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Two tobacco mosaic virus (TMV)-derived replicons, created by delation of most of the 126/183-kDa oper: reading
frame (ORF), replicated and systamically invaded tobacco plants when supported by wild type TMV. One RNA replicon
contsined an internal direct repeat of 476 nucleotides from the 3 end of the 30-kDe ORF. Although this RNA wos
replicated, mast of the progeny ware haterogeneous in size snd smaller than the original transcript. A sscend FMV-
derfved RMNA repticon, without any internally repested sequences and comtaining a deletion of the & portion of the
30-kDa ORF as wall as most of the 126/183-kDa ORF, was created and coinoculated with wild type THY as helper. This
RAA also was replicated efficiently and systemically invaded tobacco plants, An examination of the sequecces of cDNA
clenes obtainad sfter PCR amplification of the progeny population of this ANA replicon demonstratedd thet the ob-
gerved size heterogeneity was due to deletions and insartions adjacent to the artificially created defetion junction.
These deta demonstrate that a TMV Infection is capable of supporting an artificiatly crested RNA reglicen, simfar to
defective interfering RMAs or sateliites. Howevar, these dependent RNAs were replicated without noticesbly interfer-

ing with wild type TMV symptoms or replication.

INTRODUCTION

Many RNA viruses generate defective derivatives,
consisting of genomic RNAs with intemal deletions,
which replicate along with the viral genome {Schle-
singer, 1988). Replication of the helper virus is usually
reduced by the replication of the defective RNAs (de-
fective intarfering RNAs, Dls). However, this is a char-
acteristic that primarily is associated with RNA viruses
of animals. Although most plant viruses have RNA ge-
nomes, a striking feature of these viruses is a general
lack of Dis. Only the tombusvirus and carmovirus
groups have been found to generate Dis (Hiliman et &/,
1987; Burgyan et a/., 1989; Li et af., 1989). However,
many RNA plant virug groups do support a different
type of dependent repficon: satellite viruses and satel-
lite RNAs. In contrast 1o Dis, these dependent RNAs
have little or no sequence similarity with the helper
virus and do not appear to originate from the helper
genome {Francki, 1985).

There must be requirements for generation or sup-
port of DIs that are not sufficiently provided by most
plant RNA virus systems. One requirement for amplifi-
cation of a dependent RNA appears to be that the RNA
have specific cis-acting elements. Within the Sindbis
virus “supergroup”’ (Goldbach et al., 1880}, the /n vitro
replicase complexes of several members have been
found to amplify only related RNAs and this specificity
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is thought to be assaociated with specific sequences
(Lehtovaara et af., 1982; Levis et al., 1986; Tsiang et
al., 1988). Cis-acting elements reguired for RNA ampii-
fication of several plant virugses have been identified,
which, in general, occur at the termini, within the termi-
nal 100 nuclectides (nts) of the & end for positive-
sense strand promotion, and within the 200 3 terminal
nts for negative-sense strand promotion (Pacha et a/,
1890; Pogue et al., 1990; Rao and Hali, 1980}. Excep-
tions are the internal cis-acting element of brome mo-
saic virus RNA 3 (French and Ahdguist, 1887} and al-
falfa mosaic virus {Van Der Kuyl et af., 1990).

Dependent RNAs that replicate with a helper virus in
protoplasts have been produced in vitro by internal de-
letions in genomic RNAs (Pogue et &/, 1980; Pacha et
al., 1980). However, for a dependent RNA to replicate
and systemically invade an intact plant with the helper
virus, it must also move from celi to cell and from leaf to
leaf. With plant RNA viruses, this is thought to require
encapsidation. Most importantly, the dependent RNA
must be replicated and must move efficiently enough
1o effectively compete with the helper virus and not be
left behind as the helper invades the plant.

Tobacco mosaic virus (TMV) is a member of the
Sindbis supergroup, with a positive-sense, single-
stranded RNA genome (6395 nts) that encodes at least
four proteins (Goelet et a/., 1982). The 126-kDa protein
and the 183-kDa readthrough protein are produced
from the 5 open reading frame (ORF) of the virion RNA
{Pelham, 1978). The 30-kDa movement protein and the
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17.5-kDa capsid protein are translated from 3' coter-
minal subgenomic mRNAs that are produced during
replication (Siegel et al., 1976, Hunter et a/., 1976;
Beachy and Zaitlin, 1977). A satellite virus has been
found naturally associated with one tobamovirus and
can replicate with the help of any of several tobamovi-
ruses (Valverde et a/., 1921}, The only sequence simi-
larity between the satellite virus RNA and the helper
genome are two 50-nt sequences near the 3" termini
{Mirkov et &/., 1989}.

In this paper we report the construction in vitro of
TMV-derived, dependent RNA replicons that replicate
to high levels and systemically invade tobacco plants
with TMV as helper. The replicons were produced by
making approximately 5-kb deletions within the repli-
case ORFs of TMV. However, these dependent RNAs
were not replicated homogeneously. Instead, the prog-
eny consisted of heterogeneous populations with de-
letions and ingertions that were located primarily at the
original deletion/ligation junctions. These dependent
RNAs did not affect the ability of TMV to replicate nor
did they alter the effect of the virus upon the host.

MATERIALS AND METHODS
Construction of TMV-defective replicons

Transcripts of the wild type virus (TMV 204}, strain
U1 of TMV, and RNA replicons TMV-KKL and TMV-KL
(Fig. 1) were derived from pTMV 204, a complete geno-
mic clone of TMV (Dawson et &f., 1986). Nucleotide
numbering is that of Goelet et af. (1982). pTMV-KKL
was derived from pTMVS3-28 and pTMV-KK1.
pTMVS3-28 hag the coat protein ORF replaced with a
Xho! restriction endonuclease site {Dawson et af,
1988). pTMV-KK1 has a Xhol restriction endonuclease
site (3 non-TMV nts 3’ of TMV nt 4901) inserted be-
tween the 183- and the 30-kDa ORFs {Lehto and Daw-
son, 1990). pTMV-KKL was created by removal of most
of the 126/183-kDa ORF and the 5 half of the 30-kDa
ORF of pTMVS3-28 using the restriction endonucle-
ases Smal {258) and Avull {(52386), 10 create the inter-
mediate plasmid pTMV-DS3-28. An 11-bp fragment,
Xhot (& nonTMV nts 3 of nt 5712)-Ns/l (6202), of
pPTMV-DS3-28 was then replaced with the 1302-bp
Xhol (4901 + 3)-Nsil (6202} fragment of pTMV-KK1,
creating pTMV-KKL, which has a direct repeat of 476
bp of the 3" region of the 30-kDa ORF (6237-5712)
{Fig. 1B).

Plasmid pTMV-KL (Fig. 1C) was created frorm pTMV
204 by Smal (258} and Pvull (5236} digestion followed
by religation resulting in the deletion of most of the
126/183-kDa ORF and the &' portion of the 30-kDa ORF
{TMV nt 269-5236). Both mutant constructs were con-

firmed by restriction endonuclease and DNA sequence
analysis,

RNA transcription and plant inoculation

RNA transcripts of the Pstl linearized TMV plasmids
were produced with £. coli RNA polymerase (Ahlguist
and Janda, 1984; Dawson et al,, 1986). Helper virus
was amplified by inoculating the leaves of Micotiana
tabacum {L.) cv Xanthi-nc plants with pTMV 204 tran-
scripts and local lesions were harvested after 3-4
days. To establish systemic infections containing de-
pendent RNAs, the lower leaves of N. tabacum cv
Xanthi plants were inoculated with extracts from le-
sions containing TMV 204 virions and 18 hr later the
same leaves were inoculated with RNA transcripts of
pTMV-KKL or pTMV-KL. Nonincculated, upper leaf tis-
sue from plants inoculated 10 days earlier with TMV
204 virions and pTMV-KKL RNA transcripts (KKL/TMV)
was used as inoculum for subsequent passage of the
virus.

Virion isolation and preliminary analysis

Upper, noninoculated leaf tissue was harvested 3
weeks after inoculation and virions were isolated and
fractionated on linear sucrose gradients essentially as
described by Beachy and Zaitlin (1977). RNA was pre-
pared from virions as described by Chirgwin et al.
{1979}, except the CsCl fractionation was omitted. The
virion RNAs were analyzed by electrophoresis in formal-
dehyde—formamide denaturing agarose gels and
transferred to nitrocellulose followed by hybridization
with nick-translated probes (Ausubel et al,, 1987).

In vitro amplification and cloning

First strand cDNA was synthesized from 1 ug of vi-
rion RNA (Maniatis et a/., 1982} utilizing Moloney mu-
rine leukemia virus reverse transcriptase (Bethesda
Research Laboratories). Methylmercuric hydroxide
was used to denature the RNA and synthesis was
primed with 100 pmol of mixed oligonucliectide hex-
amers {Pharmacia LKB Biochemicals).

Polymerase chain reaction (PCR) amplification of
cDNA was optimized for the production of TMV sub-
genomic replicon cDNA while eliminating the polymer-
ization of full-length TMV 204 cDNA. Twenty cycles
were completed with a 1-minincubation period at each
temperature {94, 60, and 72°C). The polymerase reac-
tion mixture was 10 mM Tris—HCI, pH 8.3, 50 mAM KClI,
1.5 mM MgCl,, 0.001% gelatin, 0.2 mM of each dNTP,
and 20 units/ml of Tag polymerase (Cetus Corp.).
Three sets of primers, each at a final concentration of
50 pM, were used to amplify regions of the dependent
progeny RNAg,
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In order to produce the nearly full-length dependent
progeny DNA a one-fifth aliquot of the first strand
c¢DNA synthesis product was used as the DNA tem-
plate with the first primer set. The &' primer, 21(-),
which hybridized to the 3’ terminus of the negative-
sense strand, consisted of nine 5 nts that contained a
Sall restriction endonuclease site {underlined) and
TMV nts 1-20, 5-GACGTCGACGTATTTTTACAAC-
AATTACC-3. An internal 3' primer, 6291(+}, was used
that hybridized to TMV nts 8292-6312 and by the sub-
stitution of 1 nt (6304) incorporated a BamH| restriction
endonuclease site {underlined), 5-GACCCGCGGGAT-
CCAAGACAC-3.

A 100th aliquot of the initial amplification product
was used to reamplify segments of this PCR-produced
DNA, using two other primer sets. The 3 portion of the
prageny PCR DNA was amplified using primers
6291(+) and 5681{—} (nts 5658-5680, 5-TTTAATCG-
ATGATGATTCGGAGG-3). The 5 portion of the prog-
eny PCR DNA was amplified using primer 21{—) and
6672(+) {nts BB73-8682, b-CGGCGACAGTAGCC-
TCCGAA-31,

The DNA produced from the initial PCR amplification
of KL progeny cDNA was first phosphorylated and the
single-stranded ends were filed using the Klenow frag-
ment of Escherichia cofi DNA polymerase | (Ausubel et
al., 1987). cDNA clones were produced by ligating the
Sall and BammH\ restriction endonuclease cut PCR DNA
into pBluescript I} SK (Stratagene). A few clones were
obtained using Sall and Cfal (5667) restriction endonu-
cleases. The plasmid DNA was transfected into £. coli
IM102 cells {Hanahan, 1883} and clones containing
potential KL progeny were identified by their ability to
hybridize to a probe complementary to TMV nt bb41-
5603. The sequence of each of the clones was deter-
mined using 2',3'-dideoxynucleotide 5'-triphospates, a
varigty of primers, and Sequenase Version 2.0 (U.S.
Biochemical Corp.), essentially as described in Sanger
ef al. {1977).

RESULTS
RNA replicon KKL

The TMV-derived replicon, KKL, was the first RNA
tested to determine whether TMV can support a trans-
replicating defective RNA. KKL (2235 nts) has most of
the 126/183-kDa ORF {4644 nts} deleted and the 3" half
of the 30-kDa ORF (containing the coat protein sub-
genomic mRNA promoter) is duplicated and inserted
between the &' 258 nts of TMV 204 and the 30-kDa
ORF (Fig. 1B}

RNA transcripts of pTMV-KKL along with TMY 204
virus were used to inoculate the lower leaves of Xanthi
tobaceo plants. After the viral symptoms were visible in
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Fia. 1. Schematic representation of tobacco mosaic virus
(TMV}-derived RNAs. TMV nucleotide (nt} numbering is of the posi-
tive-sense strand and is from Goeiet ef af. {1982}, Transcripts of wild
type TMV (depicted in A} were created from a full-length genomic
copy of TMV (pTMV 204} and were used as the heiper virus for the
defective repficons. Replicon KKL (B} was created by a deletion of
TMV nts 259--4900 and by the insertion of nts 5237-5712 (denoted
by the arrow], resulting in a direct repeat of the 3’ portian of the
30-kDa ORF. The dasignation beiow the schematic is the numbered
TMV nits and the nonTMV s (conferring the Xho! restriction endonu-
clease site} that are contained in this replicon. Replicon KL (C) was
created by a deietion of nis 258-5236 from TMV 204. The subgeno-
mic mRNA promoter region (sgp) for the coat protein gene (CP) is
displayed as well a3 the origin of assembfy (OA} ragion. The restric-
tipn endonuclease sites used in the canstruction of the TMV-depen-
dent mutants are S, Smal (268); P, Puull (5238); and N, Msit (8202}.
5/P refers 1o the deletion junction, utibzing the Smat and Pvull restric-
tion endonucieases.

the upper noninoculated leaves, an extract of these
leaves was used as inoculum 1o infect a second set of
ptants. The wvirus was subsequently passeged two
more times from systemically infected tobacco feaf tis-
sue. There was no naticeable effect on the symptoms
of the plants inoculated with TMVY 204 plus RNA tran-
scripts of pTMV-KKL (KKL/TMV) compared to control
plants inoculated with TMVY 204 alone. When tran-
scripts from pTMV-KKL were used as the sole inocu-
tum, piants developed no symptoms, nor were any
viral-like particles recovered from them,

Systemically infected ieaf tissue was harvested from
the third passage plants infected with TMV 204 alone
and those infected with KKL/TMV, and virions were
isolated and fractionated on a linear sucrose gradiant.
Virions prepared from TMVY 204-infected leaves frac-
tionated primarily into one uv-absorbing peak, whereas
profiles of virions from KKL/TMV-infected tissue con-
sisted of two prominent peaks (Fig. 2). When virions
from these peaks were viewed by transmission elec-
tron microscopy, virions from the TMY 204 peak and
peak B of the KKL/TMV sucrose gradient were predomi-
nantly the length (300 nm) of wild type TMV (Fig. 3AL
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FiG. 2. Ultraviclet absorbsnce profile of virion preparations frac-
tionated on a linear 10-40% sucrose gradient. The solid line repre-
sents the profile of virions prepared from Xanthi tobacco piants in-
fected with TMV 204 virions alone. The profile ot virions prepared
from leaves infected with TMV 204 virions plus pKKL transcripts
(KKL/TMV) is displayed as the dashed ling.

Peak A of the sucrose gradient of KKL/TMV did not
contain a homogeneous poputation of small virions of
the expected size of KKL (105 nm). Instead it consisted
of a heterogeneous population of virions, between 40
and 150 nm, with most approximately 60-75 nm in
length (Fig. 3B).

Virion RNAs were extracted and fractionated in a de-
naturing agarose gel, transferred to nitrocellulose
paper, and hybridized to ¥P-labeled DNA that con-
tained nts 5080-6395 of TMV. Total TMV 204 RNA
migrated primarily as a single major band consisting of
the full-length genome of TMV (Fig. 4, lane 1). Total
RNA from KKL/TMV virions resolved into multiple
bands {Fig. 4, lane 3), one that comigrated with the
full-length genomic RNA band and a population of
bands that predominantly were smaller than the in vitro
transcript of pTMV-KKL {the 2247-nt standard). Analy-
sis of KKL/TMV RNA from fractionated virions from the
sucrose gradient peak A (Fig. 2) showed a population
of virion RNA bands {Fig. 4, lane 4) that was not found
in the peak A fraction of the TMV 204 gradient (Fig. 4,
lane 2). Although there was substantial size heteroge-
neity, the predominant RNAs of the popuiation result-
ing from the introduction of pTMV-KKL transcripts
were smaller than the original pTMV-KKL transcripts.
When virions from peak A of Fig. 2 were sedimented
through a second sucrose gradient, there was further
fractionation with the RNAs prepared from viriong in
the upper shoulder of the peak migrating as a diffuse
band smaller than the 15627-nt standard (Fig. 4, lane b).

These data demonstrated that a TMV-derived, de-
fective replicon could be propagated with wild type
TMV in tobacco plants without greatly affecting the

Fia. 3. Transmissign electron microscopy of virions stained with 2% uranyl acetate: (A) wild type sized TMV virions {300 nm in length) obtained
from peak B of the sucrose gradient presented in Fig. 2, (B) virions from peak A of the sucrose gradient of KKL/TMV virions (Fig. 2}, and (C)
unfractionated virions, derived from KL/TMV-infected plants. The length of the bar located in the lower left comer of each micrograph represents

approximatefy 100 nm.
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Fic. 4. Nosthern blat hybridization analysis of RNA populations
prepared from sucrose gradient fractionation of virions derived from
TMV 204 and KKL/TMV-infected tobacco tissue. Three micrograms
of RNA were eiectrophoresed in a 1.2% agarose formaldehyde—for-
mamide denaturing gel. Lang 1, total TMV 204 virion RNA; lane 2,
RNA from sucrose gradient peak A {Fig. 2} of TMV 204 virions; lane
3, total KKL/TMV virion RNA; lane 4, RNA from sucrogse gradient
peak A (Fig. 2} of KKL/TMV virions: and lane 5, virion RNA from the
upper shouider of a second gradient of the virions found in the KKL/
TMV sucrose gradient peak A. RNA was hybridizad to a nick-trans-
lated probe containing the 3' portion of pTMV 204 (5080-6395). The
migration of RNA tranacripts used as the size standards is marked at
the extreme night of the figure: 6395 nts, pTMY 204 transcript; 2247
nts, full pKKL transeript; and 1527 nts, partial pKKL transcript.

accumulation of helper virions or the symptoms in-
duced by the helper virus. However, the original pTMV-
KKL transcript appeared not to be faithfully repro-
duced. Most of the short virions (Fig. 3B} and the RNAs
from them {Fig. 4, lane 4) were smaller than expected,
suggesting that some sequences of the original tran-
scripts were lost during replication. In an attempt 10
identify which sequences ware missing, this RNA prep-
aration was analyzed by Northern blot hybridizations
and direct RNA sequencing. When probes specific to
the origin of assembly, the coat protein ORF, or either
the & or 3’ untranslated regions were used in blot hy-
bridizations, the results were essentially identical to
those shown in Fig. 4, lane 4, suggesting that these
sequences were retainad in most of the RNAs (data not
presented). When the population of RNAs was directly
sequenced using a primer to initiate in the coat protein
ORF or 150 nis from the %' terminus, a unique se-
quence was obtained, again suggesting that these se-
guences were retained in most of the RNAs. However,
when sequencing was initiated from the origin of as-
sembly {at nt 5602), the sequence was unique for
about 100 bases and then stops occurred in all lanes,
suggesting the lack of a unique sequence in this area
within the RNA popuilation (data not presented).

To further characterize the heterogeneous progeny
RNAs of KKL virions, the PCR, aptimized to amplify the
small, deleted TMV RNAs, was used to amplify cDNAs
of these RNAs. Since attempts to amplify cDNAs utiliz-

ing & primer to the 3’ terminus of TMV resulted in muiti-
ple bands, probably due to the high C+G content of
this area, an internal 3’ primer was utilized. The nearly
full-length sequence of the defective replicons could
be amplified using primer 8291(+) which hybridizes to
TMV nts 6292-6312 and the b’ primer, 21(—}, which
hybridizes to the complement of TMV nts 1-20 (see
Fig. bA). Amplification of other small TMV-related
RNAs, such as subgenomic mRNAs or fragmented
TMV RNAs, which would lack either or both termini,
was prevented using these primers. All primer sets,
along with the PCR reagents, were always run without
any DNA template and nane of these control reactions
produced any DNA that was detected by electropho-
retic analysis in nondenaturing agarose gels (Fig. 5C,
lane 1). Although these primers would also bind to the
wild type TMV genomic ¢DNA, short polymerization
times were designed to favor the amplification of
smailer DNAs. When cDNA of TMV 204 RNA was used
as the template for the PCR reaction, essentially no
DNA was detected (Fig. 5C, lane 2). When cDNA of
KKL/TMV RNA was amplified by this assay, a haeteroge-
neous pattern, ranging in size from 300 to 2200 bp,
with a concentration of hands between 900 and 2200
bp, was observed (Fig. 5C, lane 3). The 2161-bp stan-
dard was the PCR product obtained when cDNA of
DNase treated in vitro transcripts of pTMV-KKL were
used (shown as the marker to the left of lane 3). Some
of the progeny RNAs of the KKL/TMV infection were
the size of the criginal transcript, but many of the prog-
eny RNAs were smaller.

The location of the size heterogeneity within the KKL
progeny molecules was determined by reamplification
of a small aliquot of the initial PCR-produced DNA
{shown in Fig. 5, lane 3) and by using primer sets (Fig.
5A) designed to amplify 5" and 3’ segments of the PCR
DNAs. Controfl PCR DNA produced using the 3' primer
set[6681(—) and 629 1{+)] with ¢cDNA of DNase treated
in vitro transcripts of pTMV-KKL. as the template mi-
grated as two bands of 1473 and 655 bp (markers to
the left of lane 4), reflecting the two binding sites for
one of these primers [6681(~}]. When the 3 portion of
the KKL progeny PCR DNA was reamgplified using this
primer set, a single band of approximately 650 bp (Fig.
5C, lane 4), which comigrated with the smaller of the
two control DNA bands, resulted. Reamplification of
PCR DNA from full-fength TMV 204 ¢cDNA (shown in
Fig. b, lane 2), using this primer sst, resulted in a very
faint band of similar size {data not shown). These data
demonstrated that the 3" approximately 700 nts of the
progeny RNAs were homogeneous and that the addi-
tional binding site in the repeated coat protein subgen-
omic RNA promoter region of KKL was not preaent in
most of the progeny RNAs.
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Fia. 5. PCR amplification analysis of cDNA derived from TMV 204, KKL/TMY, or KL/TMV total virion RNA under reaction conditions designed
1o amplify only the defective replicon progency cDNA. Schematic representation of the inoculated transcripts KKL (A) and KL {B} are presented as
in Fig. 1 along with the relative pasition of the primers and the expected products (arrowheads and connecting lines) of the two amplification
steps. The initial PGR procedure used the first primer set [primers 21(—) and 6291(+)] and amplified the nearly full-length defective replicon
cONA. A small aliguct of the product of this PCR amplification was reamplifisd using two other primer sets designed to amplify either the 3'
[primers 5681(—) and 6291(+)] or the &' [primers 21{—} and 5872(+)] terminal segments of the defective replicon progeny PCR-produced DNA.
The open arrow above the schematics denotes the repeated region found in the KKL defective replicon and amplification of either termal
segment of this replicon would be expected to resuit in two DNA products. (C) Nondenaturing 1.5% agarose gel electrophoretic patterns of
ethidium bromide-stained PCR-amplified DNA. All primer sets were subjected to a PCR amplification reaction without the addition of an
exogenous DNA template and fane 1 shows the typical products from such a PCR analysis, here using the first primer set. Analyses of cDNAs
associated with the replicon KKL are presented in lanes 2 t0 5. Lane 2 is the PCR product using template cDNA prepared from TMV 204 total
virion RNA, with the first primar set, 21(—) and 6291(+). This same primer set produced the PCR products seen in lane 3 when KKL/TMV virion
RNA-derived cDNA was amplified. The secondary PCR amplifications of this KKL progeny PCR-produced DNA are displayed in lane 4 when the
3 primers, 5681(—) and 6291(+), were uged and in lane 5 when the 5 primer set, 21(—) and 5672(+), was used. Analyses of cDNAs associated
with the replicon KL are presented in lanes 6 to 9. Lane 8 shows the results of the initial amgplification of cONA derived from TMV. 204 virion RNA
using the first primer set, and lane 7 is the profile of the products of KL/TMV virion RNA-derived cDNA amplification with this same primer set.
Reamplification of the KL progeny PCR DNA seen inlane 7 using the 3' primer set and the & primer set is displayed in lanes 8 and 9, respectively.
The markers to the left of each lane denote the migration of the standard PCR products using cDNA derived from DNase-treated KKL transcript
(lanes 3-5) and DNase-treated KL transcript {lanes 7-9}. The markers to the extreme right depict the migration of selected bands from a
Pstl-digested A DNA electrophoretic pattern used as size standards. All the standard markers are labeled according to the number of base pairs
contained in the DNA associated with that band.
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The DNA produced by the 5 primer set [21(—) and
5672(+)], using cDNA of pTMV-KKL transcripts, re-
sutted in two bands of 1541 and 723 bp (markers to the
left of lane b}, because of the two binding sites for ane
of these primers [5672(+)]. However, a heterogeneous
smear with discrete bands resulted when the PCR
DNA representing the & portion of the KKL progeny
was analyzed. These data suggested that the 5" por-
tion of the KKL progeny was heterogeneous, ranging
from approximately 700 o 1300 bp (Fig. 5C, lane 5)
due to various sized deletions within the 5" half of KKL.
When PCR DNA of full-length TMV 204 cDNA (Fig. 5,
lane 2) was reamplified using this set of primers, no
detectable bands were observed {data not shown).

The 3’ half of the pTMV-KKL transcripts, which in-
cluded the 3’ portion of the 30-kDa ORF, the coat pro-
tein ORF, and most of the 3’ untranslated region, was
retained in most of the progeny RNA. However, within
this population of RNAs, there appeared to be exten-
sive deletions within their 5’ sequences.

RNA replicon KL

In an attempt to determine whether a deleted, de-
pendent RNA could be replicated and transported
throughout the plant with more stability than that ob-
served for KKL, two modifications were made. One, a
procedural modification was to reduce the time of prop-
agation of the dependent RNA. Progeny virions were
igolated from the upper leaves of the first plants inocu-
lated. The second modification was to alter the se-
auences contained within the replicon. One factor now
known to greatly affect the stability of sequences
within the TMV genome became evident as this work
was being done. Directly repeated sequences facilitate
the loss of sequences between the repeats if they are
not required for the replication of the virus. For exam-
ple, TMV mutants with additional copies of the coat
protein (Beck and Dawsan, 1990}, 30-kDa {Lehto and
Dawson, 1990) ORFs, or the coat protein subgenomic
mRNA promoter region {Dawson et af., 1989) quickly
lost the repeats and the imtervening segquences upon
replication. Thus, the second RNA replicon examined,
Ki., did not have directly repeated sequences, while
the maijority of the 126/183-kDa QRF and the & half of
the 30-kDa ORF (4878 nis} were removed (Fig. 1C).
The 3’ half of the 30-kDa ORF, containing the origin of
assembly and the subgenomic promoter for the coat
protein, was ligated to the &' 258 nts of TMV resulting
ina 1417-nt RNA. The coat protein ORF and the full 3'
untranslated region were not changed.

Transcripts of pTMV-KL, along with wild type TMV
204 virus as helper (KL/TMV), were used to inoculate
Xanthi tobacco plants and systemically infected leaves

were harvested 3 weeks after inoculation of the lower
leaves. As in the KKL/TMV infection, no significant
change in symptomology was observed, compared to
plants infected with only TMV 204. An examination of
several electron micragraphs sugpested that virions
from KL/TMV-infected tissue consigted of full-length
virions and a heterogeneous population of small virions
{Fig. 3C), which seemed to be less heterogeneous
than that observed for the KKL/TMV virions (Fig. 3B).
Sucrose gradient profiles of TMV 204 virions resulted
in, predominantly, a single peak, while a KL/TMV virion
profile contained two peaks, essentially as shown for
KKL/TMV virions {Fig. 2). A comparison of the relative
yields of full-length virions of KL/TMV compared ta that
of TMV 204 alone demonstrated that the support of the
defective KL population by the helper, TMV 204, re-
sulted in little or no significant reduction of helper virus
yiglds. In two experiments, the total vield of virons from
KKL/TMV-infected leaves was 3.4 and 4.3 mg/g fresh
weight compared to the yield of virus fror TMV 204-in-
fected leaves of 2.7 and 3.7 mg/g fresh weight, respec-
tively.

To characterize the KL progeny virion RNA, cDNA
synthesis followed by PCR was used to amplify total
viral RNAsg, using PCR reaction times designed 10 pre-
vent amplification of the helper cDNA, as described for
the characterization of KKL progeny. Primers were
used that bound to the complement of TMV nts 1-20
[21(-)] and to TMV nts 6282-6312 [6201(+}]. Amplifi-
cation of the cDMNA prepared from virion RNA from TMV
204-infected plants resulted in no detectable DNA (Fig.
5C, lane 8). The KL. standard, derived frorm a PCR analy-
sis which used these primers and cDNA from DNase
treated in vitro transcripts of pTMV-KL, migrated as a
single band at 1343 bp {shown as the marker to the left
of lane 7 of Fig. 5). DNA representative of total KL/TMY
virion RNA consisted primarily of two diffuse bands of
approximately 1000 and 1200 bp {Fig. 5C, tane 7), both
considerably smaller than the KL standard.

To locate the region responsible for the smaller size
and heterogeneity of the KL progeny papulation, two
primer sets were used 10 reamplify eitherthe 3 orthe &
half of the initially produced PCR DNA (Fig. 5B). Ream-
plification of the 3’ half of the progeny PCR DNA, using
primers 5681(—) and 62314}, resukted in a single, ho-
mogeneous band that comigrated with the PCR DNA
{655 bp) produced using the same primers and cDNA
to DNase-treated pTMV-KL transcripts (Fig. 5C, lane B,
and the marker to the left), When the & portion of the
progeny PCR DMA was reamplified using primers 21(-)
and 5672(+], a heterogeneous profite resulied (Fig. 5C,
lane 9), which migrated primarily as two bands about
200-300 bp smaller than the respective standarg (723
bp) which used PCR DNA to cDNA of DNase-treated
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pTMV-KL transcripts {shown as markers to the left).
Amplification analyses of TMV 204 PCR DNA. (Fig. B,
lane 6) resulted in a faint band using the 3’ primer set
and none using the 5 primer set {data not shown).

These data demonstrated that the KL progeny RNA
population consisted predominantly of two size
classes, about 200 and 300 nts smaller than the origi-
nal RNA transcript, and that the size heterogensity was
due to internal deletions within the b’ region. This was
reinforced by sequence analyses of the PCR DNA
shown in Fig. 6C, lane 7. Four different primers within
the 3 850 nts of the progeny PCR DNA resuited in
unigue sequences that matched those sequences
found in the 3’ region of pTMV-KL, whereas sequences
using primers within the 5 region gave mixed se-
quences (data not shown).

To further characterize the B’ heterogeneous regions
of the KL progeny virion RNAs, PCR DNA derived from
two separate viral preparations was cloned into the
pBluescript Il SK plasmid. The first four cONA clones
shown in Table 1 and Figure 6 were cloned using PCR
DNA that amplified the 5’ region of the KL progeny, nts
1-6692 (Fig. 5C, lane 9). The remaining 26 cDNA
clones were derived from a second viral preparation
and the almost full-length PCR DNA of the KL progeny
was cloned, nts 1-6304 (Fig. b, lane 7). This sampling
of the KL progeny indicated that the RNAs ranged in
size from less than 1000 to almost 1500 nts, with most
about 1000-1200 nts, and one {C6) was only 236 nts.
The sequences of these clones are summarized in Ta-
ble 1 and the &' portion of the representative RNAs are
schematically drawn in Fig. 6.

DNA sequence analyses of the ¢cDNA clones that
were derived from Kl. progeny RNA showed that the
hetercgeneity was due to deletions and in a few cases
additions at the original deietion and ligation junction of
pTMV-KL (nt 258:5237; see Figs. 1 and 6). All except
two clones had the 3 approximately 220 bp (TMV nt
5380-6304) intact. Few nucleotide substitutions were
found. Only four clones (3Ct2, C28, C76, and C79)
contained nuclectides not consistent with the TMV
204 sequence (Goelet et af., 1982), This usually was an
adencsine being replaced by a guanosine residue.
Four clones (3C12, C28, C62, and C64) contained nu-
cleotide insertions (usually one) between the & and 3
border sequences at the deletion junction (Table 1).

One modification observed in all the cDNA clones
was the delgtion of sequences adjacent to the original
hybrid junction of pTMV-KL, nts 2568:5237 (Fig. 6). The
deletion of the border sequences 5 of the original
pTMV-KL junction were heterogeneous ranging be-
tween 70 and 235 nts and averaging about 100 nts.
Seven of the clones had the start codon for the 126/
183-kDa ORF deleted. Of these, clone C84 retained

TABLE 1

SUMMARY OF THE SEQUENCE ANALYSES OF 30 CLONES OBTAINED FROM
PCR AMPLIFICATION OF KL PROGENY CDNA

Clone 5 TMV terminus 3’ Region of TMV
KL 1-2568 5237-6396
3C12 1-BOOTTTT 5449-5667
(Tto C:161; Ato C:246;
Ato G:281 and 469}
ac4 1-165 B377-5667
3ch 1-86 5183-b667
8Cs 1-134 53815667
Ci1 1-27: 45-63 5326-6304
cz 1-116 5385-6304
C6 1-80 6291-6376. 6237-6304
ca 1-425 5455-6304
G21 1-102 5374-6304
Cz26 1-102 5374-6304
cav 1-166 5346-6304
ces 1-451: A 5263-6304 (A to G:232)
C31 1-176 5405-6304
C34 1-44: 368-372 5378-6304
35 1-187 5382-6304
C38 1-468 5377-6304
(o713 1-87 5387-6304
Ca7 1-109 5376-6304
c48 1-306 5386-6304
Ch4 1-4B5 5252-6304
Ch5 1-115 §375-6304
Ch6 1-69 5301-6304
ChB7 1-306 5386-6304
Ch1 1-64 5338-6304
c62 1-74: A 5375-6304
C64 1-23: T 5303-6304
C78 1-45 5412-6304 {A t0 G:5432)
C79 1-168 5350-6304: 6199-6304
(A to G:5439)
C8b 1-66 5419-6304
C86 1-186 5381-6304

Note, Nucleotide numbering is taken from Goelet et af. (1982). The
clone KL indicates the construction of the griginal TMV mutant tran-
script. The next four are KL progeny that were cloned to include the
Clal site (8667). Tha remaining KL progeny clones included an engi-
neeted BamH|, site (6304). Nucleotides shown betwsan the 5 TMV
terminus and the 3' region of TMV denote inserted nucleotides found
in four of these clones (3C12, C28, C82, C64). Denoted in parantha-
ses are the base substitutions found in four clones (3C12, C28, G78,
C79), with the TMV nucleotide location for this exchange indicated.
Duplication of TMV nuclectides within the 3' untranslated region
found in two clones, C6 and C79, are presented.

only 23 nts of the 5 terminus. Four additional clones
retained less than 100 nts of the TMV & end, 12 re-
tained 100—-200 nts, while none retained nts 200-258
of the original 5' terminus.

Deletions of sequences 3’ of the original KL junction
also occurred, with 15-218 nts removed, averaging
about 150 nts. However, these deletions were less het-
erogeneous. Half of the deletions ended within the
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TMV 204 nuclectide number
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Fic. 6. Schematic representation of the §" portion of the sequence
determined for each of the clones obtained after the PCR amplifica-
tion of the KL progeny cDNA. A detailed presentation of this data is
found in Table 1. The line a1 the tap of the figure represents the
positive-genge TMV RNA nuclectide numbering of Goslet er af.
(1982}, showing TMV nts 1-520 and 5160-5480. The schematic at
the bottorn of the figure represents KL, the original transcript, with
the vertical dashed lines delineating the deletion junction. The re-
maining horizontal lines represent the KL progeny clones obtained
after PCR armplification. The saolid horizontal lines on the left repre-
sent the locations of nucleotides sequenced for each clone that
correspond to those that are in the § terminus of TMV, and the
vertical bar indicates the presence of the start codon for the 126/
183-kDa ORF. The dotted horizontal lines on the right represent the
lccation af the nucleotides sequenced for each clone that carre-
spond to those within the 37 portion of the TMV 30-kDa ORF. The
nucleotides to the left of some of these dotted lines are the nucleo-
tides found insened between these regions. The seven symbols de-
note the approximate location of base substitutions not consistent
with the TMV sequence. A circle represents the location where a
guanosine replaced an adenosine, the square shows where a cyto-
sine replaced a thymidine, and the triangle denotes where a cytosine
replaced an adenosine. The asterisks on the far right denote two
clones that contained a duplication of portions of the 3° untransiated
region.

same 14-nt area (TMV nta 5374-5387) and eight
ended within a 5-nt ragion {(§374-5378). This area is
slightly 5" of the origin of assembly. Two clones, 3C12
and C9, had a portion of the origin of assembly region

removed, However, both retained the 3 portion of this
area, which is thought to play an essential role in en-
capsidation (Tumer et al, 1988).

Another type of modification, found in nine cionas,
was the addition of sequences not found in the griginal
pTMV-KL transcript, but found in the wild type helper
virus. These additions extended beyond the oniginal
hyhrid junction. One clone, 3C5, had an addition of 54
nts to the 3’ border of this junction (nts 5183-6236),
while 172 nts werg removed from the % border. Eight
clones (3C12, C9, C28, C34, C38, C48, Ch4, and C57)
had 48-242 nts added to the &' border of the origina!
kL junction. Each of thesa insertions coincided with a
deletion of 156-218 nts from the other border. One
clone, C34, appeared to have deletions within the
added sequences. The 5 end consisted of nts 1-44,
followed by nts 368-372, and then the 3’ portion con-
sisting of nt 5378 and progressing to the 3’ terminus.
An additional clone, Cl, also appears to have resulted
from multiple deletions, but without the addition of
nonkl. sequences,

There were two cDNA clones with a substantial du-
plication of similar sequences within the 3’ untrans-
lated region. One {C79} maintained the 3’ portion of the
30-kDa ORF and the coat protein ORF, while the other
{C6) had these sequences deleted, so that only the 3’
untranslated region remained (Table 1}.

DISCUSSION

TMV-derived RNAs with more than two-thirds of the
genome deleted, when coinoculated with 2 competent
TMV genome as helper, replicated as dependent repli-
cons, assembled into virions, and spread throughout
the plant with the helper virus. The TMV replication
complex was therefore capable of replicating the sub-
genomic replicons created from TMV. This ability of
the viral replicase complex to replicate an RNA /n trans
is similar to that reported for other viruses in the Sind-
bis virus “supergroup’” {Lehtovaara et af,, 1982; Levis
etal., 1986; French and Ahlquist, 1987, Van der Kuyl et
al., 1990; Pacha et a/., 1990; Pogue et af, 1990}, but
apparently dissimilar to that of picarnaviruses (Kuge et
al., 1986; Hagino-Yamagishi and Nomoto, 1889), Al-
though no defective interfering RNAs (Dig) have been
found naturally associated with tobamoviruses, these
artificially created RNAs not only replicated efficiently
in initially inoculated cells, but were competitive
enough to move with the helper virus dunng propaga-
tion throughout the entire ptant, similar to the naturaily
oceurring dependent replicons of plants: Dis, satellite
viruses, and satellite RNAs.

A major difference between the TMV-dependent
RMAs and typical Dis or satellites was that these TMV
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subgenomic replicons did not interfere with the replica-
tion of the helper virus, Normal concentrations of the
heiper viricns were produced in addition to the high
levels of subgenomic virions. In most virus—plant asso-
ciations in which a dependent RNA replicates with the
helper virus, the symptoms produced by the virus are
also alerad. However, neither of the TMV-dependent
RNAs that we examined had a noticeable effect on
symptoms caused by TMV in tobacco. In a parallel sys-
tem, the gatellite virus that replicates with TMV also
does not alter symptom production, although its repli-
cation does appreciably decrease helper virus yields
{Valverde et af., 1991),

The progeny of both deletion mutants were hetero-
geneous, with most of the population being smailer
than the input transcripts. This heterogeneity was simi-
lar to that described for naturally produced DIs originat-
ing from genomic RNAS in numerous virus systems
(Kaariainen et af., 1981; lennings eraf, 1983, Barrett et
al., 1984; Makino et a/., 1985; Kuge et a/., 1986; Hill-
man et al,, 1987; Li et al., 1989). Sequence analyses of
PCR DNA and cDNA clones of the progeny of KL dem-
onstrated that the 5 terminus and a large 3 region,
containing the origin of assembly, coat protein sub-
genomic mRNA promoter, coat protein ORF, and the
untranslated 3' end generally were retained, whereas
various deletions and occasionally insertions occurred
at the original deletion junction. It is possible that repli-
cation of mutant transcripts KKL and KL through a sin-
gle cycle in protoplasts would have resulted in a more
homogeneaus progeny, as has been demonstrated
with bromoviruses (French and Ahlquist, 1987; Pacha
et al., 1990; Pogue et /., 1990). However, forcing the
TMV subgenomic repiicon to propagate inintact plants
not only required efficient replication, but efficient en-
capsidation, cell-to-cell movement, and iong-distance
movement. Bacause of the probable requirement of
encapsidation for efficient long-distance movement
(Sanger, 1968; Siegel et al, 1962; Dawson et al.,
1988}, our sampling of progeny RNAs was probably
prejudiced by our isolation from systemically infected
tissue. The heterogeneity observed in the progeny pop-
ulation probably reflects multiple selection pressures
resulting from the in planta propagation. Some of the
sequences retained in these progeny RNAs are cis-
acting elements required for replication and/or encap-
sidation. While other sequences might not be abso-
lutely required, they may enhance efficient replication
or movement,

Previous work using mutations in the TMV genome
defined regions that can be deleted without blocking
replication and viability of the helper virus. Mutants
with the 30-kDa and/or the coat protein ORFs deleted
retain the ability to replicate (Meshi et af., 1987; Taka-

matsu et af., 1987; Dawson et af., 1988). Also, the virus
will replicate with deletion of one of the three (Dawson
et al.,, 1988) or even two of the three (Takamatsu et &/,
1890} pseudoknots found in the TMV 3’ untransiated
region between the coat protein ORF and the tRNA-iike
region {Van Belkum et af, 1985}). At the & end, the
terminal 8 nts and nts 48-61 have been found to be
required for replication of genomic TMV {Okada et 4f.,
1980). However, the experiments reported here with
the dependent RNAs measure different reguirements.
The dependent RNAs were replicated jn trans without
arequirement far gene expression, but with the require-
ment to compete with the wild type population during
systemic infection of the plant. These experiments
suggest that little &' sequence is required because
some of the prageny RNAs retained less than 100 nt of
the &’ end (11 of 30 cDNA clones) with one having only
the &' 23 nts. Even though TMV mutants with deletions
in the coat protein ORF and the untranslated 3’ end
retain the ability to replicate, virtually all of the modified
progeny of KL retained a large area of the 3' region
unmodified. This might suggest that for a TMV-based
replicon to replicate and spread efficiently in tobacco
little modification of this region can be tolerated. Other
mutants of TMV that we have examined with insertions
that separated the coat protein ORF from the 3’ un-
translated region have replicated much more poorly
than similar mutants with the same insertions between
the 30-kDa and coat protein ORFs (Dawson et al.,
1889; Beck and Dawson, 1980; Lehto and Dawson,
1990). For competitive replication and invasion of in-
tact plants, the requirements of a TMV-based RNA ap-
pear to be cis-acting sequences which apparently con-
sist of legs than 100 &' nt, but perhaps a large 3' region
containing considerably more than the negative-sense
strand promoter and the origin of agsembly.

A possible mechanism to explain how the diverse KL
progeny arose results from the proposed ability of viral
replicase complexes to dissociate and switch tem-
plates. Two types of copy-choice strand switching
have been proposed 1o explain recombination and pro-
duction of Dls in viral systems (for reviews, see Lazza-
rinieral,, 1981, King, 1988). In homologous recombina-
tion, restart is favored by the nascent RNA finding com-
plementary or near-complementary sequences, which
would preferentially favor restart at the same seguence
within the genome from which the replicase complex
dissociated, aithough not necessarily on the same
template molecule. Alternatively, heterologous recom-
bination does not require complementary binding be-
tween nascent chain and template chain upon replica-
tion restart which can therefore occur at various posi-
tions. The deletion of seguences from the TMV
dependent RNAs could be the result of the replicase
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++-GAAAG ACAGT ___ ATTGA ACTAT

3C12 444c6 75454 T GACGGAGGGC... |
*+*CGTCTTTACG ACACA GCGGT
3C4  Trcrc 16646 N TTTCTGTCGG: - _
++CACACAGACA GCTAC CACAT
3C5  Te7ere67es . ACAAAAGGAT:-- |
+++CAACTCCTTG GTCAA TGATC
9C5 T o7664 67776 TGTCGGTGTG:* _
«+» ACCAACAACA ACAAA CAACA
C1A  “4CiA4 CAACA - _TTACAATTAC':: |
C1B " ATTACAATTA N~ CTAT]TALAA
CLB AGTTTTAGTT . AATATTAGAA::: _
c2 +++ GGACACTGTC CEAGG AAACA
e . AGTIT GIGIC > GGTGTGTATT... |
+»+ GGCATACACA CAGAC AGCTA
COA ATCHA AGEET - TGTGTCTTGG::: ]
+++ ATCCCCCCGT TACCC CCGGT
C6B  Ccora ATCAC - ACGTGETGCG ...
++» GTTCAAGGGA CGAGC ATATG
_C9__ GAGAG ACGGA > GGGCCCATGE ::
c21 ** ACATCAGCTT S TGCTE GACAC
26 ___GLITT CICTE. X GAGTTTGTGT::: |
. GTCTTTACGA CALAG CGBTT
C27 " AT676 AAGAT. 2 GTCAGCGGGT .- |
28 . GCTGCATGCC\A\ CAACC TGGAC
c28 TCAGT TCAAG. . GTCGTTCCCA::: |
** CACAG CGGTT GAAGAGTTTA
C31  GT7TA TAGAA > ATAATATAAA:-- |
T RCARACAAGK < TTALA ATTAC
C34A " 76044 ATICC > CTACGTTGTG -
=+ ATTCCCTACG GATCA TTGAC
C34B /o707 G6AGT S TTGTGTCGGT **
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+++ AAGAGTTTAA C6CTC GTGAC
_C35 TEBAB TTTST > GTCGGIGTGT..-
- GACGTTCGAG ACATC ATECG
U388  T7CTC76GAG - TTTGTGICGG---
*** ACACAGACAG CTACC ACATC
__Ei? ........ [LKGZ’.GJZGE:IGIGIAHGI' .
cir g
oo LITET CTGGA - GTTIGTGTCG -
++GCGGCACGAA GGCCA GAAAG
G54 4AGAA AAGAT > TTCAGTTCAA ---
- TGGACACTGT CCGAG GAAAC
(655 T errre rEres o AGTTTGTGTC -
+++» ATTACTATTT ACAAT TACAA
L C88 AGBACGCEAT . GAAAAACGTC.--
Cc48 "o CAAMIQCC_G\ TGCAT TCGCT
9% GTITE TETCG . . GTGTGTATIG -+
+++ TATTTACAAT TACAA TGGCA
e TATTA GAAAT > GTGAAGATGT. -
++ TACAATGGCA- TACAC ACAGA
_C62 crrrcierss A\ AGTTTGTGTC -
ANTTACCAAC . " 44C44 CAdat
ces GACGC GATGA . ™ AAAACGTCTG ...
+++ CAAAC AACAT TACAA TTACT
LCT6  GAAATAATAT > AMATTAGET
-+ AAAGCGTCGT CTTTA CGACA
C79A GAdGa T5TCA - GCGGGTTICT.--
+++ TCTTGGATCC CGCG6 GTCAA
C79B " 75466 TAGTC > AAGATGCATA -
++* TTTACAATTA CAATG GCATA
B TATAAAATTA N GGTTTGAGAG -
GAAGAGTTTA ACGCT CGTGA
ca6 CTGGAGTTTE ™ TGTCGGTGTG

Fia. 7. TMV positive-sense nuclectide sequences found ior each of the KL prageny slones {bold type), bordering the deletion junction betwesn
the & TMV terminus (upper left} and the 3’ portion of the 30-kDa ORF (lower right} and a comparison of these sequences to thase found at the &'
(upper right} and the 3’ {lower left) ends of the deleted fragment (italic type). Indicated between these progeny junctions are the inserted
nucteotides found in four of the clones (3C12, C28, C82. C64). When two clones contained the same junction (C21/C26 and C48/C57) the
sequences from one is represented. When a clone contained twa junctions (C1, C6, 34, and G79) both are shown, with the & junction denoted
as A and the second junction denoted as B. Similarities found between progeny iunction border sequences and the deleted fragment tarminus
seguences arg indicated by a solid underline, when they occurred adjacent to the junction border (and are arbitrarily assigned to the 5" progeny
junction border}, and by a dashed line, when the similarities are not adjacent to the progeny junction border.

complexes restarting at altemative areas on a depen-
dent RNA or switching to a different dependent RNA,
as is thought 1o occur in the generation of natural DI
popuiations. The addition of sequences that were not
part of the original KL transcript, but were contained in
the helper gencme, could have resulted from the TMV
replicase first producing a nascent chain using the
helper ag a template and then changing templates to a
dependent RNA template.

The progeny junctions were examined for possible
mechanism(s) that might explain how they could have
been generated by comparing nucleotides that would
have occurred on each side of the border regions prior
to the formation of the present junctions. These se-
guences, expressed in Fig. 7 as TMV positive-sense,
show that approximately one-half of the clones have
borders containing some seguence similarity. The best
examples of complementarity occurred in clones C1A
{9 of 10 identical nts), C85 (8 of 10}, C47, C61, C76 (7
of 1Q), C27, C35, and C86 (B of 8). Half of the clones
had at least 3 or 4 of 5 identical nts near the recombi-
nant junction. In contrast to another report {lennings et

al., 1983), the identical nts ofters occurred 1 or 2 nts
from the observed junction (C27, C35, CBE, and C88).
When it was possible to assign these similarities to
either of the progeny junctions maost were found to oc-
cur on the &' border junction, which nrght suggest the
direction of RNA synthesis during which strand switch-
ing most often occurred. In contrast, the other half of
the clones sequenced had no obvious sequence simi-
larity associated with the junctions. These data sug-
gest that the progeny were produced by both types of
recambination mechanisms.

The high degree of heterogeneity, even after propa-
gation in anly one set of plants, suggests that the fre-
quency of recombination was relatively high. In part,
this may have been the result of our constructing an
unstable replicating RNA, since we had no examples of
naturally occurring Dis of TMV to use as a guide. Work
with other viruses that employed in vitro transcripts to
express defective replicons was based on naturally
isolated DIl populations, for example, Dis of Sindhis
{Levis et af., 19886}, polio (Kaplan and Racaniello, 1988;
Hagino-Yamagishi and Nomoto, 1289), and murine
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coronavirus (Makino and Lai, 1989). Some of the KL
progeny cDNA clones that we obtained are now being
prepared as transcripts to examine their ability to be
replicated.

Since the in vitro-constructed TMV subgenomic re-
plicons replicated so weill in inaculated plants, why are
Dls of TMV not found in nature? During propagation in
plants, preferentially selected RNAs from the heteroge-
neous population did not appear to become dominant.
It is possible, after multiple passages, that the hetero-
geneous population would continue to be maodified,
until efs-acting elements are lost and the RNAs no
longer are able to effectively invade plants along with
the helper virus and thus will eventually be lost. It also
is possible that subgenomic replicons do naturally oc-
cur in TMV infections. Although the in wiro-created
replicons replicated to high levels when "seeded™ at a
high inoculum level, low levels of similar RNAs may
occur in natural TMV infections. TMV virion RNA, when
analyzed by gel electrophoresis, normally exhibits a
heterogeneous smear of smaller RNAs. It would be in-
teresting to characterize those RNAs with PCR technol-
ogies.
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