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ABSTRACT 

We established and characterized persistently-infected DBT cells with mouse hepa
titis virus to study the molecular mechanisms of MHV persistence and evolution in vitro. 
Following infection, viral mRNA and RF RNA were coordinately reduced by about 70% as 
compared to acute infection suggesting that the reduction in mRNA synthesis was due to 
reduced levels of transcriptionally active full length and subgenomic length negative
stranded RNAs. Although the rates of mRNA synthesis were also reduced, the relative 
percent molar ratio of the mRNAs and RF RNAs were similar to those detected during acute 
infection. In contrast to the finding during BCV persistence, analysis of the MHV leader 
RNA indicated that the leader RNA and leaderlbody junction sequences were extremely 
stable. These data suggested that polymorphism and mutations resulting in intraleader ORFs 
was not required for MHV persistence. Conversely MHV persistence was significantly 
associated with a A to G mutation at nt 77 in the 5' end untranslated region (UTR) of the 
genomic RNA. 

INTRODUCTION 

Although coronaviruses readily cause persistent infections, the mechanism by which 
these viruses establish and maintain a persistent infection in vitro and in vivo is unclear (1-6). 
Previous studies have suggested that virus evolution and mutation resulted in the production 
of temperature-sensitive, cold-sensitive, small plaque and fusion defective viral variants 
during coronavirus persistence (7,8,9, 10), but the role of these virus variants in persistence 
has not been established. During persistent bovine coronavirus (BCV) infection, mutations 
and evolution in the BCV leader RNA resulted in an intraleader open reading frame (ORF) 
which potentially attenuated the translation of downstream ORFs in each BCV mRNA (12). 
Since the intraleader mutation occurred after the establishment of viral persistence, these 
changes probably function in maintaining BCV persistence in vitro. Since little information 
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is available concerning the molecular mechanisms by which MHV and other coronaviruses 
persist and evolve in vitro and in vivo, we have established persistently-infected cultures of 
DBT cells, examined virus transcription and gene expression, and studied the persistence 
and evolution mechanisms of the MHV-A59 in vitro. We demonstrate that viral transcription 
is reduced but that sub genomic negative strands and RF RNAs are present and transcription
ally active during MHV persistent infection. In contrast to finding in BCV, the MHV leader 
RNA sequences are extremely stable and do not evolve significantly. Rather, MHV persist
ence was significantly associated with mutation and evolution in the 5' (UTR) in the MHV 
genome length RNA. 

MATERIAL AND METHODS 

Virus and Cell Line 

The MHV-A59 strain of mouse hepatitis virus and murine astrocytoma cells, DBT 
cells, were used throughout the course of these studies (13). Persistent and control cultures 
were simultaneously maintained and passaged under identical treatment conditions. Persist
ently- infected cultures were established by infection at a MOl 5. After acute infection, cells 
that survived infection «95%) were cultured into stably-infected cell lines that continuously 
released infectious virus. 

Plaque assays, infectious center assays and indirect immunofluorescence was per
formed as previously described (13,14). 

Analysis of Viral RNA 

Intracellular viral RNA was extracted from acutely and persistently infected cells 
using RNA STAT-60 (Tel-TEST "B", Inc.,) following the manufacturer's directions. North
ern dot blot was performed with equivalent amounts of intracellular RNA using radiolabeled 
cDNA probes specific for genomic RNA (nt 6989-7527) or an N gene specific cDNA clone 
IBI76N for mRNA as previously described (13). 

To metabolically radiolabel viral RNAs, cultures of cells were first grown overnight 
in 90% phosphate-free MEM (Gibco) containing 10% fetal calf serum (FCS). Following 
acute infection, control and persistently-infected cultures were maintained in phosphate free 
media containing 1% FCS for 5 hrs. Persistently- and acutely-infected cultures were 
radio labeled with 200 !-lCi / ml 32p-orthophosphate for 1 hr. Viral RNAs was extracted and 
analyzed as described by Sawiki and Sawiki (15). 

Cloning and Sequencing of the 5' end of Genomic RNA and mRNA 3 and 7 

The 5' RACE (Rapid Amplification of cDNA Ends) system (Gibco, BRL) was used 
for cloning and sequencing the 5' leader RNA ofmRNA 3 and 7. Briefly, primer 1, which 
was complementary to nts 193-213 in the N gene, and primer 3, which was complementary 
to nts 511-531 in the S gene, were used for cDNA synthesis. After purification of the cDNAs 
and tailing with dCTP and TdT as described by the manufacturer, the products were mixed 
with either primer 2 (nt 26-47 in the N gene cording sequences), or primer 4 (nt 9-32 in S 
gene coding sequences), and 5' G tailed anchor primer for PCR amplification. Following 
25-30 cycles, the PCR products were cloned into pAMPl vector (BRL). The Sequenase 
Version 2.0 DNA sequencing kit (USB) and Sp6 primer were used for sequencing. 
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Figure 1. Nucleotide sequence comparisons of the Bey and MHY-A59 leader RNAs. The location of the 
intraleader ORF in Bev and the putative ATG mutation which could result in a intraleader ORF in MHV are 
shown in panel A. The cloning strategy of the 5' end of the MHY genome is shown in panel B. 

To clone the 5' end of the genomic RNA, cDNA synthesis was accomplished using 
random primers and reverse transcriptase. Following cDNA synthesis, primers L3+ (nt 3-25) 
and G IA 670 (-) (nt 655-670 in the gene I) were used for PCR amplification and cloning of 
5' end of the MHV genome (Fig. I, B). The appropriately- sized PCR products were cloned 
into pGME-T vector (Promega) and sequenced. 

RESULTS 

Characterization of MHV -A59 Persistent Infection In Vitro 

To identify the molecular basis for MHV persistence, we reasoned that establishing 
persistent infections in highly cytolytic cell lines would maximize the selection for mutation 
and evolution in the virus and cells that survived acute infection. Consequently, DBT cells, 
a murine astrocytoma cell line, were chosen since >95% of the cells lysed following acute 
infection. Within 4-6 days post infection, the surviving cells approached confluence and the 
persistent cultures were passaged every 3-4 days. 

In agreement with previous findings (7,18), the viral titers were variable but generally 
reduced by 50-90% (Table I) as compared to acute infection. The quantity of viral genomic 
RNA and mRNA levels were also reduced as much as 70-95% (Table I). 

The reduction in virus titers and RNA levels could be due to a reduction in the number 
of infected cells in the culture or due to a reduction in virus replication in each persistently
infected cell. To address this question, viral protein expression was monitored by im
munofluorecence using monoclonal antibodies against the MHV Sand M glycoproteins. 
Only 16-18% of persistently-infected cells expressed significant concentrations of viral 
antigens at 35 days post infection as compared to 81-83% during the acute infection. 
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Table 1. Virus titers and levels of genomic RNA and mRNA during 
acute and persistent infection 

Time post InfectIOn Viral titer (PFU/ml) mRNA 
Genomic RNA (% of24 

(% of24 hr P.I.) hr P.I.) 

12 hr 4.8x107 31.0 48.2 

24 hr 9xl07 100 100 

3 days 7.5x102 3.7 3.3 

7 days 3.5x104 5.1 2.6 

II days 2.2x104 4.0 7.2 

27 days 5.2x1Os 3.7 12.2 

35 days 3.6x1Os 5.5 27.2 

Infectious center assays were also p~rformed to determine the number of cells releasing 
infectious virus. Under identical conditions, both acutely and persistently-infected cells had 
equal numbers of infectious centers, suggesting that the reduction in virus titers and RNA 
synthesis was not due to a reduction in the number of infected cells (data not shown). 

To detect if the generation of temperature sensitive (Ts) virus mutants occurred during 
MHV-A59 persistence, plaque assays were performed at 32°C and 39°C at different times 
post infection. In general, the Ts virus comprised only 20-25% of the total virus released at 
different time ofMHV persistence (data not shown). 

mRNA and Replicative form RNA Synthesis during Persistent Infection 

Previous studies suggest the viral transcription was reduced during persistent infec
tion (2). Although both full length and sub genomic length negative-stranded RNAs have 
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Figure 2. mRNA and RF RNA synthesIs during acute and persistent infectIOn. Lane I, 2: mRNA from acute 
InfectIOn (6 hr P.I ); lane 3: mRNA from persistent infectIOn (30 days P.I ); lane 4; RF RNA from persistent 
InfectIOn; lane 5, 6: RF RNA from acute infectIOn. Arrows: Viral RNAs occasionally radiolabeled during MHV 
InfectIOn (16). 
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Table 2. Relative percent molar ratio of mRNA and RF RNA 

Acute mfectlOn PersIstent mfectlOn 

SIze mRNA RFRNA mRNA RFRNA 

I 07 88 o I 119 

2 42 80 43 54 

3 65 79 77 54 

4 III 8 1 76 89 

5 136 109 84 150 

6 183 202 224 235 

7 456 360 505 342 

been detected dUrIng BCV persistence, It was unclear whether these RNAs were present m 
transcrIptIOnally-active replicative mtermedlate (RI) complexes (2) To address this ques
tion, cultures of perslstently- or acutely-mfected cells were radlOlabeled with 32p_ orthophos
phate for I hr , treated with RNase and DNase 1, and the products separated on 0 8% agarose 
gels (Fig 2) As m acute mfectlOn, all seven viral mRNAs were detected m perslstently
mfected cells DI RNAs were not detected and AMBIS scans mdlcated a coordmate 
approximate 70% reductIOn m viral mRNA synthesIs dunng persistent mfectlOn TranSCrIp
tionally active full length and subgenomlc length replicative form (RF) RNAs were clearly 
present at reduced levels, consistent with the notion that sub genomic negative strands were 
actively mvolved m the syntheSIS of the viral mRNAs (Fig 2) To determme whether the 
reductIOn m ViruS transcrIptIOn specifically affected syntheSIS of specific mRNA or RF RNA 
subsets or whether all mRNAs were umformly reduced, the relative percent molar ratIO of 
mRNA and RF RNA were calculated and compared to acute mfectIon As expected, the 
relative percent molar ratIOs were very Similar dunng acute and persistent mfectlOn, 
suggestmg that the block m ViruS transcrIption umformly affected the transcrIptIOn of all 
viral mRNAs 

We also calculated rates of mRNA syntheSIS dUrIng acute and persistent mfectlOn 
DUrIng acute MHV mfectlOn at 37°C, the average RNA polymerase rates approached 
1530±275 nt/mm In contrast, polymerase rates m persistently mfected cell cultures were 
approximately 541±275 nt/mm, a slgmficant - 65% reductIOn m the rate of transcrIptIOn 
(p< 05) 

Genetic Evolution of the Leader RNA and 5' end of Genomic RNA 

Recently, It has been demonstrated that a mutatIOn resultmg m a small ORF wlthm 
the 5' leader RNA of BCV mRNA was selected dUrIng persistent mfectlOn, and that thiS 
mtraleader ORF probably attenuated translatIOn of downstream ORFs m each Viral mRNA 
(12) MHV and BCV have relatively Similar 5' end leader RNA sequences and a smgle A to 
U mutatIOn at nt 5 could result m a Similar mtraleader ORF m MHV (Fig 1, A) To determme 
Ifthe mtraleader mutatIOn occurred dUrIng MHV persistent mfectlOn, leader RNA sequences 
ofmRNA 3 and 7 were cloned and sequenced by usmg 5' RACE system The mRNA leader 
sequences were exammed from acute mfectlOn (6 hr post mfectlOn), 35 days post mfectlOn 
and 105 days post mfectlOn In contrast to findmgs reported dUrIng BCV persistent mfectlOn, 
no 5' termmalleader mutations were detected (Fig 3, A) Although several clones contamed 
1 or 2 nt truncatIOns at the 5' end which were probably caused by premature termmatlOn 
dUrIng cDNA syntheSIS, the extensive polymorphism and deletIOns at the 5' end of BeV 
mRNAs were also not detected m MHV Rather, both the MHV leader sequence as well as 
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Figure 3. Sequence of the MHV leader RNA and 5' end UTR sequence durmg persistent mfectlOn Panel A: 
Leader RNA sequence of MRNA 3 and 7 at 105 days post mfectlOn. Panel B: The A to G mutatIOn at nt 77 
which results m new 5' end UTR ORF. 

the leaderlbody junction were extremely stable. Only 2/30 clones contained point mutations 
at 105 days post infection, neither of which resulted in intraleader ORFs. 

Since our data indicated that intraleader mutations and ORFs did not function in 
establishing or maintaining MHV persistence in DBT cells, we cloned and sequenced the 5' 
end of the genomic RNA because mutations in this region may affect the expression of the 
MHV polymerase genes and alter viral RNA synthesis. An A to G mutation at nt 77 was 
detected by 56 days post infection which resulted in a 16 aa ORF in the 5' UTR of the 
genom inc RNA (Fig. 3, B; Fig. 4). The A to G mutation accumulated during MHV persistent 
infection until about 50-70% of the genome length molecules retained the mutation though 
119 days post infection (data not shown). 

To evaluate the mutation rate in the 5' UTR and p28 cording region during MHV 
persistent infection, the 5' end of the p28 protein was also sequenced and compared with 5' 
end UTR. The mutation rate in 5' UTR was significantly higher than the rate detected in p28 
coding region (Table 3). 

Significance of Mutations in MHV Persistence 

As infectious clones are not available to evaluate the role of a particular mutation in 
MHV persistence, we used biostatistical significance test (Fisher's exact test), odds ratios 
and 95% confidence limits to determine if a particular mutation was significantly associated 
with MHV persistence in vitro (17). 

1 A59 wild type Met - Pro - Ala - Gly - Leu - Val - Leu - Ser - * 
75 , 125 

5' -AllG AAC GGC ACU UCC UGC GUG UCC AUG CCC GCG GGC CUG GUC UUG UCA UAG - 3' 

~t-~n-~-~-~-~-~-~-MM-~-~-~-~-~-L~-~-* 

Figure 4. The putative protem sequence of the new 5' end UTR ORF generated by the A to G mutatIOn at 
nucleotide 77 
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Table 3. Comparison of mutation rate at the 5' end UIR and 
p28 coding region 

Passage Mutation in UIR (%) Mutation in p28 (%) 

Acute infection 13 18 

56 days P.I. 37 0 

88 days P.I. 80 30 

119 days P.I. 69 21 

69 

These data have clearly demonstrated a strong associations (p<0.05) between the 
mutation at nucleotide 77 and MHV persistence at days 88 and 119 P.I. Similar associations 
were not detected among the other mutations on the genomic length RNA. 

DISCUSSION 

In this study, we have initiated molecular genetic approaches to elucidate the 
mechanisms and complexities of corona virus evolution, persistence, and replication during 
MHV persistent infection in vitro. In agreement with previous studies, yields of infectious 
virus, viral RNA and protein synthesis were generally suppressed during coronaviruses 
persistence (1, 7, 18). The number of antigen positive cells was also greatly reduced, yet the 
number of infectious centers closely approximated that seen during acute infection. Since 
these data indicate that all cells harbored infectious virus, virus replication was probably 
reduced in each infected-cell during the persistent infection. These findings would indicate 
that viral antigen is not a good indicator of MHV persistence and also explain why MHV 
can be cultured from antigen negative cells in vitro and in vivo (19). 

Virus transcription was clearly reduced during persistent infection by about 50-70%. 
Radiolabeling experiments demonstrated that transcription of each viral mRNA and RF RNA 
were coordinately reduced but the relative percent molar ratio of each mRNA and RF RNAs 
were similar to the ratios detected during acute infection. Overall rates ofmRNA synthesis 
were also reduced about 65%. These data suggest that reduced amounts of viral RNA 
polymerase and negative-stranded RNAs may be responsible for the reduction in viral 
transcription. Since both full length and subgenomic length RFs were radiolabeled, our 
results confirm previous findings that sub genomic negative strands are functional templates 
for mRNA synthesis (15). 

Unlike the 5' end mutation, extensive hypervariability and polymorphism seen in 
leader RNA sequences during BCV persistence (12), surprisingly; the MHV leader RNA 
sequences were extremely stable. Intraleader ORFs did not evolve, yet the leaderlbody 
junction sites in both MHV and BCV remained stable and highly conserved in persistently-

Table 4. Biostatistical tests for the contribution of a particular mutation to persistence 

Position of mutation Passage ( days P.I.) Odds ratio 95% CL( cOR) Fisher's exact test (P) 

NT 77 56 2.58 ( .076, 87.86 ) 0.56 

NT 77 88 66.42 (3.06, 1441 ) <0.001 

NT 77 119 26.87 ( 1.34, 539.92 ) <0.05 

NT 126 56 2.58 (.076,87.86) 0.56 
NT 119,126 88 4.89 (0.19, 131.83 ) 0.40 



70 W. Chen and R. S. Baric 

mfected cells (20) These data demonstrate that MHV persistence does not reqUire the 
presence of mtraleader mutatIOns and ORFs for establIshmg or mamtammg viral persistence 
m Vitro Rather these data support findmgs by Llao et al (21) and Zhang et al (22) that a 
highly stable MHV leader RNA sequence and leader / body Junction are probably an 
absolutely essential CIS / trans actmg elements m ViruS transcnptlOn dunng acute mfectIon 
and persistent mfectlOn m Vitro The difference m the evolutIOn of the BeV and MHV 
mRNAs IS mtngumg, but difficult to explam The most likely mterpretatIon of these data IS 
that different ViruS or host systems may provide different environments and selective 
pressures on the coronavlrus genome, resultmg m the evolution and accumulation of different 
mutatIOns that mltIate and mamtam Viral persistence (23) 

While mtraleader ORFs did not develop m mRNAs from pefSlstentiy-mfected DBT 
cells, MHV persistence was slgmficantly associated With the evolutIOn and accumulatIOn of 
a speCific mutatIOn m the 5' UTR of the genomic RNA that resulted m the appearance of a 
new 16 ammo aCid ORF Such a mutatIOn / ORF might result m reduced translatIOn and 
expressIOn of the MHV polygemc polymerase regIOn readily explammg the reductIOn m 
ViruS transcnptlOn Alternatively, thiS mutation may contnbute to MHV persistence by 
enhancmg the mamtenance, replicatIOn and expressIOn of the genomic RNA Both mecha
msms are likely smce the 5' UTR of many posItive strand RNA viruses modulate Viral protem 
syntheSIS, or functIOn m replicatIOn and transcnptlOn of viral posltIve- and negative-stranded 
RNAs (24-27) In the case ofMHV, the 5' UTR contams both trans and CIS actmg elements 
that are cntIcal for ViruS replication and the syntheSIS of sub genomic mRNAs (21), may 
mteract With cellular protems (28), or regulate translation of the 22 kb polygemc polymerase 
regIOn Interestmgly, the 5' UTR mutatIOn reSides wlthm a 9 nt domam which may also 
regulate the mltIal syntheSIS of the Viral sub genomic mRNAs and promote leader sWltchmg 
between RNA templates (28) While the exact functIOn of this mutatIOn m MHV IS unclear 
and under study, the m vitro model for MHV persistence will proVide a rationale framework 
for elucldatmg the mechamsms by which coronavlruses persist and evolve m humans and 
expenmental ammals (29-33) 
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