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ABSTRACT
The complete nucleotide sequence of the maize chlorotic

mottle virus (MCMV) genome has been determined to be 4437
nucleotides. The viral genome has four long open reading frames
(ORFs) which could encode polypeptides of 31.6, 50, 8.9 and 25.1
kd. If the termination codons for the polypeptides encoded by
the 50 and 8.9 kd ORFs are suppressed, readthrough products of
111 and 32.7 kd result. The 31.6 and 50 kd ORFs overlap for
nearly the entire length of the 31.6 kd ORF. Striking amino acid
homology has been observed between two potential polypeptides
encoded by MCMV and polypeptides encoded by carnation mottle
virus (CarMV) and turnip crinkle virus (TCV). The 25.1 kd ORF
most likely encodes the capsid protein. The similar genome
organization and amino acid sequence homology of MCMV with CarMV
and TCV suggest an evolutionary relationship with these members
of the carmovirus group.

INTRODUCTION

Maize chlorotic mottle virus (MCMV) was first reported in

the United States in 1976 when it was associated with maize dwarf

mosaic virus or wheat streak mosaic virus in a severe disease in
maize termed corn lethal necrosis (CLN)(1). MCMV and its

association with these potyviruses in CLN is well characterized

ecologically (2,3), epidemiologically (4) and physicochemically
(5). However, little information exists concerning the molecular

biology of the virus or the mechanism of the synergistic
interaction. Previous work (5) has demonstrated a number of

properties for MCMV. The virions contain a monopartite RNA

genome approximately 4.4 kb in length lacking both 5' genome-
linked protein (Vpg) and 3' poly(A) tail. In infected plants,
MCMV produces a single, 3' co-terminal 1.3 kb sub-genomic RNA

that encodes a 25 kd capsid protein. The 5'end of the virus is

capped with a m7GpppA structure. Translation of the MCMV genome
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by a reticulocyte system results in polypeptides of 105, 52, 44,
41, 32 and 25 kd. The 25 kd polypeptide has been shown to be

capsid protein due to its specific immunoprecipitation by capsid
protein antibody. This paper reports the cDNA cloning of MCMV
and the complete nucleotide sequence of the viral genome. MCMV

sequence analysis supports the number and sizes of translation

products reported previously (5). This data permits a tentative

organization of the virus-encoded polypeptides. The predicted
amino acid sequences of two MCMV ORFs have striking homology to

portions of carnation mottle virus (CarMV) and turnip crinkle
virus (TCV).

MATERIALS AND METHODS

Construction of MCMV cDNA clones

MCMV cDNA clones were constructed essentially as outlined by
Gubler and Hoffman (6). To synthesize the 3' terminal plasmid
pMCM409 (Fig. 1), viral RNA was first polyadenylated (average
length 10-20 bases) using poly(A) polymerase and ATP according to

the supplier (BRL). First strand synthesis was performed with
MMLV reverse transcriptase (BRL) using an oligo dT primer. After
second strand DNA synthesis, molecules were tailed with dCTP
(average length 10-20 bases), annealed to PstI-digested G-tailed
pBR322 (BRL) and transformed into competent E. coli RR-1 (7).
For the synthesis of the internal clone, pMCM524, a 110 bp EcoRI-
PstI fragment from pMCM409 (equivalent to residues 2292-2402 in
Fig. 2) was gel purified after digestion of pMCM409 with EcoRI +

PstI, denatured and the strand complementary to viral RNA was
used as primer for the first strand cDNA synthesis. The 5'
terminal clone, pMCM602, was constructed using a synthetic
deoxyoligonucleotide primer deduced from sequencing the 5' end of
pMCM524 and complementary to the viral genome (5'-
TGTAGTTTTCTTTGGAATTC-3'; residues 1118-1138 in Fig. 2). Bacteria
containing recombinant plasmids were screened for MCMV-specific
sequences using a randomly primed MCMV cDNA probe. pMCM1067
(Fig. 1) was constructed from pMCM524 and pMCM409 by ligation of
the two fragments at the common EcoRI site (Fig. 1) and insertion
into PstI-digested pUC18. Proper orientation of the two
fragments in pMCM1067 was determined by restriction enzyme
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mapping. All cDNA clones or subclones of MCMV were recloned into

the appropriate sites of the Bluescript KS+ or SK+ vectors

(Stratagene) for further analysis and sequencing.

Exonuclease III deletions A nested series of Exonuclease III

deletions were generated from the original cDNA clones according

to Henikoff (8). Competent E. coli JM109 or MV1193 (9) were used

as bacterial hosts. Transformants containing plasmids from the

appropriate time points were grown in 1-2 ml of selective liquid

culture and plasmid DNA was isolated according to Maniatis (7).

The extent of Exonuclease III deletion was determined by

restriction digestion. Bacteria containing plasmids with the

proper length deletions (200-250 bp for each point) were used to

produce sequencing templates.

Production of ssDNA for sequencing reactions Bacteria (1-2x106)

were inoculated into 10 ml of L-broth supplemented with 50 ug/ml

ampicillin and infected with approximately 2x107 M13K07 helper
phage (9). ssDNA was isolated from phage particles following the

procedure outlined by Viera (9).
Sequencing Reactions Dideoxy sequencing of ssDNA templates was

carried out using 35S-ac-S-dATP with either the Klenow fragment of

E. coli DNA polymerase (BRL) or modified T7 DNA polymerase

(Sequenase) as recommended by the supplier (US Biochemical,

Cleveland, OH). Radiolabeled DNA fragments were separated on 8M

urea-acrylamide gels (19:1 acrylamide:bisacrylamide) in a Tris-

borate-EDTA buffer system (7). Fragments were visualized after

exposure to Kodak XAR-5 film for 16-24 hrs.

Reverse Transcriptase Run-off Sequencing The sequence of the 5'

terminal nucleotides was determined using the synthetic
deoxynucleotide 5'-AACGCGTTGGGGTCTGTTGC-3' (complementary to

residues 13-32 in Fig 3) as primer. The oligonucleotide was end-

labeled with polynucleotide kinase and y 32P-ATP and acrylamide

gel purified. Labeled runoff cDNA was synthesized and sequenced
according to the procedure described by Guilley et al. (10).

DNA Sequence Manipulation The DNA sequence was analyzed using
the Pustell Sequence Analysis Program (Inter. Biotech. Inc.).

Amino acid homology of MCMV polypeptides was analyzed using the

FASTP protein alignment program (11) using the Genbank (NIH),

EMBL and National Biomedical Research Foundation databases. The
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Fig 1 Schematic of cDNA clones of the MCMV genome. The major
cDNA clones of MCMV used for sequencing are shown relative to
their location on the MCMV genome. Arrows indicate position,
direction and length of nucleotide sequence obtained from each
template. The open arrow at the 5' end of pMCM602 denotes the
position of the oligonucleotide used for run-off sequencing of
the viral RNA.

sequence of TCV was kindly provided by Dr. T.J. Morris, U.C.
Berkeley, prior to publication.

RESULTS

Cloning of MCMV

The complete MCMV genome is represented by three overlapping
cDNA clones. They are called pMCM409, pMCM524, and pMCM602 and
have inserts 2.1, 1.4 and 1.1 kb in length, respectively (Fig.
1). A number of cDNA clones synthesized from the oligo dT primer
were screened to determine which would be expected to be 3' co-
terminal with viral RNA. pMCM409 was the best candidate based on
extensive restriction enzyme analysis.
Nucleotide Sequence of MCMV

The clones used to determine the sequence of MCMV are
illustrated in Fig. 1. Initially, subclones of the plasmids
pMCM409, pMCM1067 or pMCM602 were used as templates for
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sequencing reactions. The sequence of the original subclones was
verified in both directions using Exonuclease III deletions of
pMCM1067 and pMCM602. The sequence of both strands has been
determined for nearly the entire virus. Alternatively,
independent clones of the same orientation were used when
necessary.

The MCMV genome is 4437 nucleotides in length, excluding the
m7G cap structure (Fig. 2). The MCMV viral genome is not
polyadenylated at the 3' end, therefore, the 3' terminus of MCMV
has been defined as the first adenine of the synthetic poly(A)
tract. MCMV has a 5' untranslated region of 117 nucleotides and
a 3' untranslated region of at least 346 nucleotides. There are
two EcoRI sites (residues 1109-1114 and 1119-1124, Fig.2)
separated by four nucleotides that could only be detected
sequencing nested deletions of the region. If the sequence had
been determined using only subclones of the cDNAs, the proper
qenome organization would not have been possible.

The 5' terminal sequence of MCMV was determined using a
deoxyoligonucleotide primer complementary to the viral RNA.
Reverse transcriptase extended the oligonucleotide to the end of
the viral genome. In this manner it was determined pMCM602
lacked the 5' terminal nucleotides, 5'-AGG-3'(data not shown).
Analysis of the MCMV nucleotide sequence

Open reading frames (ORFs) coding for polypeptides with Mr
of 31,590 daltons, 50,048 daltons, 8,893 daltons and 25,147
daltons (p31.6, p50, p9 and p25) were identified upon computer
analysis of the nucleic acid sequence (Fig. 3). Reading frame 1

contains p31.6 and p9, reading frame 2 contains p50 and reading
frame 3 contains p25. Most of p31.6 is encoded by the same

region of the viral genome that encodes p50 (137-984)(Fig. 3) but

it is read from a different reading frame. Analysis of the

complementary (minus-sense) strand revealed a potential ORF of
18.2 kd between nucleotides 685 (from the 5' terminus) and 1186

(data not shown).
Analysis of MCMV ORFs

p31.6 This ORF is the most 5' of the potential polypeptide
coding regions (Table 1). The position of the initiating AUG for
this ORF nearest the 5' end of the viral RNA (Fig. 3) suggests
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t mGpppAGGUAAUCUGCGGCA,ACAG.ACCCCAACGCCGUUAGACACGACWaMCAGUUGAWCXACGUCUUJGCAUCaUGUGAGAGCUCUAACGUGGGAAULUUGCCCCUGACUGGCAAUC
AGGUUWCAUGCCWCUaCCCWGCACLWAUGGCGACCCUACCLAJCAAUWXACGCAUUUWGGAAGCUGUJGGUGGCCGACG CUWCGGAGGAACGGAAGAUGACGGWGGUCCAA

p50 M A T L P S H A F W K L A W P T F S E E R K N T V V 0
p31.6 N P S P C T Y G D P T F N S R L E A V V A D V L G G T E D D G G P S

GCCWItGAGGAAUGGUWGACGCGCAAAWCUWMCAGAtWUCACAAALWGCGCAACAGAUiCUCCGAUGGCCACCGUACA'UACGCGAGAGAAUGACAUCtAGUCUU GGACA
p50 A L R N G L T R K L F Q T A I A Q Q L R W P P Y R E R M T S S L G 0
p31.6 L E E W F D A Q T L S D Y T N C A T D P P M A T V H T R E N D K S W T

GAGWWItAGUGAAAWUUCCAGACCUUGLWAGGUAUCCGAMAGCcuuacr.Ar.AcucuWGACACGGACAUGAAUGUGr.ACAUUUUUACGAUGCUCCUGAUUC CUU'
p5O S L V K T F Q T L L G I R K A L S R L C L T R N M N V D I F T H L L P F
p31.6VEL S E F P D L V R Y P E S L V E T L L D T E H E C G H F Y D A P D S F

UCAAAWULWCGtCACAGCUiUGUUCACAGA~UCGUUGCAAGUGCCAALWWGUGAUCCAAiCAWWCAGGCACGGUCUCUCUCGCGGGCUCU'GWUAGGCCC'GUUGCC GGAAU
p50 K F L S Q L C S S V A S A N F V a T F R H G L S R G L C L A R C R N
p31.6 0 S V T A M F T D R C K C Q F C D P N F S A R S L S R A L L G P L P E S

CCGGAGAC.iUGCGGAGUGGAUGGAGCAASCAUACACUCCAGAUGCAGAAUUGUCGSUCAACGAGCCCACUGAUGACCCCAVKCCAACCACAGAUUGCAAGAGA C CUAUC
p50 P E T N R S G W S K H T L a N S N C S S T S P L M T P F A P Q A R D L S
p31.6 G D D A E W H E S A Y T P D A E L F V N E P T D D P P T T D C K R P

CAACCCACAUGWWCIGUGGAUGUCUACUCGAAACAAGUUGACUCGGACUGGGGGCUCAGCGAWCXAACAAACGUCACGGWAUGUUCGGCUAGCAGUUC GCUUCUCC CUGC
p55 N P H G L W H S T R N K L T R T G G S A Q Q T S R Y V R L A V R F S L L
p31.6AP T W S V D V Y S KVvVD S D W G L S D S T N V T V C S A S S S L L P A

UGGCCGCGG6GGGCAUAUALWUCAUGUGUCCUCGCCCGGAiGGCAUUGAAiGAGWAUGUCUACAGGUGGGiGCUAAAAUCC'GAUCAGGAGCUCCCAACUCGGA^ACAAUCA
p50 A A G A Y I S C V L A R K A L K E Y V Y R W E L K S D Q E L P T R E 0 S
p31.6 G R G G I Y F N C P R P E G E R V C L Q V G A K R S G A P N S G T T

CAAAUCUCCCAGGUGGAACAGGCUAUGAACAGAAUSGAGCGAUGAUGGUAAUGAAACUCAAUGGUCCGACGGCCCCUAVUCCUAUCCC VJCAGGACUGU'CUGACUAAACA
p50 5 S a V E S A M E a N G A N M V M K L N G P T A P L S L O D C L T K H
p31.6 N L P G G T G Y G T E W S D D G Y E T 0 aw S D G P Y S P S G L S D *

CGVCUGCWGUCCAGAGAUUGVGGACGAAGAAGGCACAGUAACACAAAGAACAGUCCAUWWCUCAUCCGUGAWWUGUCCUGCCG'UCAGAAACCUAGUGACCCUCG
p50 V L V P E V D E E G T V T Q K E 0 S T F L R E F G P A V R N L V T L A

CAAAGCUAG,AsUUCGGCGGiAAWLCCAkAAGAAACUACAGCCAAUGAACWWACGGUUWGGEGGWUCCUAGWACGGAAGUGUGAACAUGCA'AAUAUGAAC CCAACUGACUCC
p5V K L E F G G I P K K T T A N E L T V A R F L V R K C E H A N H N P T D S

CGUACUGCCiWWCAAUGG'CCCWGCCAUACGUGLXWAUG~CA)G(JCGCAWUGAUGUUGGAAGAGCWCAJWUCCACUGC'GUGAUG AAUCCAWILGAAAUCUGUCGCCAAUA
p50 R T A S H A L P Y V F M P C R T D V G R A S P L R D E S E C R Q Y

UCGCGCACAAUWWGtGGAGGAGACACCCCUACGGCGAGIJL)tCAACAACCCAWItGAGCGGAAAAGCAUGGCG(AACUGGGWAAGGCACCWGGGUGGGCUGGAUGAUCCAG
p50 R A S F V E E T P L R R V F N N P L S G K A W R N W V R H L G G L D D P A

CCCUAUCCiGGAWWCIJAAAUAGGGGWWWJWGMkGAWGUGCUUGGCGG)CAGWCCGGCGCACACWGCGGCGGCACCC CAA,ACUCCGUAGCCACUWAA"AGACAC GAG'A
pll L F A E L K * G C L E E W L G V Q S R R T R A R H P K L R S H F K D T R

CACAAAACCEGCAGAGUGUWCCGGAWIIGCAGGUWGGGCAACCWUGtAU.ALXWGGAGWCCACAACAALWWGCGGUAAACCWGGAACGUGGACUAAUGGAGCGAGUAUU'
pill H K T R R V F R I A G L G N L Y E F G V H N N S A V N L E R G L M E R V F

UUAUGUGiGAUGAUAAGGGGGA,AWCUCWCAUGCCWGAGCCUALAWGGGGAUAUWGCGAAAAAWGAAGGGAWUCAGAAAUAGCAWXGUACACCAUGUG GGA'C
pill Y V K D D K G E L V S C P E P S G I F A K N L K G F R N S V H H V G H

ACAGACAUCCAGUWACACG'AGAGACWWCUCGCUACUAUACAGGGCC'AAAGCGCACC'AUGUAUGAGAAAGCGGWGAALWCCCUCUACGAAAUGCCUGUCUCAUACGAC
pll R H P V S R E T F L A Y Y T G P K R T N Y E K A V N S L Y E H P V S Y D

GAUGCUAAAUGAAAACAUWUGAAAAGCiGAAAAGAUCiAUCUCACUAiGAAAGCUGA6CUCAJACCACWWGLGAUCCiAGCCCCGUGC'UCCCCGGUAU'AAUGUGGAACU'
plll D A K L K T F V K A E K N L T K K A D P V P R V Q P R A P R Y N V E L

GGGUAGGUACUGAGACCGaWGAGCACCCAAUCUACCAUGCUAUAGACMAGAULWGGGWJGGWCCGACWALWAUGAAAGGWtACUCGGW'YGAACAGAW)tGGAAGACAUA'
plll G R Y L R P V E H P Y H A D K A G G P T N K G Y S V E S G R H

LWGAGAACGCWUCCGAUCWWCACCGAUCCAWtGGCCAWUGGAUCAJGAGCAAGUCGWkW.AUCAACiCGtGAWGWJLGAAGCUCUA'CGCUGGGAACAUAGCGUAUA'C
pll E N A F R S F T D P V A G F D A S R F D Q H V S V E A L R W E H S V Y

UCACGGAULJAUGGCUAUCCAGAGCUUCCCACACAAUUGCUGCGGUGGCAGAUUCAUAAUCGCGGAACAGCAUAUGCCICA GACGGCGCGWCAA CUACCAGGUGGAUGG
pill S R V G Y P E L L 1T L L R A Q H N R G T A Y A S D G A F N Y a V D G

UAAACGCAUAGUWGGGGACAUGAACAUAUCAUUGGGCAAWGCAUACUGGCCACAGCAAUCACACAUGA&CGUWGACCMAGCUGGGAA'WCCAGCCAG'ALWAAUCAAC'A
plll K R N S G D M N S L G N C L A T A T H D F V T K L G P A R L N N

AUGGAGAUGCACGMCWCWGAUCUGCCGGCAGUGGAGW;AGGCAGAWCA&GACAGGAAWWACAGA6LAWGWGMWJA,~ACGGAWUGAAWCAUAUCAGMAAGACC'U
pll G D D N V L C P A V E V G R V R a E L Y R H A L N Y G F E V S E E P

GUGUACAUCCUGAACAGGWUGAAWWGCCAGAUGCGACCAWCWCGACGGUACACAAUCACCAU.AUGAGAGACCCUCGCACCACCAUWtCCAAAG~AUGC CUAUG'C
plll V Y I L E A V E F C Q N R P V F D G T VY T N N R D P R T T M S K D A Y A

UGUAACCCCWWXqAACACACCAACCGCAGCAAGGAGGUGGAUGAGAGCAGUUGGGGAAUGCGGACUCAGCCWWLACAGGAGGCCUCCCCGUAAAGCAGGAAUACUAUACUG
p111 V T P F N T P T A A R R W N R A V G E C G L S L T G G L P V K Q E Y Y T A

CUCWWGtAAMACACGGACUAGAUCCGAAAMCAUCAAACiGGGAAAAGAWWGACAGUGGCUAUWACJUCWAAGCAAWWAUCCAAUCGCAAAUGGCGGAGGUCCAA
pll L V K A G L D P K N K Q G K D F D S G L Y Y L S K L S N R K W Q E V Q

GAGAGCGCCCGCUACUCAW~CUGGCWXGCWWCGGGWACiCACCAr.AUG'AACAACGAGCWUAGAGGAGWAUUUAAAUWWGGACCCWACGU)UG^AAGGUC CACAAC'
plll E S A R Y S F W L A F G Y T P D E Q R A L E E Y F K S W T P T F E W S T T

p9 M V H N

GGGUALWWUGCAGAAAUWCCCGAAUGUCWUCW CtCAAA'CACAAUCCCCWCCCCACCGACGUAGCCCGCAGACAACAGACCGGCACUGCCGUGCGAUCUGAAGACAACCA
plll G L A E P E C L L L K H N P L P P T1
p9 G Y F G R N S R M S S S Q T Q S P P T D V A R R Q O T G T A V R S E D N H

UCGCAAUCAWWGGAAAACAWXGCWGJG'GAAACUCACW^ UCUGA,AGGAGCACWCGCCCAACAGAACGUGAUCALWGCGAAAGAGGUGGW)AUCAAUAACCACUUCA
p9 R N S L E N A V G K L T K S E G A PFA S N V I A K E V V N N H F N

AUUUCAACUGAGCUGGAGUaUGUWWGUWAGAWICGUCCUGGCCUCAGUaGUAAGGAAWWAAUCUUCGGGAUUWtGAUWCCCUCGAUU~CUWUUCAUC'UUGACGAAGA'C
p32.7 F N * A G V C V C R F V L A S V V K E F N L G D F D L L D S V H L D E D

ACAGGACACCGWUGCCGWWAUCACGAGCCAUCGGUGACUCGAUCGAUCAGACACAAAiALWtCCAAAAGAUCGACAUACACAAUGGCG'GCAAGWAGCC'GGUCUACCCGAi
p32.7T G H R C R L S R A G V L D R S D T K P K D R H T Aw R S V A G L P E
p25 M A A S S R S T R

GGUAGAAAGCAGCGCGGACWJAGCWGUGAGCAAAAUCCAGAGCUALWCGAGCCAACCCGCCUGUCCWCIGACCCAACCCGCAGCGAAAECGUCCCCCCECUGCGGGAAC
p32.7 V E S S A D V A W K a N P E L F E P T R L S L D P T R S E T V P P L R E S
p25 G R K a R G R S V E A K S R A R A N P P V P R P N P Q R N R P P P A G T

A.ACCUGCUCCAUGUCCGAAAWWJCGCUWGCAGUJGUCAGCAACAACWGaWGACCAGAWUCUCGAGAUWCCiWGUGGCAaGGAWGAWWJCCCGGCWGGAACGtCGCCCC'p32.7 P A P C P K F C L a C Q Sa L L T R F S R F a C V a G L T S R L E R R P
p25 T C S M S E I L L A V S A T T A D S L E P V C A G D F P A G T S P R

GAUACAUWGGGGCGGCCAAAUGGCU)GGCAaGCACAAUCACAGAUGUGGAAUACAALWtJWUGCAACXUCUGUGCGCAUCACWAGGGAGACAWUCACAGCAGiCACCACUAG'C
p32.7D T L G R P N G W a H N H R C G a L C S T L C A S L G R H S a a T P L A
p25 Y I G A N K W L A A S S S MW N T V F N S V R T W E T F T A D T T S

p32.7 D F P N H S S P 1 C Y S V P 1 G N N M L P G 5 C P 5 1
p25 G Y I S N A F L S D Y M L S P T G V E D V A R V P S A T A L K N R G

GCCAUCCAUGUCAUGCCACAGAACCGCAWGUGLJWCAGiWWAUACAGaCtGGU)CAWW1GCUGCAUUG-~GGCAGCGCCGCUGACAAGCiAAUGtAWPC CCCAG.ACGA'U
p25 P S V N P Q N R T V F R C Q A G Q F A A L G S A N D K Q M Y S P G R F

UCAUUGGGWUAUCCCWAAAGCWAGUGCACACAAGCGGWAGGCCAAAUCAAAAUCUCGUACUCCWGLUCUACCGUJGGGCAGCGAUCWUACAACCCGECCtJGGUUCCi
p25 I V A I P K A S A T Q A V G Q K S V S V S V R G A A L Q P A L V P

GGCCCAGGiGGCAAAUCt AGCACAiGWGA GCCGaCAUGAGGLUCA GACCGGAACAACCAGLICWWWCtGGCA'GAGWCCGCCiAUCCAAAWGUWGLLGGGAGC'C
p25 G PI G L A N H -

UAAAUCSAGSACSAGUAAIUSGCCCUICGiCCAUGAaCGCAGA) GGC UGCCiACCGCAGACUGGGCGAUAUAGAGCCWGACCCACCCiUGGACAACAC
GUACULACGAACGGUGCGACAUGGUAACUGGALUACACUUAACCCUGGGGCAAGUAGAUGCUtGAGAACLAGCAUCGGGCCGCCCACGAGGGUUUCUGAACUCAACGGAGU
AGAACGGGGGGGGGUAAUGCCCCUW CUWCUCCGGCCC (A^)
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that it is recognized by eukaryotic ribosomes (12). However,

analysis of the nucleotide sequence surrounding the initiation

codon (Table 1) shows it is not favored for recognition by

eukaryotic ribosomes (12,13). The calculated pI of the peptide

is 4.83 which is in contrast to the very basic pIs for the other

peptides encoded by MCMV ORFs. An in vitro polypeptide of

approximately 32 kd is synthesized from MCMV genomic RNA (5)

which is in good agreement with the calculated size of the p31.6

polypeptide.
This ORF is encoded between residues 137 and 1451 (Fig. 3).

However, the single amber terminator is followed by an additional

60.7 kd open reading frame terminating at residue 3031.

Suppression of the amber termination codon would result in a

polypeptide of 110.7 kd (pl11). These sizes are in good

agreement with polypeptides of 52 and 105 kd seen upon in vitro

translation of MCMV RNA (5). The nucleotide sequence context

surrounding the initiating codon (Table 1) does not show the

preferred A at the -3 position (relative to the AUG) in

eukaryotic mRNAs (12,13) but does have the preferred G at

position +4 in plant mRNAs (13).

ES p9 is located between residues 2959 and 3198 (Fig. 3). The

nucleotide sequence surrounding the AUG initiation codon (Table

1) does not show the preferred A at the -3 position in eukaryotic

mRNAs (12,13) but does have the preferred G at position +4 in

plant mRNAs (13). After the opal termination codon (Fig. 2;

Table 1), the ORF continues until residue 3832, thereby encoding

a potential readthrough polypeptide of 32.7 kd (see Fig. 3,

p32.7).
p25 p25 is located nearest the 3' end of the virus between

residues 3384-4091 (Fig. 3). The nucleotide sequence surrounding

the initiation codon (Table 1) is in excellent agreement with the

consensus sequence reported for plant mRNAs (13). This suggests

the polypeptide encoded by this region is efficiently translated.

Fig 2 Nucleotide sequence of MCMV RNA and derived amino acid
sequences of the viral polypeptides. The long open reading
frames in MCMV are indicated in the left margin and the nucleic
acid or amino acid residues in the right margin. The one letter
amino acid codes are positioned under the first nucleotide of
each codon. Terminator codons are represented by asteristics.
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MCMV Genome Organization

0 1 2 3 4 4.437kb

Frame 118 985 2959 3199 3832
1 p3l.6 lp p32-7

UGA
1 37 1451 3032

2 PSO I pll l
UAG 3384 4092

3 1 p259
0 1 1.3 kb

subgenomic RNA

TCY and CMIY umne acid homolgy

Fig 3 Major MCMV open reading frames. Open boxes represent
coding regions in the MCMV genome in the appropriate reading
frame. The numbers in the boxes correspond to the calculated m,
of the putative polypeptides in kilodaltons. Numbers above the
boxes are the nucleotide residues of the initiation and
termination codons for each viral polypeptide. Terminators that
may be suppressed during translation are indicated below the open
boxes. Stippled boxes indicate the regions of MCMV ORFs that are
homologous to polypeptides encoded by CarMV and TCV.

The calculated pI of the polypeptide is 12.2, with 12 of the

first 40 amino acids being either lysine (K) or arginine (R)
(Fig. 2). This is very similar to the amino acid pattern of the
CarMV and TCV capsid protein genes (10,14).

Table 1 Nucleotides surrounding the beginning and end of
ORFs found in MCMV.

AUG Nucleotide Termination
ORF Position Context Codon Position

p31.6 118-120 UUUCAUGC UAA 985-987

p50 137-139 ACUUAUGG UAG 1450-1452

p9 2959-2961 UUGAAUGG UGA 3199-3201

p25 3384-3386 CACAAUGG UGA 4092-4094
aNucleotide sequence consensus surrounding the start of
translation in mammalian mRNAs (12) is CACCAUGA/G and the
consensus for plant mRNAs (13) is AACAAUGG.
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MCMV MATLPSIHA 9
MCMV FWKLWWPTFSEERKITVVQALRNGLTRKLFQITQIAQQILRWPPYIPERMTSSLGQSLVK 69
MCMV TFQTLLGIRKALSRLCLTRNMNVDIFTMLLIPFKFLSQLCSQIVASANFVIQTFRHGLSR 129
MCMV GLCLARCRMPETMRSGWSKHTLQMQNCSSTSPLMTPFQPQIARDLSNPHGLWMSTRNKLT 189

CarMV GVIGC1 GGLVAVGS VRAT FNRE GARRI*SGL 60
TCV 144 j_YYPEVQT LPD SGI@JVSSDTV(t 60MCMV RTG IQQTSRYVR JMJRFSLLAA(UYISCVLARKALKEYVYRWELKSDQEL QSQ 249

CarMV N IDEEIDNVEEST 118
TCV RG QtQISItCILAVPDS I GTE TSCL A 120
MCMV IsQVEQAMEQNGAMMVMKLNG;;WW;C VLVPEIVD QSTFL 309

CarMV II _ k 17
TCV l2K GRi NA Pb U PKP I B Jl F XLF > 9176
mcmv

DSWRIM*LL ~~~~~~~~~~~~180MlCMV EfP 5XPMNr T t I ^ L ] ^ > g Y9369
CarMV FWV HAGLGIKoILAKRo235
TCV P 239
MCMV ASIF DESIEI FET 428

CarMV NK * yE VIEVVNAY 294
TCV GC GC p pE F _F G 298
MCMV GCAFQ I I g SR IHF _ 488

CarMV YV*I 352
TCV 3LMERVFY357
MCMV = 548

CarMV NDLV KTFA I 412
TCV RKYPS I LYNTCRL RFVK&EKI PAPRVIQP' 417
MCMV FTF L A E 608

CarMV RYNVELGRY WG4 4 jI G 472
TCV RYN~E&LKPY GIFGGG 477
MCMV lRNVEEGRYYIDI I KI G PIWVIGFd 668

CarNV F DHS_ 532
TCV tDHSLWHVpPIQl^DF}YVG 536
MCMV 728RFSRHS RGE

CarMV GM NLNNGDDCVLIC D TSGR 589
TCV ;G ETLNLASIsC5LNN GDW HRVDiD 593
MCMV G mID P REYhUN 788

CarMV GWIEPVY CQ 649
TCV lFGFtIAEEFUYELEEF 3VD8K 653
MCMV WNNE" 848

CarMV ---AQGGT IS G 705
TCV ECG A CLKRNFGP 712
MCMV VGECG L EY ----TL P S 908

CarNV IS A SrF I T V Xl Y 762
TCV s I?bwF4GTDXIE4DXl£leL 773
MCMV WQ FGYTP LEE965

Fig 4 Homology between MCMV plll CarMV p87 and TCV p87. The one
letter amino acid codes for each polypeptide have been aligned
using the FASTP protein homology program. The origin of the
amino acid sequence is in the left margin and the amino acid
residues of each viral polypeptide is shown in the right margin.
Homology is designated by open boxes. Stars represent the amber
terminators that presumably can be suppressed during translation.
Amino acids found in the GDD' motif of viral RNA replicases
(Kamer and Argos) have solid bars over them.

MCMV Homology to Carmoviruses
No significant nucleic acid homology has been detected

between MCMV and any plant viruses on the Bionet system. The
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predicted amino acid sequence of MCMV-specific polypeptides show
two regions of striking homology to polypeptides encoded by two

other plant RNA viruses. Figure 4 shows the amino acid homology
between MCMV plll, CarMV p87 (10) and TCV p87 (15). MCMV plll
has 46% homology to the TCV p87 and 41% homology to the CarMV

p87. The homology is even greater within the region beyond the
amber terminator (amino acid residue 439, 246 and 250 in MCMV,
TCV and CarMV, respectively). All three polypeptides are found

in the same region of the viral genome, result from the

suppression of an amber termination codon and the terminators are

located in the same position when the greatest amino acid

homology is aligned (Fig. 4). The highly conserved GDD' motif

found in a large number of RNA replicase genes from a wide

variety of RNA viruses (10,15,16) is found within the readthrough
portion of all three polypeptides (Fig. 4).

Significant amino acid homology also occurs within the

carboxyl terminus of p9 and the corresponding regions of CarMV p7
and TCV p8 (Fig. 5). Eight of the last twenty amino acids in the
MCMV p9 are identical to amino acids in either one or both of the
other peptides. Of particular note is the FNF (Phe-Asn-Phe)
tri-peptide sequence that is conserved in all three polypeptides.

DISCUSSION

The monopartite MCMV genome is 4437 nucleotides in length,
which is in good agreement with size estimations from sucrose
gradients (17) and denaturing agarose gels (5). Since the MCMV
genome is not polyadenylated (5), the 3' terminus is currently
defined to be the first adenine in the synthetic poly(A) tract.
The possibility exists additional nucleotides are present at the
3' end of the viral RNA. Computer analysis of the nucleotide
sequence of MCMV reveals at least four ORFs encoding polypeptides
of M, in excess of 8000 daltons. Readthrough of single
termination codons would result in two additional polypeptides.
Analysis of the sequence of the negative strand of MCMV RNA
indicates an ORF that could encode a polypeptide of 18.2 kd. It
is possible the 18.2 kd polypeptide is translated from some
replicative intermediate of the virus in the infected cell. At
this time however, there is no data showing the synthesis of such
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CarMV p7 1IIS14PVVGKQMINRGKQKTRRSVAKDAIRKPAS A HFNPI
TCV p8 MDPERIPYNSLS;DATG GGKSAKKRLVASHAASSVLN S IVAD
MClV p9 NVHNGYFGRNSRMSSSQTQSPPT T EDNHENQLENIAVHRNPI I

Fig 5 Homology between MCMV p9 CarMV p7 and TCV p8. Amino acids
have been aligned for greatest homology and open boxes represent
identical amino acids.

a polypeptide in infected plants. The calculated sizes of the

polypeptides encoded by four of the MCMV ORFs; plll, p31.6, p50

and p25 closely correspond to the observed molecular weights of

the 105, 32, 52 and 25.4 kd polypeptides synthesized in vitro

from MCMV RNA (5). It is not known if a in vitro polypeptide

corresponding to p9 exists because proteins in the translation

system have the same mobilities in acrylamide gels (Lommel and

Nutter, unpublished). The data reported in this paper are

consistent with p25 being the capsid protein. The single capsid

protein for MCMV has been estimated to have a molecular weight of

25.4 kd and is synthesized from a 1.3 kb subgenomic RNA. A 25.4

kd polypeptide synthesized in vitro is specifically

immunoprecipitated by antisera to the viral capsid protein (5).

p25 is in the region of the viral genome expected for capsid

protein, has biochemical properties similar to other capsid

proteins (10,14) and is very close to the calculated size of MCMV

capsid protein. The portion of the MCMV genome encoding the 41

and 44 kd polypeptides synthesized in vitro is not known at this

time.
Two MCMV polypeptides, plll and p32.7 may result from the

occasional suppression of single translational termination

codons. Suppression of termination codons has been seen in a

number of single-stranded RNA viruses (10,15,18,19,20). In some

instances, the resulting polypeptide is the replicase gene

(10,15,18), but the QB capsid protein has been reported to result

from the same mechanism (21). Suppression of translational

termination codons has been observed both in vitro (19) and in

vivo (22,23) and therefore has a central role in the expression

of viral genomes.
The location of the p9 in the viral genome raises the

possibility it is initiated from an internal AUG. This is

unusual in that the genomes of nearly all single stranded RNA
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plant viruses are considered to be monocistronic or functionally
monocistronic (24). In some cases, internally encoded

polypeptides are presumed to be translated from additional

subgenomic RNAs (14,25,26). Most notable are the reports that

CarMV and TCV, which shows considerable genome structure and

amino acid sequence similarity, produces a second subgenomic RNA

that is thought to encode the p7 and p8 polypeptides (14,26).
Northern analysis of double stranded RNA isolated from MCMV-

infected corn plants has detected a single subgenomic RNA that is

the proper length for encoding the viral capsid protein (5). It

is possible a subgenomic MCMV RNA for the p9 is synthesized only
at low levels early in virus infection. This would be analogous
to the I, subgenomic RNA responsible for synthesis of the 30 kd

protein in TMV (25). The IX RNA has been detected as long as

twelve hours post-infection.

The coding regions for p31.6 and p50 overlap for nearly the

entire length of p31.6, indicating highly efficient genome

organization. This has also been reported recently with the

barley yellow dwarf virus (BYDV) capsid protein and a 17.1 kd ORF

(20). The presence of overlapping polypeptides in MCMV and BYDV,
and the possible internal initiation of the MCMV p9 suggests a

modification of the scanning ribosome model for initiation of

translation (12) may be necessary to account for translation of

some polypeptides in these viruses.

There is no significant homology at the nucleic acid level
between MCMV and other viruses contained in the indicated
databases. Likewise, we found no amino acid homology between the
MCMV capsid protein and other viral capsid proteins, although as

noted above, the amino portion of the p25 of MCMV has a large
number of basic amino acids like other viral capsid proteins

(10,14). Significant amino acid homology does exist between two

putative MCMV polypeptides and polypeptides encoded by CarMV and

TCV. The similarity between the MCMV plll and the putative CarMV

and TCV replicase proteins is most striking. When the identical

amino acids are aligned, very few gaps are needed to preserve

alignment. Even the position of the termination codon presumed

to be occasionally suppressed during translation is conserved.
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The greatest amino acid homology is seen in the region of the
GDD motif' (16). The presence of this amino acid sequence has

been demonstrated in the putative RNA replicase of a wide variety
of single stranded RNA viruses (10,15,20,27,28). This data
argues the plll is the MCMV-specific RNA replicase. The homology
between the MCMV p8.9 and proteins of similar sizes in CarMV and
TCV, while less pronounced, are significant. Conservation of
these amino acids argues a similar polypeptide function.

Earlier reports have suggested classification of MCMV with
the sobemovirus group based on the size of the viral genome, size
of the viral particles and probable beetle vectors (29,30,31).
The sequence of the cowpea strain of southern bean mosaic virus
(SBMV-C) has been recently published (28) allowing comparison of
the genome organization and nucleic acid and amino acid sequences
of SBMV-C to MCMV. There is very limited amino acid homology
between MCMV and SBMV in the immediate GDD' motif (16) of the
putative polymerase genes. However, there are major differences
in 5' cap structure, genome organization and no significant
nucleic acid or amino acid homologies are found. These
comparisons do not support the criteria used for the original
classification of MCMV in the sobemovirus group.

There is considerable amino acid homology between potential
polypeptides encoded by MCMV and polypeptides made by CarMV and
TCV. Additionally, there are similarities in overall genome
organization between MCMV, CarMV and TCV. The use of these
criteria indicate that MCMV is more closely related to these
members of the carmovirus group (32). As more detailed
information is accumulated it may be possible to develop clearer
taxonomic relationships between MCMV and other single-stranded
RNA plant viruses.
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