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Abstract

Parainfluenza virus type 5 (PIV5) can either have a persistent or a lytic phenotype in cultured cells. We have previously shown 
that the phenotype is determined by the phosphorylation status of the phosphoprotein (P). Single amino acid substitutions at 
critical residues, including a serine-to-phenylalanine substitution at position 157 on P, result in a switch between persistent and 
lytic phenotypes. Here, using PIV5 vectors expressing either mCherry or GFP with persistent or lytic phenotypes, we show that 
in co-infections the persistent phenotype is dominant. Thus, in contrast to the cell death observed with cells infected solely with 
the lytic variant, in co-infected cells persistence is immediately established and both lytic and persistent genotypes persist. 
Furthermore, 10–20 % of virus released from dually infected cells contains both genotypes, indicating that PIV5 particles can 
package more than one genome. Co-infected cells continue to maintain both genotypes/phenotypes during cell passage, as do 
individual colonies of cells derived from a culture of persistently infected cells. A refinement of our model on how the dynamics 
of virus selection may occur in vivo is presented.

INTRODUCTION
Parainfluenza virus type 5 (PIV5; previously known as simian virus 5; species Mammalian rubulavirus 5) is a prototypic member 
of the subfamily Rubulavirinae in the family Paramyxoviridae that belongs to the order Mononegavirales. The family Para-
myxoviridae is a large group of vertebrate viruses that are primarily known for their ability to cause acute infections in humans 
(e.g. mumps, measles and parainfluenza virus infections), mammals (e.g. canine distemper virus and rinderpest), poultry (e.g. 
Newcastle disease virus) and fish (e.g. pacific salmon paramyxovirus, reviewed in [1]). However, under certain conditions some 
paramyxoviruses can also establish persistent (or prolonged) infections [2] that, whilst they may only last for a matter of weeks 
or months, last longer than would be expected from a prototypical acute infection in immunocompetent individuals (usually 
2–3 weeks) [3]. Often, prolonged/persistent infections are observed in immunocompromised patients [3–5], although immu-
nocompetent patients may also become persistently infected [2]. For example, outbreaks of parainfluenza virus infections that 
occurred in healthy young adults after weeks of isolation at the South Pole were probably due to persistent low-level shedding by 
some individuals [6]. Occasionally, certain persistent paramyxovirus infections can last for years or even for the lifetime of the 
individual, which may lead to chronic and sometimes fatal disease. For example, sub-acute sclerosing panencephalitis (SSPE), 
which is invariably fatal, is caused by a persistent measles virus infection of the brain [7] and chronic kidney disease in cats is 
associated with feline paramyxovirus [8, 9]. In general, the ability of viruses to establish persistent infections can be of clear benefit 
to the virus, since persistently infected individuals may act as reservoirs for the virus, reseeding it back into the community over 
a prolonged period. Furthermore, if persistent infection significantly influences the epidemiology of a virus it would be expected 
that viral traits that facilitate the establishment of persistence would be selected during virus evolution [3].

PIV5 (for a general review on the biology and molecular biology of PIV5 see [10]) is clearly a very successful virus, in that, 
unusually for most viruses, it readily crosses species barriers. It has been isolated from, and/or nucleotide sequences have 
been detected in, humans [11–14], monkeys [15–17], dogs [18], cattle [19, 20], pigs [21–25], tigers [26, 27], lesser panda 
[27] and pangolins [28], and there is some evidence that PIV5 may infect cats, hamsters, rats and guinea pigs [15]; a very 
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closely related virus, Alston virus, has also been isolated from an Australian pteropid bat colony [29]. However, despite the 
fact that PIV5 infections appear to be endemic in at least dogs, cattle, pigs and humans, its association with disease is not 
clear. For example, although neutralizing antibodies and T cell responses to PIV5 have been detected in a high percentage 
of human blood [13, 15, 30, 31], there is no clear association of PIV5 with human respiratory disease. Similarly, although 
PIV5 has been linked to acute respiratory and diarrhoea symptoms in piglets [24, 32, 33] and calves [34], it has yet to be 
proven that PIV5 is a significant cause of illness in these animals. The best correlation between PIV5 and acute illness is in 
dogs, in which PIV5 is one of the causes of kennel cough (the virus is often called canine parainfluenza virus in veterinary 
circles). However, multiple pathogens are usually associated with kennel cough, making it difficult to ascribe symptoms to 
PIV5 alone [18]. There is some suggestion that persistent PIV5 infections may be linked to chronic disease. For example, 
PIV5 has also been detected in the brains of cattle with neurological symptoms [20], but the link to disease remains unproven. 
Interestingly, PIV5 can cause unsuspected persistent infections of cultured cells [35, 36], and is likely to establish persistent 
infections in vivo [11, 37]. We speculate that such persistent infections may be important in maintaining PIV5 in human 
and animal populations.

PIV5 has a non-segmented negative-sense RNA genome of 15 246 bases, which has 7 genes (3′-N-P/V-M-F-SH-HN-L-5′) that 
encode 8 proteins (the P and V proteins are made from differentially transcribed forms of the same gene), and has non-coding 
leader (Le) and trailer (Tr) sequences at its 3′ and 5′ ends, respectively (reviewed in [10]). The viral RNA-dependent RNA 
polymerase (RdRp) complex recognizes the genomic Le promoter elements and drives transcription of viral mRNAs as a 
gradient [38] through recognition of cis-acting gene start (Gs) and gene end (Ge) elements that flank each gene. The RdRp 
also initiates replication of a full-length antigenome from Le, and then a full-length genome from Tr on the antigenome. 
Although the mechanisms that enable the RdRp to ignore the cis-acting elements of the transcription units are not fully 
understood, it is thought that as the intracellular concentration of NP increases so encapsidation of the newly synthesized 
viral RNA begins, and is the critical step in the switch from transcription to replication (for a general review of the molecular 
biology of paramyxoviruses, including PIV5, see [1, 10].

We have been studying PIV5 as a model for viral persistence [39]. Our recent research has shown that the properties of the 
RNA polymerase subunit P protein influence whether PIV5 establishes lytic or persistent infection. Infection of cultured 
cells with certain strains of PIV5 induces cell death (lytic), whilst infection with other PIV5 strains (including the reference 
laboratory strain, W3A) leads to the immediate establishment of virus persistence without the cells going into crisis and with 
the cells being able to be readily passaged. In individual persistently infected cells the virus fluxes between repressed and 
active states leading to the continuous long-term production of infectious virus. The switch between persistent and acute 
infection is regulated by the phosphorylation state of P. Phosphorylation of key serine residues [e.g. a serine (S) at position 
157 of P] by cellular kinases is associated with negative regulation of PIV5-P activity that leads to the reduction of viral 
RNA and protein synthesis and the establishment of persistence. PIV5 strains that have a single amino acid substitution in 
the target phosphorylation sites (e.g. serine to phenylalanine at position 157) cause lytic infections in tissue culture cells. In 
mice, these lytic strains replicate to higher titres than the persistent ones and cause greater infiltration of immune cells into 
infected lungs but are cleared more rapidly [39].

Paramyxovirus virions are highly pleiomorphic, with typical spherical forms ranging from 50 nm to more than 500 nm in 
diameter [40]. Embedded in the envelope of the virion, which egresses by budding from the host cell membrane, are the attach-
ment haemagglutinin–neuraminidase (HN) and fusion (F) glycoproteins. Also inserted into the lipid envelope of PIV5 and 
some other rubulaviruses are copies of the small hydrophobic (SH) protein. The matrix (M) protein, which underlies the lipid 
membrane, is required for the structural integrity of the virion, co-ordinating the surface proteins with the nucleocapsid. The 
nucleocapsid, which is remarkably stable, is a helical protein : RNA structure in the core of the particle in which the nucleocapsid 
protein (NP) encapsidates the negative single-stranded non-segmented genome. Copies of the virally encoded RNA-dependent 
RNA polymerase (RdRp) complex, containing the large (L) protein and phosphoprotein (P), are found associated with the 
nucleocapsid. In PIV5, and some other rubulaviruses, copies of the V protein, the viral interferon antagonist, are also associated 
with the nucleocapsid (for reviews see [1, 10, 40]).

The varying size and pleiomorphic nature of paramyxovirus virions can at least partially be explained by the observation that 
large numbers of virions contain multiple genomes. Using low-resolution cryo-electron tomography, Loney et al. reported 
that virions of Sendai virus, which can vary in size from 110 to 540 nm, can contain up to six genomes [41]. Furthermore, 
some of their data were best explained if defective interfering genomes were packaged alone or co-packaged with full-length 
genomes. Rager et al. showed that multiple genomes of measles virus could be co-packaged [42] and evidence presented by 
Goffet et al. showed that whilst the majority of NDV particles contained a single genome, up to 25 % may contain two or 
more genomes [43].

Here we have investigated whether in co-infections the persistent or lytic phenotype is dominant. Not only do we show that the 
persistent phenotype is dominant, but we also show that in persistently co-infected cells both genomes persist and that up to 17 % 
of virions released from co-infected cells contain both genotypes. The biological implications of these observations are discussed.
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RESULTS
Characterization of persistent and lytic reporter viruses
We have previously shown that substitution of a serine (S) at position 157 on the P protein to a phenylalanine (F) changes the 
W3A strain of PIV5 from a persistent to a lytic phenotype [39]. To further our studies on the relationship between persistent 
and lytic viruses, we constructed and rescued persistent (PIV5.S157.mCherry and PIV5.S157.GFP) and lytic (PIV5.F157.GFP) 
reporter viruses that express either mCherry or GFP as described in the Methods section (Fig. 1). To characterize their interac-
tion with cultured cells, A549 cells were infected at a high multiplicity with the individual reporter viruses, and the expression 
and survival of the cells was visualized at various time post-infection (p.i.). As can be seen in Fig. 2, at 24 h p.i. all infected cells 
were alive and expressed either mCherry or GFP. The level of mCherry or GFP expression in individual cells within an infected 
population was similar, although the level of GFP expression in cells infected with PIV5.F157.GFP was slightly higher than in 
cells infected with PIV5.S157.GFP. However, by 72 h p.i. the majority of cells infected with PIV5.F157.GFP (lytic phenotype) were 
either dead or dying, whilst those infected either with PIV5.S157.mCherry or PIV5.S157.GFP (persistent phenotypes) were alive 
and positive for mCherry or GFP, respectively. Unlike what was seen at 24 h p.i. the levels of mCherry and GFP fluorescence at 
72 h in cells infected with PIV5.S157.mCherry or PIV5.S157.GFP (persistent phenotypes) varied between cells. Such variation 
would be predicted, as we have previously shown that virus transcription and replication is switched off as virus persistence is 
established, and thereafter in persistently infected cells the virus fluxes between active and repressed states in individual cells [39]. 
Of the few surviving cells infected with PIV5.F157.GFP (lytic phenotype), at 72 h p.i. the level of GFP expression remained high.

The persistent phenotype is dominant
To better understand PIV5 persistence and the biological interactions that may occur between variants with persistent or lytic 
phenotypes, we next determined whether the lytic or persistent phenotype was dominant in co-infections. In a parallel series 
of infections to those described above, cells were co-infected at a high multiplicity of infection (m.o.i.) with either a mixture of 
PIV5.S157.mCherry and PIV5.S157.GFP (persistent phenotypes) or with a mixture of PIV5.S157.mCherry and PIV5.F157.GFP 
(persistent and lytic phenotypes, respectively). As expected, at 72 h p.i. cells co-infected with the mixture of persistent viruses 
remained alive, although surprisingly they expressed varying levels of both mCherry and GFP (Fig. 3a. Note: there was no visible 
bleedthrough of the mCherry fluorescence into the GFP channel, or vice versa; see also Fig. 4. However, and in complete contrast 
to cells infected with PIV5.F157.GFP alone (lytic phenotype – see Fig. 2), at 72 h p.i. cells co-infected with PIV5.S157.mCherry 
and PIV5.F157.GFP (persistent and lytic phenotypes, respectively) remained alive and expressed varying levels of mCherry and 
GFP (Fig. 3b).

With regard to the levels of expression of mCherry and GFP in cells co-infected with either the mixture of persistent reporter 
viruses (PIV5.S157.mCherry and PIV5.S157.GFP) or the mixture of the persistent and lytic viruses (PIV5.S157.mCherry and 
PIV5.F157.GFP), the relative levels of mCherry and GFP at 72 h p.i. varied from cell to cell (this was also seen in cells infected 
with either of the persistent reporter viruses only; Fig. 2). This heterogenous expression is in marked contrast to cells infected 
solely with PIV5.F157.GFP (lytic phenotype), where all the surviving cells were strongly positive for GFP. It is also of note that 
in co-infected cells, although all the cells were positive for both GFP and mCherry, the levels of mCherry and GFP relative to 

Fig. 1. Reporter viruses used in this work. The construction of the mCherry and GFP viruses used in this work is described in the Methods section. The 
figure shows the three recombinant genomes, PIV5.S157.mCherry, PIV5.S157.GFP and PIV5.F157.GFP. Viral genes are indicated as NP (blue), P (grey), 
M (brown), F (yellow), SH (dark blue), HN (pink) and L (light green). Alternative versions of the P gene (either S157 or F157) are indicated above the P 
gene; alternative reporters are indicated in red (mCherry) or green (GFP). It should be noted that there was no visible bleedthrough of the mCherry 
fluorescence into the GFP channel, or vice versa; see also Fig. 4.
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each other varied from cell to cell.Thus some cells were strongly positive for mCherry and only weakly positive for GFP, and vice 
versa, whilst other cells were equally positive for both mCherry and GFP.

Up to 20 % of virions released from co-infected cells contain both genotypes
To determine the ratio of the different genotypes released from co-infected cells, the titres of virus released from the cells infected 
in the above experiments were estimated by plaque assays and were scored as to whether all the cells within the plaque only 
expressed mCherry or GFP, or whether the plaques had a mixed phenotype, i.e. whether cells within an individual plaque were 
positive for mCherry, GFP, or both (Table 1). Strikingly, 10–20 % of plaques had a mixed phenotype (Table 1 and Fig. 4). Also strik-
ingly, individual cells within mixed-phenotype plaques were positive for either mCherry or GFP, or both; where cell–cell fusion 
occurred, the fused cells were generally positive for both mCherry and GFP (Fig. 4, see also Fig. 5). The most likely explanation 
for these results is that although the initial infected cell within a plaque was infected with a virion that contained both genotypes, 
as the virus spread virions were released that contained either one or both genotypes, leading to non-fused cells being positive for 
mCherry, GFP, or both. It is also of note from these experiments that in a co-infection between PIV5.S157.mCherry and PIV5.
S157.GFP (persistent phenotypes) and also between PIV5.S157.mCherry and PIV5.F157.GFP (persistent and lytic phenotypes, 
respectively) approximately equal amounts of both virus genotypes were released (Table 1).

Co-infected cells become persistently infected and continue to harbour both genotypes
We next determined whether persistently infected cells that had been co-infected with both lytic and persistent viruses continue 
to harbour both genotypes upon passage. At 96 h p.i.persistently infected cells from the above experiment (Fig. 3) were diluted 
1 : 4 and passaged. After passages 2 and 4, GFP and mCherry fluorescence was determined. In persistently infected cells, cells that 
were positive for mCherry and GFP were readily visible, including in cells that had been co-infected with persistent (PIV5.S157.
mCherry) and lytic (PIV5.F157.GFP) viruses (Fig. 6a, b). Furthermore, and as would be predicted from our previous results, 
which showed that in persistently infected cells the virus fluxes between active and repressed states, the level of mCherry and 
GFP varied from cell to cell. As observed at 72 h p.i. (Fig. 3), the relative levels of expression of mCherry and GFP varied from cell 
to cell (Fig. 6a, b). In cells co-infected with PIV5.S157.mCherry and PIV5.S157.GFP (both persistent phenotype viruses), it also 

Fig. 2. PIV5 reporter viruses expressing either mCherry or GFP with persistent phenotypes (PIV5.S157.mCherry or PIV5.S157.GFP) do not kill A549 
cells, whilst the lytic reporter virus expressing GFP (PIV5.F157.GFP) killed the majority of cells by 72 h p.i. Confluent monolayers of A549 cells in 25 cm2 
flasks (approximately 2×106 cells per flask) were, or were not, infected with 5 p.f.u./cell of PIV5.S157.mCherry,PIV5.S157.GFP or PIV5.F157.GFP for 
1 h with rocking, washed three times with prewarmed medium and reincubated at 37 °C with 4 ml of culture medium contain 2 % foetal bovine serum 
(FBS). Phase contrast, mCherry and GFP fluorescence images of infected and uninfected monolayers were taken at 24 and 72 h p.i. Individual mCherry 
and GFP images are shown, together with their images merged with a corresponding phase contrast image.
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appeared that a few cells were only positive for either mCherry or GFP (Fig. 6a). In contrast, in cells infected with the persistent 
and lytic phenotypes, PIV5.S157.mCherry and PIV5.F157.GFP, whilst the intensity of mCherry and GFP fluorescence varied 
from cell to cell, all the cells that were GFP-positive also expressed some mCherry (Fig. 6b).

To determine whether persistently infected cells continued to release infectious virus upon passage, the titre of virus in the medium 
of a confluent monolayer of passage 2 of the persistently infected cells was determined by plaque assays (Table 2). The amount 
of infectious virus released following passage was three to six times lower than the amount of virus released into the medium at 
72 h p.i. following initial infection (compare to titres in Table 1). Importantly, these results clearly showed that both infectious 
lytic (PIV5.F157.GFP) and persistent (PIV5.S157.mCherry) viruses continued to be produced by co-infected cells. Again, up to 
16 % of the virions released contained both genotypes (Table 2, Fig. 5).

Fig. 3. In a parallel set of infections to those described in Fig. 2, monolayers of A549 cells were co-infected with 5 p.f.u./cell of each of the reporter 
viruses with a persistent phenotype, namely PIV5.S157.mCherry and PIV5.S157.GFP (a), or with persistent and lytic phenotypes, PIV5.S157.mCherry 
and PIV5.F157.GFP (b). Phase contrast, mCherry and GFP fluorescence images of infected monolayers were taken at 24 and 72 h p.i. Individual mCherry 
and GFP images are shown, together with combined mCherry and GFP images and the combined images further merged with a corresponding phase 
contrast image.
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Fig. 4. Examples of 3 day plaques derived from virus released from cells co-infected with PIV5.S157.mCherry and PIV5.S157.GFP (persistent 
phenotypes) or PIV5.S157.mCherry and PIV5.F157.GFP (persistent and lytic phenotypes). Individual mCherry and GFP images are shown, together 
with their merged images. The virus was present in the medium of cells shown in Fig. 3a, b.

Table 1. Titres of infectious virus release at 24 and 72 h p.i. from A549 cells infected at a high m.o.i. with PIV5.S157.mCherry, PIV5.S157.GFP or PIV5.
F157.GFP, or co-infected with these viruses as indicated. Plaque assays were used to estimate the amount of infectious virus ml−1 culture medium. See 
legend to Fig. 2 for experimental details. The numbers of plaques positive for mCherry or GFP are shown, and the percentage of those plaques that 
were positive for both mCherry and GFP is given (% mixed)

24 h p.i.

Total mCherry GFP % mixed

S157.mCherry 1×107 1×107

S157.GFP 1×107 1×107

F157.GFP 8×107 8×107

S157.mCherry+
S157.GFP

1.5×107 7×106 8×106 16%

S157.mCherry+
F157.GFP

2.8×107 1×107 1.8×107 12%

72 h p.i.

Total mCherry GFP % mixed

S157.mCherry 7×107 7×107

S157.GFP 1.7×108 1.7×108

F157.GFP 1.8×108 1.8×108

S157.mCherry+
S157.GFP

1.3×108 6.7×107 6.8×107 11%

S157.mCherry+
F157.GFP

1.8×108 8×107 8.8×107 17%
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To investigate whether persistently co-infected cells continued to harbour both genotypes in individual cells over a prolonged 
period of passage, the persistently infected cells (above) were cloned in 96-well microtitre plates. Ten colonies were isolated from 
cells infected with PIV5.S157.mCherry and PIV5.S157.GFP (both persistent), and 10 colonies from cells infected with PIV5.S157.
mCherry and PIV5.F157.GFP (persistent and lytic). The cells from the individual colonies were expanded in 25 cm2 flasks and the 
expression of mCherry and GFP was visualized by microscopy. Every colony contained some cells that were clearly positive for 
GFP and mCherry, although the intensity and number of mCherry/GFP cells in each colony varied, with some colonies containing 
more cells that were strongly positive for mCherry than strongly positive for GFP, and vice versa. Nevertheless, even in colonies 
where a high proportion of cells appeared only weakly positive (or even negative) for GFP or mCherry, immunostaining using a 
monoclonal antibody specific for the P protein showed that all cells remained infected (examples of colonies are shown in Fig. 7a, 
b). Furthermore, infectious virus was produced by every colony tested, although the yield of each virus varied from colony to 
colony (Table 3). These data demonstrated that in cells co-infected with both persistent and lytic phenotype viruses, persistence 
remained the dominant phenotype even after individual cells were cloned and expanded into colonies of cells.

DISCUSSION
We have previously shown that different isolates of PIV5 may have either a lytic or a persistent phenotype and that this phenotype 
is determined by the phosphorylation status of the RNA polymerase subunit, the P protein. Single-nucleotide substitutions leading 
to amino acid changes at critical residues in P, for example a serine (which can be phosphorylated) to phenylalanine (which cannot 
be phosphorylated) change at position 157 in P, results in the switch from a persistent to a lytic phenotype, and vice versa [39]. 
To further investigate PIV5 persistence we constructed reporter viruses that express either mCherry or GFP that had either lytic 
or persistent phenotypes. As predicted, reporter viruses with a serine at position 157 (S157) immediately established persistent 
infections in the absence of co-infection. Additionally, as predicted, the reporter virus with a phenylalanine at position 157 (F157) 
causes a lytic infection and kills cells. Following infection with persistent reporter viruses, the level of reporter gene expression 
in individual cells at 24 h p.i. was similar, whereas by 72 h p.i. there was a significant reduction of reporter protein expression 

Fig. 5. An example of a mixed plaque phenotype of virus derived from passage 2 of cells persistently co-infected with PIV5.S157.mCherry and PIV5.
F157.GFP (Fig. 6b). The figure is a combined mCherry and GFP image.
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in the majority of cells as virus transcription and replication was repressed. In contrast, although by 72 h p.i. the lytic reporter 
virus (PIV5.F157.GFP) had killed the majority of the cells, the level of GFP expression in surviving cells remained high. These 
phenotypes are consistent with our previous reports using natural isolates and non-reporter-expressing recombinant viruses [39].

We previously hypothesized that the interplay between persistent and lytic infections plays a major role in virus dynamics and 
ultimately disease ([41] and discussed in more detail below). Here we show that in co-infections of viruses with persistent and 
lytic phenotypes the persistent phenotype is dominant. Thus, no obvious cell death was observed in cells co-infected with the 
lytic and persistent reporter viruses and, strikingly, all cells co-infected with the persistent and lytic reporter viruses continued 
to harbour both genotypes over a prolonged period of passage. Since the switch between lytic and persistent forms of virus is 
governed by the phosphorylation status of serine 157 in the P protein, these results strongly suggest that not all the P needs to 
be phosphorylated in order for downregulation of virus transcription and replication to occur and hence the establishment of 
persistence. This is consistent with mass spectrometry observations that showed that even in cells infected with a wild-type 
persistent phenotype virus only a minority of the P protein is phosphorylated at position 157 [39].

Another striking observation of persistently infected cells that had originally been infected with either the two persistent reporter 
viruses or the persistent and lytic reporter viruses was that the level of GFP and mCherry in the co-infected cells varied from cell 

Fig. 6. At 96 h p.i. the cells shown in Fig. 3a, b (PIV5.S157.mCherry and PIV5.S157.GFP and PIV5.S157.mCherry and PIV5.F157.GFP, respectively) were 
passaged and phase contrast, mCherry and GFP fluorescence images of infected monolayers are shown (panels a, b, respectively). Individual mCherry 
and GFP images are shown, together with combined mCherry and GFP images and the combined images further merged with a corresponding phase 
contrast image.
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to cell, even though the cells were infected at high multiplicity (5–10 p.f.u./cell). Thus, in bulk cultures of persistently infected 
cells, some cells were more strongly positive for mCherry, others for GFP, and some roughly equally positive for mCherry and 
GFP. Whilst the explanation for this has not been established, one likely explanation is that upon infection there is asynchrony 
in the infectious process, leading to some incoming genomes replicating earlier than others. If this is the case, then any incoming 
virus genome that first establishes productive transcription and replication is likely to dominate the genotype when persistence is 
established, hence leading to higher expression of that reporter gene. This is supported by the observation that if the bulk popula-
tion of persistently infected cells is cloned, the ratio of mCherry and GFP in the cloned cells tends not to change significantly, 
although, as would be expected because virus gene expression fluxes in persistently infected cells, the level of GFP or mCherry 
fluorescence varies from cell to cell. Another observation from persistently infected cloned cells is that whilst all the cells within 
a clone are infected, i.e. they can be stained with an antibody to P, the relative level of mCherry and/or GFP varies significantly 
from clone to clone. It is also of note that PIV5.F157.GFP was detected in, and could be rescued from, all the clones of cells 
co-infected with the persistent and lytic reporter viruses (PIV5.S157.mCherry and PIV5.F157.GFP: Fig. 7b, Table 3), suggesting 
that PIV5.S157.mCherry does not rapidly outcompete PIV5.F157.GFP once persistence has been established. We are currently 
using next-generation sequencing to document virus genome evolution that arises during long-term passage of uncloned and 
cloned cells persistently infected with PIV5 variants.

A major observation from these studies is that up to ~50 % of PIV5 virions must co-package more than one virus genome. In 
our experiments, up to 17 % of plaques derived from virus released from co-infected cells had mixed-phenotype plaques (i.e. 
plaques containing cells that were positive for both mCherry and GFP). Accordingly, the virion that initiated the plaque must have 
contained both reporter genomes. Therefore, one can reasonably predict that, in addition, a similar proportion of virions must 
have contained at least two genomes of one or other reporter viruses. This observation, together with the observation that the 
persistent phenotype is dominant, may have important biological consequences for PIV5 and, by extension, other paramyxoviruses 
and closely related enveloped viruses. Indeed, the observation that PIV5 virions can contain genomes with different phenotypes 
also establishes a principle that similar scenarios may occur with other enveloped Mononegavirales. Such phenotypes may not 
be limited to persistent and lytic, but may, for example, include different genotypes that replicate better in different tissues, as has 
been proposed to occur in the adaption of measles virus quasispecies to epithelial and lymphocytic cells [44].

We have previously suggested that in vivo, depending upon the time post-infection and the development of the adaptive immune 
response, variants of PIV5 with lytic or persistent phenotypes will be selected rapidly, since only single-amino-acid changes (the 
result of single-nucleotide substitutions) in P are required to switch a virus from a persistent to a lytic phenotype, and vice versa. 
Thus, early in infection, lytic phenotypes will be selected because they replicate faster, but as the adaptive immune response 
develops, viruses with persistent phenotypes will be favoured [39]. This is because any cell that continuously synthesizes high 
levels of viral proteins will likely be killed either by virus replication or by the adaptive immune response. Therefore, a virus that 
is able to establish persistence, in which virus gene expression is minimal, may be tolerated by the cell (as is the case in vitro) 
and not be recognized by the immune response [3]. Nevertheless, as shown here and previously, the virus fluxes between active 
and repressed states in persistently infected cells, and if this occurs in vivo persistently infected individuals are likely to release 
low levels of infectious virus over a prolonged period of time and may act as reservoirs for the virus within a community. In our 
original model we envisaged that persistently infected individuals would only shed virus with a persistent genotype followed by 
the rapid selection of lytic genotypes in the newly infected individuals; hence the process of selecting new variants, arising during 
virus replication, will be required continuously. However, the results presented here suggest that the generation of new variants 
may not always be required, as persistently infected cells can maintain and release viruses with both a persistent and a lytic 
phenotype. Furthermore, a high proportion of virions from persistently co-infected cells contain multiple genomes with different 

Table 2. Titres of infectious virus from passage 2 of persistently infected cells. Titres of infectious virus released from confluent monolayers of passage 
2 A549 cells persistently infected with PIV5.S157.mCherry, PIV5.S157.GFP or cells co-infected with PIV5.S157.mCherry and either PIV5.S157.GFP or 
PIV5.F157.GFP (cells infected with PIV5.F157.GFP could not be passaged as the few surviving cells did not grow). Plaque assays were used to estimate 
the amount of infectious virus ml−1 culture medium. See legend to Fig. 3 for experimental details. The number of plaques positive for mCherry or GFP 
are shown, and the percentage of those plaques that were positive for both mCherry and GFP is given (% mixed)

Total mCherry GFP % mixed

S157.mCherry 2×107 2×107

S157.GFP 2×107 2×107

F157.GFP 1.6 x107 Non-passaged surviving cells 1.6 x107 Non-passaged surviving cells

S157.mCherry+
S157.GFP

3.6×107 1.6×107 2×107 14%

S157.mCherry +
F157.GFP

3.2×107 1.4×107 1.8×107 16%
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phenotypes. The fact that PIV5 virions can contain multiple genomes with different phenotypes may also have other biological 
consequences. For example, co-infection of a host with a population of viruses with both lytic and persistent variants may reduce 
the disease severity compared to infection with virus population that primarily has a lytic phenotype, thereby potentially being 
one of the many factors that influence disease severity in PIV5 (and other paramyxovirus) infections.

METHODS
Cells and viruses
BSRT7 [45], Vero and A549 cells (from the European Collection of Authenticated Cell Cultures; ECACC) were grown at 37 °C as 
monolayers in 25 or 75 cm2 cell culture flasks, in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 5 % (BSRT7) 
or 10 % (v/v) foetal bovine serum (FBS) at 37 °C. Stocks of the PIV5 reporter viruses were grown and titrated in Vero cells.

Fig. 7. Images of individual colonies of cells cloned from cells persistently infected with PIV5.S157.mCherry and PIV5.S157.GFP (a) or PIV5.S157.
mCherry and PIV5.F157.GFP (b). The cells were fixed and indirectly immunostained with anti-P mAb (Cy5-labelled) and cell nuclei visualized by DAPI 
staining. Individual mCherry, GFP and Cy5 images are shown, together with their merged images and DAPI staining. Note: staining with the anti-P 
(v5) antibody gave no significant background staining of mock-infected cells, as shown in the mock insert in the bottom left-hand panel of the first 
image of anti-P staining.
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Construction and characterization of mCherry and GFP reporter viruses with a lytic or persistent phenotypes
The plasmid pBH276 contains the full-length genomic sequence of the laboratory strain (W3A) of PIV5 inserted between the 
bacteriophage T7 promoter and a hepatitis delta virus (HDV) ribozyme in a pUC19 vector [46]. The W3A strain of PIV5 has 
serine at P position 157 (S157). To make PIV5.S157.mCherry, a cassette of the open reading frame of mCherry flanked on the 5′ 
side by PIV5 nucleotides 1762 to 1814 (containing the 3′ end of the NP gene, the NP–P intergenic sequence and the 5′UTR of the 
P gene) was constructed by oligonucleotide-directed PCR, incorporating NcoI-compatible ends; this cassette was then inserted 
into the NcoI site of the PIV5 genome in pBH276 at position 8331. The mCherry gene in PIV5.S157.mCherry is therefore placed 
between the HN and L genes, and under the control of the transcriptional sequences at the NP–P junction and the 5′UTR of 
the P gene. PIV5.S157.GFP was constructed from PIV5.S157.mCherry by substituting the mCherry open reading frame with 
that of GFP. PIV5.F157.GFP was constructed from PIV5.S157.GFP by oligonucleotide-directed mutagenesis of the P gene and 
replacement of the AgeI–SmaI fragment of PIV5.S157.GFP at W3A with the altered fragment. All plasmids were designed to 
obey the rule of six. DNA sequences of all PCR-generated material were confirmed by Sanger sequencing (Source Bioscience).

Viruses were rescued by co-transfecting 1 µg of either PIV5.S157.mCherry, PIV5.S157.GFP or GFP. PIV5.F157.GFP with 
pCAGGS-based helper plasmids directing the synthesis of PIV5-NP (100 ng), PIV5-P (100 ng) and PIV5-L (500 ng) into six-well 
dishes containing ~106 BSRT7 cells using Lipofectamine – LTX/Plus (Thermo Fisher). Recovery was monitored by tracking the 
expression of mCherry or GFP and stocks of virus were amplified by two successive passages at low multiplicity of infection 
(m.o.i.) in Vero cells.

Visualization of mCherry- and GFP-expressing cells and plaques, and immunofluorescence
Cells expressing mCherry or GFP, including cells in viral plaques that were unfixed and washed [once with complete 
phosphate-buffered saline (PBS)], were visualized using an EVOS M5000 Cell Imaging System with Plan achromat 4, 10 or 
20× objectives and mCherry or GFP Light Cubes. Procedures for immunofluorescence on fixed and permeabilized cells grown 
on coverslips have been described previously [47, 48]. To visualize the PIV5 P protein, a directly conjugated monoclonal 
antibody (Alexa Fluor 647 cat. #451 098 InVitrogen) to the V5 tag (which was originally referred to as the Pk tag and was 
derived from PIV5 [49]) was used.
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Table 3. Titres of infectious virus released from individual clones persistently co-infected cells with either PIV5.S157.mCherry and PIV5.S157.GFP, or 
PIV5.S157.mCherry and PIV5.F157.GFP. Individual clones were expanded into 25 cm flasks containing 4 ml of medium. When the monolayers were 
confluent (see Fig. 7 for experimental details) plaque assays were used to estimate the amount of infectious virus ml−1 culture medium. The number of 
plaques positive for mCherry or GFP are shown, and the percentage of those plaques that were positive for both mCherry and GFP is given (% mixed)

Colony Total mCherry GFP % mixed

S157.mCherry+
S157.GFP

8 1×107 5×106 5×106 10%

10 4×106 2×106 2×106 7.5%

11 4×106 1×106 3×106 5%

S157.mCherry+
F157.GFP

4 9×106 4×106 5×106 9%

6 6×106 5×106 1×106 3.3%

7 1.3×106 7×105 6×105 7.6%
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