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Many viruses that replicate in the cytoplasm compartmentalize their genome replication and transcription in
organelle-like structures that enhance replication efficiency and protection from host defenses. In particular,
recent studies with diverse positive-strand RNA viruses have further elucidated the ultrastructure of
membrane-bound RNA replication complexes and how these complexes function in close coordination
with virion assembly and budding. The structure, function, and assembly of some positive-strand RNA virus
replication complexes have parallels and potential evolutionary links with the replicative cores of double-
strand RNA virus and retrovirus virions and more general similarities with the replication factories of cyto-
plasmic DNA viruses.
Introduction
Whereas eukaryotic cells sequester and organize their genome

replication and transcription in the nucleus, many RNA and

some DNA viruses carry out viral genome replication and

transcription in the cytoplasm. To establish efficient genome

replication and shield it from host defenses, including crucial

intrinsic and innate defenses, many or most of these cytoplasmi-

cally replicating viruses organize their genome replication and

transcription in organelle-like compartments (Novoa et al.,

2005). These replication compartments or factories often are

associated with the sites of subsequent stages in the viral repli-

cation cycle, including particle formation and virus budding.

Recently, substantial advances have been made in

characterizing the cytoplasmic replication compartments of

positive-strand RNA viruses. Positive-strand RNA viruses pack-

age their genomes as messenger sense, single-stranded RNA

and replicate those genomes solely through RNA intermediates.

For a diverse set of positive-strand RNA viruses, three-dimen-

sional, high-resolution imaging by electron microscope (EM)

tomography, in combination with other complementary ap-

proaches, has revealed critical aspects of the structure and

organization of membrane-bound RNA replication compart-

ments and their close spatial and functional relationships with

virus translation and virion assembly and budding sites. This

review summarizes selected recent findings in this area and their

relation to other RNA and DNA viruses, including implications for

potential evolutionary relationships between the genome repli-

cation processes of at least some positive-strand RNA viruses

and those of double-strand (ds)RNA and reverse-transcribing

viruses. We regret that space limitations prevent highlighting all

of the valuable contributions to these fields (Mackenzie, 2005;

Miller and Krijnse-Locker, 2008; Novoa et al., 2005; Salonen

et al., 2005).

Positive-Strand RNA Virus Replication Complexes
Positive-strand RNA viruses encompass more than one-third of

known virus genera (ICTV, 2005) and includemanymedically and

practically important human, animal, and plant pathogens. At the

outset of infection, after their initial delivery to the cytoplasm,
positive-strand RNA virus genomes are used as templates for

viral protein synthesis. Among the first viral proteins to accumu-

late are RNA replication proteins that redirect the viral genome

from functioning as anmRNA to serving as a template for synthe-

sizing complementary negative-strand RNA, which then

becomes the template for new positive-strand genomic RNAs

and subgenomic mRNAs.

Pioneering ultrastructural and other studies with a variety

of positive-strand RNA viruses established that viral RNA

synthesis was associated with membranes and, moreover,

with virus-specific membrane rearrangements such as single-

and double-membrane vesicles and invaginations (e.g., Bienz

et al., 1983, 1987; Froshauer et al., 1988; Grimley et al., 1968;

Hatta et al., 1973; Russo and Martelli, 1972). Subsequent work

confirmed that RNA replication by all positive-strand RNA

viruses studied to date was linked to virus-induced, often

extensive rearrangements of specific intracellular membranes

(Denison, 2008; Mackenzie, 2005; Salonen et al., 2005). Below,

we summarize recent findings with a diverse set of positive-

strand RNA viruses that reveal new understandings of the struc-

ture, function, and assembly of these complexes; their roles in

coordinating successive steps in RNA replication and beyond;

their relation to dsRNA and DNA virus factories; and their

evolutionary implications.

Picornaviruses

Picornaviruses are a large family of human and animal viruses

whose best-studied member is poliovirus (PV) (Racaniello,

2007). The PV genome expresses a single polyprotein that is pro-

cessed by viral proteases into functional intermediate precursors

and fully cleaved end products. More than half of the genome

encodes RNA replication factors, including the RNA-dependent

RNA polymerase 3D, the 3B/VPg protein primer for RNA

synthesis, and the 2C NTPase. In addition, the 2B, 2C and 3A

proteins interact with each other and the other replication

proteins (Yin et al., 2007) and mediate membrane association

of these RNA replication proteins (Fujita et al., 2007; Teterina

et al., 1997, 2006).

Interaction with the PV RNA replication proteins extensively

reorganizes endoplasmic reticulum (ER), Golgi, and lysosomal
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A B C Figure 1. BMV-Induced Perinuclear ER RNA
Replication Vesicles and Model of the BMV
RNA Replication Complex
(A and B) (A) and (B) show low- and high-magnifi-
cation EM images, respectively, of BMV-induced
spherular vesicles invaginated into the perinuclear
ER membrane (adapted from Schwartz et al.,
2002).
(C) Diagram of the vesicular BMV RNA replication
complex, illustrating the many copies of the
membrane-bound, self-interacting 1a protein
(blue) that induce vesicle formation, the �20-fold
fewer copies of 2a polymerase (yellow), and repli-
cative intermediate RNAs, including positive-
strand RNA (red arrows) and negative-strand
RNA (black dashed arrow).
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membranes into 50–400 nm single- and double-membrane-

bound vesicles (Bienz et al., 1990; Cho et al., 1994; Egger

et al., 2000; Schlegel et al., 1996). When these membrane-asso-

ciated replication complexes are extracted from infected cells,

the vesicles adopt a rosette-like appearance (Egger and Bienz,

2002). The viral replication proteins localize to the rosette center

on the exposed surface of the double-vesicle membrane (Bienz

et al., 1990). PV-inducedmembrane vesicles have been linked to

COPII-dependent vesicle trafficking (Rust et al., 2001) and to

activation of cellular Arf GTPases that modulate membrane

trafficking (Belov et al., 2007). Recent studies further showed

that viral modulation of Arf GTPase function locally enriches

the membranes targeted by picornaviruses and flaviviruses

(see also below) in phosphatidylinositol-4 phosphate, promoting

RNA replication, potentially by facilitating recruitment of relevant

viral and perhaps cellular factors and by modulating membrane

curvature (Hsu et al., 2010).

The double-membrane vesicles associated with PV infection

resemble double-membrane structures generated during au-

tophagy (Jackson et al., 2005; Schlegel et al., 1996; Suhy

et al., 2000; Taylor and Kirkegaard, 2008). Based on this and

other work, evidence is accumulating that picornaviruses and

certain other viruses induce and subvert the host autophagy

pathway to support their replication, progeny virus export, or

both (Dreux and Chisari, 2010; Jackson et al., 2005; Kirkegaard,

2009; Taylor and Kirkegaard, 2008).

Bromoviruses

Brome mosaic virus (BMV), a member of the alphavirus-like

superfamily, conducts its RNA replication on perinuclear ER

membranes (Restrepo-Hartwig and Ahlquist, 1996) in �60 nm

vesicular invaginations similar to those induced on other target

membranes by many viruses in and beyond the alphavirus-like

superfamily (Ahlquist, 2006; Schwartz et al., 2002) (Figure 1).

BMV encodes two large RNA replication proteins: 2apol, the viral

RNA-dependent RNA polymerase, and 1a, a multifunctional

protein with 50 RNA capping and RNA NTPase/helicase domains

(Ahola and Ahlquist, 1999; Ahola et al., 2000; Kong et al., 1999;

Wang et al., 2005).

In addition to direct roles in RNA synthesis, 1a is the master

organizer of RNA replication complex assembly. 1a directs ER

membrane association (den Boon et al., 2001; Restrepo-Hartwig

and Ahlquist, 1999) and, even in the absence of other viral

factors, induces ER membrane invagination to form replication

vesicles (Schwartz et al., 2002) (Figure 1). When present, BMV
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genomic RNA replication templates and 2apol are recruited by

1a to the ER (Chen et al., 2001; Janda and Ahlquist, 1998;

Schwartz et al., 2002). 1a recruits 2apol through interaction of

1a’s C terminus with an N-proximal region preceding 2apol’s

polymerase domain (Chen and Ahlquist, 2000; Kao and Ahlquist,

1992). Recent results indicate that 2apol recruitment occurs prior

to and is inhibited by 1a’s induction of replication vesicles

(Liu et al., 2009). By contrast, 1a recruitment of viral genomic

RNA templates is closely linked to replication vesicle formation

(Liu et al., 2009). Template recognition and recruitment is

mediated by conserved RNA sequence elements (Baumstark

and Ahlquist, 2001; Chen et al., 2001; Sullivan and Ahlquist,

1999) and requires an active 1a NTPase/helicase domain, appar-

ently to translocate the RNA into preformed vesicles (Wang et al.,

2005). In these sites, both the initial positive-strand template

RNA and all subsequent negative-strand RNAs are strongly

protected from nuclease and presumably other cytoplasmic

factors (Schwartz et al., 2002; Sullivan and Ahlquist, 1999).

EM and quantitative biochemical analyses show that a sin-

gle �60 nm BMV replication vesicle contains one or a few

positive- and negative-strand RNA molecules, �10–20 2apol

proteins, and �200–400 1a proteins (Schwartz et al., 2002).

This level of 1a is sufficient to coat the interior of the replication

vesicle. Accordingly, because 1a is strongly membrane associ-

ated and self-interacts through multiple regions (Kao and

Ahlquist, 1992; O’Reilly et al., 1995), BMV replication compart-

ments have been proposed to contain a 1a protein shell lining

the vesicle interior, suggesting a simple explanation for 1a’s

ability to form these compartments (Figure 1C).

Nodaviruses

Additional support for a protein shell-supported replication

complex model came from similar observations for the replica-

tion complex of Flock House virus (FHV), the best-studied

member of the animal nodaviruses (Venter and Schneemann,

2008). FHV encodes a single, highly multifunctional RNA replica-

tion protein, protein A. Protein A contains an N-terminal trans-

membrane domain targeting outer mitochondrial membranes

(Miller and Ahlquist, 2002), an RNA-dependent RNA polymerase

domain, and regions that direct self-interaction (Dye et al., 2005)

and specific recognition and recruiting of FHV genomic RNAs to

mitochondrial membranes (VanWynsberghe and Ahlquist, 2009;

Van Wynsberghe et al., 2007).

Conventional two-dimensional thin section transmission EM

and three-dimensional imaging by EM tomography show that



Figure 2. FHV-Induced RNA Replication Vesicles
on Outer Mitochondrial Membranes
(A and B) (A) and (B) show two of a series of multiple EM
tomographic images from different planes of a single thick
section of FHV-modified mitochondria in an infected
Drosophila cell. Labels 1 and 2 refer to the samemitochon-
dria in both panels.
(C) Three-dimensional reconstruction by EM tomography
of the mitochondria in (A), showing outer (blue) and inner
(yellow) mitochondrial membranes and FHV-induced
replication vesicles (white).
(D) Angled view of the side and top of RNA replication vesi-
cles showing open neck-like connections with the cyto-
plasm (adapted from Kopek et al., 2007).
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FHV induces �50 nm vesicular invaginations between the inner

and outer mitochondrial membranes (Figure 2). The interiors of

these vesicles are the sites where protein A and newly

synthesized FHV RNAs accumulate (Kopek et al., 2007). Stoichi-

ometry analyses showed that each FHV replication vesicle

contains �100 copies of protein A and one or two genome

RNA replication intermediates. These results are consistent

with a model for the FHV replication complex very similar to

that for BMV (Figure 1C), with a continuous shell of self-

interacting, transmembrane protein A lining the interior of the

FHV-induced mitochondrial membrane vesicle. Furthermore,

tomographic imaging revealed that every FHV-induced vesicle

remains attached to the outer mitochondrial membrane by

a �10 nm neck-like connection to the cytoplasm (Kopek et al.,

2007) (Figure 2D).

Coronaviruses

Whereas BMV and FHV present examples of RNA replication

complexes in simple vesicular membrane invaginations,

members of the coronavirus and arterivirus families within the

order Nidovirales induce more complicated mixtures of convo-

luted membrane rearrangements and large double-membrane

vesicles (Gosert et al., 2002; Pedersen et al., 1999; Snijder

et al., 2001, 2006). Among the best studied are the RNA

replication structures in severe acute respiratory syndrome

(SARS) coronavirus-infected cells. EM tomography studies of

SARS virus-infected cells have revealed that the different

membrane structures represent a single network of intercon-

nected ER-derived membranes (Knoops et al., 2008; Knoops

et al., 2010) (Figure 3).

The 50 two-thirds of the �30 kb genome coronavirus genome,

the largest among positive-strand RNA viruses, encode polypro-

tein precursors that are processed into 15 or 16 RNA replicase

subunits (Snijder et al., 2003; Thiel et al., 2003; Ziebuhr et al.,

2000) that localize to the virus-induced membrane structures
Cell Host &
(Knoops et al., 2008). When appropriately as-

sayed, membrane extracts from SARS corona-

virus-infected cells synthesize the typical

nested set of coronavirus genomic and subge-

nomic RNAs. Such in vitro activity is RNase

and protease resistant but detergent sensitive,

indicating that the membranes provide

a protective environment for RNA replication

(van Hemert et al., 2008b). Similar observations

were made with membrane extracts from cells
infected with the distantly related arterivirus EAV (van Hemert

et al., 2008a), which, in electron tomography studies, was

recently found to contain a similar network of interconnected

single- and double-membrane structures (K. Knoops and E.J.

Snijder, personal communication).

In keeping with these results, dsRNA, the presumptive RNA

replication intermediate, predominantly localizes to the interiors

of the large, 200–300 nm diameter double-membrane vesicles in

coronavirus-infected cells (Knoops et al., 2008). Nevertheless,

it is not yet established that these vesicle interiors represent

the actual sites of RNA synthesis. The outer membranes of the

double-membrane vesicles are interconnected through �8 nm

tubules, but no connections between the vesicle interiors and

the cytosol have yet been visualized (Knoops et al., 2008).

It thus remains uncertain how ribonucleotides and product

RNAs would be exchanged with the cytosol if RNA synthesis

occurs inside of these double-membrane vesicles. One possible

solution is that the coronavirus replication complex might use

a protein channel as the equivalent of the neck-like openings in

the BMV and FHV replication spherules (Knoops et al., 2008).

Three of the 16 SARS RNA replication proteins have integral

membrane-spanning domains (Kanjanahaluethai et al., 2007;

Oostra et al., 2008) and, in principle, could support the formation

of proteinaceousmembrane pores to the cytoplasm. Current EM

tomography images do not provide sufficient resolution to visu-

alize or rule out the presence of such channels.

Alternatively or in addition, coronavirus RNA synthesis might

occur in the convoluted single-membrane structures that adjoin

and interconnect with the double-membrane vesicles. These

convoluted membranes appear to be the major accumulation

sites of the viral replicase subunits and encompassmany spaces

or compartments with open connections to the cytoplasm

(Knoops et al., 2008). Later stages in the maturation of coronavi-

rus-induced membrane rearrangements appear to involve
Microbe 8, July 22, 2010 ª2010 Elsevier Inc. 79



Figure 3. EM Tomographic Three-Dimensional Reconstruction
of SARS Coronavirus-Induced, ER-Derived Double-Membrane
Vesicles
(A and B) Two-dimensional EM sectional view (A) and three-dimensional tomo-
graphic reconstruction (B) of SARS coronavirus-induced double-membrane
vesicles (yellow/blue) and convoluted membrane structures (brown) (adapted
from Knoops et al., 2008).
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membrane fusion events, suggesting that similar earlier fusions

might allow generating the double-membrane vesicles from

the interconnected convoluted membranes (Knoops et al.,

2008; E.J. Snijder and M. Kikkert, personal communication).

If so, the double-membrane vesicles may represent repositories

that sequester dsRNAs and perhaps other by-products

produced by RNA replication in the convoluted membranes.

Such possible conversion of convoluted membrane

replication sites into double-membrane vesicles is reminiscent

of some features of BMV RNA replication compartments. By

increasing or decreasing the level of BMV 2apol, bromovirus re-

plication compartments can be interconverted between layered

membranes with similarities to coronavirus-induced convoluted
80 Cell Host & Microbe 8, July 22, 2010 ª2010 Elsevier Inc.
membranes and the vesicular invaginations normally associated

with bromovirus infection (see above), which, in appropriate EM

sections, appear as complexes of double-membrane vesicles

(Schwartz et al., 2004).

Flaviviruses

Similarly complex replication-associated membrane structures

are induced by the Flaviviridae, which include clinically important

members such as hepatitis C virus (HCV), yellow fever virus and

Dengue virus (DENV). Like poliovirus, the flavivirus genomic RNA

encodes a single polyprotein that is cleaved into virion proteins

and RNA replication proteins (Bartenschlager and Miller, 2008;

Lindenbach and Rice, 2003; Lindenbach et al., 2007). Three of

the replication proteins contain membrane-spanning domains

(Mackenzie et al., 1998; Miller et al., 2006, 2007) and are

responsible for inducing several distinct ER-derived membrane

structures: vesicle packets, convoluted membranes, and

membranes associated with progeny virus assembly (Grief

et al., 1997; Mackenzie et al., 1996; Welsch et al., 2009). Recent

three-dimensional EM tomography showed that the different fla-

vivirus membrane structures are all part of a single continuous

ER-derived membrane network resembling the coronavirus

membrane rearrangements (Welsch et al., 2009) (Figure 4). The

flavivirus-induced convoluted membrane rearrangements do

not contain detectable dsRNA and have been proposed to be

the sites where replication proteins accumulate, are cleaved,

and are stored for further use in replication complex assembly

(Mackenzie et al., 1996; Welsch et al., 2009).

The flavivirus vesicle packets consist of an outer bounding

membrane surrounding a series of inner, �90 nm vesicles

(Figure 4) that contain most of the replication proteins, dsRNA,

and nascent RNA (Mackenzie et al., 1996). Thus, these inner vesi-

cles are the likely sites of genome replication. Intriguingly, these

vesicle packets show features that bridge the coronavirus

double-membraned vesicles and the invaginated vesicular RNA

replication compartments induced by bromoviruses and nodavi-

ruses. Like the coronavirus RNA replication compartments, in

some planes of sectioning, the flavivirus vesicle packet interiors

appear separated from the cytoplasm by two membranes

(Figure 4). However, three-dimensional EM tomography revealed

that the inner 90 nmvesicles are invaginations of the outer bound-

ing membrane and, like BMV and FHV replication vesicles, bear

necked connections to the cytoplasm (Welsch et al., 2009). This

topological equivalence of flavivirus and nodavirus replication

compartments had been proposed earlier (Ahlquist, 2006; Kopek

et al., 2007), based on EM tomography analysis showing that

certain cross sections through FHV-modified mitochondria bear

remarkable resemblance to flavivirus vesicle packets (Figure 2B).

Coordination of the Viral Replication Cycle
Many viruses coordinate their genome replication with subse-

quent steps of producing progeny virions. DENV and SARS virus

package their virion capsids in membrane envelopes, and for

both viruses, EM tomography revealed that some or all virion

assembly and budding steps occur within or in close proximity

to the same continuous membrane networks that support

genome replication (Knoops et al., 2008; Welsch et al., 2009)

(Figure 4).

For DENV, in some cases, virion particle formation was

observed at sites directly apposed to the open necks of the



Figure 4. EM Tomographic Three-Dimensional Reconstruction
of Dengue Virus-Induced, ER-Derived Vesicle Packets
(A and B) Two-dimensional EM sectional view (A) and three-dimensional tomo-
graphic reconstruction (B) of DENV-induced vesicle packets. Virion particles
associated with sites of virus assembly and budding are indicated with a black
arrowhead in (A) and in red in (B) (adapted from Welsch et al., 2009).
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replication vesicles (Welsch et al., 2009). Moreover, for DENV

and the related hepatitis C virus, viral capsid proteins accumu-

late on the surface of characteristic lipid droplets (McLauchlan,

2009; Ogawa et al., 2009; Samsa et al., 2009). Like the

membrane structures of the viral replication complex, these lipid

droplets originate from the ER, and their abundance in the cell is

directly linked to virus infection and replication (Samsa et al.,

2009).

New coronavirus virions bud into ER-Golgi intermediate

compartments, but early in infection, the viral nucleocapsid

protein can also be detected at the double-membrane vesicle

sites of viral replication (Stertz et al., 2007). Some EM tomog-

raphy images of late stages of SARS virus infection showed

merged replication and budding compartments (Knoops et al.,

2008).

PV, BMV, and FHV, unlike flavi- and coronaviruses, are nonen-

veloped ‘‘naked’’ viruses and do not rely on membranes for

budding. Nevertheless, strong spatial and functional links
between genome replication and virion assembly exist for these

viruses also. PV, BMV, and FHV virion formation all require

actively replicating genomic RNA (Annamalai and Rao, 2005,

2006; Nugent et al., 1999; Venter et al., 2005). Additional EM

tomography results have shown substantial FHV virion accumu-

lation close to mitochondria with FHV genome replication

complexes (Lanman et al., 2008).

Parallels with Double-Strand RNA Virus and Retrovirus
Virions
Beyond close coordination of viral genome replication and virion

assembly, for at least some positive-strand RNA viruses, the

membrane-associated RNA replication complexes themselves

show general parallels with virion assembly and structure and

particular parallels with the replicative cores of dsRNA virus

and reverse-transcribing virus virions (Ahlquist, 2006) (Figure 5).

As an example of dsRNA viruses, members of the well-

studied Reoviridae family carry out most of their replication

steps in cytoplasmic ‘‘viroplasms’’ or virus factories that, though

not membrane bound, nevertheless concentrate virion

assembly, RNA replication, and other steps in a defined space

(Patton et al., 2006). Such dsRNA viruses encapsidate their

genomic dsRNAs, together with viral polymerases, in a virion

core that is active in RNA synthesis in much the same way as

positive-strand RNA virus replication complexes (Figure 5A).

For reoviruses, the virion core shell consists of 120 copies of

viral protein l1 and contains 60 copies of the l2 RNA-capping

protein and 12 copies of the l3 polymerase (Reinisch et al.,

2000; Zhang et al., 2003). BMV 1a and FHV protein A thus

resemble l1 as high copy number structural components of

the RNA synthesis complex. 1a further resembles l1 and l2 in

having NTPase/helicase and RNA-capping domains, respec-

tively, whereas BMV 2apol resembles l3 in having a polymerase

domain and interacting with its cognate NTPase/helicase

domain (Ahlquist, 2006) (Figures 5A and 5B). BMV 1a’s roles

in replication complex assembly show further similarities with

reovirus protein mNS, a multifunctional protein that coordinates

the recruitment and assembly of additional reovirus proteins

and forms the matrix of the viroplasms within which reovirus

replication and virion assembly occur (Arnold et al., 2008; Miller

et al., 2010).

Additional parallels exist with retrovirus virion assembly

(Bieniasz, 2009; Waheed and Freed, 2009) (Figure 5C). When

the functions of the cellular ESCRT/multivesicular body sorting

pathway are inhibited, e.g., retrovirus virions fail to complete

their budding (Morita and Sundquist, 2004). When so arrested,

retroviruses remain attached to the plasma membrane by

neck-like membrane stalks that are strikingly similar to the

necked membrane connections that the spherular RNA replica-

tion vesicles of FHV, BMV, alphaviruses, and many other posi-

tive-strand RNA viruses maintain to the cytoplasm. Moreover,

multiple functions of the major retrovirus capsid protein Gag in

virion assembly parallel roles of BMV 1a in replication complex

spherule formation (Figures 5B and 5C). These similarities

include targeting and defining the membrane site of virion/repli-

cation complex assembly, binding the target membrane cyto-

plasmic face as a peripheral membrane protein, inducing target

membrane invagination, self-interacting in large numbers within

the resulting vesicle, directing viral RNA templates and viral
Cell Host & Microbe 8, July 22, 2010 ª2010 Elsevier Inc. 81
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Figure 5. Parallels between Positive-Strand RNA
Virus, dsRNA Virus, and Retrovirus Genome
Replication
(A–C) Schematic representations of (A) the cytoplasmic
replicative core of a dsRNA virus, (B) the invaginated, ER
membrane-associated RNA replication complex of brome
mosaic virus, and (C) a retrovirus virion in the midst of
budding from the plasma membrane into the extracellular
space. Red arrows represent the positive-strand
(i.e., mRNA-sense) viral genomic RNA packaged into
each structure to initiate genome replication. Dashed
black arrows represent negative-strand RNA in (A) and
(B) and negative-strand cDNA in (C), as is initiated prior
to virion release for foamy retroviruses.
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polymerase into these vesicles, and other points (Ahlquist, 2006).

Many, though not all, of these similarities are shared by nodavi-

rus protein A (Dye et al., 2005; Kopek et al., 2007; Miller et al.,

2001; Van Wynsberghe and Ahlquist, 2009; Van Wynsberghe

et al., 2007).

Particularly striking are the parallels between the above posi-

tive-strand RNA virus RNA replication complexes and assem-

bling virions of the foamy retroviruses (Figure 5C). Foamy virus

replication is distinct from that of orthoretroviruses such as HIV

in several ways (Delelis et al., 2004; Linial, 1999). For example,

whereas orthoretroviruses release virions carrying an RNA

genome and delay reverse transcription until after entering

a newly infected cell, newly assembled foamy retrovirus virions

reverse transcribe their encapsidated RNA prior to virion release

(Moebes et al., 1997). Thus, foamy retrovirus virions are actively

involved in genome replication within the same cell in which they

assemble, further paralleling positive-strand RNA virus replica-

tion complexes such as the BMV and FHV spherules described

above.

Another distinction is that, whereas orthoretoroviruses

translate their reverse transcriptase (Pol) as a fusion protein

with Gag, foamy viruses translate Gag and Pol as separate

proteins from independent mRNAs. This allows separate regu-

lation of Pol expression and encapsidation, similar to some

positive-strand RNA viruses such as BMV. Recruitment of

foamy virus Pol depends on C-proximal determinants in the

Gag protein sequence (Lee and Linial, 2008), similar to the

recruitment of BMV 2apol to RNA replication complexes by

the C terminus of BMV 1a (Chen and Ahlquist, 2000; Kao

and Ahlquist, 1992).

From an evolutionary perspective, the similarities of positive-

strand RNA virus replication complexes with the replicative

cores of dsRNA and retrovirus virions suggest that all of these

viruses may have diverged from a common precursor that also

used a viral protein shell to organize and sequester the replica-

tion of an mRNA-sense genomic RNA template. In subsequent

evolution, these viruses would then have diverged with regard

to which replication cycle intermediate to export in infectious

virions: for retroviruses and dsRNA viruses, the RNA replication

complex before and after negative-strand synthesis, respec-

tively, and for positive-strand RNA viruses, the mRNA-sense

genomic RNA before assembly into the replication complex

(Ahlquist, 2006; Schwartz et al., 2002).
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Similarities with DNA Virus Replication Factories
Building novel intracellular structures to support viral replication

is an integral part of the life cycle of many, if not all, viruses.

Unlike the RNA viruses discussed above, most DNA viruses

replicate their genomes inside the nucleus. Nevertheless, many

of these DNA viruses also assemble cytoplasmic factory-like

structures to complete their replication cycles and assemble

progeny virus, often in close vicinity to ER membranes where

viral proteins are produced (Novoa et al., 2005).

Moreover, unusually among large double-strand DNA viruses,

poxviruses such as vaccinia virus carry out their replication

entirely in the cytoplasm in membrane-bound viral complexes

(Schramm and Locker, 2005). Upon infection, vaccinia virus

cores are released and accumulate in close proximity to ER

membranes. The incoming genomic DNA leaves the core and

preferentially associates with the cytosolic side of the ER

membranes (Mallardo et al., 2001). DNA replication is initiated

in distinct cytoplasmic sites, often referred to as viral factories,

formed through gradual envelopment by rough ER membranes.

Occasional small gaps in the surroundingmembranes have been

observed, presumably allowing the exchange of molecules

between the interior DNA replication compartments and the

cytoplasm (Tolonen et al., 2001). After completion of this ER

wrapping, the viral DNA replication complexes expand in size,

perhaps indicative of active DNA replication (Tolonen et al.,

2001).

In further analogy with positive-strand RNA and dsRNA

viruses, poxvirus genome replication, transcription and transla-

tion, and virus assembly are all coordinated within or associated

with the DNA replication factories. Although early viral mRNAs

are transcribed in the original viral cores (Mallardo et al., 2001),

intermediate and late viral mRNAs concentrate in the viral DNA

factories and closely associate with ribosomes and translation

initiation factors to produce the many different viral proteins

(Katsafanas and Moss, 2007). Late in infection, the ER around

the viral factories disassembles, coinciding with a dramatic

decrease in DNA synthesis and the formation of virion precursors

(Tolonen et al., 2001).

Concluding Remarks
The studies reviewed above have substantially enhanced the

understanding of the replication structures and pathways of

many important viruses and have revealed some common
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principles. Simultaneously, many fundamental questions remain

or have become evident from this work. Among these unresolved

questions are the detailed molecular mechanisms by which

specific viruses target their replication factors and their RNAs

to particular membranes or other intracellular sites to assemble

replication complexes or factories, as well as how different

viruses orchestrate the varied and often complex membrane

rearrangements associated with their replication processes.

Related issues include the specific advantages or adaptations

associated with the use by diverse viruses of different

intracellular sites for similar replication purposes. Different posi-

tive-strand RNA viruses, e.g., variously assemble their RNA

replication complexes on distinct secretory, endosomal, or

organellar membranes, and they and other viruses show a similar

diversity in the sites used for virion assembly and/or budding.

However, the implications of such choices for replicative

efficiency, virus-host interactions, and pathology remain poorly

understood. Recent findings on how picornaviruses, flaviviruses

and coronaviruses manipulate components of the secretory

pathway and related pathways to create novel membrane

environments with specific lipid enrichments and other replica-

tion-supportive characteristics are examples of these essential

research directions (Belov et al., 2007; Hsu et al., 2010; Reggiori

et al., 2010). Such efforts will be critical to identify and

understand the roles of cellular factors and molecular pathways

in efficient viral replication.

A second class of challenges and opportunities is associated

with using growing knowledge in these areas to improve virus

control or beneficial uses of viruses. For virus control, growing

recognition of the intimate coordination ofmany successive virus

replication steps with each other and with cellular pathways

offers many additional points at which to disrupt infection. In

this regard, one important area will be further defining the roles

and interactions of viral replication compartments as barriers

to host defenses, including host systems for detecting viruses

through dsRNA, etc., and for impeding virus replication, such

as through RNA silencing or certain interferon-stimulated

pathways. Though the emerging complexities exceed the

expectations of earlier stages of investigation, such questions

offer challenging but satisfying directions and a fulfilling future

for these important areas in the cell biology of virus replication.
ACKNOWLEDGMENTS

We thank members of our laboratory, Eric Snijder, Marjolein Kikkert, Ellie Eh-
renfeld, and many others for valuable discussions on the areas of this review.
Research related to these topics in the authors’ laboratory was supported by
NIH grant GM35072. P.A. is an Investigator of the Howard Hughes Medical
Institute.
REFERENCES

Ahlquist, P. (2006). Parallels among positive-strand RNA viruses, reverse-tran-
scribing viruses and double-stranded RNA viruses. Nat. Rev. Microbiol. 4,
371–382.

Ahola, T., and Ahlquist, P. (1999). Putative RNA capping activities encoded by
brome mosaic virus: methylation and covalent binding of guanylate by repli-
case protein 1a. J. Virol. 73, 10061–10069.

Ahola, T., den Boon, J.A., and Ahlquist, P. (2000). Helicase and capping
enzyme active site mutations in brome mosaic virus protein 1a cause defects
in template recruitment, negative-strand RNA synthesis, and viral RNA
capping. J. Virol. 74, 8803–8811.

Annamalai, P., and Rao, A.L. (2005). Replication-independent expression of
genome components and capsid protein of brome mosaic virus in planta:
a functional role for viral replicase in RNA packaging. Virology 338, 96–111.

Annamalai, P., and Rao, A.L. (2006). Packaging of brome mosaic virus subge-
nomic RNA is functionally coupled to replication-dependent transcription and
translation of coat protein. J. Virol. 80, 10096–10108.

Arnold, M.M., Murray, K.E., and Nibert, M.L. (2008). Formation of the factory
matrix is an important, though not a sufficient function of nonstructural protein
mu NS during reovirus infection. Virology 375, 412–423.

Bartenschlager, R., and Miller, S. (2008). Molecular aspects of Dengue virus
replication. Future Microbiol. 3, 155–165.

Baumstark, T., and Ahlquist, P. (2001). The brome mosaic virus RNA3 inter-
genic replication enhancer folds tomimic a tRNA TpsiC-stem loop and ismodi-
fied in vivo. RNA 7, 1652–1670.

Belov, G.A., Habbersett, C., Franco, D., and Ehrenfeld, E. (2007). Activation of
cellular Arf GTPases by poliovirus protein 3CD correlates with virus replication.
J. Virol. 81, 9259–9267.

Bieniasz, P.D. (2009). The cell biology of HIV-1 virion genesis. Cell Host
Microbe 5, 550–558.

Bienz, K., Egger, D., Rasser, Y., and Bossart, W. (1983). Intracellular distribu-
tion of poliovirus proteins and the induction of virus-specific cytoplasmic
structures. Virology 131, 39–48.

Bienz, K., Egger, D., and Pasamontes, L. (1987). Association of polioviral
proteins of the P2 genomic region with the viral replication complex and
virus-induced membrane synthesis as visualized by electron microscopic
immunocytochemistry and autoradiography. Virology 160, 220–226.

Bienz, K., Egger, D., Troxler, M., and Pasamontes, L. (1990). Structural orga-
nization of poliovirus RNA replication is mediated by viral proteins of the P2
genomic region. J. Virol. 64, 1156–1163.

Chen, J., and Ahlquist, P. (2000). Brome mosaic virus polymerase-like protein
2a is directed to the endoplasmic reticulum by helicase-like viral protein 1a. J.
Virol. 74, 4310–4318.

Chen, J., Noueiry, A., and Ahlquist, P. (2001). Brome mosaic virus Protein 1a
recruits viral RNA2 to RNA replication through a 50 proximal RNA2 signal. J.
Virol. 75, 3207–3219.

Cho, M.W., Teterina, N., Egger, D., Bienz, K., and Ehrenfeld, E. (1994).
Membrane rearrangement and vesicle induction by recombinant poliovirus
2C and 2BC in human cells. Virology 202, 129–145.

Delelis, O., Lehmann-Che, J., and Saı̈b, A. (2004). Foamy viruses—a world
apart. Curr. Opin. Microbiol. 7, 400–406.

den Boon, J.A., Chen, J., and Ahlquist, P. (2001). Identification of sequences in
Brome mosaic virus replicase protein 1a that mediate association with endo-
plasmic reticulum membranes. J. Virol. 75, 12370–12381.

Denison, M.R. (2008). Seeking membranes: positive-strand RNA virus replica-
tion complexes. PLoS Biol. 6, e270.

Dreux, M., and Chisari, F.V. (2010). Viruses and the autophagy machinery. Cell
Cycle 9, 1295–1307.

Dye, B.T., Miller, D.J., and Ahlquist, P. (2005). In vivo self-interaction of noda-
virus RNA replicase protein a revealed by fluorescence resonance energy
transfer. J. Virol. 79, 8909–8919.

Egger, D., and Bienz, K. (2002). Recombination of poliovirus RNA proceeds in
mixed replication complexes originating from distinct replication start sites. J.
Virol. 76, 10960–10971.

Egger, D., Teterina, N., Ehrenfeld, E., and Bienz, K. (2000). Formation of the
poliovirus replication complex requires coupled viral translation, vesicle
production, and viral RNA synthesis. J. Virol. 74, 6570–6580.

Froshauer, S., Kartenbeck, J., and Helenius, A. (1988). Alphavirus RNA repli-
case is located on the cytoplasmic surface of endosomes and lysosomes.
J. Cell Biol. 107, 2075–2086.
Cell Host & Microbe 8, July 22, 2010 ª2010 Elsevier Inc. 83



Cell Host & Microbe

Review
Fujita, K., Krishnakumar, S.S., Franco, D., Paul, A.V., London, E., andWimmer,
E. (2007). Membrane topography of the hydrophobic anchor sequence of
poliovirus 3A and 3AB proteins and the functional effect of 3A/3AB membrane
association upon RNA replication. Biochemistry 46, 5185–5199.

Gosert, R., Kanjanahaluethai, A., Egger, D., Bienz, K., and Baker, S.C. (2002).
RNA replication of mouse hepatitis virus takes place at double-membrane
vesicles. J. Virol. 76, 3697–3708.
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