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Encapsidated RNAs of cucumber mosaic virus (CMV) were analyzed by hybridization 
to specific probes after gel electrophoresis. Ij2P]-complementary DNA (cDNA) probes 
were prepared by transcription of genomic RNA 1 and RNA 2 nucleotide sequences that 
had been cloned in a bacteriophage Ml3 vector. Probes that correspond to unique 
sequences near the 3’ ends of RNA 1 and RNA 2 revealed over 20 smaller RNAs. The 
subgenomic RNAs derived from each genomic RNA were analyzed more definitively by 
hybrid selection from total encapsidated RNA, using minus DNA clones derived from 
sequences in either RNA 1 or RNA 2, and a cDNA probe for the 3’ sequence conserved 
among all the genomic RNAs. Different patterns of over 20 minor RNA species, which 
were 3’-coterminal with RNAs 1 and 2, were detected, and they were reproducible 
irrespective of the host, cucumber or Nicotiana c.!.meZundii, from which the virus was 
isolated. The same RNA patterns were found in RNA extracted from the particulate 
fraction of CMV-infected cucumber or N. ck-uelandii. In order to determine whether the 
subgenomic RNAs could function as messenger RNAs, hybrid-selected RNAs were tested 
by in vitro translation, using the rabbit reticulocyte lysate. The subgenomic RNAs from 
RNA 1 produced over 10 major polypeptides from M, 27,000 to M, 90,000 all of which 
could be translated from a few RNA species over about 2,306 nucleotides long. The 3’- 
coterminal subgenomic RNAs derived from RNA 2 gave less than 10 products from M, 
17,000 to M, 85,000. The smallest product (M, 17,000) was produced by an RNA about 
880 nucleotides long, whereas longer RNAs from 1400 to 2500 nucleotides were efficient 
mRNAs for polypeptides from M, 30,000 up to the largest translation products consistent 
with the size of the RNA. o 1985 Academic PEES. I I K .  

INTRODUCTION 

The genomic RNAs of plant RNA vi- 
ruses are usually capable of directly ex- 
pressing at least a portion of their genetic 
information through translation (Davies 
and Hull, 1982). However, they are subject 
to the usual constraints imposed upon the 
translation of eucaryotic mRNAs. In gen- 
eral, only the reading frame starting 
nearest the 5’ end of the mRNA is avail- 
able for translation (Kozak, 1981, 1984), 
so that open reading frames and initiation 
codons nearer the 3’ end of a polycistronic 
mRNA cannot be expressed directly. A 
common strategy adopted by these viruses 
is to express internal and 3’-terminal 
genes by means of subgenomic RNAs 
which are derived from, and 3’-coterminal 

with, the genomic RNAs. These subgeno- 
mic RNAs are used to express structural 
(coat protein) genes for many plant RNA 
viruses (reviewed by Davies and Hull, 
1982; Bruening, 1981). Animal RNA vi- 
ruses commonly employ subgenomic RNAs 
to express both structural and nonstruc- 
tural genes, e.g., the 26 S RNA of the 
alphaviruses (Sawicki et ak, 1978; Riedel 
et uL, 1982), the mRNAs derived from 
RNAs 7 and 8 of influenza virus (Lamb 
and Choppin, 1983) and the mRNAs of 
the coronaviruses (Siddell et al, 1982). At 
least one plant viral gene for a nonstruc- 
tural protein, the ilf, 30,000 protein en- 
coded by tobacco mosaic virus (TMV RNA, 
is also expressed by a subgenomic mRNA 
(Hirth and Richards, 1981). Hunter et al. 
(1983) have shown the existence of a fam- 
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ily of 3’-coterminal subgenomic RNAs 
which are capable in vitro of expressing 
the carboxyterminal regions of this TMV 
reading frame to give related proteins 
differing at their amino termini. It is still 
unknown whether this pattern also applies 
to other genes of TMV or other viruses, 
although other subgenomic RNAs have 
been detected for TMV (Goelet and Karn, 
1982; Palukaitis et al, 1983). It is also not 
known whether the multipartite plant 
RNA viruses use subgenomic RNAs to 
express genes other than for the coat 
protein, but Bol et aL, (1976) observed 
such possible subgenomic RNAs from al- 
falfa mosaic virus (AlMV). 

The genome of cucumber mosaic virus 
(CMV) consists of three single-stranded, 
plus-sense RNAs designated RNAs 1 to 3. 
RNA 1 is 3387 nucleotides long (Rezaian 
et ah, 1985), RNA 2 is 3035 nucleotides 
long (Rezaian et aL, 1984), and RNA 3 
2193 nucleotides long (Gould and Symons, 
1982). All these RNAs are required for 
infectivity (Peden and Symons, 1973; Lot 
et al., 1974) and are capable of acting as 
monocistronic mRNAs in cell-free trans- 
lation systems (Schwinghamer and Sy- 
mons, 1977; Gordon et aL, 1982). A single 
polypeptide of molecular weight 110,791, 
which must correspond to the in vitro 
translation product (estimated size M, 
95,000), is encoded by 88% of RNA 1. RNA 
2 encodes a polypeptide of molecular 
weight 94,333, which must correspond to 
the in vitro translation product (estimated 
&l, 110,000) and is encoded by 83% of the 
RNA. RNA 3 is dicistronic; the 5’-terminal 
gene encodes the 3a protein of 333 amino 
acids (calculated iW, 36,700) and the 3’- 
terminal gene encodes the coat protein of 
236 amino acids (calculated ilf, 26,200). 
The coat protein is translated from a 
subgenomic RNA (RNA 4) of 1027 nucleo- 
tides (Gould and Symons, 1982) which is 
not required for infectivity, but is pres- 
ent as a major species in CMV encapsi- 
dated RNA. 

Although the CMV genomic RNAs are 
efficient mRNAs in vitro, the translation 
products of RNAs 1, 2, and 3 have never 
been detected in viva (Gonda and Symons, 
1979; Gordon et aL, 1982; Symons et al, 

1982; and unpublished). This raises the 
interesting possibility that the genes on 
these RNAs may be expressed to some 
extent as partial polypeptides, possibly 
through the use of subgenomic mRNAs. 
The study of subgenomic RNAs derived 
from the CMV RNAs, other than the coat 
protein mRNA (RNA 4), is therefore of 
special interest. 

In this paper we report the presence of 
subgenomic RNAs derived from both 
RNAs 1 and 2 of CMV. The RNAs were 
detected by hybridization after gel elec- 
trophoresis and transfer by blotting 
(“Northern” analysis), using r2P]cDNA 
probes prepared from DNA templates 
representing segments of RNA 1 or RNA 
2 cloned in a bacteriophage Ml3 vector. 
The subgenomic RNAs also were partially 
purified by hybrid selection using cloned 
minus-sense sequences and were trans- 
lated in vitro. 

MATERIALS AND METHODS 

Materials 

Klenow fragment of E. coli DNA poly- 
merase was obtained from Boehringer 
(Mannheim) or BRESA (Adelaide). Deoxy- 
and dideoxynucleoside triphosphates were 
from Sigma. Ml&specific oligonucleotide 
(5’ GTAAAACGACGGCCAGT 3’) and re- 
striction endonucleases were obtained 
from New England Biolabs. [a-=P]dATP 
and [a-32P]dCTP (sp act of 2.4 Ci/mmol) 
were from BRESA. Low-melting-point 
agarose was obtained from BRL (Mary- 
land). Nitrocellulose and Genescreen 
membrane filters were from Sartorius and 
New England Nuclear, respectively. 

Virus and RNA 

Q-CMV (Francki et aL, 1966) was grown 
in either cucumber (Cucumis sat&us L. 
cv. Supermarket) or Nicotiana clevelundii 
A. Gray. Viral RNA was prepared from 
purified virus as described by Peden and 
Symons (1973). RNAs 1, 2, and 3 were 
purified as described by Symons (1978). 
For some experiments, RNA was obtained 
from the particulate fraction of the CMV- 
induced RNA-dependent RNA polymerase 
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(Gill et al, 1981) by extraction with phenol 
and ethanol precipitation. 

cDNA Clones from RNAs 1 and 2 

The clones (corresponding to segments 
of RNAs 1 or 2) used to synthesize 
[%P]cDNA probes and in hybrid-selection 
experiments for this study were kindly 
supplied by Ali Rezaian, Rhys Williams, 
and Allan Gould (Rezaian et aL, 1984, 
1985). Either plus or minus clones in the 
bacteriophage vector M13mp7 were chosen 
from the library available. Their sizes and 
locations with respect to the RNA se- 
quence are shown in Fig. 1. 

Northern Hybridization Analysis 

(i) [SSP]cDNA probes. r’P]cDNA probes 
of high specific activity were synthesized 
from single-stranded Ml3 DNA containing 
inserts of plus polarity, using [a-=P]dATP, 
[a-32P]dCTP, and the Klenow fragment of 

DNA polymerase, as described by Bruen- 
ing et al. (1982). Restriction endonuclease 
EcoRI was used to excise the probes, 
which were purified by electrophoresis on 
6% polyacrylamide, 7 M urea gels, in 90 
mM Tris-borate, pH 8.3, 2 mM EDTA. 

(ii) Gel electrophoresis and blotting of 
RNA. Nucleic acid samples were dena- 
tured with 1 M glyoxal in a total volume 
of 10 ~1 of 10 mM sodium phosphate, pH 
6.5, 0.1 mM EDTA, at 50” for 15 min 
(McMaster and Carmichael, 1977), before 
electrophoresis on 1.5% agarose gels in 10 
mM Na phosphate, pH 6.5,O.l mM EDTA. 
The gel was both stained with ethidium 
bromide (5 pg/ml) and destained in the 
electrophoresis buffer. The RNA was 
transferred to nitrocellulose or Genescreen 
filters by blotting, before hybridization 
with the r2P]cDNA probes as described 
by Thomas (1983). The filters were then 
washed in 1X SSC (0.15 M NaCl, 0.015 M 
Na citrate, pH 7.0), 0.1% sodium dodecyl 

5’ 
3.050 2.000 1.000 : 

NUCLEOTIDES I 1 L 1 1 

RNA 1 F M, 110,791 I 

RI(+)2 R1(+)4 R1(+)6 Rl(+)s RO’com(+) 
PLUS I I , I Y 

CLONES: 

MINUS n n l-l 
Rlt-)I Al(-)3 Rl(-)5 

RNA 2 M, 94,333 

R2(+)2 R2(+)4 Rl’com(+) 
PLUS I I u  

CLONES: 

MINUS 
I I 1  I 

R2(-11 R2(-)3 R2(-)5 

FIG. 1. Diagram showing the locations and lengths of clones used to analyze suhgenomic RNAs 
from CMV RNAs 1 and 2. The scale in nucleotides is numbered from the 3’ end. The RNA 1 
sequence data are from Rezaian et al (1935) and that of RNA 2 from Resaian et aL (1934). 
Open reading frames are indicated by long open boxes and include the calculated sizes of each 
translation product. The 3’-conserved sequence is indicated by a heavy line. The positions of the 
clones used either for hybrid selection or to synthesize [8ep]eDNA probes are shown. The clones 
are identified by the RNA from which they are derived, their orientation with respect to the 
RNA sequence and their relative order from the 5’ end of the RNA, through the final digit given 
(even for (+) and odd for (-) clones). 
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sulfate (SDS) at room temperature, fol- 
lowed by 30 min in 0.1X SSC, 0.1% SDS 
at 50”. They were exposed to X-ray film 
at room temperature for autoradiography. 

Hybrid Selection of RNA 

Appropriate bacteriophage Ml3 clones 
containing minus inserts (complementary 
to viral RNA) were grown in 500-ml cul- 
tures, and the DNA purified as described 
by Messing et al. (1981). From 0.3 to 0.5 
mg of DNA was bound to twenty-four 3- 
mm diameter discs of nitrocellulose filters 
(Schleicher and Schuell, 0.2-pm pore size) 
as described by Maniatis et al. (1982). 
Hybrid selection, using one such disc, was 
performed in 0.3 ml of a buffer containing 
10 m&f piperazine-N,N’-bis(2-ethanesul- 
fonic acid) (PIPES)-KOH, pH 6.5, 0.4 M 
NaCl, 2 mM EDTA, 0.2% SDS, 65% (v/v) 
deionized formamide and up to 3 mg/ml 
CMV RNA in an eppendorf tube, for 3 hr 
at 50” (Maniatis et ah, 1982). Filters were 
washed at higher stringency than de- 
scribed by Maniatis et al. (1982): the 
washes comprised 6 X 5 min in 10 mM 
Tris-HCl, pH 8.0, 0.15 1M NaCl, 2 mM 
EDTA, 0.5% SDS at 65”, followed by 6 
X 5 min in 10 mM Tris-HCl, pH 8.0, 0.015 
M NaCl, 2 mM EDTA, 0.5% SDS, at 50” 
(the last two minus SDS). The RNA was 
eluted by boiling in 2 mM EDTA, pH 8.0, 
for 2 min, recovered by ethanol precipi- 
tation, dried in vacua, and resuspended in 
0.1 miI4’EDTA. Aliquots were analyzed by 
RNA blotting (see above) or by in vitro 
translation (see below). 

In Vitro Translation of CMV RNAs 

A cell-free lysate of rabbit reticulocytes 
was prepared and used for in vitro trans- 
lation as described previously (Gordon et 
aL, 1982). The translation products were 
analyzed by discontinuous SDS polyacryl- 
amide gel electrophoresis (Laemmli, 1970) 
and fluorography performed as described 
by Gill et aL (1981). 

Preparative Agarose Gel Electrophoresis 
of RNA 

Total CMV RNA was fractionated on 
1.5% low-melting-point agarose gels in 20 

mlM Tris-acetic acid, pH 7.5,l mM EDTA. 
The RNA bands were detected by staining 
briefly with 5 pg/ml ethidium bromide, 
and excised. The gel slices were melted at 
65’ for 15 min and the RNA recovered by 
three phenol extractions as described by 
Kuhn et al (1979). 

RESULTS 

Northern Analysis Discloses Su&pnomic 
RNAs for CMV RNAs 1 and 2 

Total, encapsidated CMV RNA was 
fractionated on agarose gels, blotted, and 
analyzed using [32P]cDNA probes synthe- 
sized from clones of either RNA 1 or 2 
sequences (Fig. 2). The locations of the 
clones chosen for this experiment are 
shown in Fig. 1. A cDNA probe from clone 
R1(+)8, which is located 902 to 963 nu- 
cleotides from the 3’ end of RNA 1, dis- 
closed about 20 RNA zones which migrated 
more rapidly than the RNA 1 zone (Fig. 
2, track a). RNAs with sequences derived 
from RNA 2 were detected using a cDNA 
probe from clone R2(+)4, whose insert 
corresponds to the segment 813 to 1015 
nucleotides from the 3’ end of RNA 2. 
Over 20 RNAs were detected, all appar- 
ently smaller than RNA 2 and as small 
as 320 nucleotides (Fig. 2, track f). 

Comparison of these smaller RNAs 
shown in tracks a and f of Fig. 2 with the 
main CMV RNA species detected by eth- 
idium staining in the same tracks showed 
that in both cases some of the prominent 
RNAs detected by blotting and hybridiza- 
tion corresponded in position to the major 
stained RNAs. These apparent species (of 
3000, 2200, and 1000 nucleotides in track 
1, and of 2200, 1000, and 750 nucleotides 
in track f) could therefore have arisen 
from a shadow effect during electropho- 
resis. A similar phenomenon has been 
observed for TMV by Palukaitis et ~2. 
(1983). 

In order to analyze the subgenomic 
RNAs derived from each genomic RNA 
more definitively in the absence of this 
electrophoretic artifact, it was necessary 
to eliminate the other genomic RNAs (and 
their related, shorter RNAs). This was 
achieved by hybrid selection from total 
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RNA 1 RNA 2 

H.S. CLONES: - Rl(-I R2(-1 - 

1 1,3,5 5 1 

PROSES : RI(+) R3’com(+) R2(+) 

O- 
3 2 2 4 

-0 

NUCLEOTIDES NUCLEOTIDES 

338 - 
J 

(RNA 1) 
303 - (RNA 2) 

2193- -2193 (RNA 3) 

1027- - 1027 (RNA 4) 

-750- --750 

-320- --320 

a b c d e f 

FIG. 2. Northern analysis of suhgenomic RNAs from CMV RNAs 1 and 2. RNA samples were 
denatured with glyoxal, electrophoresed on a 1.5% agarose gel, stained with ethidium bromide, 
and photographed to detect the main bands present prior to blotting onto Genescreen. Tracks a 
and c total encapsidated CMV RNA (10 pg) probed with [=P]cDNA prepared from clone R1(+)8 
and from clone R2(+)4, respectively. In tracks b to e, total virus RNA was hybrid selected before 
gel electrophoresis using clones Rl(-)1, track b; a mixture of Rl(-)l, Rl(-)3, and Rl(-)5, track 
c; R2(-)5, track d; and R2(-)l, track e. These tracks were separately probed with cDNA prepared 
from clones as shown. The positions and sizes of the six bands of RNA detected by staining are 
shown. The positions of the four major CMV RNAs are indicated. 

encapsidated RNA, using the minus clones 
derived from sequences in either RNA 1 
or 2. To recover RNAs derived from RNA 
1, hybrid selection was performed using a 
mixture of clones Rl(-)1, Rl(-)3, and 
Rl(-)5 (which are located, respectively, 
2187 to 2303, 1225 to 1389, and 960 to 1161 
nucleotides from the 3’ end of RNA 1; see 
Fig. 1). RNAs derived from RNA 2 were 
selected by hybridization to clone R2(-)5, 
located from 600 to 816 nucleotides from 
the 3’ end of this RNA (Fig. 1). These two 
samples were then analyzed in adjacent 
tracks on the same 1.5% agarose gel (Fig. 
2, tracks c and d). After transfer to nitro- 
cellulose filters, the RNAs were probed 
with [32P]cDNA to clone R3’com(+) whose 
insert corresponds to the extreme 3’ 145 
nucleotides of the CMV genomic RNAs 
that are common to all genomic RNAs 

(Symons, 1979). The minor RNA species 
of over 1000 nucleotides (track a) or over 
750 nucleotides (track f) in length were 
confirmed as distinct RNAs derived from, 
and 3’-coterminal with, RNA 1 (track c) 
and RNA 2 (track d), respectively. The 
major anomalous bands (corresponding to 
stained CMV RNAs) mentioned above 
were eliminated by this approach except 
for the 750 nucleotide band which was 
recovered by hybrid selection (track d) 
and must therefore be an abundant, spe- 
cific RNA derived from RNA 2. Although 
the RNA sample in track d (fig. 2) was 
contaminated with small amounts of RNA 
1, and presumably of its related RNAs, 
the latter were present in amounts too 
low to affect the observed RNA pattern. 

The many shorter, 3’-coterminal RNAs 
may have arisen through specific nicking 
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of the genomic RNAs, e.g., in the virion, 
rather than during their replication. There 
would then exist corresponding families 
of RNA fragments 5’-coterminal with the 
genomic RNAs. In order to characterize 
such putative RNAs, they were hybrid 
selected from total CMV RNA using minus 
clones Rl(-)1 (RNA 1) or R2(-)l (RNA 
2), which are nearest the 5’ ends of these 
RNAs, and analyzed using [32P]cDNA 
probes from clones R1(+)2 (Fig. 2, track 
b) and R2(+)2 (Fig. 2, track e), respec- 
tively. Both probes hybridized with the 
3’-coterminal RNAs over about 2500 nu- 
cleotides in length, as expected, but 
showed different patterns for the smaller 
RNAs: about three RNAs of 1200 to 1500 
nucleotides were present in the RNA 1 
sample (track b), whereas there were 
about 10 from 800 to 1700 nucleotides in 
the RNA 2 sample (track e). Although 
these smaller RNAs do not appear to 
correspond to those expected if specific 
nicking is the cause of the 3’-coterminal 
subgenomic RNA patterns, it is possible 
that such nicking may occur more than 
once per molecule near the 5’ end, resulting 
in no simple pair of related 5’ and 3’ 
segments. Hence, the situation with regard 
to specific 5’4erminal fragments was not 
clear and further work concentrated on 
the 3’-coterminal RNA fragments. 

The patterns of the RNA species derived 
from either RNA 1 or RNA 2 were repro- 
ducible, irrespective of the host-cucum- 
ber or N. clevelundii-from which the 
virus was obtained. Furthermore, the 
same RNA patterns were detected in RNA 
extracted from the particulate fraction of 
CMV-infected cucumber or N. clevehdii 
plants, but not in extracts from uninfected 
plants (results not shown). These experi- 
ments have led to the conclusion that 
RNAs 1 and 2 each generate distinct fam- 
ilies of about 20 or more specific, 3’- 
coterminal subgenomic RNAs, in addition 
to smaller numbers of subgenomic RNAs 
derived from the 5’ ends of the genomic 
RNAs. All the discrete subgenomic RNAs 
detected in these experiments were dis- 
tinct from a low background of randomly 
fragmented RNA. 

In Vitro Translation of Hybrid-Selected 
RNA 

In order to determine whether the sub- 
genomic RNAs could function as mRNAs, 
the hybrid-selected RNA was tested by in 
vitro translation, using the rabbit reticu- 
locyte lysate. In control experiments, un- 
fractionated viral RNA yielded four ma- 
jor translation products: the full-length 
translation products of each of the four 
major virus RNAs (Fig. 3, track a). Some 
minor bands were also visible, in addition 
to another major band of about iW, 17,000. 
The presence of a number of minor trans- 
lation products is in contrast to earlier 
translation studies of individual, purified 
genomic RNAs (Gordon et al, 1982), where 
no significant early termination products 
were found. It seemed, therefore, that at 
least some of the minor bands could be 
translation products of the subgenomic 
RNAs. Note that a band, labeled E (Fig. 
3, track a, of about &f, 50,000), is an 
endogenous lysate product. 

The full-length translation product of 
RNA 1 (J& 110,791, Rezaian et al, 1985) 
is one of the major polypeptides visible 
in track a of Fig. 3, where it is labeled as 
M, 95,000, the size estimated from SDS 
gels. The translation products of the RNAs 
selected by hybridization to minus clone 
Rl(-)5 from total virus RNA, however, 
contained many polypeptides, ranging in 
size from the full-length product down to 
M, 27,000 (Fig. 3, track b). A similar 
polypeptide pattern was observed using 
RNA selected by minus clone Rl(-)1 (Fig. 
3, track c). All these polypeptides are thus 
most likely to be translated from the 3’- 
coterminal RNAs over 2300 nucleotides 
long, which are able to hybridize with 
both clones Rl(-)1 and Rl(-)5 (see Fig. 
1). Some of the translation products, in- 
cluding the full-length polypeptide, ap- 
peared in variable amounts; the full-length 
polypeptide was never the most abundant 
translation product observed. The reduced 
translation of this full-length polypeptide 
from the RNAs hybrid selected by clone 
Rl(-)1, compared to those hybrid selected 
by clone Rl(-)5, may be due to competi- 
tion by the small RNAs (of about 1200 to 
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TOTAL RNA 1 

RNA: VIRAL PF 

H.S. CLONE: Rl(-) 

- 5 1 1,3 

RNA 2 

VIRAL PF 

R2 R2(-1 
-~ 

c-J5 (+)2 1 5 
-0 

- 23 

- 20 
- 17 

e f 9 h 

FIG. 3. In vitro translation products of hybrid-selected CMV RNAs. Track a shows the 
translation products obtained from total encapsidated RNA (150 pg/ml), using reticulocyte lysate. 
The other tracks show the translation products (RNA at 50 pg/ml) of RNA selected by 
hybridization to clones Rl(-)5 (RNA 1, track b), Rl(-)l (RNA 1, track c), R2(-)5 (RNA 2, track 
e), R2(+)2 (RNA 2, trace f), and R2(-)l (RNA 2, track g). RNA from the particulate fraction 
(PF) of CMV-infected cucumbers was selected by hybridization to a mixture of clones Rl(-)1 and 
Rl(-)3 (RNA 1, track d) or to clone R2(-)5 (RNA 2, track h). Molecular weights of the translation 
products from CMV RNAs l-4 are given to the left; those of the translation products in tracks b 
to d, next to track d; and those of the translation products in tracks e to h, on the right. The 
molecular weights of the RNA 1 and 2 full-length translation products are given as 95,000 and 
110,000, respectively, since they migrate with these apparent sizes on SDS gels; the molecular 
weights of the RNA 3 and 4 translation products are the values calculated from the sequences. 
Translations were carried out in the reticulocyte lysate, as described under Methods, in the 
presence of [8SS]methionine. E is an endogenous band due to the [35S]methionine. 

1500 nucleotides-see track b, Fig. 2) 
which probably include the capped, 5’ seg- 
ment of RNA 1. In control experiments, 
the positive-insert clones R1(+)4 and 
R1(+)6 did not select any translatable 
RNA from total viral RNA (data not 
shown). 

The RNAs hybrid selected from total 
RNA isolated from the particulate fraction 
of CMV-infected cucumber with clones 
Rl(-)1 plus Rl(-)3 also yielded many in 
vitro translation products. As shown in 
Fig. 3 (track d), these polypeptides cor- 
responded in size to the many translation 
products already observed in tracks b and 
c but an additional major band was ob- 

served (M,. 65,000). Again, the full-length 
(iW, 110,791) polypeptide was not the most 
abundant translation product. Identical 
translation product patterns were ob- 
tained with particulate fraction RNA ob- 
tained from CMV-infected cucumber or 
N. clevelandii (data not given). 

In vitro translation of the RNA selected 
from total viral RNA by hybridization to 
the clone R2(-)5 (i.e., RNA 2 and its 
subgenomic RNAs) yielded several prod- 
ucts from iW, 94,333 (the full-length trans- 
lation product, Rezaian et aL, 1934, which 
is identified as M, 110,000, the size esti- 
mated from SDS gels) down to a major 
band at M; 17,000 (Fig. 3, track e). Similar 
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polypeptides were also produced by trans- 
lation of RNA hybrid selected by clone 
R2(-)5 from the particulate fraction RNA 
(Fig. 3, track h), irrespective of the host 
plant involved (cucumber or N. clevelan- 
a%). The full-length product was always 
the longest polypeptide detected, but in 
variable amounts and never as the most 
abundant product. The most efficiently 
translated polypeptide was clearly that of 
ilf, 17,000. When total virus RNA was 
analyzed by hybrid selection with clone 
R2(-)l, which corresponds to a sequence 
located from 2261 to 2408 nucleotides from 
the 3’ end of RNA 2, a different pattern 
of translation products was obtained (Fig. 
3, track g). This included the full-length 
polypeptide as its major product, together 
with several other peptides over M, 40,000 
in size. Polypeptides of M, 37,000 and M, 
20,000 were very minor products. Clone 
R2(+)2, with an insert complementary to 
that in clone R2(-)l, selected no translat- 
able RNA at all (Fig. 3, track f). Note 
that the hybrid-selected RNAs were very 
efficiently depleted of the other CMV ge- 
nomic RNAs, since their translation prod- 
ucts were clearly absent (cf. track a in 
Fig. 3). 

Translation Products of Fractimated Sub- 
genmic RNAs 

(i) Translation products of subgenmic 
RNAs from RNA 1. The above hybrid- 
selection data have shown that the sub- 
genomic RNAs derived from CMV RNA 1 
encode a number of in vitro translation 
products and suggest that the mRNAs for 
these proteins were the 3’-coterminal 
RNAs of over 2300 nucleotides in length, 
because they were able to hybridize to 
both clones Rl(-)1 and Rl(-)5. In order 
to test this, total virus RNA was first 
fractionated by gel electrophoresis. RNA 
in single fractions was then subjected to 
hybrid selection using clone Rl(-)5, fol- 
lowed by in vitro translation (Fig. 4). 

The RNA fraction with the greatest 
mRNA activity was that analyzed in track 
h of Fig. 4. This fraction was shown by 
Northern analysis, using a probe from 
clone R1(+)8, to be enriched for RNAs 

from 2100 to 2500 nucleotides in length 
and produced the same sized polypeptides, 
from M, 75,000 to M, 27,000, already de- 
tected in Fig. 3 (track b). The M, 90,000 
polypeptide was not observed, presumably 
because its mRNA is over 2500 nucleotides 
long and therefore absent from this RNA 
fraction. The small polypeptides of M, 
30,000, M, 43,000, and M, 48,000 shown in 
track f (Fig. 4) were produced by RNAs 
of 1600 to 1800 nucleotides. These RNAs 
were also present in smaller amounts 
among the RNAs producing the polypep- 
tides shown in track h, probably due to 
aggregation of RNA on the nondenaturing 
gel. The small amounts of the M, 30,000 
translation product in track e were trans- 
lated from RNAs of 1400 to 1500 nucleo- 
tides in length; RNAs of these sizes also 
were present in the fraction analyzed in 
track h. These results therefore suggest 
that the smaller translation products (be- 
low M, 50,000 in size) can be translated 
either from the shorter subgenomic RNAs, 
or from the longer ones (of over 2100 
nucleotides, depending on the polypeptide), 
e.g., through leaky initiation of translation 
of AUG codons occurring after that near- 
est the 5’ end. The smallest RNAs of 800 
to 1300 nucleotides, lacked any detectable 
mRNA activity (tracks a to d). 

(ii) Translation products of subgenomic 
RNAs from RNA 2. The subgenomic RNAs 
from RNA 2 were fractionated as for 
RNA 1 (above), and the RNA in single 
fractions was hybrid selected using clone 
R2(-)5. In vitro translation of the RNAs 
(Fig. 5) yielded polypeptides similar in 
size to those shown in Fig. 3 (tracks e and 
h). The RNA fraction (Fig. 5a, track a) 
with the smallest RNAs present (shown 
by Northern analysis to be from 750 to 
880 nucleotides long) contained a very 
efficient mRNA for a translation product 
of about M, 17,000. RNAs from 1000 to 
1400 nucleotides gave small amounts of 
translation products of M, 23,000 and M; 
30,000 (tracks b and c). The longer RNAs 
efficiently produced polypeptides of in- 
creasing size, from M, 30,000 to M, 85,000 
and the full-length translation product 
(tracks d to h). Interestingly, these RNA 
fractions containing larger RNAs, from 
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c STEP No. 

2. EXTRACT RNA 
3. HYBRID-SELECT 
4. TRANSLATE 
5. SDS-QEL 

a b c defgh i 

H.S. CLONE: Rl(-15 

FIG. 4. Fractionation and translation of subgenomic RNAs from CMV RNA 1. Total encapsidated 
RNA (300 pg) was fractionated on a 1.5% low-melting-point agarose gel, which was then stained 
with ethidium bromide and photographed (one track shown at the top of the figure). The gel was 
sliced as shown, and the RNA was recovered by phenol extraction. Suhgenomic RNAs derived 
from RNA 1 were selected from each fraction by hybridization to clone Rl(-)5 (10 pg DNA/ 
fraction). Aliquots (30%) of the total hybrid-selected RNAs were translated in vitro, and the 
products were analyzed by 13% polyacrylamide-SDS gel electrophoresis. Tracks a to h refer to 
RNAs from the eight gel slices shown. Track i shows the translation products of RNA selected 
from total CMV RNA by hybridization to clone Rl(-)5 (molecular weights shown on the right). 
E indicates the endogenous band due to [85S]methionine. 

1400 to 2500 nucleotides, each included 
mRNAs for polypeptides from M, 30,000 
up to the largest translation products 
consistent with the RNA size. This also 
may be due to leaky initiation of trans- 
lation, as observed with the RNAs from 
RNA 1. 

The possible mRNAs for the M, 17,000 
translation product (Fig. 5a, track a) were 
shown by Northern analysis to be RNAs 
of ‘750, 800, and 880 nucleotides in length. 
The mRNA for the M,. 17,000 polypeptide 
was selected by hybridization to DNA 
from clone R2(-)5 located 600 to 816 nu- 
cleotides from the 3’ end of RNA 2 (Fig. 

5, tracks a and j), but not from clone 
R2(-)3 (813 to 1015 nucleotides from the 
3’ end) (Fig. 5b, track i). The only open 
reading frame apparently available for 
the M, 17,000 protein corresponds to the 
carboxyterminal portion of the long open 
reading frame traversing RNA 2. This 
runs from an AUG codon 852 nucleotides 
from the 3’ end of RNA 2 to the UGA 
codon at 426 nucleotides to produce a 
polypeptide of calculated size M, 16,008 
(Rezaian et ak, 1984). It would thus be 
encoded by the SSO-nucleotide RNA. We 
would expect this RNA to hybridize inef- 
ficiently to clone R2(-)3, since the overlap 
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CMV RNAs - 
A 

a b c d e f 9 h 

H S. CLONE RZ(-)5 

-3 
M,Xlo 

- 110 

- 85 
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FIG. 5. Fractionation and translation of subgenomic RNAs from RNA 2. (A) Total CMV RNA 
(200 pg) was fractionated and recovered as described for Fig. 4. The preparative gel was sliced as 
indicated and subgenomic RNAs derived from RNA 2 were selected from the RNA fractions 
shown by hybrid selection with clone R2(-)5 (10 pg DNA/fraction). Aliquots (30%) of the total 
RNAs selected from each of the fractions were translated and the products analyzed by 13% 
polyacrylamide SDS-gel electrophoresis (tracks a to h). Molecular weights of the major translation 
products are shown. E indicates the endogenous band due to [??l]methionine. (B) CMV RNA which 
cosedimented with RNA 4 on sucrose gradients was subjected to hybrid selection using clones 
R2(-)3 (track i) or R2(-)5 (track j) from RNA 2. The hybrid-selected RNAs were translated in 
vitro and the products analyzed by SDS-gel electrophoresis. Molecular weights of the major 
translation products are indicated. 

would be only about 70 nucleotides. The 
cDNA probe from clone R2(+)4 (which is 
complementary to clone R2(-)3) hybrid- 
ized very poorly to this RNA (Fig. 2, track 
f). All these observations are consistent 
with the conclusion that the SO-nucleotide 
RNA is the mRNA for the M, 17,000 
polypeptide. The next largest open reading 
frame on RNA 2 encodes a polypeptide of 
100 amino acids (calculated M, ll,OOO), 
starting 627 nucleotides from the 3’ end. 
This could be translated from the ‘750 
nucleotide RNA (i.e., from the 3’-coter- 
minal component if there is a mixture in 
this band) and may therefore be present 
below the M, 17,000 translation product 
(Fig. 5, track a). The variation in produc- 

tion of some polypeptides (e.g., those of 
M, 23,000 to M, 60,000) may be due to 
competition in different subgenomic RNA 
fractions. 

DISCUSSION 

This work has shown that many sub- 
genomic RNAs are derived from CMV 
RNAs 1 and 2. Both RNAs produced dif- 
ferent patterns of at least 20 3’-coterminal 
RNAs. They also showed different pat- 
terns of subgenomic RNAs from their 5’ 
ends. RNA 1 had about three such RNAs, 
from 1200 to 1500 nucleotides long, 
whereas RNA 2 showed about 10, from 
800 to 1700 nucleotides in length. 
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Many of the subgenomic RNAs were 
found to have considerable in vitro mes- 
senger activity. Those derived from RNA 
1 produced over 10 major polypeptides, 
all of which could be translated from a 
few RNA species over about 2300 nucleo- 
tides in size; some of the smaller polypep- 
tides were also obtained from smaller 
RNAs over 1400 nucleotides long. Subge- 
nomic RNAs derived from near the 5’ or 
3’ ends of RNA 2 gave different patterns 
of translation products; the 3’-coterminal 
RNAs of increasing length gave products 
of increasing length (with some RNAs 
appearing to lack mRNA activity, as also 
noted for some of the RNA 1 subgenomic 
RNAs). These translation products were 
produced with great efficiency even in the 
presence of the appropriate genomic RNA 
or, in some cases, of total viral RNA. 

RNA 1 contains a single long open read- 

ing frame encoding a protein of M, 110,791 
(Rezaian et aL, 1985). The next longest 
reading frame encodes a protein of only 
69 amino acids. All the translation prod- 
ucts of the subgenomic RNAs must there- 
fore be derived from the M, 110,791 open 
reading frame, which contains a total of 
31 AUG codons that could lead to many 
polypeptides upon either complete or pre- 
maturely terminated translation. The re- 
sults in Fig. 4 showed that at least some 
of the translation products (Mr 30,000, M, 
43,000, and M,. 48,000) of the 3’-coterminal 
subgenomic RNAs were produced by 
RNAs shorter than 1800 nucleotides. Cor- 
relation of the reading frame length re- 
quired for these proteins with the RNA 
sizes (Table 1) showed that the proteins 
must be derived from the carboxyterminal 
region of the M, 110,791 reading frame 
traversing RNA 1. By the same analysis, 

TABLE 1 
COMPARISONOFREADING FRAMES WITHTRANSLATIONPRODUCTSOF~'-COTERMINALSUBGENOMIC 

RNAs FROM CMV RNAs 1 AND 2 

Molecular weight of 

AUG codon 
translation product 

Possible mRNA 
(nucleotides Number of Observed (min. size in 

from 3’ end) amino acids Calculated (b) nucleotides) (d) 

RNA 1 
2662 (a) 781 87,316 90,ooo 2700 
2323 (a) 668 75,528 75,006 2500 
2077 (a) 586 65,011 65,000 2200 
1976 (a) 552 61,020 &f-J)0 2100 
1522 401 44,294 48,000 (~1 1600 
1450 377 41,386 43,000 (4 1600 
1336 339 37,075 37,000 1400 
1117 266 29,521 30,006 1406 

RNA 2 
2565 713 80,580 &of-)0 2600 
2010 528 60,102 f-woo 2050 
1446 340 38,968 37,000 1450 
1185 253 28,939 30,000 1200 
1056 210 24,068 2-3~ 1200 

852 142 16,008 17,000 880 

a These initiation codons were chosen from several possible ones for each polypeptide because they best 
fitted the consensus sequence of Kozak (1984). 

*Translation products observed in Figs. 4 (RNA 1) or 5 (RNA 2) are listed next to the calculated protein 
with whose size they best agree. 

“The translation products of M, 48,000 and M, 43,000 (RNA 1) were allocated because they are present 
in track f of Fig. 4, while the M, 41,000 product is not. 

d Based on comparison of RNAs present in the samples producing a particular translation product, with 
the distance of its AUG codon from the 3’ end. 
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the larger proteins (over iW, 50,000) would 
also share their carboxytermini with the 
iW, 110,791 protein and possess staggered 
aminotermini. These proteins could be 
translated from the RNAs of 2100 to 3000 
nucleotides in size, since most (22) of the 
31 AUG codons in this reading frame are 
concentrated in a region covering 32% of 
the reading frame and starting 139 amino 
acids from the aminoterminus. Some of 
the translation products, e.g., that of M, 
41000 may, however, be due to prematurely 
terminated translation of the longer 
RNAs, since they were not translated 
from the RNAs shorter than 1800 nucleo- 
tides (Fig. 4, track f). 

A single long open reading frame tra- 
verses RNA 2 (Rezaian et al, 1984) and 
therefore also the subgenomic RNAs de- 
rived from this RNA. The next longest 
reading frame encodes a protein of only 
100 amino acids. Since the 3’-coterminal 
subgenomic RNAs of increasing size an- 
alyzed in Fig. 5 were found to produce 
proteins of increasing size, their in vitro 
translation products must be encoded by 
the appropriately sized carboxyterminal 
portions of the gene for the M, 94,333 
translation product. Six of the initiation 
codons in phase with the open reading 
frame of CMV RNA 2 (Rezaian et ak, 
1984) would yield translation products 
whose calculated sizes correspond closely 
to those of major observed in vitro trans- 
lation products (Table 1). Translation 
products of increasing size must therefore 
differ at their aminotermini. The alter- 
native explanation, that the smaller 
translation products are produced by pre- 
mature termination of translation, can be 
excluded because of the correlation be- 
tween RNA length and translation product 
size. 

All the AUG codons listed for RNA 2 
in Table 1 match the consensus sequence 
for translation start sites (Kozak, 1984) 
reasonably well, but only some of those 
for RNA 1 do. However, not all plant viral 
mRNAs appear to fit this consensus se- 
quence (Ravelonandro et al, 1983). Some 
of the AUG codons in other reading 
frames have the adjacent nucleotides 
which may allow them to initiate protein 

synthesis but would produce polypeptides 
too small (below 50 amino acids) to have 
been detected in these experiments. 

The biological significance of the sub- 
genomic RNAs remains unclear. The re- 
producible patterns of discrete species ob- 
tained by Northern analysis of encapsi- 
dated RNA argue that these RNAs are 
significant, for they show differences spe- 
cific to the genomic RNA from which they 
were derived. Furthermore, at least some 
are active in vitro mRNAs, and they have 
also been detected in particulate fraction 
RNA extracted from plants. These obser- 
vations suggest that at least some may 
be genuine subgenomic mRNAs, produced 
during the viral RNA replication cycle 
rather than by subsequent degradation. 
The critical tests of this proposition are 
to detect the translation products in viwo 
and to demonstrate their synthesis from 
the subgenomic RNAs of plant polyribo- 
somes. 

The gene products from RNAs 1 and 2 
possibly consist of several functional do- 
mains, with the activities of catalytically 
important domains dependent upon which 
other domains are present in the polypep- 
tide, as shown for aminoacyl:tRNA syn- 
thetases (Jasin et al., 1984). If subgenomic 
RNAs indeed allow CMV to differentially 
express portions of these genes in vivo, 
they may also be instrumental in its evo- 
lution. First, they would afford the virus 
greater flexibility in responding to differ- 
ent hosts or conditions. Furthermore, they 
could allow the virus to profit from differ- 
ing mutation rates along individual genes, 
by allowing expression of regions toward 
the carboxyterminal independently of the 
aminoterminal regions of a gene. 

It is striking that regions of the genes 
on CMV RNAs 1 and 2 contain amino acid 
sequences homologous with corresponding 
RNAs of brome mosaic virus (BMV), 
AlMV and TMV (Rezaian et al, 1984, 
1985). Some of these homologous se- 
quences are located in the aminoterminal 
part of the gene on RNA 1, but most are 
concentrated in the carboxyterminal 281 
amino acids of this gene. In the case of 
RNA 2, the homologous region consists of 
about 400 amino acids from 545 to 146 
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residues from the carboxyterminus of the 
gene on CMV RNA 2. The homologous 
sequences in the carboxyterminal regions 
of the CMV RNA genes would therefore 
be expressed by the translation products 
of the 3’-coterminal subgenomic RNAs. 
An exception is translation of the M, 
17,000 protein from RNA 2 since the car- 
boxyterminal 145 amino acids from CMV 
RNA 2 show very little homology to the 
carboxyterminal stretch of the BMV gene 
and none to that of AlMV or TMV. The 
CMV M, 17,000 translation product there- 
fore appears to be a polypeptide unique 
to CMV. 

These homologous regions in corre- 
sponding genes of several plant RNA vi- 
ruses may be responsible for fundamental 
functions, e.g., RNA replication, whereas 
the divergent regions may control specific 
host interactions. New viral genes, with 
the same fundamental function, but al- 
tered host specificities, could result from 
the linking of subgenomic RNAs from one 
virus with those from another, upon coin- 
fection of a single host. It is therefore of 
great interest whether other RNA viruses 
generate similar families of subgenomic 
RNAs. Crude fractionation, followed by 
in vitro translation, of the encapsidated 
RNA from lucerne transient streak virus 
(Morris-Krsinich and Foster, 1983), so- 
lanum nodiflorum mottle virus (Kiberstis 
and Zimmern, 19&t), tobacco etch virus 
(Otal and Hari, 1983), and turnip crinkle 
virus (Dougherty and Kaesberg, 1981) has 
disclosed products (other than the coat 
protein) whose mRNAs were smaller than 
the genomic RNA. 
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