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ABSTRACT

We have previously generated and described a set of avian reovirus (ARV)

temperature sensitive (s) mutants and assigned 11 of them to 7 of the 10 expected

recombination groups, namely A, B, C...G (M. Patrick, R. Duncan, and K. M. Coombs,

Virology 284:1 13-122,2001). This shrdy serves to frrrther characterize group A mutants,

tsAI2 and ts4146. The abilities of tsAl2 and tsA146 to replicate at a variety of

temperatures were determined. Morphological analyses of tsAl2 and tsAI46 were

performed, Cells infected with the tsAl2 at nonpermissive temperature produced - 100-

fold fewer particles and accumulated core particles. Cells infected with tsA146 at

nonpermissive temperature also produced - 100-fold fewer particles, of which a larger

proportion were intact virions. The temperature sensitive lesion in lsAl2 was mapped to

the 52 gene, which encodes major core protein oA. Amino acid alterations in the tsAl46

oA were determined. Analysis of the core crystal structure of the closely related

mammalian reoviruses suggests that the mutated residue in ARY tsAI2 oA lies directly

under the outer face of the oA protein. This may cause a perturbation in oA such that

outer capsid proteins are incapable of condensing onto nascent cores. Thus, ARV mutant

tsAl2 represents a novel orthoreovirus assembly-defective clone that may prove useful

for delineating virus assembly. Analysis of the MRV core crystal struch¡re also suggests

that a mutated amino acid at position 290 in the tsAI46 aA is buried, where it seems to

appear to affect interaction of oA with dsRNA, resulting in the shift in proportion of

particles produced from top component to complete virions in reshictive infections.

The ¡s lesion of group B mutant, tsB3I was localized to the M2 gene by

reassortant analysis. In addition, 5 S1 deletion mutants which were generated from mixed



infection of wild-type ARV 176 and tsB3l was identifred and characterized. These

deletion mutants originated from ¡s831 and thus were 51 deletion ls mut¿nts. 5 Sl

deletion fragments were sequenced. These fragments contained sequences from both

termini of segment 51 and were 228- 230 nucleotides long. The consensus sequences

consisted of 105- 119 nucleotides from the 5'end of the plus strand and lll- 123

nucleotides from the 3' end of the plus strand. It is concluded that these regions contain

all the signals necessary for the replication and assembly of the 51 genome segment. The

growth capacities of 5 51 deletion mutants were examined at the permissive temperahlre

of 33.5"C. Surprisingly, the infectious titers obtained from these mutants were 1- to 9-

fold higher than that of wild-type ARV 13I at different times post-infection from 12 h to

84 h. This suggests that a novel mechanism might be involved in these S1 deletion

mutants entry into the cells.



CHAPTER 1 INTRODUCTION

CHAPTER 1 INTRODUCTION

1.1 Avian reovirus

Avian reoviruses (ARV) are ubiquitous among poultry flocks. They are

responsible for several diseases which cause considerable economic losses in poultry

industry. They have been reported to cause tenosynovitis (arthritis) (Kibenege and

Wilcox, 1983), which is the most important in chickens, a gastrointestinal maladsorption

syndrome (Hieronymus et al., 1983), and runting (Fahey and Crawley, 1954). The avian

reoviruses have at least five serotypes by neutralization tests (Wickamasinghe et al.,

1993).

Avian reoviruses are members of the Orthoreov¡r¿ls genus, one of the nine genera

of Reoviridae famity (Robertson and Wilcox, 1986; Nibert et al., 1996). Members within

the genus Orthoreovirus share similar capsid structures, genome segment profiles, and

protein compositions (Nibert et a\.,2001). The orthoreoviruses consist of at least four

species that separate into three subgroups (Duncan, 1999): subgroup 1 contains

nonfusogenic mammalian reovirus (MRV) species; subgroup 2 contains the fusogenic

avian reovirus and Nelson Bay reovirus (NBV) species; subgroup 3 is occupied by the

single fusogenic baboon reovirus (BRV) species. Of these species, mammalian

reoviruses, the prototype members of the Orthoreovlrzs genus, are most well-sh.¡died.

The avian reoviruses, on the other hand, remain less well characterized at the molecular

level than their mammalian counterparts. Like the mammalian reoviruses, the avian

reoviruses are non-enveloped viruses and have a genome composed of l0 double-

stranded RNA (dsRNA) segments that are enclosed within a double protein capsid shell
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70-80 nm in diameter. The 10 RNA segments fall into 3 size classes by polyacrylamide

gel electrophoresis (Figure 1.14): 3 large segments (L1-L3),3 medium segments (Ml-

M3), and 4 small segments (S1-S4). Homologous segments from different serotypes may

exhibit differences in their electrophoretic mobilities. To date, the sequences of four S

genome segments have been determined for some avian reovirus isolates, all of which

posses a pentanucleotide UCAUC at the 3'-terminus of their plus strand (Shapouri el ai.,

1995; Chiu and læe, 1997;Yin et al., 1997 Yin et a1.,2000) like in ten genome segments

of mammalian reoviruses. For protein coding assignment of avian reoviruses, there is a

good correlation between the sizes of the proteins observed in SDS-PAGE and the

lengths of the corresponding genes for L and M encoded proteins, and the L and M genes

appear to be monocistronic. Polypeptides encoded by the three L segments are denoted

lambda (À) A, LB, and ÀC; polypeptides by the M segments are named mu (p)4, pB, and

pNS. Of the S class genes, Sl codes for three proteins (p10, p17, and oC) from three

partially overlapping open reading frames (ORFs), 52 codes for oA, 53 codes for oB,

and 54 codes for oNS. Although avian and mammalian reoviruses have similar

morphological and physicochemical characteristics, the avian reoviruses differ from their

mammalian counterparts in their lack of hemagglutinin, the ability to induce cell fusion,

and different host cell range (Wilcox et at., 1982; Ni and Raming, 1993; Theophilos et

at.,1995).ln spitg of known knowledge of morphological and biochemical similarities of

avian and mammalian reoviruses, the detailed understanding of molecular biology,

structure/function and assembly of the avian reoviruses is lacking.
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1.2 Virion structure and protein function

As described in the preceding section, avian reoviruses encode at least 12

translation products, 8 of which are structural proteins (ÀA, LB, ÀC, ¡rA, !rB, oA, oB and

oC) (Figure 1.18) and 4 of which are nonstructural proteins (pNS, oNS, p10, p17)

(Varela and Benavente, 1994; Bodelon et a|.,2001). The knowledge ofARV structure is

largely based on correlation to mammalian reovirus. The virion is proposed to be built

from 8 shuctural proteins that are arranged in two concentric icosahedral capsid layers

(Figure 1.1C) (Duncan, 1996; Van Regenmortel et a|.,2000; Reinisch et al',2000). The

outer capsid layer is ananged with T = 13 icosahedral symmetry and the inner capsid

layer has a T = 1 icosahedral symmetry. The outer capsid layer consists of three proteins

(pB, oB and oC) and inner capsid layer (core) contains five proteins (À4, IB, l'C, pA,

oA). The locations of structural proteins within the virion are indicated in Figure 1.1C.

The oB and pB are major outer capsid proteins. oB is the target for group-specifrc

antibodies (Shapouri et al., 1996). pB mainly presents as its cleavage product (pBc) in

mature virion (Duncan, 1996). The ¡rBc has been reported to have a role in virus entry

and transcriptase activation (Duncan, 1996; O'Hara, 2001). Five monomers of l'C form a

pentameric complex (core spikes), extending from the inner core to the outer capsid at

each of the 12 vertices (Martinez-Costas et al., 1995; 1997). Biochemical studies have

demonstrated thai avian reoviruses contain all the enzymatic activities required for the

synthesis of mature viral transcripts, and that the protein ÀC is the avian reovirus

guanylyltransferase (Martinez-Costas ¿t al., 1995). Recent molecular analyses have

suggested that ÀC may also have methyltransferase activity (Hsiao el a1.,2002). oC, fhe

equivalent of the mammalian reovirus o1 protein, is a minor component of outer capsid
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Figure 1.1 Cartoon ofavian reovirus genotype, protein profile, and composite

particle,

(A) The 10 dsRNA genome segments of avian reovirus strain 176 are separated on SDS-

polyacrylamide gel. The genomic dsRNAs are grouped into three size classes referred to

as large (L), medium (M), and small (S). (B) The structural proteins are designated in

terms of their relative sizes and size classes. For an avian reovirus, these proteins are

referred to as 1,4, LB, ÀC; pA, pB; oA, oB, oC. During the entry, pBc undergoes two

distinct cleavages to generate õ and ô'. Proteins in parentheses indicate equivalent

mammalian reovirus proteins. (C) The predicated locations of structural proteins are

depicted in the three particle forms of reovirus: complete virus, ISVP (infectious or

intermediate subviral particle) and core. Proteins are color coded to match the proteins in

(B).
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shell (Martinez-Costas el a\.,199'l). In the intact virion, oC resides within the l,C spike

protein as folded trimers at the surface of each vertex (Theophilos, et a|.,1995). Protein

oC has been identified as the cell-attachment protein (Shapouri et al., 1996; Martinez-

Costas ¿t al., 1997) and has also been associated with neutralization of virus infectivity

(Wickamasinghe et al., 1993; Theophilos et al., 1995; Meanger et al., 1999). Two of the

S1-encoded products, oC and pl0, have been suggested to display syncytium formation

activity (Theophilos et al., 1995; Meanger et al., 1999; Shmulevitz and Duncan, 2000).

However, ¡ecent evidence demonstrates that p10 but not oC is associated with cell-cell

fusion (Bodelon et a1.,2001). ÀA is thought to form the shell of the core and oA binds on

the outer surface of the ÀA shelt. Protein LA is a dsRNA-binding protein (Yín et al.,

2000; Martinez-Costâs et a1.,2000) and is also associated with nucleoside triphosphate

phosphohydrolase (NTPase) activity (Yin et a1.,2002). ÀB and pA are internal core

proteins. Protein LB is presumably located at the base of each of the 12 vertices and

associated with protein pA.

Avian reoviruses have four morphological forms: virion, ISVP (infectious or

intermediate subviral particle), core, and top component. Virions are intracellularly

and/or extracellularly processed to generate ISVPs and cores. During conversion of virion

to ISVP, oB is degraded; pBc is sequentially cleaved into ô and õ'(Duncan, 1996); and

the oC fibres extend outwards. ISVPs can be further processed to cores with the loss of

all ¡rBc cleavage products and oC proteins. ISVPs and cores can also be generated by

treating virions with proteases in vitro. ISVPs are infectious but not transcriptionally

competent whereas cores are transcriptionally competent but not infectious, because of

loss of the cell attachment protein. Top component structures account for a large
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proportion of the particles lysed from infected cells. They remain similar protein content

and morphology with those of full virions but lack the dsRNA genome; thus, their

buoyant density is lower than that of complete virions. They are named as top component

particles because they migrate above full virions in cesium chloride gradients.

1.3 Avian reovirus lifecycle

1.3,1 Entry into cells

Despite the widespread tissue dissemination of avian reovirus, the principal site of

virus replication is the enteric tract (Kibenge et al., 1985). The first step in reovirus

infection is att¿chment of the virion (or ISVP) via cell attachment oC protein to host cell

surface molecules (Theophilos et al., 1995). Although receptor molecules for avian

reoviruses have not been studied, evidence suggests that sialic acid, other

sialoglycoproteins, EGF (epithelial growth factor) receptor, and the junction adhesion

molecule are likely mammalian reovirus receptors (Gentsch and Hatfreld 1984; Paul et

al., 1989; Choi et al., 1990; Tang et al., 1993; Barton et al., 2001). Following attachment,

virion or ISVP is internalized by receptor-mediated endocytosis. Alternatively, the ISVP

is capable of directly penetrating the plasma membrane and bypassing the receptor

mediated endocytosis entry pathway (Duncan, 1996). Once virions are adsorbed into

endosomes, the endosomes will then fuse with lysosomes. The fusion of endosome with

lysosome provides an acidic environment, which facilitates proteolytically processing of

the virion or ISVP to core particle (Martinez-Costa s et al., 1997), a final proteolytic

product released to the cytoplasm. It has been reported that ARV uptake is associated

with sequential and two distinct cleavages of the major outer capsid protein ¡rBc to ô and

ô' (Duncan, 1996).
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1.3.2 Transcription and replication

Contrary to mammalian reoviruses, the transcription and replication of avian

reovirus have not been defined. However, evidence demonstrates that ARV possess all

endogenous enzymatic activities required for the synthesis and maturation of viral

transcripts, including a dsRNA-dependent RNA polymerase, a nucleoside triphosphate

phosphohydrolase, an mRNA guanylytransferase and two mRNA methyltransferases

(Martinez-Costa s et al., 1995). Of these, only guanylytransferase has been assigned to

core spike protein ÀC (MRV ¡,2) (Martinez-Costas et al., 1995). Avian reoviruses may

resemble their mammalian counterparts in transcription and replication. Mammalian

reovirus cores in the cloplasm are transcriptionally active as they carry all enzymes for

synthesis of mRNAs containing a type-l cap at their 5' ends [m7G(5')ppp(5')G-pcp.. .]

from each of their ten genomic stands (Faust e/ al., 1975; Furuichi et al., 1975). Several

lines of evidence suggest that core protein À3 (ARV ÀB) is the RNA-dependent RNA

polymerase (RdRp) (Drayna and Fields, 1982a; Koonin et al., 1989; Morozov, 1989;

Starnes and Joklik, 1993) and ¡r2 (ARV ¡rA) is the putative polymerase cofactor (Wiener

et al., 1989a; Yin et al., 1996), all of which are the internal core proteins responsible for

transcription and subsequent replication. Putative polymerase cofactor ¡.t2 may further

function as an NTPase (Noble and Nibert, 1997). Biochemical studies have identiflred that

core spike protein À2 (ARV ÀC) is a capping enzyme as it possesses guanylyltransferase

activity (Shatkin et al., 1983; Cleveland et al., 1986; Mao and Joklik, 1991) and possibly

methyltransferase activity (Seliger e/ al., 1987:' Reinisch et al., 2000). Recent studies

have demonstrated that core capsid protein À1 (ARV l,A) contains NTPase/helicase

activity (Bisaillon et al., 1997; Bisaillon and Lemay, 1997a), RNA S'-triphosphatase

l0
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activity (Bisaitlon and Lemay, 1997b), and can bind nucleic acids nonspecifically

(Lemay and Danis 1994).

Replication and assembly of members of the Reoviridae family are thought to take

place in viroplasms or viral factories. Mammalian reovirus or avian reovirus

nonstructural protein ¡rNS has been reported to form factory-like inclusions and recruits

protein oNS to these structures (Becker et a1.,2003; Miller el a\.,2003; Touris-Otero e/

al.,2004). The mammalian reovirus replication cycle is thought to have several steps:

primary transcription, secondary transcription, and capsid assembly. Primary

transcription is mediated by particles derived by partial uncoating of infecting particles

(Chang and Zweerink, 1971 ; Silverstein et al., 1972; Borsa et al., 1981). Upon activation

of the core, it begins synthesis of 10 nascent viral mRNAs from 10 minus strands of

parental genome. These newly synthesized mRNAs undergo capping and methylation

within the À2 turrets and then are released via these À2 channels to the cytosol (Gillies et

al., 1971, Bartlefi et al., 1974). It has been reported that transcripts from 4 genome

segments (L1, M3, 53, and 54) are preferentially synthesized during the first several

hours ofinfection (Watanabe et al., 1968; Nonoyama et al.1974; Spandidos et a1.,1976),

The nascent primary transcription products are translated by cellular ribosomes to viral

proteins, which associate with newly transcribed primary transcripts to form RNA

assofment complexes. Assortment is likely to involve signals, possibly through short

conserved regions at the 5'and 3'ends ofeach gene (Antczak et al., 1982) that identify

l0 distinct viral mRNAs to be packaged into replicase particles (Zou and Brown, 1992;

Chapell et al., 1994). For avian reoviruses, sequences have only been reported for S-class

gene segments and L3 genome segment, all of which contain conserved terminal



CHAPTER 1 INTRODUCTION

sequences (Yin et at.,2000; Hsiao et a\.,2002) that may serve as signals for packaging of

corresponding plus strand RNAs. MRV 6NS, as well as pNS and o3, all have the

capacity to bind ssRNA and may alone, or in cooperation, play a role in assortment

(Huismans and Joklik, 1976; Antczak and Joklik, 1992). Likewise, ARV oNS has been

identified to have ssRNA-binding activity, and thus may play similar role as does its

cognate MRV oNS. Within the replicase particles, each of the 10 packaged plus strands

serves as a template for minus-strand synthesis. Thus, the newly formed progeny subviral

particles derived from those with replicase activity have a full complement of dsRNA'

variable amounts of protein ¡rNS, and reduced amounts ol 1,2 and the other outer capsid

proteins (Morgan and Zweerink, 1975; Zweerink et al., 1976; Skup and Millward, 1980).

These progeny subviral particles trigger secondary transcription, which is the major

source of the transcripts produced during infection (Ito and JoþJik, 1972; Zarbl and

Millward, 1983). These secondary transcripts are reportedly uncapped (Zweeink et al.,

7972; Morgan and Zweerink 1975; Zarbl et al., 7980) and serve as the primary templates

for viral protein synthesis at later times in infection. It is not known if these secondary

transcripts are packaged and serve as templates for minus-strand synthesis Furthermore'

whether particles involved in secondary transcription can undergo subsequent assembly

to form mature virions remain unknown.

During replication, both mammalian and avian reoviruses utilize a common

mechanism to abolish the capacity of dsRNA to induce an innate host antiviral response'

so that the translation of viral proteins can go on. MRV 03 plays a crucial role in

counteracting host antiviral action due to is dsRNA-binding activity (lmani and Jacobs,

1988). In contrast to mammalian reoviruses, avian reoviruses use a different protein, oA

t2
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(equivalent in MRV o2) against host antiviral activity for survival. oA binds dsRNA and

inhibits activation of the dsRNA-dependent enzymes (Martinez-Costas et al , 2000;

Gonzalez-Lopez et a\.,2003), thereby preventing interference ofviral protein synthesis.

1,3,3 Assembly of progeny virions

The avian reovirus capsid assembly has not been described. Studies of mammalian

reovirus assembly indicate that capsid assembly may involve the addition of preformed

complexes of outer capsid proteins to core-like particles. Although detailed

understanding of assembly is lacking, several lines of evidence suggest that MRV

assembly may contain following stages. The earliest reovirus particles may be mRNA

assortment complexes that primarily consist of major outer capsid protein o3 and

nonstructural proteins pNS and oNS (Gomatos et al. 1981; Antczak and Joklik, 1992).

The next intermediate assembly particles are called RNase sensitive replicase particles,

which contain an ssRNA-dependent dsRNA polymerase activity engaged in minus-strand

synthesis, and both inner and outer capsid proteins, but lack nonstructural proteins (Acs

et al, l97l; Morgan and ZweeÅnk, 1975). These replicase particles become RNase

resistant once the minus-strand RNAs are synthesized (Acs et al, 1971; Zarbl and

Millward, 1983). Assembly is completed when additional copies of the outer capsid

proteins are added to virion particles (Morgan and Zweerink, 1 975; Zweerink and

Morgan, 1976). Evidence also suggests that outer capsid protein complexes of ¡rl (ARV

pB) and o3 (ARV oB) need to be preformed before they condense onto the coreJike

particles (Shing and Coombs, 1996). The ol (ARV oC) may self-assemble into

oligomers and interacts with 12 (ÀC) via its sequences near the amino terminus (Mah er

al., 1990;Leone et al., 1991).
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1.3.4 Release

The syncytium formation mediated by viral envelop glycoprotein(s) is a direct

result of the mechanisms used by numerous enveloped viruses to enter and exit cells

(White, 1990). Avian reovirus, Nelson Bay reovirus, and baboon reovirus represent a

limited number of nonenveloped viruses that induce cell-cell fusion, resulting in

multinucleated-syncytium formation. The synclial phenotype mediated by fusion

proteins have been defined as pl0 in avian reoviruses and Nelson Bay reoviruses, and

p15 in baboon reoviruses. These fusion proteins, so called FAST (fusion-associated small

transmembrane) proteins are special in that they are not components of the virions but are

small nonstructural proteins expressed in virus-infected cells and localized to the plasma

membrane of these infected cells responsible for fusion of the infected cell with

neighboring uninfected cells (Shmulevitz and Duncan, 2000; Dawe and Duncan, 2002).

While enveloped virus-induced syncytium formation during the replication may

significantly contribute to viral pathogenesis (Goodman and Engel, 1991; Sato et al.,

1992; Park et al., 1994), avian reovirus-induced syncytium formation, however, is an

independent event that occurs during replication cycle with almost no effect on the rate or

extent of infectious progeny virus production, but it does enhance the rate for virus-

induced cytopathology and virus egress (Duncan et al., 1996). ARV progeny virions are

released from infected cells following cell lysis, a process commonly associated with all

noneveloped viruses.
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1.4 Reovirus genetics

1.4.1 Reassortment

The segmented nature of reovirus genome allows genomes from different strains

to undergo assortment during mixed infections, resulting in generation ofprogeny virions

(reassortants) that contain a mixed set ofgene segments from two parental strains (Ramig

and Ward, 1991). Each strain genome possesses characteristic migration pattern upon

polyacrylamide gel electrophoresis. For example, avian reovirus strains ARVl38 and

ARV176 are distinguishable under electrophoresis, because every homologous gene

segment migrates at different rate. Thus, it is possible to identify parental origin of each

gene segment in any reassortant when viewed in polyacrylamide gels.

If two strains that infect the same cell processed a completely random assortment,

the resulting progeny would have 2n (where n is the number of gene segments) possible

gene combinations of genome segments from two parents. With 10 gene segments of

reoviruses, in theory, there will be Zto 11,02+¡ different gene combinations, of which two

are parental and the rest are reassortants (Figure 1.2). In practice, however, only a total

of 3-25% progeny reassortants are produced from co-infection (Fields 1971). Precise

understanding of these nonrandom segregation phenomena is lacking. However, two

plausible explanations have been made. One is that the failure of efficient reassortments

results from homologous RNA segments that need to be exchanged replicating in

separate areas within an infected cell (Joklik and Roner, 1995). The second one is that

viral RNAs and/or proteins f¡om different parents may not interact effectively, so that

potential reassofants could not survive (Roner et al., 1990). In addition, evidence

suggests that some genome segments or their protein products from two strains need
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Figure 1.2 Co-infection and the generation of reassortant progeny.

When two virus strains with segmented genomes infect the same cell, they may undergo

genetic mixing to generate progeny viruses with hybrid gene segments. The process of

the genetic mixing is called assortment and the progeny viruses with mixed gene

segments are called reassorlants. If assortment was a completely random process, with 10

gene segments of the viruses, one would expect to have 2n (where n is number of gene

segments) = 210 (1024) possible gene combinations produced from the co-infection.

Different viral serotlpes have different electropherotypes, thus the origin of reassortânt

gene segments can be identifred by SDS-PAGE.
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accommodating mutations, so that they can be productively paired Qiibert et ol., 1996)'

1,4.2 Reassortant mapPing

If the two parental viral strains differ phenotypically, reassortment analysis of

various reassortants in the same assay is useful for determining the gene(s) responsible

for the phenotypic difference. For example, mutants can be mapped to individual RNA

segments by performing intertypic crosses between virus types that differ in the

electrophoretic mobility of each RNA segment. Speciflrcally, if crosses are performed

between a wild-type virus of one type and a mutant virus of another type and numerous

wild-type progeny analyzed, one segment bearing the wild-type allele will be conserved

among all the progeny, while all other segments will display reassortment. Such

reassoriant analysis is commonly termed reassofant mapping. For a schematic example,

please see Figure 1.3. Because of monocistronic nature of virtually all gene segments,

reovirus reassortments have served as a powerful tool for relating particular functions to

specific viral proteins (For examples, see: W eirrer et a|.,1980; Yin et al ,1996; Sherry e/

a 1., 1998; Becker et a 1., 2001 ; O' Har a e t a 1., 2001).

1.5 Temperature sensitive mutants

Temperature sensitivity is a type of conditional lethality in which mutants can

grow at a low, permissive temperature but not at a high, nonpermissive temperature, in

contrast to wild-type virus, which grows at both temperatures. Temperature-sensitive (ls)

mutants have proved enormously useful in all branches of virology, but they have been

particularly useful for the shrdy of animal viruses. The use of mammalian reovirus /s
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Figure 1.3 Reassortant mapping.

If the two parental viral strains differ phenotypically, reassoriants generated from the two

parents can be used to identify gene responsible for the response. In this example,

reassofants were generated from a mixed infection of a wild+ype ARV strain and a

mutant virus of another type and their electropherotypes resolved by SDS-PAGE.

Reassortants behaved like wild-type virus are indicated as l, 2, and 3, respectively.

Reassortants behaved like mutant under the same assay are indicated as 4, 5, and 6,

respectively. Analyses of the electropherotypes of the reassorlants indicate that the wild-

type-like group all had their Ml gene segment derive from the wild-type virus whereas

the mutanþlike group all had their Ml gene segment come from the mutant. The other

genome segments are randomly distributed. Thus, the Ml gene is mapped to be

responsible for the phenotypic difference between the two viruses.
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mutants has profound advantages of understanding of many aspects of the viruses, such

as viral structure (Drayna and Fields, 1982b), viral assembly (Shing and Coombs, 1996;

Hazelton and Coombs, 1999; Becker er a1.,2001), viral pathogenesis (Keroack and

Fields, 198ó; Bodkin and Fields, 1989), and protein function (Drayna and Fields, 1982a;

Coombs, 1996). Reovirus temperature sensitivity is classically measured by comparing

the ability of the virus to produce plaques when grown on monolayer cells at the

nonpermissive and permissive temperatures (Figure 1.4). Dividing the nonpermissive

titer by the permissive titer generates an efficiency of plating (EOP) value. 'Wild-type

viruses are expected to have EOP values within an order of magnitude of l, as they grow

equally well at both temperatures. By contrast, ,s mutants, when examined by the same

analysis, will have a value significantly lower than 0.1 (Coombs, 1998).

Our lab has recently generated a set of 17 avian reovirus ß mutants by treating

wild-type ARV138 with nitrosoguanidine. These l^t mutants were defined by their

reduced capacity to replicate at39.5 oC (chosen as the non-permissive temperature) as

opposed to 33.5'C (chosen as the permissive temperature) (Patrick el al., 2001). A

recombination assay is used to determine whether any two of these ARV /s mutants have

lesions in the same or different genes through pair-wise mixed infections of these ls

mutants (AxA, BxB, AxB, ... where A and B represent two different /s mutant clones).

If two /^r mutants that contain lesions in the same gene segment are crossed, then all

progeny viruses will retain this mutation, and the parental tr mutants are determined to

belong to the same recombination group. By contrast, if two ¡s mutants with lesions in
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Figure 1.4 Cartoon representing the plaque assay for å /s clone.

Cell monolayers in 6-well plates were infected with serial iO-fold dilutions of a virus

stock and incubated at permissive temperature (e.g. 33.5"C) and nonpermissive

temperature (e,g. 39.5"C). Plates were stained with neutral red and plaques (indicated by

white dots) were counted to determine the apparent titer at each temperature. The EOP

value was determined by dividing the titer at nonpermissive temperature by the titer at

permissive temperature. As the ¡s clone is incapable of growing at nonpermissive

temperature, its EOP value will be lower than 0.1.
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different genes are crossed, some of the progeny viruses will not contain mutated genes

and will appear to be wild-type-like. Thus, these two /.t mutants belong to two different

recombination groups. Based on these recombination analyses, 11 of 17 ARV fs mutants

were assigned to 7 of the 10 expected recombination groups, namely A' B' C.'.G (Patrick

et at., 2007) (Table 1.1). Characterizations of these novel ts mutânts are limited.

Reassortant mapping experiments showed that tsA t 2 (one of the two /s clones in group

A) had its /s lesion in the 52 gene, which encodes major core protein oA aîd tsD46 (oîe

of the three fs clones in group D) had its /s lesion in the L2 gene, which encodes RNA

dependent RNA polymerase protein, l"B (Patrick, 2001). Morphological analysis

indicated that defect in tsAl2 leads to an accumulation of cores at nonpermissive

temperature. tsAI2 32 gene has been sequenced and it contains a single alteration of a

cytosine to uracil transition at nucleotide position 488, which leads to predicated proline

to leucine replacement at amino acid position 158. Paradoxically, many of ARV ¡s

mutants fail to produce progeny dsRNA but do synthesize progeny protein at the

nonpermissive temperature (Table 1 .1).

1.6 Objectives of this research

This research is a continuation of the characterization of avian reovirus tr mutants

that have been recently generated in our lab (Patrick et al.,2001). Despite the economical

importance of ARV, in comparison to MRV, the prototypic member of the genus, less is

known about ARV. The use of MRV fs mutants has allowed elucidation of many aspects

of MRV replication (Zou and Brown, 1996; Roner et a1.,1997; Coombs 1998; Keirstead

and Coombs 1998; Hazelton and Coombs 1999; Mbisa et a\.,2000; Becker, 2001). We

have been using assembly-defective MRV /,s mutants to determine how the multi-
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Table 1.1 Genetic groupings and characteristics of avian reovirus temperature-

sensitive mutants

Recombination Gene Mutant @
Group Assignment Clone dsRNA Protein Moryhology

B

c

E

F

G

52 ts 12

ts 146

ts3I

ts37

ts287

L2 ts46

ts 195

ts2l9

fs158

ts206

ts247

+

++

+
+

+
+#
#

+#

+

+

)\
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proteidmulti-RNA reoviruses are assembled (Figure 1.5). Precise determination of the

molecular mechanisms involved in viral assembly may help to combat disease

propagation by targeting susceptible steps along the assembly pathway (Prevelige' 1998

). Our knowledge about structure/function and assembly of ARV have lagged behind

MRV similar sh-rdies, due in part to previous lack of a panel of ARV ls mutants to work

with. The availability of novel ARV ls mutants generated in our lab allows us to continue

using this valuable genetic tool with similar studies carried out for MRV'

In this study, tsAl2, one of group A mutants was reexamined and mutant tsAl46

(another mutant of group A) was examined in parallel. As described in the preceding

section, our lab has initially determined thaf tsAl2 is an assembly-defective mutant,

which is not able to assemble past the core. The defect of tsAl2 has been mapped to the

52 gene, which encodes the major core protein oA. The fs lesion of tsAl46 may also

reside in the 52 gene segment by recombination assay. The temperature sensitivity

difference between tsAl2 and tsAl46has been noted in a past study (Patrick et al''2001).

To determine mutation effect in viral replication, replication capacity of tsAl2 and

tsAl46 was examined at different temperatures. tsA 12 appeared more temperature-

sensitive than tsAt46. In the hope of identifying an additional assembly-defective

reagent, which could be studied to better understand the role of oA protein in ARV

assembly, morphological analysis of tsl14ó was performed in parallel with tsAl2 ' tsAl2

was confirmed as an assembly-defective mutant butnot lsAt 46' The different phenotypic

responses between tsAl2 and tsAl46 arc due to different mutations existed in the major

core protein oA by sequence analysis.

Characterization ofa group B mutant, tsB3l,was resumed in this research /s831

is a only member of group B. An important step in characterization of a new ls mutant is
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Figure 1.5 Model for mammalian reovirus assembly.

Primary steps in assembly are indicated by thick anows. Viral proteins participated in

each step are indicated. Locations and identities of the eight major structural proteins of

the virus are indicated. The blocks in assembly mediated by various /s mutants are

marked by x at several steps in the pathways.

)1



CHAPTER I INTRODUCTION

first to determine the gene segment that harbours the /s lesion. Thus, reassortant mapping

of tsB3I was performed. The mutation of tsB3l was mapped to the M2 gene, which

encodes major outer capsid protein pB.

During the course of screening reassortants from mixed infection, some clones

appeared to lack a full-length 51 gene segment but were capable of propagation. To

understand this phenomenon, some of these clones were investigated. These clones were

identihed as 51 deletion mutants that had internally deleted Sl gene segments.

Sequences that are retained for replication and encapsidation of truncated Sl gene

segment were identified to localize at both termini of the S1 genome segment. The first

step in viral infection is virus entry into the cells, which is mediated by cell attachment

proteins encoded by a virus. For MRV, this cell attachment protein is o1, which is

encoded by 51 gene segment of MRV and a minimum of three o1 trimers per particle

was required for full infectivity (Larson et al., 1994). The cell attachment protein of ARV

is oC, which is also encoded by its S1 genome segment. The gene that encodes this

protein was severely impaired in the Sl deletion mutants and therefore is not expected to

have any functional cell attachment proteins to be synthesized. Paradoxically, these S1

deletion mutants were capable of replicating to relatively higher titers at the permissive

temperatures when compared to its wild-type parent, ARV 138. This suggests that some

mechanisms involved in ARV entry into cells may differ from its counterpart MRV.

Taken together, evidence shown in this research programme highlights the need to

explore the poorly understood avian reoviruses.
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CHAPTER 2 MATERIALS AND METHODS

2.1 Stock viruses and cells

Avian reovirus strains 138 (ARVI38) and 176 (ARV176) are laboratory stocks.

Temperature sensitive (fs) mutant clones tsAl2 and tsB3l [originally derived from

ARV138 as described (Patrick el al., 2001)1, and reassortant clones derived from

ARVl76 x tsAI2 cross that \,vere generated by Megan Patrick are laboratory stocks. All

viruses were grown in the QM5 continuous quail flrbroblast cell line. The cells were

maintained in 1x Mediuml99 supplemented with 10% fetal calf serum (Gibco BRL),

10% tryptose phosphate broth (2%o tryptone, 0.2% dextrose, 8.6 mM NaCl, 1.8 mM

Na2HPO4), and 2 mM l-glutamine and grown in the presence of 5% COz at 37oC.

Confluent cell monolayers were routinely split (1:6) twice weekly by standard

trypsinization procedures. Viral infections were carried out on cell monolayers

supplemented with 100 U/ml of penicillin, 100 pglml streptomycin sulfate, and 1 pg/ml

amphotericin-B as described (Coombs et al., 1994).

2,2 Yiral manipulation

2.2,1 Virus passaging

Wild-type viruses, /s mutants and reassortant virus stocks were amplified in QM5

cells grown in supplemented Medium 199 (as described above). Once QM5 cell

monolayers reached 90% confluency, growth media was then removed (some saved as

'þre-adaptive" media) and the cells were subsequently infected with stock virus at a

multiplicity of infection (MOI) less than 1 plaque forming unit (PFU) per cell. Virus was
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allowed to adsorb to the cell monolayer for I hour at room temperature with periodic

mixing every 10 to 12 minutes. After adsorption, fresh supplemented Medium 199

containing 25Vo pre-adapted medium was then added and the infected monolayers were

incubated at 37oC for wild-type clones and at 33.5'C for ls and reassortrant clones. Cells

were examined daily with the light microscope to check for clopathic effect (CPE).

Once the monolayers displayed - 90% CPE, infected cells were harvested and disrupted

by three cycles of freeze-thawing at -80oC. Viruses were titered by plaque assay as

described below and stored at 4oC for immediate use.

2.2.2 Virus Plaque Assay

Serial 1:10 dilutions of virus were made in gel saline (137 mM NaCl, 0.2 mM

CaCl:, 0.8 mM MgCh, 19 mM HBO:, 0.1 mM Na2Bao7, 0.3% [wt/vol] gelatin). Sub-

confluent QM5 cell monolayers in 6-well tissue culture plates were infected by a volume

of 100 ¡rl of each dilution after removal of growth media. The virus was allowed to

adsorb for one hour with periodic mixing every 10 to 12 minutes. After adsorption, each

well was overlayed with 3 ml of a 1 :1 ratio of 2Yo agar and 2 x Medium 199

supplemented with 10% FCS and a final concentration of 2 mM l-glutamine, 100 U/ml of

penicillin, 100 ¡rg/ml streptomycin sulfate, and 1 pglml amphotericin-8. The cells were

fed with 2 ml fresh agar/199 (supplemented as above) at 3 days post infection (dpi) for

cells grown al37 or 39.SoC, at 4 dpi for cells grown at 33.5oC. Cells were then stained

with a 0.02%o neutral red solution [neutral red in a l:1 ratio sf]x phosphate buffered

saline (PBS) to 2Yo agarl at 4 dpi for cells grown at 37 or !9.5'C, at 6 dpi for cells grown

at 33.5"C. Viral plaques were counted l8 hours after they were stained and the viral titres

were calculated,
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2.2.3 Virus purification

Sub-confluent QM5 cells in Pl50 tissue culture dishes were infected with viral

clones at an MOI of 5 PFU/cell. After viral adsorption for t hour at room temperature,

cell monolayers were overlaid with Medium 199 supplemented as described in 2.21.

Viral infections were carried out at 37oC for wild-type viruses and at 33'5oC for ls

mutants. When - 60% CPE was displayed, cells in P150 dishes were scrapped into the

culture medium. Cells were pelleted at 3,500 rpm for 20 minutes in a fixed-angle rotor

(JA-10) in a Beckman RC centrifuge (Beckman, Mississauga, ON). The cells were

resuspended in HO buffer (10mM Tris-HCl, pH 7.4,250 mM NaCl' 10 mM p-

mercaptoethanol) and transferred to a 30-ml COREX tube. Cells were disrupted by

sonication for 10 seconds. Cell membranes were further disrupted with the addition of

1/50 sample volume of 10% DOC (desoxycholate) followed by vortexing and incubation

on ice for 30 minutes. Virus was extracted with Vertrel XF (1,1,1,2,3,4,4,5,5,5-

decafluoropentane) (DuPont Chemicals, Wilmington, DW), and purified in I '2'1.45 glcc

cesium chloride gradients as previously described (Mendez et a1.,2000). Virus bands

were harvested and dialyzed extensively against D-Buffer (Dialysis Buffer, 150 mM

NaCl, 15 mM MgCh, 10 mM Tris, pH 7.4) to remove cesium chloride. Virus was

collected into appropriate vessels and stored at 4oC or frozen with the addition of 25%

glycerol at -80oC.

2,3 Virus growth curves

The abilities of various ARV clones to replicate at various temperatures were

determined by infecting QM5 cells in 24-well culture dishes at an MOI of 10 PFU/cell for
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t hour at room temperature. After adsorption, the inoculum was removed, and the

monolayers were washed with 1 x PBS twice and overlaid with Medium 199. At various

times post infection, the cells were harvested and disrupted by freeze thawing twice and

sonication. The yield of infectious progeny virions was determined by plaque assay on

QM5 cells as described in2.2.2.

2.4 Determination of temperature sensitivity

An efflrciency of plating (EOP) assay was used to determine whether a virus clone

was ¡s. sub-confluent 6-well tissue culture plates were infected with serial 1:10 dilutions

of a virus stock in duplicate, incubated, and stained with neutral red at 33.5oC

(permissive temperature) and 39.5oC (non-permissive temperahrre) as described in

section 2.2.2. The viral titre was determined by plaque counts obtained at each

temperature. EOP values for each virus were determined by dividing the nonpermissive

titer by the permissive titer. EOP values near 1.0 were considered to indicate the non-ts

phenotype, while EOP values at least l0-fold lower than that of wild-type were

considered to indicate ts phenotype (Coombs, 1998).

2,5 Reassortantmapping

2.5.1 Generation of reassortants

A sub-confluent QM5 cell monolayer in one well of a 24-well tissue culture plate

was co-infected with ARV176 arld tsB3l, each at an MOI of 10 plaque forming units.

After t hour adsorption at room temperature, the viral inoculum was removed and the cell

monolayer was overlaid with 500 ¡rl completed medium 199 supplemented with 1 x

penicillin-streptomycin sulfate, and 1 x amphotericin B, and incubated at 33.5'C for 32
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hours. Tþe infection was freezelthawed twice, and sonicated for 10 seconds to lyse the

cells. Three serial 1:100 ditutions of the mixed infection were made in gel saline,

foltowed by 3 serial 1:3 dilutions. Each of the final 3 dilutions was used to infect 5 P100

tissue culture dishes with 300 ¡rl of virus. After adsorption, the viral inoculum was

removed and the cells were overlaid with 15 ml of a 1 :1 ratio of 2Vo agat and 2 x

Medium 199 and incubated at 33.5"C for 9 days. The infections were fed with 12 ml of a

1:1 ratio of 2%ó agar and 2 x Medium 199 on day 5. The plates were stained with 12 ml

0.02%ó neutral red on day 9. Plaques separated from each other by more than 0.75 cm

were picked and placed in 2-dram vials with 0.5 ml completed medium 199

supplemented vv¡1þ lx penicillin-streptomycin sulfate and 2x amphotericin B overnight

at 4oC to allow viruses to diffuse out of the agar plug (P0). 350 pl Medium 199

(supplemented as above) containing QM5 cells at 4.2 x l}s cells/ml were added to each

of the vials. The vials were incubated at 33.5'C for 9 days and then freezelthawed 3 times

at -80oC to generate Pr viral stocks. The Pr stocks were subsequently amplified in T25

flasks at 33.5oC as described earlier to generate Pz viral stocks.

2.5.2 Isolation of viral genome

Pl00 tissue culhrre dishes with subconfluent QM5 cell monolayers were infected

with 350 pl of P2.progeny clones and incubated at 33.5oC until -75Vo CPE was observed.

Cells were harvested by scraping the cell monolayers and transfened to centrifuge h-rbes.

Cells were then pelleted at 1100 rpm for 10 minutes in the IEC floor centrifuge. The cell

pellets were resuspended in 500 ¡rl of NP-40 buffer containingl4O mM NaCt, 1.5 mM

MgCb, 1OmM Tris, pH 7.4, and 0.5% NP-40 detergent, incubated on ice fo¡ 30 minutes
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with periodic vortexing every 10 minutes. Cellular nuclei and organelles were pelleted at

1 100 rpm in the IEC floor centrifuge and supematants were transfer¡ed to sterile

microfuge tubes (Fisher, Nepean, ON). A mixture of 30 ¡rl of 1 M Tris, pH 7.8, 3 pl of

200 mM EDTA, pH 8, 60 ¡rl of 10% SDS was added to each sample. Samples were then

heated for 15 minutes at 42"C and the viral dsRNA genomes were extracted once with

600 ¡rl of phenoVchloroform (1:l). Samples were vortexed and then reheated at 42oC for

30 seconds followed by centrifugation at 12,500 rpm for 5 minutes. The top aqueous

phase was transfened to a sterile microcentrifuge tube and placed on ice. Viral dsRNA

was precipitated with 1/1Oth volume of sodium acetate (3M, pH 5.2) and 2.5 volumes of

ice-cold absolute ethanol al -20oC ovemight, and then pelleted at 12,500 rpm for 30

minutes at 4oC in the Biofuge microcentrifuge (VWR Scientific, Toronto, ON). The viral

RNA pellet was vacuum dried (SC100 speed-vac, Savant, Holbrook, NY), then

resuspended in 30 pl of 1x electrophoresis sample buffer (240 mM Tris-HCl, pH 6.8,

1.5% dithiothreitol, 1% sDS).

2.5.3 Identification of reassortants by sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS-PAGE)

12.5% polyacrylamide slab gels (16 cm x 16 cm x 0.1 cm) were poured and

polymerized ovemight. RNA samples prepared (as described in section 2'5.2) wete

heated at 65oC for 5 minutes and then electrophoresed at 18 mAmps/gel for 1.5 hours, 12

mAmps/gel for 66-70 hours, and 2 mAmps/gel for 3-5 hours. Viral genome segments

were stained with ethidium bromide, and photographed under UV inadiation.
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Reassortants were identified by comparing the migration patterns of the progeny RNA

gene segments to those of the parents involved in co-infection.

2.6 Electron microscopy of negative stained ARV particles

Subconfluent QM5 monolayers in 24-well tissue culture dishes were infected in

duplicate with ARV138, tsAl2, or tsAl46 at an MOI of 10 PFU/cell. After attachment for

t hour at 4oC, the inoculum was removed, and the monolayers \¡/ere washed with 1 x

PBS twice. The infections were overlaid with 500 pl of completed Medium 199, and

incubated lor either 22 hours at 39.5oC or 30 hours at 33.5"C (approximately one round of

replication). Infections were freezelthawed three times, and the cell debris was cleared by

centrifugation for 3 minutes at 15,000 rpm in an Eppendorf Model 5412 centrifuge. Then,

50-pl aliquots of the supernatants were centrifuged for I hour over 100-pl cushions of

30% potassium tartrate (pH7.2) in the Airfuge@ (Beckman Instruments, Palo Alto, C;

4100 rotor) at 26 psi to obtain viral and subviral pellets. Pellets were resuspended in 1x

Mediuml99 supplemented with 0.1% glutaraldehyde, allowed to fix for 10 minutes on

ice, centrifuged directly onto Formvar-coated, carbon-stabilized 400-mesh copper

electron microscopy grids for 30 minutes at 26 psi (Airfuge@, EM-90 rotor). The samples

were stained with 2.5 mM phosphotungstic acid and viewed at magnifications between

30,000x and 70,000x in a Philips 201 EM operated at an acceleration voltage of 60 Kev.

The relative proportions and types of particles produced in each infection were

determined by direct counting of all particles in each of five non-adjacent grid squares

from the four outer quadrants and the central area ofthe grid.
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2,7 Sequencing the tsA146 32 gene

2.7.1 Yiral RNA extraction

QM5 cells were infected with tsAl46 at an MOI of 10 PFU/cell and incubated at

33.5"C until appearance of 90% CPE. Cells were freezelthawed three times and cell

debris was removed by centrifugation at 13,500 rpm for 5 minutes. 200 ¡rl of clarified

culture lysate was added to a I .5-ml microcentriflrge tube containing 1 1.75 ¡rl of 1 M Tris

(pH 8.0), 2 ¡tl of 200 mM EDTA (pH 8.0), and 23.5 pl of 10% SDS, and the tube was

incubated at 42oC for 15 min. The genomic dsRNA was extracted twice with phenol-

chloroform and once with chloroform. dsRNA v/as precipitated ovemight at -20"C with

1/10th volume of sodium acetate and 2.5 volumes of ice-cold absolute ethanol and

washed with 70%o ethanol The dsRNA pellet was then resuspended in 6 pl of 90%

DMSO (dimethyl sulfoxide) and,10%o 10mM Tris-HCl, pH 6.8.

2.7,2 Púmers

The two end primers and five intemal primers (Table 2.1) that were used for ARV

52 gene amplihcation þrimer ARV # 1 and pimer ARV # 5) and sequencing þrimers

ARV # 1, # 2,# 3,# 5,# 6, # 7, and # 8) were designed from ARV 138 52 gene sequence

(GeneBank accession # 4F059717) by a former student in the lab, Megan Patrick.

2.7.3 Reverse transcription and PCR amplification

The purified viral dsRNA (6 ¡rl) was added to a 0.6-ml microcentrifuge tube

containing 1 ¡rl of 2 pM gene-specific primer (ARV # I or ARV # 5), 1 pl of 10 mM

dNTP mixture (10 mM each of dATP, dGTP, dCTP, and dTTP), 4 pl DEPC

(diethylpyrocarbonate)-treated ddH2O (double distilled water). The mixture was heated at
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Table 2,1 Oligonucleotide primers for RT-PCR amplification and sequencing of

ARV 52 gene

Primer Nucleotide oosition +3'

ARV#1 + 1-18 GCTTTTTCTCCCACGATG

ARV#2 + 421.444 CGTGAGCTGCAATCTAAATACCCG

ARV#3 + 904-923 CGTCAACCGCCGATGTTTGC

ARV#5 - 1303-1288 CCGGAGGGCTGGACTC

ARV#6 - 1029.1006 GATGCATTCCTGCGCGGTAGTTAG

ARV#7 - 583-559 CGCACATGTCAACGAAATTGTTACC

ARV#8 - 204-181 CAACGAACCTGGATAGGGTGCTTC

3t
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94"C for 5 min and quick chilled on ice. After the addition of 4 pl of 5 x FirsþStrand

Buffer (250 mM Tris-HCl, pH 8.3, 375 mM KCl, 15 rnM MeCb), 2 pl of 0.1 M DTT

(dithiothreitol), 1 pl of RNaseOUT'" Recombinant Ribonuclease Inhibitor (40 units/pl),

and 1 pl (200 units) of SuperScript* II reverse transcriptase (lnvitrogen). The mixture

was incubated al 42oC for 1.5 hours.

The oDNA produced by reverse transcription was amplified using the Expand*

Long Template PCR System according to the manufacturer's instructions (Roche).

Polymerase chain reaction (PCR) was performed in 50-¡rl volumes containing 5 pl of 10

x Expand* Long Template PCR Buffer 3, 1 ¡rl of 10 mM dNTP mixture, 1 pl of 10 pM

upstream primer (ARV # 1), 1 pl of l0 pM downstream primer (ARV # 5),0.75 pl of

Expand" Long Template enzyme mixture (5 U/pl), 2 ¡s.l oî oDNA, and 39.25 pl of

autoclaved ddHzO, The amplification reaction was canied out in a GeneAmp PCR

System 9700 thermal cycler (Applied Biosystems) with (i) preliminary denaturation for 3

min at 94oC, followed by (ii) 35 cycles of denaturation at 94oC for 1 min, annealing at

55oC for I min, and primer extension at 68"C for 2 min and (iii) a final product extension

at 68oC for 7 min. The amplification product was visualized by ethidium bromide

staining and UV transillumination following electrophoresis on a 1o/o agarose gel in 0.5x

TBE buffer (4 5 mM tris, 4.5 mM boric acid, and 0.9 ¡rM EDTA). A gel electrophoresis

band of about 1300 bases was considered to be the product of a specific amplification of

the targeted ARV 52 gene and then excised from the gel using a sterile razor blade on top

of a UV light box and purifred by QlAquick* gel extraction kit (Qiagen, Germany)

according to the manufacturer's instructions.
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2,7 ,4 Cycle sequencing

Cycle sequencing was carried out by using the ABI PRISM@ BigDye'^' Terminator

Cycle Sequencing Ready Reaction Kit (Perkin Elmer {PE} Applied Biosystems, Foster

City, CA). The nucleotide sequence of lsl146 32 gene was determined in both directions.

Each sequencing reaction was set up to contain 3.2 pmol of primer, 30-90 ng of oDNA

template, 2 pl BigDye"' Terminator Ready Reaction Mix (consisting of dye terminators,

dNTP's, rZlr pyrophosphatase, MgCl2, Tris-HCl buffer, pH 9.0, and the AmpliTaq DNA

Polymerase, FS), and deionized water to a final volume of 5 pl. Cycle sequencing was

performed on a GeneAmp PCR system 9700 for 1 cycle of 96"C for 3 minutes, followed

by 40 cycles of96oC for 30 seconds, 52"C for 30 seconds, and 60oC for 4 minutes. The

products were precipitated with 1/10th volume of sodium acetate (3M, pH 4.6) and 2.5

volumes of ice-cold absolute ethanol at room temperature between 15 minutes to 24

hours, washed, dried, and resuspended in 20 ¡rl formamide. The sample was then heated

at 95"C for two minutes and immediately followed by snap cooling in ice-water. The

ABI PRISM 3100 Genetic Analyzer (PE Applied Biosystems Foster City, CA) was used

to determine the sequence for each reaction. Chromas version 2.13 (McCarthy,2001) was

used to manually analyze sequences to ensure accuracy. Assembly of the nucleotide

sequence data was performed using Sequencher* 3.1.1 software (company). MegAlign

(DNASTAR lnc., Madison, WI) was used for sequence comparison between ARV 138

aîd tsAl46.
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2.8 Placement of oÄ mutation within reovirus core crystal structure

The position of avian reovirus oA mutation relative to that of MRV o2 was

identified by amino acid sequence alignments using MegAlign in DNASTAR

(DNASTAR, Inc., Madison, Wis.). The mammalian reovirus core crystal structure (PDB

# 1EJ6) (Reinisch et a\.,2000) was manipulated with PyMOL (Delano, 2003) to identify

probable locations of ARV oA and MRV o2 mutations.

2.9 Restriction endonuclease digestion

2.9.1 RT-PCR amplification of the M2 gene segment

Genomic dsRNA of ARV 176,ts831, or reassortant clone 231 (generated from

ARV 176 x tsB3l) was prepared as described in section 2.7.1. An upstream primer (5'-

GCTTTTTCAGTGCCAGTCTTT-3') and a downstream primer (5'- ATGAATAACGTG

CCAATCCA-3') were designed from alignments of ARV 138 and ARV 176 M2 gene

sequences kindly provided by Dr. R. Duncan (Dalhousie University, Halifax, Canada;

unpublished data). The primers were ordered in a desalted form from Invitrogen (Life

Technologies), resuspended in DEPC-treated water and their concentration determined by

LIV spectroscopy. RT-PCR was performed as described in section 27 3 with cycle

reaction programme changed as the following: preliminary denaturation for 3 min at

94oC, followed by 35 cycles of denaturation at 94oC for 1 min, annealing at 52"C lor I

min, and primer extension at 68oC for 2 min 30 sec, and a final product extension at 68oC

for 7 min. Reaction products were analyzed by electrophoresis on a 0.8% agarose gel and

products corresponding to - 2150 bases were excised and purified using QlAquick* gel

extraction kit (Qiagen, Canada).
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2.9.2 Restriction enzyme analysis

The DNA product obtained by RT-PCR was quantified and 5 ¡rl of the DNA

solution containing 0.2-1 ¡rg of DNA was digested by either 1 pl of .EcoRV (10 U/¡tl;

Promega) or 1 ¡rl of ,Sacll (10 U/¡rl; Promega), adjusted to a final volume of 20 pl with 2

pl of the coresponding buffer and 12 pl ofddHzO. The digestions were incubated for 1.5

hr at 37oC. DNA fragments were resolved by migration in a 2%o agarose gel containing 1

pglml ethidium bromide, and the gel was examined under UV light.

2.10 Determination of the nucleotide sequence of the truncated S1 genome segment

2.10.1 RT-PCR amplilìcation of the Sl genome segment

Virus template was obtained from purified ARV 138, ARV 176, or Sl deletion

mutant virions. The genomic dsRNA was extracted, precipitated, and resuspended as

described in section 2.7.1 .

The Sl segment nucleotide sequence of the ARV 138 is available on GenBank

(Accession # 4F218359) and was used to design terminal primers (Figure 2.1). The

forward oligonucleotide primer, GCTTTTTCAATCCCTTGTTTGTC, corresponds to the

5' plus-sense end of the genome segment and the reverse oligonucleotide prime,

GATGAATAACCAATCCCCGTAC, corresponds to the 5' reverse sense end of the

genome segment. RT-PCR was performed using methodology described in section 2.7.3,

but with the following changes: cycle reaction was performed with preliminary

denaturation for 5 min at94oC, followed by 30 cycles of denaturation at 94oC for 1 min,

annealing at 55oC for 1 min 30 sec, and primer extension at 70oC for 2 min, and a final

product extension at 70oC for 7 min. The reaction product was electrophoresed on a 1 .5"/o
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Forward Primer

l5rgctttttcaa

61 acagctatct

727 caagctacct

181 ttgat tatta

247 gcacggagtg

301 gctccqccat

361 gcttgccacc

42f tgagctttcg

48I ccgagbccac

547 cgagtacgaE

601 tcagcgatct

661 aggtcgtcag

'727 cgccaatcta

?81 tt tccaqcat

841- ccttggatga

901 attctqtqtc

961 cggaagcace

T02L tgaaaagtga

1081 ccttggaatc

7747 acgtagtgtc

!20! actcaqcaga

L267 cagacac¿aÈ

I32f tgtcgtccac

1381 gCtacat Eac

f44f ccgcgLcglt

1501 cttatggagt

1561 gtcccgcaaa

1627 cgtacgggga

tcccccgctt

ttggtaacgt

cabccabaat

ttatttttgc

ttttccaccg

acgacgt ttg

ccatcgbt ta

cacacgcatc

gtgcgtttga

Cgtgcgt tac

tat c ttatagr

cLfgatactg

tgaacggttg

gtctactacc

tgtgactgct

cactctctca

gCcttcactc

EgEatcabca

tgtttcgagt

gttgagtatg

agctcaacLg

tgacatg'acc

gggaggtctt

acgcctccca

ccccgtggat

gtattctagt

tatccgt bbc

ttggttattc

g Ecgatgctg

ccatbgtcag

tgcctattgg

catct tctac

tgagcttgta

aagtgcaacg

ctgctataat

cbcbcbacbc

t tcgtagatt

tactt tcccc

ttcattggga

bcabtgacbb

accagtttag

gtt tcagaca

aatttagatgr

acgacbgtaa

cqaactatag

aacggtcttg

cacgqgctat

gacccttact

atgcaattcc

gtcaatgctc

acagtLacta

ccagacctct

gtatccttca

tcgcgtgtat

cbaaccgtg,c

atc 3l

cgtaEgccEc

gcggctcaaa

cct tatctag

tgttgtaagg

qcactqagct

ctttgatÈtc

tgggattgac

taagttgccg

cgctctctgt

acacgccatc

tggcgggtct

cgaacgcgca

aagcgtctqc

tttcagcaga

gtatgagagt

cEgat ttaac

ttgatgggaa

ctatcacaga

cttt ttcgcc

tttgctctca

aatggabggc

actgtcatgg

gCaaEgccgt

cgcgtcttgt

ccagagattc

ttaccaLcac

gtaccgg,cat

ccggEEcgEg

atactgccgg

cggcgggtgg

ctaaagt taa

ctggtaagca

tgcccaatat

ccabcacgtt

actctgt taL

tcaacgctgt

actccactgt

caatccatca

taEaaaEcaC

qqaatcacta

t.btgcagaac

caccattact

aaacaccLcE

ctccactacc

cctg,cagagt

tcctcttagt

gcgagtcacc

aagaggEgct

gagacgcact

gtcttLaacc

tcccagtgca

gacaactcat

!!tcccgact

cgacacctaa

Eaacggcgca

cggcgacttg

tggbtt t ttg

agcggacqct

caatgcaatg

cacttcgtga

cgcagcccLg

cgagtatctg

ccbcabccga

cagcgaagag

ggcgatttga

tatcgctcca

gtgactcgcg

acqct tcaag

tcbgtgcacE

attgataatt

cgtgtbaaat

gtcgctqacg

t tgacatcat

aacggatcaE

galtacataa

ttcgacttga

ggattccaag

acatatcaagi

ggtggtgacg

ggtgtggcgc

Reverse Primer
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Figure 2.1 ARV 138 Sl segment sequence and the location of terminal primers.

The nucleotide sequence ofARV 138 Sl genome segment was obtained from GeneBank

(Accession number 4F218359). The plus strand of the genome segment is shown 5'to 3'.

Green arrow indicates where forward primer binds to the 3' end of minus strand. Blue

arrow indicates where reverse primer binds to the 3' end ofplus strand.
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agarose gel. The resultant band with expected size was excised and the dsDNA was then

extracted from the agarose using the QIAquickTM gel extraction kit (Qiagen, Canada).

2.10.2 Cycle sequencing

Sequences of the eluted cDNAs obtained from section 2.10.1 were determined in

both directions by using same primers described in section 2.10.1. Cycle sequencing was

canied out in 5-¡rl volumes using the ABI PRISM@ BigDyerM Terminator Cycle

Sequencing Ready Reaction Kit (Perkin Elmer {PE} Applied Biosystems, Foster City,

CA) as described in section 2.7.4. Nucleotide sequence data was analyzed with

DNASTAR (DNASTAR, Inc., Madison, Wis.).

2.11 Statistical analysis

The nonparametric Mann-Whitney sum test was used to determine the relative

contribution of any single gene in reassortant mapping experiments. The chi-square test

was used to determine significance of morphological changes examined by electron

microscopy. The p value was calculated using programme provided by GraphPad

Software, Inc. (WWW.graphpad.com).
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CHAPTER3 RESULTS

3.1 Characteriz ation of ß412 and tsAl46

As mentioned in the introduction, avian reovirus fs mutants have been assigned to

7 recombination groups. Group A contains two clones, tsAl2 and tsAl46. tsAl2 was the

prototypical mutant in group A. Reassortant mapping experiments showed that this

mutant had its ¡s lesion in the 52 gene, which encodes major core protein oA. Initial

morphological analysis of this mutant indicated an accumulation of core particles at non-

permissive temperature. This phenotypic response is due to a single amino acid change of

proline to leucine at amino acid position 158 in oA protein. Furthermote, tsAl2 was

found to be incapable of synthesizing dsRNA but does produce decreased amounts of

protein at nonpermissive temperature.

To gain more understanding of tsA|2, its ts properties were further characterized

and compared with the other mutant in the same group, tsAI46. To confirm tsíl2 ts

phenotype seen at restrictive temperature, particle counting of infected cell lysates was

also performed. Locatization of /s lesion in tsAl2 was confirmed by reassortant mapping.

3.1.1 Comparison of replicative abilities oÍ tsA12, tsA146, and ARY 138

The previous efficiency of plating assay indicated that clone tsAl2 exhibits

temperature sensitivity at temperature of 37oC whereas tsíl46 displays the ff phenotype

at temperatures in excess of 38"C (Patrick et a1.,2007). To determine the rate and extent

of impaired replication of these two viruses at elevated temperatures, QM5 cell

monolayers were infected with tsA12, ts[l46, or ARV 138 and incubated at various

temperatures from 33.5 to 39.5"C, and infections were harvested at desired times ofpost-

infection and the titers of infectious progeny virions were determined by plaque assay.
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There was little difference between the infectious progeny virus production of ßAl2 ànd

its parental wild-type ARV 138 at temperahrre of 33.5"C (Figure 3.14). The final yietd

from cultures infected with tsAl46 was reproducibly 2- to 7 -fold higher than

conesponding cultures infected with ARV 138 and ts4l2 at 33.5oC after the 12 hour viral

eclipse phase (Figure 3.14). At increased temperatures of37 to 39.5"C, in contrast to the

replication of ARV i38 that was only marginally changed, the titers of tsAI2 were 50- to

8O-fold lower than those of wild-type ARV 138 at various times postinfection (p.i.) after

the 6 hour viral eclipse phase (Figure 3.18-E). At 37'C and 38oC, the titers of ß4146

were reduced 4- to 8-fold relative to titers obtained after ARV 138 infection, respectively

(Figure 3.iB-C). At higher temperatures of 39'C and 39.5oC, the titers of tsAl46 were

dramatically decreased 30- to 4O-fold compared to titers obtained from ARV 138,

respectively (Figure 3.1D-E). While the replication of ßAI2 was severely impaired

starting at 37"C (Figure 3.1F), the replication oî tsAI46 w^s progressively reduced along

with increased temperatures (Figure 3.iF).

3.1.2 Morphological analysis of tsAl2 and ß4146

A general fìrst step in characterizing the nature of the defect in a ,s mutant is to

determine the morphological effect of the mutation. This has been done for many of the

MRV mutants by electron microscopy (Fields et al., 1971; Danis et al., 7992; Coombs e/

al., 1994; Hazelton and Coombs, 1995). With ARV, this type of study has recently been

initiated. To confirm previous observation thaf tsAI2 assembles core particles at

nonpermissive temperature and also to assess if tsAL46, whose /s lesion(s) is predicted to

localize in the same gene with tsAl2by recombination assay, has similar phenotypic
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Figure 3.1 Kinetics of viral growth in QM5 cells at various temperatures.

QM5 cell monolayers were infected with ARV 138, tsA12, or tsAl46 at an MOI of 10

PFU/cell and incubated at 33.5oC (A),37'C (B), 38"C (C),39'C (D), and 39.5"C (E). At

various times postinfection, the monolayers were harvested, and the yield of infectious

progeny virions was determined by plaque assay. Results are the average of two separate

experiments and the enor bars represent one standard deviation. The replicative abilities

of individual virus at 30 h.p.i. at various temperatures compiled from A, B, C, D' and E

are shown in F.
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response with tsAI2 at nonpermissive temperature, morphological analysis of /s112 and

tsA I 46 were performed.

QM5 cells infected with tsAI2, tsA|46 or parental wild+ype ARVl38 at both

permissive (33.5"C) and restrictive temperatures (39.5"C) were processed and examined

by electron microscopy as described in Materials and Methods. Direct particle counting

of all types of particles released from lysed cells was carried out and compared to types

ofparticles produced by ARVl38. Table 3.1 and Figure 3.2 show the average proportions

of structures produced by ARV138, tsAI 2, and tsA146 at both permissive and

nonpermissive temperatures from two to three separate experiments. The predominant

structural forms produced by ARVl38 at both permissive and restrictive temperatures

were complete virion and top component (Table 3.1). Proportions of all particles

produced by ARVl38 were similar at both temperahrres. Cells infected with ARV 138 at

the permissive temperature produced approximately 3 times as much virus and sub-viral

particles as cells infected with ARV 138 at the nonpermissive temperature. /,s mutants

grown ât nonpermissive temperature produced fewe¡ viral particles than those grown at

permissive temperature (approximately 1O0-fold decline for tsA I 2 and 8O-fold decline for

ßA146). Cells infected with tsAl2 and grown at the nonpermissive temperatures

produced approximately 80-fold fewer viral particles than cells infected with ARV 138

and grown at then nonpermissive temperature. Cells infected with tsA146 produced 13-

fold fewer viral particles at 39.5"C compared to cells infected with ARV 138 at 39.5'C.

The distribution of particles produced by the mutants was different from the distribution

of ARV 138 particles. At 33.5"C, the most common type of particle produced by tsl12
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Table 3,1 Distritrution of types of particles produced by ARV138 andtsAl2 at

permissive and nonpermissive temperatureso

Clone Temp("C) Total no. Totål no. of Proportion ofpa¡ticle(% [SEMI)"
ofparticleså particles/ml" Viron Top component Co¡e Outer shell

ARVI38 33.5 5273 2.2 x t}e 40.4 (7.7) s3.0 (6.0) 3.7 (l .8) 2.9 (0.4)

39.5 28t27 7.2x t08 43.7 (ts.1) 50.7 (15.5) 2.9 (O:1) 2.7 (0.2)

ßA12 33.s 1524 8.9 ' 108 69.8 (2t.2) ls.7 (19.1) 5.0 (2.6) 6.s (1.1)

39.5 783 9.6 x 10ó 24.8 (7.5) 35.0(8,9) 3l.l (18.6) 9.1 (2.5)

tsAr46 33.5 6923 4.2 x loe 3?.8 (9.1) 50.8 (8.ó) 6.4 (0.5) 5.0 (0.9)

39.5 3185 5.ó x 107 62.8 
,r4.9) 

33.1 01.38) 2.1 (4.6) 2.0fl.0)

"Calculated from three separate experiments.

á Total number of viral and subviral particles counted.

'Total number ofparticles in the cell lysates, calculated as previously described

(Hammond et al., i 981).

d Proportion of indicated particle type, expressed as the percentage of the total number of

particles produced, with standard enor of the mean shown in parentheses.
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Figure 3.2 Graphical representation of the proportion of types of particles

produced by ARV 138, tsA12, and tsAt46 at permissive and nonpermissive

temperatures,

Sample grids were prepared for ARV 138, tsAL2, and tsAl46 as described in Materials

and Methods. The relative proportions of struchrres produced by tsAl2, tsAl46 and wild-

type ARVl38 at both permissive and nonpermissive temperatures were determined by

direct particle counting of whole-cell lysates in 5 non-adjacent grid squares at

magnifications between 30,000x and 70,000x using an electron microscope. Results are

the average of three separate experiments.
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was virion (70%) and top component comprised 19% of the particles produced. There

was a trend toward increased proportions of top component and outer shells at the

restrictive temperature. The proportion ofcorelike particles produced by tsAl2 increased

significantly from 5o/o at the permissive temperature to 37Vo aÍ the nonpermissive (p <

0.0001) (Table 3.i). Unlike tsAt2,the mutanT tsAI46 exhibited a significant increase in

complete virions þ < 0.0001) and a significant decrease in top component (p < 0.0001) at

39.5"C compared to cells infected with ARV 138 and grown at the same temperature

(Table 3.1).

3.1.3 Determination of localization of /s lesion in tsAI2

3.1,3,1 SDS-PAGE analysis of ARV176 x tsll2 reassortants

A total of 15 reassortant clones previously generated from mixed infection of

ARV176 and tsAl2 were selected and amplified as described in Materials and Methods.

The genome segments of these clones were resolved in 12.5Vo SDS-PAGE and their

electropherotype proftles were compared with those of their parents. All clones were

confi rmed as reassortants.

3.1.3,2 Reassortant mapping of tsAl2

To confirm the gene responsible for /s phenotype seen in tsAl2 at nonpermissive

temperature, reassortant mapping of tsAl2 was performed. An EOP assay was used to

test temperature sensitivity for each reassortant. Each fs clone was determined to have an

EOP value of at least one order of magnitude lower than the wild-type ARV176 EOP

value whereas each non-rs clone was defined as having an EOP value within one order of

magnitude of the EOP value of wild-type. Thus, 6 reassortants were conformed as /J
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clones from a total of 15 reassortants selected. 15 reassortants were divided into two

panels: those reassortânts that have the ts phenotype similar to mutant parent lsAI2 were

ananged into top panel and those that have the non-/s phenotype similar to wild-type

parent ARV176 were placed into bottom panel (Table 3.2). All /s clones had their 52

genome segment come from lsAl2, whereas all non-/s clones had their 52 genome

segment derive from ARV176. The remaining nine gene segments were randomly

distributed. This indicates that lhe tsAl2 ¡s lesion resides within the 52 gene segment,

which confirms previous mapping.

3.1,4 Sequence analysis ol the tsA146 32 gene

tsA146 phenotypically differ lrom xAl2, suggesting that the mutations in the 52

genes of the two viruses are different. To obtain direct evidence that phenotypic

differences observed at nonpermissive temperature between the two mutants are due to

the different alterations present within the protein, the 52 gene of lsAI46 was sequenced

and the resulting protein primary structure was determined and compared with those of

wild-type ARV 138 andtsAI2. The sequence of thetsAl46 52 gene was found to contain

two nucleotide alterations as compared to parental ARV 138 52 gene. These changes are

C to U transitions at nucleotide positions 178 and 884, which lead to predicted proline to

serine and threonine to isoleucine replacements at amino acid positions 55 and 290,

respectively (Table 3.3 and Figure 3.3).

Hydropathy is a measure of the hydrophobic character of an amino acid. The

hydrophobicity of the amino acids determines where the amino acid will be located in the

final structure of the protein (Kyte and Doolittle, 1982). In globular proteins, the

hydrophobic amino acids are more likely to be found on the inside of the protein, away
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Table 3.2 Electropherotypes and efficiency of plating (EOP) values of ARV176 x

/s112 reassortants

ElectroÞherotype
Ll L2 L3 Ml M2 M3 S1 S2 S3 54

125

ts Al2
131

160

187

192
151

64

0.00000640

0.0000698
0.000110
0.000156
0.000160
0.000425

0.00160
0.00213

0.978
0.742
0.666
0.588
0.548
0.426
0.316
0.218
0.147
0.130

A7AA7'7A77
AAAAAAAAA
777AAAAAA
'774777AA7
AATAAAAAA
ATTAAAAAA
777747AA7
TTAAAAAAA

7777777A
7777A777
477A7777
777'1 7777
477AA777
77747777
777AA777
'l 77A7A7'.7
77777477
77747777

A
A
7

7

A
A
A
A

7

7

A
7

7

7

7

A
7

A

6

194 7

215 7

307
ARV176 7

148 ',l

243 7

657
229 A
r59 '7

t69 7

Exceptions 3

o EOP, efficiency ofplating, (titer at 39.5"C) + (titer at 33.5"C).

å4, Parental origin of gene. A, tsAl2;7, ARV|76.
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Table 3.3 ldentified mutations in tsA146 52 gene

Base no. AAo no. Type of mutation Codon change AAo change Polarity change"

178 55 transition CCT to TCT På to Så +0.8 (-1.6 to -0.8)

884 2g0 transition ACC to ATC T¿ to I¿ +5.2 Go.7 to 4.5)

o Amino acid.
å P, proline; S, serine; T, threonine; I, isoleucine.

" Based on the hydropathy index of amino acids (Kyte and Doolittle, 1982).

I 55 158 290 416

ARV 138

tsAl2

tsA146
Ser

Figure 3.3 Alterations in deduced amino acid sequences of 52 gene product.

Mutated ¡esidues in temperature-sensitive rntrtmts (ßA12 and tsA146) are colour coded

to distinguish the amino acids in conesponding wild-type ARV 138. Amino acid

positions are numbered above the sequences.

Pro Pro
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from the water in the cytosol, while the hydrophilic amino acids are more likely to be

found on the outside of the protein, interacting with the water in the cytosol. Kyte and

Doolittle had assigned a hydropathy index to each amino acid based on water-vapor

transfer free energies and interior-exterior distribution of side-chains (Kyte and Doolittle,

1982). Each amino acid is given a hydrophobicity score between -4.5 and 4.5. A score of

4.5 is the most hydrophobic while a score of -4.5 is the most hydrophitic. Based on the

hydropathy index of amino acids (Kyte and Doolittle, 1982), the amino acid change at

position 55 in the tsA|46 aA protein results in an increase from -1.6 to - 0.8 while the

amino acid change at position 290 results in an increase from -0.7 to 4.5 (Table 3.3).

Thus the mutated residue at position 55 is predicted to locate on the outside of the oA

protein whereas the mutated residue at position 290 is predicted to reside on the inside of

the protein.

Alignments of known amino acid sequences of ARV and MRV o core proteins

indicate that Thrzqo is conserved while Pross is not (Duncan, 1999). This suggests that

amino acid 290 may play an important role in protein function, Thus it may be the amino

acid responsible for the phenotypic difference.

3.1.5 Structural locations of the mutations in tsAl2 and tsAI46 oA proteins

The 52 gene of the tsA 12 has previously been sequenced in our lab. The tsA I 2 32

gene contains one nucleotide alteration, which is a closine to uracil transition at

nucleotide position 488. This nucleotide aiteration leads to a proline{oJeucine

substitution at amino acid position 158 in the oA protein (Figure 3.4C). The 3-

dimentional structure of ARV is cunently unknown, but analyses of known MRV and
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ARV (Duncan, 1999) sequences suggest regions of high homology, which suggests the

cognate proteins are folded similarly. Thus, the MRV crystal structure can probably be

used as an imporønt structural framework into which ARV struchrral results can be

modeled.

Amino acid alignments of major core proteins of ARV oA and MRV 02 suggest

that Pro55, Prols¡, and Thrzge in ARV oA protein correspond to amino acid positions 56,

160, and292 in MRV o2 protein, respectively. Thus, the locations of mutated residues of

tsAl2 and tsA146 within major o core protein may be depicted by using MRV core

crystal structure. Analyses of MRV core crystal structure (Figure 3.4) suggest that (1) the

Pro-to-Leu substitution is located in the middle of the o core protein and lies directly

under the outer surface of the o core protein @igure 3.4C), where it may stabilize

interaction between the o core protein and the outer capsid p protein; (2) the replacement

of Pro to Ser is located on the inner surface of the o core protein (Figure 3.4C); (3) the

change from Thr to Ile is buried (Figure 3.4C).

3,2 Determination of localization of ts lesion in tsB3I

3.2.1 ldentification of ARV176 x tsB31 reassortants

Recombination group B comprises only one clon e, tsB3 I . To determine the gene

segment that contains the /s lesion in recombination group B, lsB.'1 was crossed with

wild-type ARV176 as described in Materials and Methods. A total of 309 progeny clones

were picked and all clones were amplified twice in QM5 cells to generate P2 stocks,

which were subsequently used for further amplification. Each progeny clone was

subjected to viral genome extraction. Extracted progeny viral genomes were resolved in
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Figure 3,4 Locations of major o core protein mutations of ßA12 and sC447 in

asymmetric unit of MRV core crystal structure.

(A) Crystal structure of MRV core (Reinisch et al., 2000). (B) Blow-up of crystal

"assymetric unit" (outlined in A), adapted and manipulated with PyMOL (Detano,

2003). (C) Close-up of one of o2 subunits from B showing locations of o core protein

MRV tsc447 mutation (Asn -+ Asp) at amino acid position 383 (spheres, colored in

yellow), ARY tsAI2 mutation (Pro -+ Leu) at amino acid position 158, and AP.Y tsA146

mutations at amino acid positions 55 (lro -+ Ser) and 290 (mr -+ Ile) corresponding to

amino acid positions 160 (spheres, colored in gray),56 (spheres, colored in cyan), and

292 (spheres, colored in purple) in MRV o2, respectively.
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12.5% SDS-PAGE for reassortant identifrcation. 12 clones had hybrid electropherotypes

(Figure 3.5) and thus were determined as reassoriants (reassortment effi ciency = 4o/o).

One reassortant clone 208 appeared to lack a full-length S1 gene segment in SDS-

PAGE. Two possibilities may account for this outcome. A small population of fult-length

Sl gene might exist but was undetectable under the experimental conditions and/or 51

gene truncation may have occurred during the course ofgeneration of reassortants, which

resulted in a smaller S1 gene segment that had run offthe gel.

Clone 231 exhibited an aberrant mobility of its M2 gene segment on a

polyacrylamide gel. For this reassortant, the designation for parental origin of the M2

genome segment was examined by analyzing the restriction fragment length

polymorphism (enzymes EcoRV and Sacll) of a reverse-transcribed M2 fragment

amplified by the polymerase chain reaction. The M2 restriction fragment length

polymorphisms oî tsB3l and ARV 176 were analyzed in parallel. Restriction fragment

length polymorphism data indicated that the M2 gene segment of clone 231 was derived

from tsB3I (Figure 3.6).

3.2.2 Determination of temperature sensitivity of ARV176 x fsB31 reassortants

To determine temperature sensitivity of each reassortant generated from mixed

infection of ARV 17 6 and tsB3 I , an EOP assay was repeatedly carried out three or four

times on different days as described in Materials and Methods. 7 reassortant clones

exhibited their average EOP values at least one order of magnitude lower than the wild-

type ARV176 average EOP value and thus were determined as being temperah¡re

sensitive. By contrast, 5 reassortants clones had their average EOP values within one

order of magnitude of the average EOP value of wild-type ARV1 76 and thus were
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Figure 3.5 Electropherotyping of ARV 138, ARVl76, tsB31,and reâssortants

generated from an ARV 176 x tsB31 co-infection.

QM5 cells were infected with wild-t)?e ARV 138, ARV 176, tsB31, and indicated

reassortants. dsRNA genome segments were extracted, resolved in 12.5% SDS-PAGE,

and stained with ethidium b¡omide. /s.831 which was derived from mutagenesis of ARV

138 has same electropherotype with its parent ARV 138. The parental origins of

reassortant genome segments are identified by comparing electropherotypes ofARV 138

and ARV 176.
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EcaRV SøcII

1018

246

Figure 3.6 Restriction profiles of the M2 gene segments of avian reovirus wild-type

strain 176, mutant fsB31, and ARV 176 x ß831 reassortant clone 231,

Genomic RNA of ARV 176, tsB3 I , and clone 23 1 were extracted. The M2 gene

segments were reverse-transcribed, and amplified as described under Materials and

Methods. Each of the resulting DNA fragments Q157 bp) was separately digested with

EcoRV and ,Sacll. The digestion products were run on an agarose gel in parallel with

molecular weight markers I Kb DNA Ladder (MWl) and 123 bp DNA Ladder (MW2).
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determined as non-/s reassortant clones.

3.2,3 Reassortant mapping of tsB3l

The identified reassort¿nts from above were arranged into two panels according to

their EOP ratios (Table 3.4). The top panel represents the reassortants that were identified

as fs clones whereas bottom panel includes all reassortants that were non-ls clones. The

top panel of reassortants that behaved like /s831 all had their M2 gene segments derived

from ¡sBJ1 and the bottom panel of reassortants that behaved like ARV176 all had their

M2 gene segments come from ARV176 with the exception of clone 231. Each of the

other nine gene segments was randomly associated with respect to temperature

sensitivity. This indicates that the M2 gene is responsible for ¡s phenotype seen in /sBJ1

and the ¡s-like reassortants. To determine statistical significance that the M2 gene is

associated with ts phenotype, a Mann-Whitney test was camied out. The Mann-Whitney

test, also called the rank sum test, is a nonparametric test that compares two unpaired

groups. In this case, averaged EOP values of all reassortants were used as determinants to

test the contribution of any single gene in the reassortant map. The Mann-Whitney test

confirms that the M2 gene contains the /s lesion, with a probability of 0.006 (Table 3.4).

The Mann-Whitney test also indicates that the Ml gene may contain a lesion, with a

probability of 0.042 (Table 3.4).

3.3 Ánalysis of 51 gene truncation in some ARV clones

During the course of screening ofARV reassortants, some clones appeared to lack

a full-length S1 gene segment in SDS-PAGE, but to be capable of propagation. For
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Table 3.4 Electropherotypes and efliciency of plating (EOP) values of ARV176 x

/s831 reassortants

Clone EOP" SD'i

73 B' 7 B B IJ B B B B B 0.0007 0.000774
1s6

208
261
298

tsB3l
54

17

r48
135

2

I t5
231

ARVl76

7 7 7 B B 7 7 7 7 7 0.0014 0.00126

B 7'1 7 t3 7 tr 7 7 7 0.003 0.00302
B 7 7 7 U B B B B B 0.00411 0.00191
B B '1 B B B B B B B 0.0053 0.000743
B B B B B B B B B B O.OO57 O.OO398

B B 7 7 B B B B B B 0.007'1 0.00767
B 7 B B lt B B B B B 0.0242 0.0179

7

7

B
7

B
1

7

7

B
7

7

7

7

7

7

7

7

7

7
'l
7

7

7

7

7

7

7

7

l:l

7

B
7

B
7
'7

7

7

7

7

7

B
7

7

B
7

B
B
7

7

7
'7

7

B
7

7

7

7

7

7

7

0.242 0.0650
0,333 0.194

0,447 0.304
0.584 0.340

0.s9ó 0.299
0.953 0.s9s

Exceptions3553l42532
Mann-Whitney

test D value 0.2398 0.9451 0.2912 0.042 0.006 0.2824 0.1375 0.8981 0.3176 0.0813

oEOP, efficiency ofplating, (titer at 39.5"C) + (titer at 33.5"C).
áB, Parental origin of gene. B, tsî3t;7, ARVl76.

"X, S1 gene segment absence.

dSD, Standard deviation based on three or four experiments.

"8, gene segment exhibits an aberrant mobility in 12.5% polyacrylamide gels and

parental origin was identified by restrication fragment length polymorphism analysis.
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example, 5 clones, named 29, 42, 61, 129, and 132 were generated from ¡s831 x ARV

176 cross and identified not to contain a fullJength Sl gene. ARV 51 genome segment is

1643 base pairs (bp) and encodes three polypeptides from three sequential, partially

overlapping open reading frames (ORFs) (Figure 3.7) (Bodelon et a|.,2001; Shmulevitz

et a1.,2002). Proteins p10 andp17, which are specifiedbyORF1 and ORF2, respectively,

are nonstructural proteins which associate with cell membranes, whereas ORF3 directs

the synthesis of protein oC, a structural protein responsible for cell attachment (Bodelon

et a|.,2001; Shmulevitz et al.,2002). The p10 protein is responsible for the syncytium-

inducing property (Shmulevitz and Duncan, 2000; Shmulevitz et a1.,2003), while the

function of p17 is cunently unknown. Maintenance of functional 51 gene products is

obviously important for viral propagation. To understand the phenomena that these

clones associated with lack ofa full-length S1 gene are capable ofpropagation, clones 29,

42,61,129, and 132 were characterized.

3,3.1 Electrophoretic analysis of viral RNA

Clones 29, 42, 61, 129, and 1 32 which were generated from co-infection of tsB 3 I

and ARV 176 were amplified to the third passage and then subjected to genome

extraction. The dsRNA of each clone was loaded into wells of sodium dodecyl sulfate

polyacrylamide gel and electrophoresed al 12 mA for 20 hours instead of routine

electrophoresis of 66 hours aI 72 mA and then stained with ethidium bromide. These

clones appeared to lack a full-length 51 gene but contained an extra band with an

estimated size < 300 base pairs (bp) (Figure 3.8). The parental origins of other 9 gene

segments ofthese clones were assigned to tsB31.
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3.3,2 Sequence analysis of the Sl genome segment

The PCR assay offers the potential for rapid, sensitive, and precise molecular

identifrcation. To determine whether 5 co-infection progeny clones described above

containing a small population of full-length S1 segments, molecular characterization of

these clones was performed. 5 clones were amplified and gradient purified and their

dsRNAs were extracted. Primers conesponding to 5' end and 3' end of plus strand 51

segment were designed and used to amplify S 1 genome segments of 5 clones by RT-PCR

as described in Materials and Methods. The PCR products were subjected to agarose gel

electrophoretic analysis (Figure 3.9). While the 51 segment of ARV 138 or ARV 176 was

amplified as an expected full length, each of 5 clones' amplicon appeared to be smaller

than 300 bp (Figure 3.9), which is consistent with the size seen in SDS-PAGE. These

PCR products were further purified and sequenced and the sequences were compared to

those ofthe intact 51 segments ofARV 138 and ARV 176 (GenBank numbers 4F218359

and 4F218358). The sequence comparison (Figure 3.10) showed that (1) all clones had

S1 deletion derived from ARV 138, indicating that the novel bands seen in SDS-PAGE

are truncated forms of ¡s831 51 segment; (2) all clones had 51 segments of 228

nucleotides in length except clone 42, whose S1 was 230 nucleotides in length; (3) all S1

deletion segments conserved the 5'and 3'ends of the intact 51 segment; (4) the sequence

from the 5' end was 105-119 nucleotides long and the sequence from the 3' end was 111-

123 nucleotides long; (5) No nucleotide substitutions were observed from existing

sequences when compared to ARV 138 51 sequence; (6) the sequence coding for pl7

protein was completely deleted and sequences coding for proteins p10 and oC were

partially retained,
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a Ëf ER$ Ë 3S i

2036 bp

1636 bp

246bp

F'igure 3.9 Agarose gel electrophoresis of PCR products produced by using full-

length S1 genome segment target primers,

Lane Ml, lkb DNA ladder; lane lvÍz, 123 bp DNA ladder. Each of ARV wild-types, 138,

176 was amplified as full-length 51 segment and each of 5 mutant clone's amplicon

appears to be smaller than 300 bp. Last lane indicates template-free negative conhol.
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Figure 3.10 Alignment of the Sl segment cDNA sequences of ARV 138, ARV176,

and 5 deletion mutants.

The Sl genome segment nucleotide sequences of5 deletion mutants are aligned with 51

nucleotide sequences ofARV 138 and ARV 176. The nucleotides that are not conserved

in the alignment are colored in red. Truncated portion of the S 1 segment sequence from

full-length Sl segment is indicated by symbol // or dashes. Deduced amino acid

sequences are presented. Start codon ofpl0 protein is indicated in blue. Asterisk

indicates the location ofthe termination codon of the oC protein. The locations of

primers used for sequencing are underlined.
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3.3.3 ldentification of temperature sensifivity

As the 5 Si deletion clones are actually derivatives of tsB31, they are expected to

be /s. EOP analyses of clones 29, 42, 61, 129, and 132 were conducted twice on different

days. All clones were confirmed to be temperature sensitive as they had an EOP value of

0.001 or lower (Table 3.5).

3.3.4 Analysis of replicative ability

ts mutants can grow at a low temperature but not at a high temperature, in contrast

to wild-type virus, which grows at both temperatures. To determine if the Sl truncation

has an impact on replication of 5 ls clones at permissive temperature, the growth capacity

of 5 clones was examined. Subconfluent QM5 cell monolayers were infected with

individual clone or wild-type ARV 138 at an MOI of 10 for t hour at room temperature,

then the inoculum was removed and cells were supplemented with incubation Medium

199 and incubated at 33.5"C. At different times post-infection, cells were lysed and the

concentration of infectious viral particles was determined by plaque assay. The growth

curves obtained (Figure 3.11) show that the replications of the S1 deletion clones were

not reduced relative to titers obtained from ARV 138 infection. The production of

infectious viral particles was 1- to 9-fold more than that of ARV 138 infection at the

conesponding times post-infection.
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Table 3.5 Efficiency of plating (EOP) values of Sl deletion mutânts.

Trial I Trial 2 Averase StandardDeviation

29 0.000909

42 0.00127

61 0.00472

129 0.000741

132 0.00129

ARV 176 0.604

0.000873 0.000891

0.0117 0.00649

0.0093s 0.00704

0.022t 0.0115

0.0243 0.0128

0.55 0.577

0,0000255

0.00738

0.00327

0.0152

0.0163

0.0382
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Figure 3.11 Growth curves of wild-type ARV 138 and 5 Sl deletion mutants.

Subconfluent monolayers of QM5 cells were incubated with 10 PFU/cell of ARV 138,

clones 29, 42,61,129, or 132 for I hour at room temperature. After removal of the virus

input and subsequent washing of the plates, growth Medium 199 was added, and

incubation proceeded for the times indicated. Infections were harvested by two freeze-

thaw cycles and sonication. The concentration of infectious virus particles was

determined by plaque assay.

------f-
........o........

---?--
-. -{ - -

-{.--.-tr- -

ARV 138

29

42

6t
t29
132



CHAPTER4 DISCUSSION

CHAPTER 4 DISCUSSION

4.1 Characterization ofthe group A mutants

tsA|2, prototype of the group A mutant, was further characterized and compared

with mutant tsAl46 and unmutagenized parent ARV 138. Although the /s lesion of tsAl2

and tsA146 is assumed to reside in the same gene based on recombination assay, two

lines of evidence indicate that mutations in tsAl2 and tsA146 are different and cause

different phenotypic responses. First, analyses of replicative abilities of two mutants at

various temperatures demonstrate that the production of infectious tsAI2 was markedly

reduced at 37oC or higher (Figure 3.1F). Production of infectious tsAI46 progeny was

also reduced at temperatures above 37oC, but tsAl46 replication was impaired to greater

extents as the restrictive temperature was increased (Figure 3.1F). Obviously, tsl12

mutation is more detrimentral Io tsAl2 replicating at a relatively high temperature

compared to tsAI46 replication. Second, direct particle counting of tsAl2 and tsAI46

infected cell lysates reveals lhat tsAl2 but not tsA I46 mutant significantly produced core-

like particles at the nonpermissive temperature (Table 3.1). The lesion of tsAl2 thaf

results in the ts phenotype was confirmed to reside in the 52 gene by reassortant mapping

experiments (Table 3.2). The mutations in the tsAI46 52 gene were determined by

sequence analysis, which proves that the different phenotypic responses between the

mutants tsAI2 aîd tsAl46 are caused by different mutations in the 52 gene. Thus tsl12

represents a novel assembly-defective mutant which is not able to assemble past the core.

The ARV 52 gene segment is 1324 bp long (Duncan 1999) and encodes major

core protein oA. oA is a 45.5 kDa protein (Yin et a1.,2000) consisting of 416 amino
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acids (Duncan i999). This protein has been proposed to have similar structure/function

with MRV major core protein o2 (Yin et a1.,2000), which is also encoded by 52 gene.

Thus, it is likely both oA and o2 (Reinisch et al., 2000) bind to the outer face of the core

structure and act as a clamp to hold the core structure together. Although the protein

sequences between ARV oA and the 3 serotypes (types TlL, T2I and T3D) ofMRV o2

have approximately 30%o similarity, oA and o2 share similar predicted secondary

structure (Yin et a1.,2000). Moreover, it has been reported that both proteins of oA and

o2 have dsRNA-binding activity (Dermody et al., 1991;Yin et a1.,2000), indicating an

important role of this major core protein in reovirus transcription and replication or in

packaging the viral genome segments during virion assembly. Previous studies have

shown that ARV group A mutants (tsA12 and tsAl4Q and their counterpart, MRV

tsC447, whose mutation also maps to the 52 gene (Ramig et al., 1978), exhibit an

inability to produce progeny dsRNA (Cross and Fields, 1972; Ito and Joklik, 1972;

Patrick e¡ al., 2001) and produce reduced amounts of protein at the nonpermissive

temperature (unpublished data for ARV; Cross and Fields, i972; Fields et al., 1972).

Thus, corresponding defects in the major o core protein may have impacts on dsRNA

production and protein synthesis under restrictive growth conditions. This also is

consistent with the reduction in particle yield for tsAl2 and tsAl46 (Table 3.1), and is

correlated to the observation of low level of progeny proteins produced in restrictive

infection (unpublished data). However, the mechanism by which the major o core protein

is involved in these phenotypes is not understood and needs to be further investigated.

Interestingly, while ARV ¡sl.t2 assembles core structures in restrictive infections

(Table 3.1), AP'V tsAI46 and the cognate MP'Y tsC447 fail to produce cores but MRV
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lsC447 does synthesize empty outer capsid structures at the nonpermissive temperature

(Fields e/ al., 1971; Matsuhisa and Joklik, i974; Coombs et al., 1994). Analysis of

deduced protein sequences of ARV group A mutant 52 genes revealed that tsAI2 oA

contains a single amino acid substih-¡tion (proline to leucine) at position 158, whereas

tsA146 oA have two amino acid substih:tions (proline to serine and threonine to

isoleucine) at positions 55 and 290, respectively (Figure 3.3). Although the detailed ARV

core struchlre is not currently known, use of the available MRV core crystal asymmetric

unit (PDB # 1EJ6) (Reinisch et al.,2000) as a model predicts that the altered amino acid

in tsAl2 lies under the outer surface of the oA protein (Figure 3.3C). This mutation might

affect the distal side of the protein where it prevents condensation of outer capsid proteins

onto the core, and thus may lead to alterations in particle distribution seen in fsl12 at the

nonpermissive temperature. A mutated residue at position 290 in tsAI46 oA also lies

under the outer surface of the protein, but this mutation might affect the ability of the oA

protein to interact with dsRNA at elevated temperature, promoting assembly of complete

virions rather than top component structures. This explains the shift in proportion of

particles produced from top component to complete virions (Table 3.1) and is consistent

with our recent observation in thin section EM, where nucleic acid is seen as dense

condensates at the periphery of the inclusions for restrictive temperature cultures.

The sequence of the comparable MRV tsc447 mutant gene has been determined to

contain several nucleotide alterations that lead to amino acid substitutions (Wiener et al.,

1989)(Figure 4.1). However, extensive genetic reversion analyses indicated that an

asparagine to aspartic acid change at amino acid position 383 is most likely responsible

for the failure of tsc447 to assemble core particles at the nonpermissive temperature
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+

323 383 418
T3D

tsC447

Ala Asn

Val Asp

Figure 4.1 Alterations in predicted amino acid sequences of MRV 52 gene product

in corresponding wild-type and ts mutant.

Three amino acid substitutions Ala-to-Val, Ala-to-Val, and Asn-to-Asp at amino acid

positions 188, 323, and 383 in the tsc447 major o core protein are indicated. Amino acid

positions are numbered above the sequences. Amino acid change responsible for ls

phenotype is indicated by an arrow.

188

Ala

Val
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(Coombs et al., 1994). The region of o2 near or at Asprs: is positioned on the outer

surface of the protein (Figure 3.4C). Thus, the introduction of a mutated residue in this

region in the o2 amino acid sequence appears to prevent c.2-c2 interactions that would

normally lead to core capsid assembly. Alignments of major o core protein sequences of

mammalian reoviruses, avian reoviruses, and Nelson Bay reoviruses revealed that

residues Prors¡ and Asn383 are conserved among the species (Duncan 1999), implying

their structural importance. Thus mutations caused at one of these residues would result

in struch¡ral instability and different mutations in the cognate major core proteins of

MRV and ARV lead to different phenotypic responses. The comparative analyses of

ARV ¡s mutant and its MRV fs mutant counterpart will not only allow us to expand our

understanding of viral proteins, but should help to provide a more complete picture of

assembly ofthese complex particles (Figure 4.2).

4.2 31 deletion mutants

Some mammalian reoviruses that accumulate deletion mutants have been found to

involve the Ll,L2,L3, and Ml genome segments (Nonoyama et al., 1970; Nonoyama

and Graham 1970; Schuerch et al., 1974; Ahmed and Graham, 1977; Ahmed and Fields

1981; Brown et al., 1983; Zou a¡d Brown 1992). To date, deletion events among avian

reoviruses are reported to involve S1 gene segment (Ni and Kemp, 1992;1994). The

major features for most deletion mutants are that 1) they are generated during serial

passage at high multiplicity; 2) they are defined as defective interfering particles because

of their ability to interfere with the growth of complete virus by effectively competing for

limiting essential replication factors; 3) their genomes or genome segments are usually

grossly altered genetically but can still replicate and be assembled into progeny virus
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Figure 4.2 Proposed reovirus assembly pathways.

Locations and identities of the eight major structural proteins of the virus are indicated.

Blocks mediated by ARV tsAl2 or MP.Y tsC447 in the pathways are marked by x.
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with complement of helper virus.

Clones that lack an intact Si gene segment are commonly observed in our lab

duúng screening of ARV reassortânts from mixed infections. These mixed infections

were canied out by crossing wild{ype ARV 176 with one of f,s mutants derived from

mutagenesis of wild+ype ARV 138. Screening of reassoftants by SDS-PAGE was

conducted when plaque-derived clones have been amplified to the third passage at high

multiplicity. Two types of sl deletion clones, either reassortânt or non-reassortant were

found in our experiments. A panel of non-reassortant S1 deletion mutants (clones 29,42,

61,12g, and 132) derived fÌom ARV 176 x fsBS-l were chosen and analyzed RT-PCR

could detect <300 bp S1 ffagments but not full-length S1 genome segments from gradient

purified mutant particles. Sequence analyses of these 51 fragments revealed that they

were derived lrom tsB3I S1 genome segment and 86% portion of the segment was

internally deleted. Nevertheless, all Sl truncated clones conserved their two terminal

regions of sl (105-119 nucleotides from 5' end and 111-123 nucleotides from 3' end),

indicating that signals for replication and packaging were retained. To ensure replication

and assembly of all 10 genome segments, each segment must maintain a dsRNA-

dependent transcriptase promoter at the 3' end of the minus strand and an ssRNA-

dependent replicase promoter at the 3' end of the plus strand as well as sequences

necessary for assembly. ln assembly, signals are required to identify a replica as being

reoviral as well as being a specific genome segment. To date, the sequences of the four s

class genome segments of ARV have been reported for ARV 138 and ARV 176 (Duncan,

1999). The 3'-terminal sequence UCAUC and S'-terminal sequence GCUU are conserved

in all s class genome segfnents presumably as well as in all L and M segments of ARV'
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suggesting their role in recognizing viral genome. The segment-specifrc signal must be

elsewhere since it serves to distinguish between segments' An attempt made in MRV to

identify such signals failed (Antczak et al., 1982). However it is possible to postulate that

the nontranslated regions are likely to include sequences important for segment

packaging from our sl deletion sequence data. It seems to be a common featu¡e that both

terminal sequences of all viruses with segmented RNA genomes play critical roles in

genome transcription, replication, and packaging (Nuss and Summers' 1984)' Sequence

analysesofaseriesofdeletedMlsegnentsofMRVrevealedthattheminimum

consensus sequences for 5'- and 3'- ends of the plus strand were 132 to 135 and 182 to

1g5 bases, respectively (Zou and Brown , 1gg2).In the studies of complete (Anzola et al.'

1987)andmutated(Xuetøt,,1989;Daj,letal.,1990)woundtumorvirus(WTV),a

memberofthephytoreovirusgenusinthefamilyReoviridae,ithasbeensuggestedthat

both terminal sequences were involved in genome replication and/or packaging' The

terminal sequences conseryed in all segments of WTV were responsible for

distinguishing viral RNA fiom cellular RNA, whereas the segment-specific terminal

sequences were involved in identifoing a particular viral genome segûent'

SDS-PAGE and sequence analyses showed that all genome segments of analyzed

sl deletion mutants were derived from lsB3.1 (its /s lesion was mapped to the M2 gene);

hence these sl deletion cl0nes are in fact double mutants that contain the ¡s lesion in the

M2 gene and deletion mutation in the sl gene. The fs phenotype of sl deletion clones

was also confirmed by EoP assay. In Ni and Kemp (1994)s' report, truncated s1

fragments generated by serial passage of the coinfection progeny of two ARV strains

were defective interfering (DI) RNAs that compete or interfere with the full-length sl
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genome segment during replication and/or packaging, i.e., serially passaged coinfection

progeny contain DI particles that lack the intact sl segment, but contain truncated sl

segment. Based on the phenomenon described by Ni and Kemp above, if truncated s1

segments generated in our experiment are DI RNAs, the conesponding clones from the

third passage must have contained DI particles. These DI particles should actively inhibit

replication of helper virus, i.e,, tsB3.1 during the "coinfection" (assumably ¡s.BJ1 and its

DI particles), resulting in decrease of infectious titers. unexpectedly however, a

comparison of the growth curves between sl deletion clones and wild-type ARV 138

demonstrated that the S1 deletion clones appeared to replicate efhciently at the

permissive temperature throughout the growth cycle compared to replication of wild-type

ARV 138. Thus two lines of evidence suggest that the truncated 51 genome segfients

generated in our experiment are indeed not DI RNAs: (i) sl deletion clones were

generated at lower passage rather than at higher passage; (ii) truncated S1 ÍÌagments did

not show interfering property seen in DI RNAs as S1 deletion clones replicate effrciently

at permissive temperature.

Among 10 genome segments of ARV, Sl genome segment represents only one

genome segment that appears to be polycistronic, i.e., tricistronic. Th¡ee ORFs coding for

fusion protein p10 (oRF 1), p17 (ORF2, function is not known), and cell attachment

protein oC, are arranged in a sequential, partially overlapping fashion (Shmulevitz el a/.,

2002). The majority of mRNAs that encode more than one gene product are usually

bicistronic and contain oRFs that are either nested within each other (e.g. MRV 51

genome segment, Emst and shatkin, 1985) or overlap each other extensively (e.g. the

polycistronic P/c mRNA of Sendai virus, Latone et al., 1998). The highly unusual
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anangement seen in the ARV 51 genome segment may lead to aberrant replication on

this segment more easily than other 9 genome segments. This might be the reason why

only S I deletion event has been observed to date.

As S1 genome segment of analyzed clones was grossly truncated, it is impossible

to predict that any functional proteins ftom within could be formed in the infection. Thus

the great amount of non-infectious defective viruses would be generated, leading to a

decrease in infectious titers, The contradictory phenomenon that the Sl deletion mutants

generated in our experiment are infectious and capable of undergoing productive

infection raises a question, how can these mutants enter the cells without cell attachment

proteins? The underlying mechanism, if any, is not understood and remains to be

elucidated. However evidence has suggested that the cell attachment protein oC is not

sufficient and./or required to promote the membrane interactions necessary for ARV entry

(Duncan, 1996). ARV has employed an additional mechanism using major outer capsid

protein ¡rB to facilitate its entry (Duncan, 1996). The s1 deletion mutants that are capable

of growth are not an only case of paradox seen in ARV. Our other study of ARV ts

mutants showed that many /s mutants fail to produce progeny dsRNA but do syrthesize

progeny protein at the nonpermissive temperature of 39 5'C' Taken together, these

paradoxes increase the need to study ARV replication in more detail'

4.3 Future directions

The overall objectives of this research are to continue to use the genetic tools of

"reassorlant mapping" and ts mutant characterization to better understand

structure/function and assembly of avian reoviruses, tsAI2 and tsAL46 or the

recombination group A exhibiting different phenotypic responses at nonpermissive

temperâture were demonstrated in this study. Sequence analysis ofdeduced amino acid of

tsA\46 32 gene revealed that mutations in tsAl46 difle¡ from that of tsAl2 ' This suggests
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that different amino acid substitutions in the major o core protein may have caused

different conformational changes. The hypothesized differences in conformational

change within the major core protein oA of mutants tsAl2 and tsAl46 can possibly be

determined by mass spectrometric analysis. Briefly, parental wild{ype virus and two

mutants could be grown at both permissive and nonpermissive temperatures. Purified

core particles from all sources could then be treated with a battery of proteases for

various periods of time and the differences in the peptide maps of wild-type and two

mutant particles could be analyzed by a mass spectfometel. Thus the molecular signals

responsible for ARV assembly could be determined

One of the most important aspects of our ARV studies is ftrst to complete the

gene assignments of each group of ARV mutants so we know what we are working with.

Thus far genes that harbored the ¡s lesions from 7 recombination groups have been

assigned for groups A and D and the mutation of group B has been mapped to the M2

gene segment with one exception in this study (Table 3.4). The clone 231 that contributes

to this exception might be regrouped as a non-/s reassortant by increasing the restrictive

temperature; therefore it could possibly be ruled out. Sequence analyses or the tsB3l M2

gene as well as genes (M1, 51, and 54) that could possibly be associated with

temperature sensitivity, could definitely conclude if the lsB3l /s lesion resides in the M2

gene. The M2 gene encodes major outer capsid protein pB, the equivalent of the MRV

p1 capsid protein. Like MRV ¡r1 protein, ARV pB has been proposed to associate with

oB to form the bulk of the virion outer capsid and also interacts with core proteins l,c

and oA in virions (Van Regenmortel et a1.,2000). MRV ¡r1 protein has many important

lunctions that appear to be involved in confening particle stability on membrane
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permeabilization (Hooper and Fields, 1996), virus entry (Sturzenbecker et al, 1987;

Nibert and Fields, 1992; Lucia-Jandris, 1993; Tosteson et al., 1993) and transcriptase

activation (Dra1,na and Fields, 1982; Ewing et al ,1985)' The function of ARV pB has

been determined to be involved in virus entry (Duncan, 1996) and other functions, if any,

have yet to be determined. The next step after confrrming the localization of the /s lesion

in tsB3l will be in examining morphological effect of the mutation and hopefully, a new

assembly-defective mutant can be identifred to help understanding of the role of pB in

ARV assembly.

with sl deletion mutants that were generated from coinfection of ARV 176 and

tsî31, the phenomenon that the si deletion mutants paradoxically replicated to higher

titers at permissive temperature without helper viruses remains to be explained.

However, sequences of sl gene segment identified from sl deletion mutants may be

used for reverse genetics to identify signals that control specific aspects ofreplication and

assembly.
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