication with a highly conserved sequence, which features sev-
eral perfect and imperfect direct and inverted repeats. Also en-
coded in this section are homologs of the CopG and PlrA proteins
of pRN1 family plasmids as well as an integrase gene product of
the tyrosine recombinase family. Further downstream, in section
C, an operon encoding six to nine smaller proteins is implicated in
the initiation and regulation of plasmid replication (152). So far,
none of the above-described predictions has been verified exper-
imentally. Since versatile genetic tools, including efficient host-
vector systems, reporter gene assays, and highly efficient expres-
sion vectors (156, 172—174), have recently been developed for S.
islandicus Rey15A, a host for all the above-mentioned conjugative
plasmids except for pAH1 (175), it is now possible to conduct
genetic analyses of predicted plasmid functions in this model cre-
narchaeon.

Haloarchaeal plasmids. Haloarchaeal organisms form a mono-
phyletic and coherent taxonomic group, the family Haloarchae-
aceae, in 16S rRNA gene-based phylogenetic analyses of living
organisms. Haloarchaea usually contain a main chromosome and
several megaplasmids (176, 177). More than 15 haloarchaeal ge-
nomes are available in public databases, along with a large number
of genomes of haloarchaeal plasmids, most of which are obtained
from genome sequencing projects (40). Haloarchaeal plasmids
often exhibit dynamic interactions with chromosomes due to the
presence of a large number of insertion sequence elements. These
plasmids either exist in an episomic form or integrate into the
main chromosomes (178, 179), and host-plasmid interactions
lead to frequent exchanges of genetic information. Therefore,
some large plasmids (megaplasmids) carry genes essential for cell
viability. For this reason, these plasmids are also termed the sec-
ond chromosome in some haloarchaea in the literature (40, 180).
Minimal replicons have been determined for two large haloar-
chaeal plasmids, pHH1 and pNRC100 (181, 182), both of which
are involved in gas vacuole synthesis. Further analyses led to the
identification of a putative replication protein, RepH (haloar-
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chaeal replication protein homolog), a protein that does not show
any sequence similarity to replication proteins of plasmids of bac-
terial origin or those obtained from nonhalophilic archaea. While
it has been shown that some small haloarchaeal plasmids replicate
in an RCR or a unidirectional 6 mode, other haloarchaeal plas-
mids may replicate by using a mechanism involving a RepH or an
ORC (origin recognition complex) homolog, although none of
the putative replication proteins has been characterized so far
(40).

The current GenBank database contains 24 full-length RepH
homologs, most of which are from plasmids. Genes encoding a
large number of truncated versions of these proteins are present
on either the chromosomes or the plasmids of haloarchaea. A
phylogenetic tree of RepH, constructed on the basis of sequences
of the full-length RepH proteins, reveals at least two distinct types
of RepH (see Fig. S1 in the supplemental material). At the amino
acid sequence level, distantly related RepH proteins are so diver-
gent that no meaningful consensus sequences can be derived, sug-
gesting that these plasmid Rep proteins may function in distinct
manners. Thus, to what extent these plasmids share the mecha-
nisms of DNA replication remains to be investigated. The diver-
sity of haloarchaeal plasmids has also been examined by con-
structing a plasmid gene content tree from all entries for
haloarchaeal plasmids in GenBank (Fig. 10). This analysis shows a
complex picture for the haloarchaeal plasmids. For example, there
are two chromosomes and seven plasmids from Haloarcula maris-
mortui, which fall into four distinct groups according to plasmid
gene content analysis (183). The four smallest plasmids (pNG100
through pNG400, ranging from 33 to 50 kb in size) form one
group, whereas three larger ones (pNG500 to pNG700, ranging
from 132 to 410 kb in size) are different from one another (Fig.
10). Conceivably, there is a barrier to HGT between different plas-
mid groups in haloarchaea, contributing to the maintenance of
genome stability of these organisms.

Thermococcal plasmids. Members of the Thermococcaceae
thrive in geothermal aquatic environments, mostly in deep-sea
hydrothermal vents, where they play important roles in the ecol-
ogy and metabolic activity of microbial consortia. This archaeal
family has three genera at the present, Thermococcus, Pyrococcus,
and Paleococcus, all of which are obligate heterotrophs growing
anaerobically at temperatures of between 70°C and 105°C (42). A
number of Thermococcus and Pyrococcus strains have been isolated
from hydrothermal vents in the Atlantic, Indian, and Pacific
Oceans, and a systematic screening for extrachromosomal genetic
elements revealed that a large proportion of archaeal isolates carry
plasmids. Fifteen plasmids have been isolated and characterized so
far, and they fall into six different groups based on their putative
replication proteins (184, 185).

The mode of replication is known only for the small plasmids
pGTS5 and pTNT1, which were isolated from P. abyssi and Thermo-
coccus nautilus, respectively. Both plasmids replicate via an RCR
mechanism (186-188). Like pGT5 and pTNI, pRTI, another
small plasmid isolated from Pyrococcus sp. strain JT1, codes for a
protein containing two motifs similar to those of RCR proteins
and was originally regarded as an RCR plasmid (189). However,
its putative Rep protein does not share any sequence similarity to
those of pGT5 and pTN1. Instead, the pRT1 protein resembles the
putative replication protein of pAMT11 (190), a much larger plas-
mid (20.5 kb) from Thermococcus sp. strain AMT11. For this rea-
son, it has been proposed that the two plasmids be classified into a
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new plasmid group (190). Consistent with this notion, plasmid
tree analysis revealed that pGT5, pTN1, and pTP1, another ther-
mococcal RCR plasmid (191), form one clade, which we propose
to denote the pGT5 plasmid family, whereas pTAl and pAMT11
form another clade (Fig. 11). This lends further support to the
suggestion that pRT1 and pAMT11 most likely replicate differ-
ently from the pGT5 family plasmids.

Among all members of the pTN2 and pEXT9a plasmid fami-
lies, only two ORFs are conserved. These ORFs encode a transcrip-
tional factor containing a winged helix-turn-helix (WwHTH) do-
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main and a superfamily 1 (SF1) DNA helicase, respectively. The
PTN2-encoded SFI helicase (ORF1) enhances the synthesis of
double-stranded DNA by PolpTN2 and T. nautilus PolB polymer-
ase (192), presumably by catalyzing DNA unwinding in plasmid
replication in both families. The other replication protein is family
specific. In the pTN2 family, a Prim/Pol enzyme, represented by
PolpTN2, was characterized recently (165, 184). The N-terminal
domain of the protein showed both primase and DNA polymerase
activities. Interestingly, the replication protein of the pEXT9a
family carries a domain homologous to the C-terminal domain of
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PolpTN2, suggesting that the two classes of proteins are function-
ally related, although their shared function remains to be unrav-
eled (185). Unlike the pTN2 or pEXA9a family plasmids, which
devote two genes directly to plasmid replication, plasmids of the
sulfolobus pRN1 family appear to have combined both the Prim/
Pol activity and the helicase activity into a single protein, i.e., RepA.
In other words, archaeal plasmids may have evolved their replication
proteins by assembling functional modules of DNA replication in
various assortments, leading to the diversification of replication
mechanisms.

Thermococcal plasmids also exhibit a modular structure in
gene organization: modules of conserved genes are separated by
nonconserved DNA sequences. The conserved genes are clustered
with apparent relevance to their functions (185). Both cis and
trans elements responsible for plasmid replication, i.e., origins of
replication and replication genes, are adjacently located, whereas
genetic determinants for plasmid segregation as well as genes of
unknown function are in a separate sequence stretch on the plas-
mids. The conserved regions are separated by hypothetical genes
specific to each plasmid and, for relatively larger plasmids, also by
genes with predicted functions. Each functional group of genes is
often associated with a gene encoding a transcriptional factor,
which may serve to regulate the expression of genes within the
functional group. It is unclear whether there are conserved se-
quence motifs at the junctions between different modules. A de-
tailed analysis of DNA sequences bordering the conserved mod-
ules may help determine if this large group of thermococcal
plasmids also employs homologous recombination at conserved
sequence motifs to assemble modular sequence regions, as for the
crenarchaeal plasmids.

Plasmids of methanogens. Methanogens include a diverse range
of organisms that are distantly related phylogenetically. According to
the current taxonomy of Archaea, methanogens comprise five or-
ders of the Euryarchaeota: Methanococcales, Methanosarcinales,
Methanobacteriales, Methanomicrobiales, and Methanopyrales (193).
These organisms have been studied extensively, as they are the
only organisms capable of producing methane, a unique ability
that is exploited for the production of renewable energy on one
hand and that contributes to global warming on the other hand.
However, progress in the study of ECEs in methanogens has been
slow, primarily due to the difficulty of culturing these strict anaer-
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obes. Nevertheless, a few methanogenic plasmids have been ob-
tained. These plasmids include pC2A from Methanosarcina acetiv-
orans (194), pME2001 and pME2200 from Methanothermobacter
marburgensis (195—-197), pFV1 and pFZ1 from Methanobacterium
formicicum (198), pURB500 from Methanococcus maripaludis
(199), and three extrachromosomal genetic elements from Metha-
nococcus jannaschii (200) and M. marburgensis through genome
sequencing (201).

Very little is known about the mechanisms of DNA replication
in this group of plasmids. Plasmids pFV1 and pFZ1 encode an
Orc1/Cdc6 replication initiator showing a high level of sequence
similarity to the replication initiator encoded in archaeal genomes
(34). These Orc1/Cdc6 homologs are likely involved in the initia-
tion of DNA replication in these methanogenic plasmids. In ad-
dition, both pME2001 and pME2200 encode a large protein con-
taining a DNA-binding motif and an ATP/GTP-binding motif.
Therefore, this protein is proposed to be the putative replication
protein of these plasmids.

Horizontal gene transfer. The Thermococcales and Methano-
coccales are phylogenetically distinct but coinhabit deep hydro-
thermal vents in oceans. Strikingly, some plasmids isolated from
members of these two archaeal orders show a high level of se-
quence similarity. pT26-2 is the first integrative genetic element
isolated from the Thermococcaceae, and this plasmid is closely re-
lated to several integrated genetic elements present in the genomes
of Thermococcus kodakarensis; Pyrococcus horikoshii; Thermococ-
cus gammatolerans; M. maripaludis S2, C2, and C7; and Methano-
coccus voltae; the former three belong to the Thermococcales, while
the latter four are members of the Methanococcales (184). Since all
of these genetic elements encode a putative integrase of the SSV1
type, it has been postulated that the occurrence of ECEs in differ-
ent phyla of the Archaea may have resulted from events of cross-
order HGT (130, 184).

HGT also occurred between pMETVUO1 and pAMT7, as de-
tected by genome comparisons. pMETVUO1 was found in Ther-
mococcus sp. strain AMT?7, belonging to the Thermococcales, and
PAMT?7 was isolated from Methanococcus vulcanius M7, an organ-
ism belonging to the order Methanococcales. The two plasmids
contain 10 conserved genes, which encode proteins sharing 53 to
97% identity at the amino acid sequence level. In fact, the two
plasmids are the most closely related members of the pEXT9a
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family of plasmids (Fig. 11). Notably, the hosts of these plasmids
are geographically close, as they were isolated from the same hy-
drothermal field at two sampling sites only ~7 km apart (185,
202). Inhabitation of their hosts in the same environment appar-
ently permits genetic exchanges between these plasmids.

Replication Mechanisms

Plasmids have served as models for investigations of the molecular
mechanisms of DNA replication ever since their discovery. At
present, three distinct mechanisms are known for plasmid repli-
cation in bacteria: 0 replication, strand displacement, and rolling-
circle replication (RCR). The detailed mechanisms of 6 replication
and RCR in bacterial plasmids have been extensively reviewed
(203, 204). However, very little is known about the replication
mechanisms of archaeal plasmids, largely due to the enormous
diversity in the genomic content of archaeal plasmids and the lack
of proteins homologous to the known replication (Rep) proteins
of bacterial plasmids in most archaeal plasmids. This is consistent
with the unique phylogeny of the domain Archaea and with the
hypothesis that archaeal ECEs coevolve with their hosts. It appears
likely that archaeal ECEs have developed novel mechanisms to
replicate their genomes. While replication proteins in most ar-
chaeal viruses and quite a few archaeal plasmids remain to be
identified, the majority of the putative replication proteins iden-
tified from ECEs have not been characterized experimentally.
Among the few archaeal plasmids that have been studied for their
biochemical properties are several very small archaeal plasmids
encoding a Rep protein of the RCR type (205), two unidirectional
0 plasmids, and pRN1, the prototype plasmid of the sulfolobus
pRN1 family.

RCR. Rolling-circle replication represents a common mode of
plasmid and viral DNA replication in bacteria (204). The minimal
replicon of an RCR plasmid includes a gene encoding a Rep pro-
tein; a DSO (double-stranded origin of replication), with which
the Rep protein interacts, leading to the synthesis of the first strand
of the plasmid DNA; and an SSO (single-stranded origin of repli-
cation), with which the host RNA polymerase interacts for primer
synthesis. After priming, the host DNA replication machinery
takes over and completes plasmid DNA synthesis.

All known RCR Rep proteins fall into two superfamilies (205).
Rep proteins of superfamily I contain two tyrosine residues, and
those of superfamily IT have only one tyrosine residue in the active
site. Both superfamilies have archaeal members. Whereas Rep
proteins encoded in seven haloarchaeal plasmids are members of
superfamily I, those of three thermococcal plasmids belong to
superfamily IT (see Table S2 in the supplemental material). Four of
these archaeal plasmids have been investigated in detail.

Thermococcal RCR plasmids. Three thermococcal RCR plas-
mids, i.e., pGT5, pTN1, and pTP1 from Pyrococcus abyssi, T. nau-
tilus, and T. prieurii, respectively, carry two ORFs. Only the larger
one is conserved among these plasmids. It carries three motifs
characteristic of an RCR Rep protein (205). Two of the putative
archaeal Rep proteins, i.e., Rep75 of pGT5 (187, 206, 207) and
Rep74 of pTNI1 (188), have been characterized in vitro. Both en-
zymes showed a high level of nicking-closing activity on single-
stranded oligonucleotides containing their cognate putative DSO
and remained covalently linked to the 5" phosphate of the down-
stream fragment after nicking. As in the bacterial RCR plasmids,
the thermococcal plasmid DSOs contain several direct and in-
verted DNA sequence repeats important for the initiation of plas-
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mid DNA replication (186, 188). The DSO sequences show a high
level of sequence similarity to those of the plasmids of the $X174/
pC194 superfamily, and the cleavage site (5'-GTTGGGTTATCT
TG | ATA-3' [identical nucleotides are underlined, and the site of
cleavage is shown by an arrow]) is highly conserved. Cleavage of
the DSO generated a 3'-OH on the DNA strand suitable for the
host DNA polymerase to synthesize the first DNA strand. Rep75
remains attached to the 5’ end of the nick covalently. At the end of
one replication round, Rep75 cleaves the DSO again and religates
the newly synthesized strand, generating a circular single-stranded
DNA that is converted to a double-stranded plasmid by host proteins
(206).

Thermococcal RCR plasmids also exhibit features that are dis-
tinct from those of the known bacterial RCR plasmids. First, the
DSO elements are located at the 5’ end of the coding sequence of
Rep75/Rep74, whereas the SSO sequences are present in the non-
coding region immediately upstream of the rep gene in the pGT5
and pTN1 genomes. Such an arrangement allows only the second
round of DNA synthesis to occur on the ssDNA template after the
completion of the first round of replication (206). Second, the
archaeal Rep proteins are >2-fold larger than typical bacterial
RCR Rep proteins and are homologous to the transposases of
bacterial conjugative transposons, which replicate themselves via
an RCR mechanism (208). Third, the pGT5 Rep75 protein has
topoisomerase activity in vitro, an activity considered to be essen-
tial for pGT5 replication because this archaeal plasmid is relaxed
in vivo, while Rep75 is unable to act on a relaxed plasmid (207).
Together, these results indicate that thermococcal RCR plasmids
replicate in an RCR mode with novel mechanistic features.

Haloarchaeal RCR plasmids. Seven haloarchaeal plasmids, in-
cluding pGRBI from Halobacterium sp. strain GRB, pHSB1 and
pHSB2 from Halobacterium sp. strain SB3, pHGN1 from Halobac-
terium sp. strain GN101, pHK2 from Haloferax sp. strain Aa2.2,
pNB101 from Natronobacterium sp. strain AS-7901, and pZMX201
from Natrinema sp. strain CX2021, belong to superfamily I RCR
plasmids (see Table S2 in the supplemental material) (38, 39, 209—
213). Some of these plasmids were isolated decades ago have not
been characterized further. Like typical bacterial RCR plasmids,
all the haloarchaeal RCR plasmids except for pHK2 are small,
ranging in size from 1,668 to 2,538 bp. pHK?2 is exceptionally large
(~10.5 kb). The putative Rep proteins of these plasmids are con-
served, sharing >30% amino acid sequence similarity and con-
taining the three sequence motifs characteristic of an RCR Rep
protein (205).

The Natrinema plasmids pZMX201 and pNB101 were the first
archaeal RCR plasmids to be characterized in vivo (213). The dou-
ble-stranded origins were identified as a stem-loop structure
formed by an imperfect inverted repeat, and the sites of nicking
were located within a heptanucleotide sequence (5’-TCTCJ| GGC-
3') on the right side of the stem. The nicking site is conserved in all
known haloarchaeal RCR plasmids. Furthermore, a hairpin struc-
ture that might function as an SSO was also identified in these
plasmids, suggesting that they employ a conserved RCR mecha-
nism. Zhou et al. employed a hybrid plasmid assay to study the
specificity of in vivo nicking and closing activities by the Rep pro-
teins of pZMX201 and pNB101 (213). Two test hybrid constructs
containing a DSO and its cognate rep gene from one of the two
plasmids and a DSO fragment from the other plasmid were pre-
pared. The two DSOs on each test plasmid were located in such a
way that the plasmid was divided into two unequal halves, i.e., a
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shorter half downstream of a DSO carrying a mevinolin selection
marker and alonger half downstream of the other DSO containing
an Escherichia coli plasmid sequence with an ampicillin selection
marker. If the enzyme is capable of nicking and closing only at its
own DSO, the complete test plasmid would be produced. If a Rep
protein initiates and terminates plasmid DNA replication at both
DSOs, replication products of two different sizes would also be
generated, with the larger and the smaller ones containing the E.
coli sequence and the mevinolin marker, respectively. This study
demonstrated that pZMX201 and pNB101 are able to cross-rec-
ognize each other’s DSOs, initiating and terminating RCR repli-
cation, because all three predicted RCR products were obtained
for the two test plasmids (213). Furthermore, the roles of sequence
elements in the pZMX201 DSO, including the conserved cleavage
site TCTCGGC and its left and right arms, were investigated by
using the same strategy. It appears that the five nucleotides in the
middle of the conserved TCTCGGC sequence served important
roles in both the initiation and termination phases of plasmid
DNA replication, since mutation of a single nucleotide in this
region abolished the replication of the test plasmids. In addition,
DSO derivatives lacking the left arm of the DSO impaired the
initiation, but not the termination, of plasmid replication (213).

0 replication. 6 replication involves the formation of a 6-like
replication intermediate. The mechanism of 6 replication has
been studied most extensively for some plasmids from Gram-neg-
ative bacteria (203). The 6 mode of replication is more widely used
than the RCR mode of DNA replication. Replication of chromo-
somes in organisms of all three domains of life and a large group of
bacterial plasmids proceeds in the 6 mode. It is thus expected that
most archaeal plasmids may have adopted this strategy to replicate
their genome. A typical origin of 6 replication consists of the fol-
lowing elements: DNA sequence motifs that serve as the binding
sites for their cognate replication initiator proteins and an AT-rich
sequence region that is unwound during the initiation of replica-
tion to form a replication bubble. Only two archaeal plasmids, i.e.,
pSCM201 from Haloarcula sp. (214) and pZMX101 from Halo-
rubrum saccharovorum (215), are currently known to replicate via
a 6 mechanism.

pSCM201 encodes three ORFs, of which ORF1 contains a pu-
tative leucine zipper (LZ) motif, an HTH domain, and an ATPase
domain. The latter two domains are common in replication initi-
ation proteins (216), and the LZ motif is also found in the Rep
proteins of many iteron-containing plasmids in bacteria (181,
182). Therefore, ORF1 was proposed to serve as the Rep protein of
pSCM201. An AT-rich region flanked by perfect inverted repeats
and seven 9-bp tandem repeats (or iterons) in the noncoding se-
quence region upstream of the rep gene were identified, and this
region was suggested to be the origin of replication for this plas-
mid (214). Another haloarchaeal plasmid, pZMX101, was found
to possess the same genetic organization and to code for a Rep
homolog that shows 40% amino acid sequence similarity to Rep of
pSCM201, suggesting that the two plasmids are of the same type.
Indeed, it was furthermore demonstrated that the minimal repli-
con is comprised of the putative replication origin and the adja-
cent rep gene in both plasmids (214, 215).

The structure of the haloarchaeal 6 origins of replication re-
sembles that of haloarchaeal chromosomal origins of replication,
such as those of Halobacterium sp. strain NRC-1 (217), H. maris-
mortui (183), Haloferax volcanii (178), and Natronomonas phara-
onis (218). The apparent difference is that the iteron element in
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the plasmid origins is replaced with the DNA-binding sites of the
archaeal replication initiator Orc1/Cdc6. On the other hand, the
AT-rich elements are widely conserved among many bacterial and
eukaryal origins of replication. The replication origin of pSCM201
has been characterized in detail. The precise point of the initiation
of pSCM201 replication was found to be located between the in-
verted repeats, and electron microscopic analysis showed that rep-
lication intermediates of the plasmid adopted a o-like structure,
with the origin located at one end of the structure, demonstrating
that pSCM201 replication proceeded in a unidirectional 6 mode
(214).

Replication of the Sulfolobus pRN1 plasmid. pRN1 has been
used as a model for the study of the replication mechanism of the
pRN1 family plasmids. Georg Lipps and colleagues characterized
all three conserved replication proteins encoded in pRNT1, includ-
ing the copy number regulation protein CopG (encoded by
ORF56) (219), a DNA-binding protein implicated in plasmid
maintenance (PIrA) (encoded by ORF80) (154), and a multifunc-
tional replication protein (RepA) (159, 220-222). They were the
first to reveal that both primase and DNA polymerase (Prim/Pol)
activities resided in the pRN1 RepA protein and localized the
Prim/Pol activities to the N-terminal part of RepA (220, 221).
They also found that the C-terminal helicase domain is structur-
ally similar to a superfamily 3 helicase, displaying weak helicase
activity in vitro (159). Structural analysis and site-directed mu-
tagenesis of RepA demonstrated further that the Prim/Pol domain
at the N terminus interacts with the helix bundle domain at the C
terminus to synthesize a primer (222). Prim/Pol of pRN1 is the
prototype of a novel DNA polymerase family whose members are
encoded by various archaeal and bacterial plasmids as well as some
bacterial viruses (166). Furthermore, the origin of replication of
pRNI1, located immediately downstream of the repA gene, has
been experimentally verified (223).

Despite extensive studies on pRN1 plasmids for more than a
decade, it is still unclear how these plasmids replicate. Early se-
quence analyses predicted putative SSOs and DSOs for several of
these plasmids (150, 151). However, none of the RepAs encoded
in the pRN1 family plasmids contains the three motifs character-
istic of RCR Rep proteins, nor does the pRN1 RepA protein ex-
hibit nicking-closing activity essential for RCR replication. Fur-
thermore, shuttle vectors constructed with the putative minimal
replicon of pRN1 or pRN2, which included the rep operon and the
putative origin butlacked the predicted DSO element, were able to
replicate in Sulfolobus cells (156), indicating that pRN1 plasmids
do not replicate in an RCR mechanism.

Plasmid Functions

Only a few archaeal plasmids have a known function. Among
these, two large haloarchaeal plasmids carry genes responsible for
gas vacuole formation, and sulfolobus conjugative plasmids are
able to spread from one host to another. Most archaeal plasmids,
large or small, have no known functions. However, putative func-
tions of some plasmid genes have been deduced from bioinfor-
matic analysis. Small plasmids appear to be cryptic, since they
encode only proteins with putative roles in their own replication,
segregation, and gene regulation, but large plasmids have ORFs of
other predicted functions. Several large thermococcal and metha-
nococcal plasmids, e.g., pCIR10 from Thermococcus sp. strain
CIR10, extrachromosomal element 1 (ECE1) and ECE2 from M.
jannaschii (200), and pFS01 from Methanocaldococcus sp., encode
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Hfq-like domain proteins containing a C,H, Zn finger (ZF) do-
main at the N terminus (185). Hfq-like proteins belong to a large
family of Sm RNA-binding proteins that perform a range of im-
portant RNA-related functions in bacteria (224). In addition, a
recent structural study identified a distant variant of an Hfq-like
protein encoded by a Pyrobaculum spherical virus (48), raising the
possibility that Hfg-like proteins may be widespread in archaeal
plasmids and viruses.

Toxin-antitoxin (TA) systems, first identified in bacterial plas-
mids during studies of their segregational killing of plasmid-free
cells, have been found in many archaeal and bacterial genomes.
Recently, putative TA systems of the RelBE and VapBC families
have been identified in several thermococcal and methanococcal
plasmids. Plasmids pCIR10, pEXT9a, and pMETVUO1 contain
TA genes of the RelBE family, whereas pIRI33 from Thermococcus
sp. strain IRI33 encodes a TA system of the VapBC family (185). In
bacteria, VapC toxins are site-specific endonucleases that cleave
tRNA™¢ in the anticodon stem-loop, thereby inhibiting protein
translation. VapB, the antitoxin, counteracts the toxic action of
VapC through direct protein-protein interactions. In the bacterial
RelBE systems, RelE, an RNase, inhibits translation by cleaving
mRNAs at ribosomal A sites, whereas RelB antagonizes the action
of RelE through both direct protein-protein interactions and tran-
scriptional repression of the relBE operon. A general feature of
these bacterial TA systems is that they encode a stable toxin and an
unstable antitoxin. It has been shown that plasmid-borne TA sys-
tems mediate the postsegregational killing of plasmid-free cells,
thereby contributing to the stable maintenance of the plasmids in
their bacterial host cells. Archaeal plasmids encoding putative TA
systems provide valuable models for the study of mechanisms and
functions of the archaeal TA systems. However, none of these
archaeal TA systems have functionally been characterized, except
for a few Sulfolobus TA systems that were shown to be involved in
the regulation of thermophily of the organism (225, 226).

Virus-Plasmid Interactions

The frequent coexistence of both viruses and plasmids in the same
archaeal host has allowed these genetic elements to evolve unique
and complex relationships. This is clearly demonstrated by the
interactions between archaeal helper viruses and virus satellites.
The first archaeal virus satellite was identified by analyses of virus-
like particles in a S. islandicus REY15/4 culture infected by the
fusellovirus SSV2. SSV2 was found to facilitate the spread of
pSSVx, a plasmid-virus hybrid of the pRN1 plasmid family (119,
147). Like other members of the pRN1 family, pSSVx contains all
three ORFs characteristic of this plasmid family. Interestingly, it
also possesses homologs of two ORFs present in fuselloviral ge-
nomes (119). Later, a second plasmid-virus hybrid, pSSVi, was
identified in S. solfataricus P2, and this virus satellite carries a
replicon different from that of the pRN1 family plasmids as well as
an SSV1-type integrase gene (164). Both pSSVx and pSSVi are
capable of packaging into a spindle-like viral particle and spread-
ing with the help of SSV1 or SSV2. More recently, a plasmid
termed pXZ1 was found to have a genome organization similar to
that of pSSVi, and pXZ1 coexists stably with the fusellovirus SSV4
in S. islandicus ARN3 (51). However, this plasmid lacks the ability
to become packaged into a virion. Therefore, it appears that these
cryptic plasmids have developed two distinct strategies to enhance
their probabilities of survival. They may either exploit the pack-
aging apparatus of fuselloviruses to form freely spreadable virus-
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like particles or employ a self-encoded integrase to facilitate gene
exchanges with viruses and/or archaeal hosts.

Mechanisms for the packaging of the archaeal virus satellites
into a virion are not clear. Three virus-like ORFs of pSSVx, i.e.,
ORF-c68, ORF154, and ORF288, were initially implicated in vi-
rion formation (119). However, no homologs of pSSVx ORF154
and ORF288 were found in the pSSVi genome, suggesting that
these two ORFs are not essential for the formation of satellite
virions (227). ORF-c68 has been shown to encode a transcrip-
tional regulator (228) and, therefore, is unlikely to be involved in
virion packaging. It is possible that the packaging machinery of a
fusellovirus recognizes a sequence motif in the genome of a satel-
lite virus to initiate virus packaging. Interestingly, the sequence
motif 5'-AAGGGAAANAGNA-3' is present in the genomes of
pSSVx, pSSVi, and SSV2 (bp 989 to 1001, bp 2412 to 2424, and bp
1406 to 1418 on their linear map, respectively) and absent from all
known pRN plasmids that replicate autonomously (45). Whether
this sequence motif serves to initiate the packaging process awaits
further investigation.

Transfer of interchangeable modules among ECEs has been
postulated based on genomic analyses of Pyrococcus abyssi virus 1
(PAV1). Two thermococcal viruses have been obtained so far,
PAV1 and Thermococcus prieurii virus 1 (TPV1) (98, 229). Inter-
estingly, the two euryarchaeal viruses share only two ORFs that are
implicated in viral infection. After several large plasmids were iso-
lated from thermococci, it became clear that the PAV1 genome
encodes plasmid protein homologs (185). In fact, the PAV1 genes
homologous to those of archaeal plasmids and integrative genetic
elements are clustered together and occupy roughly half of the
PAV1 genome, while the viral genes that were shown (ORF121) or
predicted (ORF676 and ORF678) to encode structural proteins
are located in the other half of the genome (230). It is inferred
from these observations that PAV1 or its ancestor virus may have
resulted from recombination between a plasmid and a virus.

More complex interactions between archaeal viruses and plas-
mids have also been observed. For example, the conjugative plas-
mid pAHI resides in both integrated and free forms in Acidianus
hospitalis W1. Upon infection of Acidianus hospitalis W1 contain-
ing the plasmid with the lipothrixvirus AFV1, the level of the free
circular form of pAH1 decreased, with a concurrent increase in
the intracellular level of AFV1 DNA. It was inferred that AFV1
inhibited pAHI replication because no plasmid degradation was
detected (56, 57). Viral inhibition of plasmid propagation also
provides a rationale for why some Sulfolobus conjugative plasmids
have CRISPR clusters of the archaeal immune system (see below).
Both pNOBS8 and pKEF9 carry CRISPR clusters, and pKEF9 has a
spacer very closely matching a sequence in the genome of the
Sulfolobus rudivirus SIRV1 (48, 58). The processed spacer RNA is
potentially capable of targeting and inactivating the virus intracel-
lularly.

DEFENSE MECHANISMS OF ARCHAEAL HOSTS

Restriction-Modification Systems

Restriction-modification (R-M) systems were discovered along
with the isolation of extrachromosomal genetic elements, since
they provided an innate defense mechanism for bacterial hosts to
restrict plasmid spread and virus infection (231). Four major types
of R-M systems (types I to IV) are known, each of which is
composed of two components: a methyltransferase (MTase)
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that modifies the host DNA in order to protect it and a restriction
endonuclease (REase) that recognizes and cleaves nonmethylated
invading DNA (232, 233). Based on bioinformatic prediction, at
least one R-M system is encoded by nearly all prokaryotic ge-
nomes. While ~95% of the sequenced bacterial genomes encode
R-M systems (http://rebase.neb.com/rebase/rebase.html), only
one of the 199 currently available archaeal genomes lacks the sys-
tem, as of the time of writing of this review (234).

As in bacteria, restriction of foreign DNA by R-M systems was
found soon after haloarchaeal viruses (halophages) were discov-
ered. In 1985, Patterson and Pauling developed an assay to detect
R-M systems present in six Halobacterium cutirubrum strains
(235). In their experiments, a halophage was grown first in H.
salinarium R1, a restriction-minus haloarchaeal strain, and then
in each of the six strains for which R-M systems were to be ana-
lyzed. This would yield phage particles with the genomic DNA
modified by host R-M systems, if they existed in a tested host. The
modification was then analyzed by introducing the above-de-
scribed phage particles individually into each of the H. cutirubrum
strains; phages would be restricted in a new host if they lacked the
modification of the host R-M system, exhibiting a 100- to 1,000-
fold reduction in infection efficiency. Those researchers found
that one of the host strains produced a halophage that was re-
stricted in all of the other host strains, and the remaining five host
strains released phages that were protected from restriction to
different extents. Among the latter five strains, one yielded a phage
infectious to all tested strains, whereas the rest of the strains pro-
duced phages infectious to only the corresponding phage-produc-
ing strains but restricted in the other two types of strains. To-
gether, this led to the identification of two different R-M systems
in H. cutirubrum (235).

In the current ReBase database, many archaea encode multiple
R-M systems of types I, II, and IV (234). However, only a few
archaeal R-M systems have been characterized so far. These in-
clude three functional R-M systems in hyperthermophilic ar-
chaea, i.e., the Pyrococcus Pabl and PspGI R-M systems and the S.
acidocaldarius Sual system. These restriction endonucleases were
isolated from P. abyssi (denoted R.Pabl) (236), Pyrococcus sp.
strain GI-H (R.PspGl) (237), and S. acidocaldarius (R.Sual) (238).
All three enzymes degraded E. coli DNA but showed no cleavage
activity on DNA from their respective hosts. The three corre-
sponding MTases (M.Pabl, M.PspGI, and M.Sual) were also iso-
lated. As expected, modification by M.Pabl protected DNA from
cleavage by R.Pabl (239). Two additional restriction enzymes
were isolated from S. islandicus REN2H1 (Suil) and Thermo-
plasma acidophilus (Thal) (240, 241). Both enzymes are believed
to be part of a functional R-M system, but their corresponding
MTases have not yet been identified.

Host restriction poses a major challenge to genetic engineering
since it greatly reduces the efficiency of plasmid transformation.
For instance, the H. volcanii restriction system recognizes and
cleaves adenine-methylated 5'-GATC-3’ (dam™) sites (242). To
avoid host restriction, plasmid DNA to be used for transformation
of H. volcanii needs to be passaged through an E. coli dam mutant.
This would allow the treated DNA to be introduced into H. volca-
nii at a greatly improved efficiency (243). Since the S. acidocal-
darius R-M system specifically cleaves unmethylated 5'-CCGG-
3’, plasmid DNA may be introduced into the archaeon after
treatment with the E. coli Haelll methyltransferase to yield 5'-
CCmGG-3' on the plasmid. While this indicates that Archaea are
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capable of utilizing their R-M systems for defense against invading
plasmid and viral DNAs, it also suggests that ECEs could produce
a methylated genome to avoid host restriction.

Indeed, it has been shown that the genomes of several archaeal
viruses are methylated, whereas their host chromosomal DNAs
are not. These viruses include phiChil from Natrialba magadii,
phi-N from Halobacterium salinarium (244, 245), and SNDV,
STSV1, and STSV2 from Sulfolobus (78, 95, 246). In fact, the Sul-
folobus viruses STSV1 and STSV2 encode three putative DNA
MTases of >90% sequence identity (95, 246). All of these enzymes
have homologs in many archaeal and bacterial genomes, as re-
vealed by CCD analysis (247). The largest of them (>700 amino
acid residues) is highly similar to adenine-specific methyltrans-
ferases containing a zinc ribbon, which are widely distributed in
various archaeal and bacterial genomes. The two other methyl-
transferases are implicated in cytosine methylation, and their ho-
mologs are present in relatively few genomes. Importantly, the
genes encoding closely related homologs of the two methyltrans-
ferases are found in the genomes of A. hospitalis, S. acidocaldarius
DSM639, and S. islandicus YN 15.51 (248-250) but are absent
from the nine sequenced genomes of other members of the family
Sulfolobales. Methylation of a viral genome by multiple R-M sys-
tems may serve important roles for the virus to establish successful
infection since the viral DNA methylated in multiple ways may
better survive the innate defense system of the host.

Furthermore, methanogenic plasmids pFV1, pFZ1, and pFZ2
from M. thermoformicicum were found to carry different type II
R-M systems (198), such as MthTI, a GGCC-recognizing R-M
system (33), and MthZI and MthFI, both of which are CTAG-
recognizing R-M systems (34). The genomes of these archaeal
plasmids are thus methylated by the encoded M Tases, which allow
them to escape host restriction. Conceivably, an arms race be-
tween ECEs and their host will continue with respect to innate
immune defense in Archaea. In this regard, the CRISPR adaptive
immune defense may offer additional advantages in host defense
against ECE invasion.

CRISPR Systems

The CRISPR-Cas system is a small-RNA-based adaptive defense
system discovered recently in Archaea and Bacteria. This defense
system is comprised of two parts: CRISPR loci consisting of an
array of unique sequences (spacers interrupted by repeats) of sim-
ilar lengths and clusters of genes coding for Cas proteins that are
either DNA helicases or nucleases or repeat-associated mysterious
proteins (RAMPs) that contain the classical RNA recognition mo-
tif (251). At each CRISPR locus, a leader sequence is located up-
stream of a repeat spacer array. The general mechanism underlin-
ing the action of CRISPR systems includes three steps: spacer
acquisition, CRISPR RNA (crRNA) biogenesis, and invading nu-
cleic acid destruction (Fig. 12) (100, 252-254). Upon the invasion
of anewly encountered plasmid or virus, Cas1 and Cas2, which are
widely conserved in different CRISPR systems, recognize specific
sequence motifs on the invading element, and a small piece of the
foreign DNA is cleaved and inserted into the CRISPR locus be-
tween the leader and the first repeat, generating the new first
spacer. The entire CRISPR locus is expressed from the leader,
which functions as a promoter, yielding a long precursor CRISPR
RNA (pre-crRNA). Cas6 or its functional homologs bind to all
repeat motifs in the pre-crRNA and cleave the RNA to generate
mature crRNAs. RAMPs and crRNAs then form nucleoprotein
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complexes and identify the protospacer in the invading ECE,
which is complementary to the crRNA generated from the spacer
acquired during the first invasion event of the same genetic ele-
ment. The complex recruits helicase and nuclease Cas proteins for
the destruction of the invading nucleic acids. It has been demon-
strated that Cas-crRNA nucleoprotein complexes obtained from
both Archaea and Bacteria are capable of destroying invading
DNA (255-257) and RNA (258-260), exhibiting DNA/RNA-tar-
geting activities.

A number of Archaea and Bacteria harbor several CRISPR in-
terference systems. These systems are categorized into three main
classes, i.e., types I, II, and III, based on an elegant classification
system proposed by Makarova et al. (261). Each type has its own
conserved Cas protein(s) (i.e., Casl and Cas3 for type I, Cas9 for
type II, and Cas10 for type III) (261). So far, type II CRISPR sys-
tems appear to be restricted to a few bacterial species, whereas type
I and type III CRISPR systems are prevalent in Archaea. These
archaeal CRISPR systems are further divided into several subtypes
of types I and I11, including subtypes I-A, I-B, I-D, III-A, I1I-B, and
I11-D (149, 261).

The interference activities mediated by CRISPR systems have
been studied for several archaeal species. Type I systems have been
shown to mediate DNA targeting in S. solfataricus, S. islandicus, H.
volcanii, Haloferax mediterranei, Methanosarcina mazei, and T.
kodakarensis (262—269). These archaeal type I systems identify in-
vading DNA elements by recognizing protospacer-adjacent mo-
tifs (PAMs), as observed for the DNA-targeting mechanisms of
bacterial type I and II CRISPR systems (254). So far, only type IIIB
CRISPR systems (also known as CRISPR, mysterious RAMP, and
Cmr modules), including Pyrococcus furiosus Cmr and S. solfatari-
cus Cmr-f3, have shown RNA-targeting activity. Cas-crRNA nu-
cleoprotein complexes have been isolated for the two CRISPR
systems, and they exhibited RNA cleavage activity in vitro (258,
259). Strikingly, a type IIIB system (Cmr-a) from S. islandicus
REY15A was found to confer DNA interference in vivo, and its
DNA-targeting activity did not depend on the presence of a PAM
sequence. In addition, the dissimilarity between the protospacer
and the residual repeat region in the crRNA facilitated the DNA-
targeting activity, whereas the homology between them enhanced
protection against DNA targeting (264). Recently, RNA targeting
by the same CRISPR system was demonstrated, providing the first
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example of a CRISPR system with dual functionality in nucleic
acid destruction (298).

CRISPR spacer acquisition in Archaea has been studied exten-
sively by using S. solfataricus, S. islandicus, and H. hispanica as
model systems. Unlike all other known CRISPR systems, infection
of S. solfataricus or S. islandicus with a single virus did not lead to
the insertion of new spacers in the CRISPR loci of these archaeal
chromosomes. However, when both SMV1, a novel virus isolated
froma hot spring in Yellowstone National Park, WY, USA, and the
conjugative plasmid pMGBI1 or STSV2 were introduced into S.
solfataricus or S. islandicus, spacer acquisition was activated, and
new spacers derived from pMGB1 or STSV2 were inserted into the
CRISPR loci of each host genome (270, 271). Since none of the
new spacers were derived from SMV1, this suggests that SMV1
might have induced spacer acquisition in these crenarchaea. In
comparison, no induction was required for spacer acquisition in
the euryarchaeon H. hispanica following infection by HHPV2.
Intriguingly, the priming activity of Cas3 was found to be impor-
tant for successful spacer acquisition in this euryarchaeon (272).
Together, these results point to the diversity in the CRISPR-me-
diated defense against ECE invasion.

The importance of the CRISPR systems in host defense against
viral infection has also been demonstrated using the SIRV2-Sul-
folobus host system by transcriptomic analysis of host gene expres-
sion upon viral infection (107). It was found that most of the host
defense genes, including cas genes and CRISPR arrays, were sig-
nificantly upregulated in the host following SIRV2 infection.
However, some of the Cas genes were already highly expressed
prior to viral infection. The differential regulation of various cas
genes/modules suggests that the interference complexes may have
multiple functions. Further investigation is needed to learn more
about the mechanistic details of the interference process and the
function of the CRISPR systems.

CONCLUSIONS AND FUTURE DIRECTIONS

Archaea are believed to comprise ~20% of the biomass on Earth
(273). However, only a small fraction of these organisms have
been isolated in pure cultures, and most of them are extremo-
philes. To date, >60 archaeal viruses have been isolated from six
archaeal families, including three crenarchaeal families and three
euryarchaeal families. They exhibit an exceptional diversity in
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morphotype and have been classified into one order, nine families,
and 10 genera, with more awaiting classification. Approximately
60 plasmids have been isolated from Archaea. Many of these plas-
mids were obtained by systematic screening for integrated genetic
elements in thermophilic archaea, including members of the Sulfolo-
baceae and Thermococcaceae, which thrived in terrestrial hot
springs and hydrothermal vents in oceans, respectively, whereas
others were identified through genome sequencing of archaea,
including those of the Haloarchaeaceae and Methanococcaceae.
Therefore, research on archaeal plasmids and viruses has touched
only the tip of the iceberg, and many more efforts are needed to
reveal novel features of archaeal extrachromosomal genetic ele-
ments and ultimately to understand their roles in the evolution of
the biosphere.

However, even the small sampling of the tremendous diversity
of archaeal viruses and plasmids has yielded many enlightening
clues about these unique genetic elements and their roles in shap-
ing the cellular form of life. The isolation of an increasing number
of archaeal viruses with unusual morphologies and the finding
that their genomes comprise mostly unknown genes suggest that
these genetic entities are great inventors equipped with a vast array
of uniquely designed genetic parts. As mobile genetic elements, vi-
ruses and plasmids are able to transfer these parts from and into the
genome of their cellular hosts for possible use by HGT, driving the
coevolution of these genetic elements with their hosts (274, 275). In
addition, sequence modules are exchangeable between plasmids and
probably also between viruses and plasmids. The apparent fluidity of
the genetic elements is consistent with the observations that viral and
plasmid genes constitute 15 to 20% of the prokaryotic genomes on
average (274) and that sequences derived from mobile elements and
endogenous viruses may account for at least 50% of mammalian ge-
nomes and up to 90% of plant genomes (274).

Highly divergent replication proteins have profound implica-
tions for the evolution of cellular DNA replication machineries.
Compared to our current understanding of the shapes and ge-
nomes of archaeal viruses, our knowledge of the molecular mech-
anisms of viral and plasmid replication as well as virus-host inter-
actions in Archaea is even more rudimentary. A number of basic
questions await answers. (i) How many different modes of repli-
cation do archaeal viruses and plasmids employ, and what impact
do these viral replication mechanisms have on the evolution of
life? (ii) How does an archaeal virus recognize and attach to its
host cell, and how does it transfer its genome into the host cell?
(iii) How does a virus initiate the transcription and replication of
its own genome, and how does it coopt the host machineries for
the above-mentioned processes? (iv) How does a virus assemble
and release its progeny virions in a lytic or nonlytic way? (v) How
does a virus enter a lysogenic pathway and remain as a provirus,
and how is a provirus induced? (vi) How does a virus overcome
host defense? (vii) How do various genetic elements, e.g., viruses,
virus satellites, and plasmids, interact in the same host cell? In-
depth analyses of steps during viral infection were not performed
until recently. With several viruses (e.g., SIRV2, STIV, and
SSV1/2, etc.) chosen as model systems, several research groups
have begun to dissect the complex process of archaeal viral infec-
tion and answer these questions. Currently, representatives of
rod-shaped rudiviruses (SIRV2) and spherical icosahedral viruses
(STIV) are among the better-understood archaeal viruses. For ex-
ample, recent studies on SIRV2 have shed significant light on the
molecular details of host binding, genome replication and transcrip-
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tion, and release of the virus during its infection cycle. However, even
with these steps, many questions remain. Given the immense diver-
sity of archaeal viruses, it would not be surprising to find that the
molecular strategies that the viruses have evolved for various steps
during infection are equally, if not more, diverse. Therefore, a chal-
lenging, and certainly rewarding, task lies ahead, to unravel the mys-
tery of these least-known genetic entities on Earth.
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