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production of subgenomic mRNAs and the conservation of a specific array of replicase domains, including
key RNA-synthesizing enzymes. Coronaviruses (26-34 kilobases) have the largest known RNA genomes
and their replication presumably requires a processive RNA-dependent RNA polymerase (RdRp) and
enzymatic functions that suppress the consequences of the typically high error rate of viral RdRps. The

é(?r,x,:ar\‘jisr:us arteriviruses have significantly smaller genomes and form an intriguing package with the coronaviruses
Arterivirus to analyse viral RdRp evolution and function. The RdRp domain of nidoviruses resides in a cleavage
Replication and transcription complex product of the replicase polyprotein named non-structural protein (nsp) 12 in coronaviruses and nsp9
Polymerase fidelity in arteriviruses. In all nidoviruses, the C-terminal RARp domain is linked to a conserved N-terminal
Processivity factors domain, which has been coined NiRAN (nidovirus RdRp-associated nucleotidyl transferase). Although no
Subgenomic mRNA synthesis structural information is available, the functional characterization of the nidovirus RdRp and the larger

enzyme complex of which it is part, has progressed significantly over the past decade. In coronaviruses
several smaller, non-enzymatic nsps were characterized that direct RARp function, while a 3’-to-5’ exori-
bonuclease activity in nsp14 was implicated in fidelity. In arteriviruses, the nsp1 subunit was found
to maintain the balance between genome replication and subgenomic mRNA production. Understand-
ing RdRp behaviour and interactions during RNA synthesis and subsequent processing will be key to

rationalising the evolutionary success of nidoviruses and the development of antiviral strategies.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Positive-stranded RNA (+RNA) viruses that belong to the order
Nidovirales infect a wide range of vertebrates (families Arteriviridae
and Coronaviridae) or invertebrates (Mesoniviridae and Roniviri-
dae) (de Groot et al., 2012; Lauber et al., 2012) and can have a
significant economic and societal impact. For example, infections
with the arterivirus (AV) porcine reproductive and respiratory syn-
drome virus (PRRSV) have severely affected the swine industry
for almost three decades now (Holtkamp et al., 2013; Perez et al.,
2015; Pileri and Mateu, 2016), whereas zoonotic coronaviruses
(CoVs) have caused episodes of severe acute respiratory syndrome
(SARS) and Middle East respiratory syndrome (MERS) in humans
(Graham et al., 2013; Perlman and Netland, 2009) and may do so
again(Menachery etal.,2015). Animal CoVs continue to emerge and
cause great economic losses, as exemplified by the recent outbreaks
of porcine deltacoronavirus and the porcine epidemic diarrhea
virus (PEDV) in China and the United States (Choudhury et al.,
2016; Weng et al., 2016; Zhang, 2016). Genetically, the nidoviruses
constitute a monophyletic group that is characterized by common
ancestry of their key replicative enzymes and associated similari-
ties in genome organization and expression (Fig. 1A) (de Grootetal.,
2012; Lauber et al., 2013). However, nidovirus genome sizes vary
significantly, with AV genomes ranging from 13 to 16 kilobases (kb),
mesonivirus genomes from 20 to 21 kb, and CoV genomes from 26
to 34 kb (Lauber et al., 2013). It has been postulated that this size
variation reflects a long history of gradual genome expansion, dur-
ing which the different nidovirus lineages adapted to their specific
niches by acquiring a range of novel functions, encoded by domains
that were either incorporated as additional genes or integrated into
the large nidovirus replicase gene (Lauber et al., 2013).

In all nidoviruses, at least two-thirds of the capacity of the
polycistronic genome is occupied by the two large open reading
frames (ORFs; 1a and 1b) that together constitute the replicase gene
(Fig. 1A). Both ORFs are translated directly from the viral genome
and briefly overlap where a —1 ribosomal frameshift directs the
expression of ORF1b to facilitate the formation of an ORFlab-
encoded polyprotein (pplab). Cleavage of the ppla and pplab
polyproteins by multiple intrinsic protease activities, in combi-
nation with —1 and -2 frameshifting in the nsp2 coding region
in most arteriviruses with the exception of equine arteritis virus
(EAV), results in the production of 13 to 17 non-structural pro-
teins (nsps) (Fang et al.,, 2012; Li et al.,, 2014b; Snijder et al,,
2013; Ziebuhr et al., 2000). The common ancestry of the extremely
diverged nidovirus lineages is primarily reflected in the conser-
vation of an array of ‘core replicase domains’ (Gorbalenya et al.,
2006; Lauber et al., 2013; Snijder et al.,, 2016), which is com-
posed of two trans-membrane proteins, the viral main protease,
and - encoded downstream of the ORF1a/1b frameshift site - the
RNA-dependent RNA polymerase (RdRp)- and helicase-containing
subunits (Fig. 1B), with the canonical RdRp domain residing in
CoV nsp12 and AV nsp9. Nidovirus genomes are thought to have
expanded gradually by gene duplication and the acquisition of

novel domains (Lauber et al., 2013). During this process, specific
innovations may have enabled them to explore an unprecedented
evolutionary space and adapt to a wide variety of host organ-
isms, including mammals, birds, fish, insects and crustaceans. In
particular, the general genome size restrictions of RNA viruses,
commonly attributed to the poor nucleotide incorporation fidelity
of the viral RARp domain, may have been mitigated by the acqui-
sition of compensatory enzymatic functions (Deng et al., 2014;
Eckerle et al., 2010; Eckerle et al., 2007; Gorbalenya et al., 2006;
Snijder et al., 2003). Consequently, some nidovirus nsps contain a
unique set of activities not seen in other +RNA viruses (discussed
e.g. in Sections 8 and 11 in more detail). Imaging and biochemical
characterization of nidovirus nsps have shown that they are tar-
geted to specific virus-induced membrane structures (reviewed in
(Hagemeijer et al.,2012; Neuman et al., 2014; van der Hoeven et al.,
2016)) where they assemble into a so-called replication and tran-
scription complex (RTC; see (Neuman et al., 2014; Snijder et al.,
2016; Subissi et al., 2014a) for reviews).

The RNA-templated synthesis of new RNA by the viral RNA
polymerase is arguably the key step in the infection cycle of all
RNA viruses. In the case of nidoviruses and their polycistronic
genomes, RNA synthesis entails not only genome amplification but
also the synthesis of anested set of subgenomic (sg) mRNAs (Fig. 1A;
reviewed in (Pasternak et al., 2006; Sawicki et al., 2007; Sola et al.,
2011). The sg mRNAs serve to make the genes downstream of the
nidovirus replicase ORFs 1a and 1b accessible for translation. These
ORFs encode structural and so-called ‘accessory’ proteins, which
are often dispensable for replication in vitro, but important for e.g.
immune evasion and pathogenesis in vivo (Liu et al., 2014; Weiss
and Leibowitz, 2011). For the purpose of this review, we will refer to
the process of sg mRNA synthesis as ‘transcription’; the underlying
mechanisms will be discussed in more detail in Section 10.

Each nidoviral sg mRNA is produced from a complementary
subgenome-length template. Minus strand RNA synthesis can be
either continuous (producing a full-length minus-strand tem-
plate for genome replication) or discontinuous to produce the
subgenome-length templates for the production of the sg mRNAs
(Sawicki and Sawicki, 1995; Sethna et al., 1989). In addition to the
overall RNA structure of the genome and transcription-specific pro-
tein factors, conserved transcription-regulatory sequences (TRSs)
in the genomic template are thought to be the prime trigger
and guiding elements that make the nidovirus RTC synthesize a
subgenome-length rather than a full-length minus strand. Thus,
the TRSs constitute one class of cis-acting RNA signals with which
the nidovirus RTC needs to interact, although we note that this
feature has mainly been addressed from the RNA side (e.g., by site-
directed mutagenesis of TRSs) (Dufour et al., 2011; Pasternak et al.,
2001; Zheng et al., 2014; Zuniga et al., 2004). The same essen-
tially applies to the major cis-acting RNA elements that constitute
the initiation sites for minus and plus strand RNA synthesis near
the 3’ end of the plus and minus strand, respectively. Indeed, in
both CoV and AV genomes, a number of primary and higher-order
structural features have been identified and studied, including sev-
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