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Analysis of a Tobacco Mosaic Virus Strain Capable of
Overcoming N Gene-Mediated Resistance
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The genome of Ob, a tobamovirus that overcomes the N gene-mediated hypersensitive response (HR), was cloned as
a cDNA, and its nucleotide sequence was determined. The genomic organization of Ob is similar to that of other
tobamoviruses, consisting of 6506 nucleotides and containing at least four open reading frames. These open reading
frames encode a 126-kD polypeptide with a 183-kD readthrough product, a 30.6-kD movement protein, and an 18-kD coat
protein. A bacteriophage T7 promoter sequence was fused to the full-length cDNA clone to obtain infectious RNA tran-
scripts. These transcripts, when inoculated onto tobacco plants, induced disease symptoms indistinguishable from plants
inoculated with Ob viral RNA. To determine which viral factor is responsible for the resistance-breaking character of Ob,
a recombinant virus was constructed in which the movement protein gene of tobacco mosaic virus was replaced with
that of Ob. Cultivar Xanthi NN tobacco plants infected with this virus responded with an HR, indicating that the Ob move-
ment protein alone does not act to overcome the N gene-mediated response. Following mutagenesis of the infectious
Ob cDNA clone with hydroxylamine, populations of transcripts from the mutagenized DNA were inoculated onto Xanthi
NN tobacco, and a variant that induced the HR was identified. The mutant was analyzed and found to contain a single
nucleotide change in the 126-kD gene. Recreating the mutation in the Ob ¢cDNA clone by site-directed mutagenesis resulted

in a virus that caused symptoms identical to the chemically induced mutant.

INTRODUCTION

Tobacco (Nicotiana tabacum) plants respond to infection by
tobacco mosaic virus (TMV) and other tobamoviruses in a va-
riety of ways. Some host—virus combinations result in a systemic
disease characterized by mosaic symptoms that vary in severity
depending on the virus strain. Other combinations are charac-
terized by a hypersensitive response (HR), in which the
development of necrosis limits the virus to the initial infection
sites and prevents systemic spread. The local necrotic re-
sponse is determined by both the plant and viral genomes;
although many of the metabolic processes associated with the
production of necrotic lesions are not pathogen specific, the
induction of the HR is highly specific (Fritig et al., 1987). Virus
strains that overcome some of the known resistance genes
have been isolated and characterized by nucleotide sequence
analysis (Saito et al., 1987; Knorr and Dawson, 1988; Meshi
et al., 1988, 1989; Calder and Palukaitis, 1992).

The N gene, originally identified in N. glutinosa (Holmes,
1938), is a single locus, dominant gene and a durable source
of resistance against tobamoviruses. Whereas the genetic his-
tory of the N locus has been described (Dunigan et al., 1987),
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little is known about the product of the N gene or the viral eli-
citor responsible for inducing the HR. A tobamovirus uniquely
capable of overcoming the N gene-mediated HR has been
isolated and designated tomato mosaic virus-Ob (ToMV-Ob)
(Tobias et al., 1982; Csillery et al., 1983) but was not further
characterized. Here, we report the cloning and nucleotide se-
quence of a ToMV-Ob cDNA clone from which infectious
transcripts can be generated using bacteriophage T7 RNA
polymerase. To better understand the capacity of Ob to over-
come the N gene-mediated HR, we conducted a gene
replacement experiment in which the Ob movement protein
(MP) was expressed in the context of a movement-deficient
infectious clone of the U1 (common) strain of TMV (TMV-U1),
which elicits the N gene-mediated HR. We also present an
analysis of a chemically induced mutant of the cloned Ob vi-
rus that induces local lesions on a tobacco cultivar carrying
the N gene.

RESULTS

Molecular Characterjzétion of Ob

The tobamovirus Ob has the capacity to overcome the N re-
sistance gene against tobamoviruses and to produce a
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systemic infection in tobacco plants containing the N gene
(Tobias et al., 1982; Csillery et al., 1983). Because of this novel
characteristic and our interest in the nature of the N gene, full-
length cloned cDNAs of Ob were constructed as described
in the Methods section. In vitro transcripts from 13 of the 15
full-length clones tested were infectious on the indicator plant,
Chenopodium amaranticolor, Transcripts from 10 of these
clones gave systemic symptoms on N gene—containing tobacco
plants (N. tabacum cv Xanthi NN) that were indistinguishable
from those caused by inoculation with RNA isolated from pu-
rified Ob virions.

The sequence of a cloned Ob cDNA from which infectious
transcripts were derived was determined and compared to the
sequences of several other tobamoviruses, including TMV-U1
(Goelet et al., 1982), ToMV (Ohno et al., 1984), tobacco mild
green mosaic virus (Solis and Garcia-Arenal, 1990), pepper
mild mottle virus (Alonso et al., 1991), and cucumber green
mottle mosaic virus (Ugaki et al., 1991). The Ob tobamovirus
consists of 6506 nucleotides compared with 6395 for TMV-
U1. As shown in Figure 1, computer-assisted analysis of the
Ob sequence reveals that it has a genomic structure similar
to that of other tobamoviruses, with characteristic 5’ and 3’ un-
translated regions and four open reading frames (ORFs) in the
(+) strand. The first ORF starts at nucleotide 69, extends to
3416, and encodes a predicted 126,012-D polypeptide. An am-
ber termination codon is found at position 3414; translational
readthrough into the second ORF would result in a polypep-
tide of 183,072 D that terminates at nucleotide 4919. The third
ORF, which has no overlap with the 183-kD cistron, begins
at position 4927 and extends to 5751, and is predicted to en-
code a 30,619-D MP. The ORF encoding the 17981-D coat
protein (CP) begins three nucleotides downstream of the stop
codon of the MP gene and extends to nucleotide 6239. Analy-
sis of the predicted RNA secondary structure of Ob indicates
that the origin of virion assembly lies in the sequence of the
MP gene. The 5’ untranslated leader of Ob, in contrast to TMV,
ToMV, and pepper mild mottle virus, contains a single guani-
dine ribonucleotide. As in 3’ untranslated regions of other
tobamoviruses (van Belkum et al., 1985), the last 267 nucleo-
tides of Ob appear to be highly structured (data not shown).

Comparisons of the deduced amino acid sequences of Ob
with those of other tobamoviruses are shown in Table 1. Ob
was initially identified as a strain of ToMV based upon symp-
tomatological and serological analyses of the virus (Tobias et
al., 1982; Csillery et al., 1983). However, from the data in Ta-
ble 1, itis evident that Ob is sufficiently distinct to be regarded
as a separate tobamovirus.

Constructing a TMV/Ob Hybrid Virus

After completing the DNA sequence analysis and the biologi-
cal characterization of Ob, experiments were initiated to identify
the determinants that enable this tobamovirus to systemically
infect tobacco cultivars that contain the N gene. Because other
workers (Takamatsu et al., 1987; Dawson et al., 1988; Culver

10 % s0 7 [ 110
L 136103 K>y 5 g 1 0 0§ M QG ALLDTUYRG
136 130 170 o 190 10 230
o ms LY LARRALYDTAVES INAKDRRY?KINTYESEKSINEEDQ
W
350 - 270 290 no 30 130

T LIV'$QAYPEFQITYTNTOQOLAVESLAAGLRSLELETLMNNRG

%0 190 a0 430 450 470
v PYGCBLTYDIGGNTPAAHNLTFEGRDTVECCNYP N NLDLRDINRS
%0 51 830 580 570 350
% W QK DSVATYTLSRLNARNEKYLPAFQGEATYQRTSENSDEVV

r7C)
10 63 650 0 <20 710

&
C ®WTPQCCREWNRTYS 6$GGCRXYV Y AT SLEGSELTYDI PADELGASLLL

70 75¢ 170 - %0 Qg 030
mEWVYHTLYAARFATAEELLLHAEYVSETVELPTIGGITF S$RDGDOETL

#50 .70 90 10 939 950
M PCr $mBESTLRYSRE ST SNLLEYIVCKTYIFPAGSNREVYKKET
TIARITTTTG:
970 930 1010 1030 1080 1670
LI TAYVETHFCEPTRLDTITLYIRGYVYHURGCDQQEPTY §AMKED
TN
1080 130 1 . 1150 1170 1190
A wd Y X KETLAMNLNSSRIVLEDRSE KV XY W?PKENKDMYIV?PLE
1210 230 1750 1370 129 110
DV §LETOSXRTKKEY IV S X0DFVTTVLYSIRTTYTOQARALTTHENN
1330 380 1370 1390 a1 1430
v L8 ¥V ES I 8 R ¥ 1 1 WGV TARGESE®DYVYDLXALLG OGS KANTEEPLTI
1450 470 1490 1510 1830 1550
T XL 6 ML KDZXLLY 6KPFTLSAKSYEBEEHRYVW¥DEIKRGCGHNME?YP §
1570 S90 1610 1630 1650 1670
L KB 8 L LAKEKLTI S GS ABELETLEY?PDMNYVT?UDRYYAETKLS
AGA
1850 710 1730 1750 1170 1790
v 8¢ M PTIDI & KDLSESAZS T Y S ALSBLESEVLENSEKDPDLEGKTES

A
1910 1a30 1950 1670 1490 1910

R M CA1MCVEPDIAREKIVVYVAVLSNESGVTEL>FEEPTEGNMA
1930 1350 1970 1990 2030 2030

€ A MK G 8 KOSV LTLGSQTDRNTDOLT $KSXV IS GESELPLCGIA
2050 2070 2090 2110 2130 2150

$ E 18 CPTFVRWEEIMNSLSEIETINLAAESVIENKNASITYVTISG
2170 20 10 2230 1150 pren)

P L QVQQNQXNTYVDESELAASLSATV S NLEKKLYVZXDS SV GFODGEL
2190 2310 2330 . 2350 2370 2330

$ XV GV POV RERKM®WELTIKPTLRENT S ®GVVQEKFDGKEC?P?PLALLS

AAT'Y

3410 2430 2450 3470 2480 2810

Y O ®EL P I EDADWERKYV AV S NESMY Y $DMNAKLRYVLRESIGCEMN
2930 2550 2970 2590 2610 2630

» I SV # 6AKVTLYDGY Y CCGETESILRRYNZ?SEDLVL G K
2630 2670 2690 210 2130 1750

S AAAMINEKRXANDQES GKIVANNDHNVLKTVDSPLMRNLGEGEPUVCQ
AGGG

27% 2730 2010 2030 2050 2870
F X R LPYDEGLMWLEPGCY YPLVELGSLCHNEAFY?PGDTQOILP Y
2850 910 2010 2950 2970 2950
I RMyQmRYP?PQHPF$§KLIVDETEKRSXTTLRCPVDODVTHTFILNG
050 030 2050 3070 3090 u1
¢ T DGAYVTTTS KTOGRXSYCLEYVYVGCGAAY NNKPVTRKPLEGERKTIV T
3130 3150 70 2190 3210 1230
P * g8 DKL TMLERGYQDVNTVREIQGRTTTEEYV S$LVRL T »
CCTTTACAS
2350 3270 3290 230 3330 3350
I B 8 REEFHVLYGLTAATRCERYTYTVYLOPLY KLYV ROLE

TTCACAT
3370 3190 10 3430 3180 un

€ Ve WP LLDVYIMVDS YV EA®TQLOQY S GCVYLARERLPVQAPEKSGHD
3490 810 3830 3850 1870 3590

AQDLQP? YT TDKCLPGHNGSTVYLNEBEPFDAVTHRNCSEDI S LNV EDECY
3610 3630 3650 3610 3630 o

Lo P86 KRSV PLPRDATEKYVPMTPYVYIRTAAERDPRSESQGQGLLE LV oA

TCTTGGATT:

. %0 3770 3790 an10 30

M I K R R TN B PELGEGTVOMWENTASYVVADRFTPFOSYPLIDKLGEG
AGAT
2650 3870 3090 3910 1930 2850

€ 5L GD$GGEKMNITIDRXQALIRYMNERKGERKSETIGQLADTYDE?VDL

4030 4050 4070
KR 8 9P KQKLDLGSTIQESEY?PSLQTIVYHSXKIN

4030 410 a3 4150 are 4190
LS 3000 0 O ST T S O O 0 S

g1 4220 4280 4370 4290
v 1L L]

330 4150 4370 4190 sat0 4430
GHXKTTLEDYTAGIEKTCLWTQRXSGDYTTETIG

4450 30 4490 4510 4530 550
WPV 11 AACMAGEMNLYPKERKY IKAAPCECGDDSLYTLPKGCELDPHN
4570 4590 810 4630 4550 €20
I @ K C AN LMWWNTE S AKLFEKTYGIPCGRTIVINBEDRGAIVIYVD
ACKTA ATC TAD
1830 4710 130 47150 4770 %0
P L KT I 6KLGAKAT?TDKEHLSEFRISLADYVSEEKSLNENCATYTA
4010 o 050 w70 4050 10
Q LD & AVREYVEKTAPPGSPVTIKCIVE?LSANRY LTSS L P
) 4930 wie . 4330 5010 5030
3>y g g A I VXK I DEPTIKLGSERKSEEEVYVLPEAYTRMNEKSVEYSTVDEK
s0s0 $0%0 s090 5119 130 s1s0
1M AKENDNISEYDLLEGY KLY KRGTY CLVGELVY YV SGENNLP
170 5190 5210 su0 3250 210
DWEeRmnEGY 51 CLIDEKRMNGRRESEATLGS YTTKASEKERN? $ 7KL
5290 3310 5330 5380 $370 390
I» B Y B I TS QD AERRKPNSEYNVEIRGYAMERGCHCPLSLETYVS
410 5430 5450 420 540 5510
veIvexwRYRNKGLREXKVTAYV S$EDDALELTEEY VOEE &ALV
TOTTAG a5
530 5550 5570 I 610 5630
<

Vs KPVGLERDN

3650 3670 5690 370 $730 ST30
T VR SBVVREGYV RSEDSSL GV TDOMS @DGSs 5 6E1 85 4805821 «upry
3770 5790 410 - oy 3850 870
* VT S P 5 QLV Y PGSV ®HADPITPFIDLCTVALGNGQT?Q G M AR T
sas0 5920 5930 5350 870 5950
T vooQo?zr 8§ DLYKTV>»TRTARRPEKEDGERGCERYTIRTINSTLDPL I
TG AT
$01¢ $030 $050 6070 €090 6110
$ AL MMWNSFDTRNRTIIEYDNS®PANPHNTESEVAEATOQRYV o TV H
6130 150 6170 $190 210 #2130
I = A C ! N N LMWNWNSELVRGT® GMNMNEXTASPF¥ETVSNLT®ETTTTTT
2% 6170 290 310 §330 6330
370 1% 6410 430 8450 6470
430 506
£CCCOCTTACCCCGRATAGGA0CCEA

Figure 1. Nucleotide Sequence of the Ob Genome Contained in the
Plasmid pOb.

The deduced amino acid sequences of the ORFs are displayed in
single-letter code above the DNA sequence. Asterisks indicate the ter-
mination codons and the amber readthrough codon linking the 126-
and 183-kD ORFs. The nucleotide sequence of Ob has been submit-
ted to GenBank as accession number L11665.



Table 1. Percent Similarity of Ob-Encoded Proteins to Proteins
of Other Tobamoviruses

Ob TMV  ToMV TMGMV PMMV-S CGMMV-SH

126/183 kD
Replicase 67/69 67/70 61/63 65/67 38/43
Movement

protein 54 56 59 60 28
Coat
protein 59 55 69 68 33

TMV, tobacco mosaic virus (Goelet et al., 1982); ToMV, tomato mosaic
virus (Ohno et al., 1984); TMGMV, tobacco mild green mosaic virus
(Solis and Garcia-Arenal, 1990); PMMV-S, pepper mild mottle virus,
Spanish isolate (Alonso et al., 1991); CGMMV-SH, cucumber green
mottie mosaic virus, strain SH (Ugaki et al., 1991).

and Dawson, 1989) have shown that the CP of TMV is not
responsible for induction of the N gene-mediated HR, it seems
likely that the CP of Ob is not responsible for overcoming the
N gene. To address the possibility that the MP of Ob is respon-
sible for overcoming the N gene, we employed a virus
recombination strategy. The MP of an infectious clone of TMV-
U1 was replaced with the MP from Ob, as diagrammed in Fig-
ure 2. In the hybrid construct pr/O-M, the ATG initiation codon
for the MP is spaced 13 nucleotides downstream of the termi-
nation codon for the 183-kD protein as compared to eight
nucleotides in the parental Ob virus (Figure 1).

RNA transcripts generated in vitro from the pl/O-M construct
were inoculated onto tobacco cultivar Xanthi NN and trans-
genic plant line 2005 (Deom et al., 1991). The 2005 line
expresses the TMV-U1 MP gene under the control of the 35S
promoter of cauliflower mosaic virus in Xanthi NN. This line
was selected as a control because it complements the move-
ment of a mutant of TMV that lacks a functional MP gene (Holt
and Beachy, 1991). Approximately equal numbers of necrotic
lesions were observed on the Xanthi NN and 2005 plants (data
not shown), indicating that the Ob MP facilitates the local
spread of the hybrid virus. No systemic disease symptoms were
observed on plant line 2005 or Xanthi NN by 14 days after in-
fection by T/O-M, demonstrating that the MP gene of Ob was
not uniquely responsible for the capacity of Ob to cause sys-
temic infection of Xanthi NN tobacco plants. No molecular
analysis of progeny virus was performed.

The CP subgenomic promoter sequence and the sequences
for nucleating virus assembly are in the MP gene sequences
of both TMV (Goelet et al., 1982) and Ob (see above). Because
of concerns that these Ob sequences might not be compati-
ble with the TMV nucleotide sequences or encoded proteins
in T/O-M, the TMV origin of assembly and subgenomic pro-
moter were included in the hybrid construct. This led to a
tandem duplication of Ob and TMV sequences and the possi-
bility of sequence rearrangement or recombination. However,
because roughly equal numbers of lesions were produced on
Xanthi NN and 2005 plants infected with transcripts from pT/O-
M, itis unlikely that rearrangement occurred. If rearrangement
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was a prerequisite for replication and spread, one might ex-
pect to see many fewer lesions on the NN line compared to
the transgenic line 2005.

Mutagenesis of Ob and Characterization of a Mutant
That Causes Local Lesions

To identify the nucleic acid or protein sequence of Ob that is
involved in avoidance of local lesion formation in Xanthi NN
tobacco, hydroxylamine mutagenesis was conducted with the
infectious Ob cDNA clone. Mutagenized plasmid DNA was sub-
sequently used as template for in vitro transcription reactions,
and the resulting RNA was inoculated onto Xanthi NN plants.
A local lesion appeared on one of these leaves, and the virus
contained in the lesion was then analyzed. The lesion-inducing
variant was first biologically isolated by repeated passage
through the local lesion hosts Xanthi NN and C. amaranticolor.
The necrotic local lesions caused on Xanthi NN tobacco by
the variant, designated ObNL-1, are shown in Figure 3. These
lesions were observed at 3 to 4 days after inoculation on Xan-
thi NN plants, whereas necrosis resulting from infection with
TMV begins at 2 days after inoculation. As shown in Figure
3, the morphology of lesions induced by ObNL-1 differs from
those caused by TMV in that the ObNL-1 lesions are some-
what smaller and have less pigmentation at their periphery
than TMV-induced lesions. No virus could be recovered from
the upper leaves of Xanthi NN plants infected with ObNL-1,
confirming that the mutant was indeed localized to the inocu-
lated leaf. No necrosis was observed when Xanthi nn plants,
which do not carry the N gene, were infected with the virus.

pU3/i2

OAS
T7 promoter REPLICASE

pU3/12AM-RV

pT/O-M
TMV OAS
Ob Movement Protein ﬁm;
EcoRV Bgll EcoRV

Figure 2. Construction of the TMV and Ob Hybrid pl/O-M.

Diagrammed are the infectious TMV clone pU3/12 and its derivative
pU3/12AM-RV from which most of the MP had been deleted. The MP
gene coding sequence of pOb was ligated to pU3/12AM-RV as de-
scribed in Methods. pT/O-M is pictured at the bottom. OAS, origin of
assembly. ’
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Figure 3. Local Lesions Produced on Leaves of Tobacco Cultivar Xanthi
NN by TMV and ObNL-1.

{A) Symptoms on the inoculated leaf 4 days after infection with TMV-
U1 virions.

(B) Symptoms on the inoculated leaf 4 days after infection with ObNL-
1 virions.

To identify the nucleotides in ObNL-1 that were different from
the parental Ob clone, a cloned cDNA of ObNL-1 was produced.
A Sphl-Xmal restriction fragment (nucleotides 445 to 6491),
which represents all but the first 444 nucleotides and the last
10 nucleotides of ObNL-1, was substituted for the same frag-
ment in the parental Ob clone, pOb, to create the clone
pObNL-1. Transcripts from pObNL-1 induced symptoms on Xan-
thi NN plants that were indistinguishable from those caused
by the virus ObNL-1.

A series of Ob-ObNL-1 hybrid viruses was constructed to
map the determinant in ObNL-1 that caused the virus to in-
duce necrotic local lesions. The cloned cDNAs of Ob and
ObNL-1 were first arranged in tandem in a cloning vector, as
diagrammed in Figure 4. Shared unique restriction sites were
then used to delete specific sequences to obtain the hybrid
viruses that are shown in Figure 5. This strategy simplified the

generation of multiple hybrid viruses from the two starting
clones. The hybrids that were first restricted and then ligated
at the Sphl sites, pO/L-Sphl and pL/O-Sphl, are essentially
reconstructions of the parental clones pOb and pObNL-1, and
they were included in this experiment to confirm the integrity
of the tandem repeat clones. The other five sets of reciprocal
hybrids shown in Figure 5 were used to identify the region of
ObNL-1 that carries the mutation responsible for inducing
necrotic local lesions on Xanthi NN tobacco. Transcripts de-
rived from each of the hybrid virus constructs were inoculated
onto Xanthi NN plants, and the plants were observed for local
lesion formation. The results of these experiments (Figure 5)
indicate that the 826-nucleotide segment of ObNL-1 between
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Figure 4. Schematic Representation of the Strategy Used to Construct
Clones with Sequences of pOb and pObNL-1 in Direct Tandem Repeat.

After aligning the cloned virus cDNAs in tandem to obtain pO/L and
pL/O, the restriction sites indicated were used to eliminate intervening
sequences, thereby creating the hybrid viruses described in Figure 5.
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Figure 5. Hybrid Viruses Comprised of Sequences Derived from pOb
and pObNL-1.

Sites used to construct the splices are as foliows: Sphl (nucieotide
445), Xbal (nucleotide 3255), Mlul (nuclectide 4081), Xcm! (nucleo-
tide 4406), Pstl (nucleotide 5166), and BsiWI (nucleotide 367, 4618).
Unshaded regions in the diagrams represent sequences from pOb.
Shaded regions represent pObNL-1 sequences. The symptoms induced
on tobacco cuitivar Xanthi NN plants by transcripts from these con-
structs are described to the right of each representation. S, systemic
infection on Xanthi NN; NLL, necrotic local lesions on Xanthi NN.

the Xbal and Mlul sites is responsible for eliciting necrotic lo-
cal lesions. DNA sequence analysis of this segment revealed
a single nucleotide alteration of C to T at position 3334. The
C-to-T transition detected at this site is consistent with the type
of mutation expected from hydroxylamine treatment (Busby
et al., 1982). This mutation resulted in a predicted amino acid
change from proline to leucine at amino acid 1089 in the 126-
kD ORF.

N Gene Resistance-Breaking Tobamovirus 581

Site-Directed Mutagenesis of pOb

The cloned cDNA pOb was engineered by oligonucleotide-
directed mutagenesis to recreate the mutation at position 3334
that is found in pObNL-1. Transcripts derived from this clone,
called pObNL-1.1, elicited local lesions when inoculated onto
Xanthi NN tobacco plants. The lesions that were formed were
identical in appearance to local lesions induced by ObNL-1.
This result confirmed that the single nucleotide change in
ObNL-1 was responsible for induction of the local lesion (HR)
response in Xanthi NN tobacco. Progeny virus from several
lesions was collected and inoculated to Xanthi nn tobacco
plants, and virus was isolated from inoculated leaves at 7 days
after infection. Direct RNA sequence analysis from nucleotides
3120 to 3535 confirmed that the sequence of the progeny vi-
rus was identical in this region to that of the in vitro mutant
pObNL-1.1.

DISCUSSION

We have constructed full-length cDNA clones of the tobamovi-
rus Ob. In vitro transcripts derived from some of these clones
induced systemic symptoms on cultivars of N. tabacum carry-
ing the N gene (i.e., cv Xanthi NN) that were similar to symptoms
caused by Ob. By using a hybrid virus construct, we showed
that the MP of Ob can complement the cell-to-cell movement
of a movement-deficient TMV, but cannot confer the ability to
overcome the N gene. Chemical mutagenesis of a full-length
Ob clone produced a mutation in the 126-kD protein gene that
caused a complete loss of resistance-breaking ability in the
mutant virus, resulting in necrotic local lesion formation and
localization of the mutant virus to the inoculated leaf of Xanthi
NN plants. These experiments provide a unique approach to
identify the gene in Ob and perhaps the gene in other
tobamoviruses that is involved in the induction of the N
gene-mediated HR.

Based on the gene-for-gene model of disease resistance
described by Flor (1971), specific interactions between a host
resistance factor and a pathogen-encoded gene product are
considered crucial for recognition.and subsequent induction
of the HR. Because of the limited size of most viral genomes,

"itis unlikely that a viral gene will have as its sole function the

determination of virulence or-avirulence. Therefore, it may be
predicted that a virus will acquire virulence by a change in
its resistance-eliciting function, provided that it maintains its
pathogenic function but no longer participates in the recogni-
tion event with the host resistance factor (Fraser, 1990).
There are several known cases in which changes in a viral
gene determine whether the virus exhibits virulence or aviru-
lence against a host resistance gene. For example, amino acid
sequences in the CP of TMV determine whether N. syivestris,
which carries the N’ gene, responds to infection with a local
lesion or systemic infection (Saito et al., 1987; Knorr and
Dawson, 1988). Mutations in the 126-kD protein of a ToMV strain
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overcame the resistance conferred by the Tm-7 gene in tomato
(Meshi et al., 1988). Mutations in strains of ToMV that over-
come Tm-2 and Tm-22 resistance genes map to the MP gene
(Meshi et al., 1989; Calder and Palukaitis, 1992).

With the exception of Ob, all of the tobamoviruses described
in the literature induce localized necrosis on Nicotiana spe-
cies that carry the dominant N gene. Necrosis is prevented
at temperatures greater than 30°C. It is of interest to note that
while Ob does not induce necrosis at temperatures above 25°C,
we have occasionally observed necrotic symptoms on inocu-
lated leaves of Ob-infected plants maintained at somewhat
lower temperatures (data not shown). This is in keeping with
an earlier report (Csillery et al., 1983) that Ob can induce
necrotic lesions on N gene-containing tobacco varieties at 18
to 20°C. However, virus recovered from the necrotic tissues
that developed at lower temperatures did not induce necrosis
when reinoculated onto plants held above 25°C, therefore
eliminating the likelihood that necrosis was due to a change
in the virus. Thus, induction of local necrosis at lower temper-
atures in no way interfered with the studies presented in this
paper.

Although it is currently unknown which tobamovirus gene(s)
induces the N gene-mediated HR, it is known that the CP is
not responsible for its induction (for review, see Culver et al.,
1991). It has also been shown that protoplasts isolated from
leaves of N gene-containing tobacco plants fully support TMV
infection without an HR (Otsuki et al., 1972), whereas infected
callus (Beachy and Murakishi, 1971) and leaf tissues (Holmes,
1938) of varieties of N gene tobacco plants respond with an
HR. Thus, multicellular infection or the presence of cell walls
appears to be necessary for the induction of the N gene-medi-
ated HR. Because the MP plays a central role in cell-to-cell
movement of TMV and other tobamoviruses and is found in
cell wall fractions (Deom et al., 1990), it might well be impli-
cated as the inducer of the HR. However, the simple presence
of the 30-kD MP evidently does not elicit the HR, because trans-
genic Xanthi NN tobacco plants that accumulate the TMV MP
do not exhibit necrosis in the absence of infection (Deom et
al., 1991). In contrast, expression of an elicitor CP either in
transgenic N. sylvestris (Culver and Dawson, 1991) or N. taba-
cum cv Samsun EN calli (Pfitzner and Pfitzner, 1992), both
of which carry the N’ gene, can bring about a necrotic response
in the absence of TMV infection.

Infection of Xanthi NN tobacco plants with a hybrid virus in
which the TMV MP gene was replaced with the MP gene of
Ob resulted in necrotic local lesions. This demonstrates that
the Ob MP does not, in and of itself, confer the ability to over-
come the N gene. Therefore, it is likely that the MP is not
responsible for triggering the N gene.

To address the question of induction of the N gene-mediated
HR more directly, we used chemical mutagenesis to generate
a mutant of Ob, ObNL-1, that induces the formation of necrotic
local lesions on Xanthi NN tobacco plants. It has been postu-
lated that the ability to overcome resistance is a positive function
of the resistance-breaking strain (van Loon, 1987). Following
this model, nonbreaking strains should arise rather easily

through mutation, leading to loss of that function as long as
the mutation does not impair necessary virus functions. After
cloning the local lesion mutant ObNL-1, the mutation that
caused induction of the N gene response was mapped to the
126-kD ORF. Sequence analysis of the region of interest re-
vealed a C-toT transition at nucleotide 3334 of the infectious
cDNA, leading to a predicted proline-to-leucine change at
amino acid residue 1089. This change is 80 nucleotides up-
stream of the amber termination codon of the gene encoding
the 126-kD protein. The introduction of this alteration into the
parental Ob cDNA clone by site-directed mutagenesis demon-
strated that a single nucleotide change is sufficient to bring
about conversion of Ob from systemic infection to local lesion
induction in Xanthi NN tobacco. A comparison of the 126-kD
ORF sequences from amino acids 1073 to 1105 of Ob with the
corresponding regions of the replicase (126-kD protein) in other
tobamoviruses is shown in Figure 6. It is important to note that
the proline in wild-type Ob at amino acid position 1089 is also
present in most of the other tobamoviruses listed. On the ba-
sis of this single example, it is difficult to explain how the
proline-to-leucine change could induce the HR.

Molecular analyses of several resistance-breaking tobamovi-
rus mutants have resulted in the identification of changes in
viral proteins that alter the charge of the protein, implying a
disruption of an electrostatic interaction(s) between the viral
protein and a host resistance factor. Strains of ToMV that break
the Tm-1 gene-mediated resistance in tomato differ from the
wild-type ToMV in two amino acid residues of the replicase.
These changes alter the net local charge of the protein (Meshi
et al., 1988). Similarly, changes in ToMV strains that overcome
Tm-2 and Tm-22 resistance genes map to residues in the
MP gene that alter its charge (Meshi et al., 1989; Calder and
Palukaitis, 1992). In the case of ObNL-1, however, the proline-
to-leucine change does not alter charge, but may alter the
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Figure 6. Comparison of Partial Amino Acid Sequences of the 126-
kD Proteins of Tobamoviruses.

The sequences shown correspond to the region surrounding the mu-
tation in ObNL-1 that is responsible for the loss in its ability to overcome
the N gene. Numbers within parentheses indicate the amino acid
residues displayed in the alignment. The shaded bar indicates the
profine of pOb that is changed to leucine in pObNL-1 and the in vitro
mutant pObNL-1.1. Sources of amino acid sequences are as given in
Table 1.



structural conformation of the protein. Computer-assisted anal-
ysis predicts that two separate a-helices in the wild-type protein
would be replaced by a single, long a-helix in the mutant (data
not shown). _ :

The apparent importance of structural features of proteins
in virus—host recognition with respect to the TMV CP and N
gene interaction has been described by Culver et al. (1991).
In this example, alterations in a defined region of the CP that
is involved in interactions between adjacent subunits lead to
induction of the HR. In the case of ObNL-1, one could predict
a scenario in which the induction of the N gene-mediated HR
might result from a process associated with the viral replicase,
for example, the rate of replication or expression of viral mMRNAs.
Continued mutagenesis of pOb will likely lead to the isolation
of additional mutants that will result in a more complete un-
derstanding of how the N gene-mediated HR is induced during
the course of tobamovirus infection.

METHODS

Virus Isolation and cDNA Synthesis

The Ob tobamovirus (Tobias et al., 1982; Csillery et al., 1983) was serially
passaged twice on leaves of the local lesion indicator host Chenopo-
dium amaranticolor (Tobias et al., 1982) before inoculation to Nicotiana
tabacum cv Xanthi NN plants. Systemically infected leaves were har-
vested and the virus was purified by the method of Tobias et al. (1982),
with the exception that the extraction buffer was 0.5 M sodium phos-
phate, pH 7, containing 0.1% B-mercaptoethanol, and an additional
PEG precipitation step was performed in place of differential
centrifugation.

Viral RNA was prepared by conventional SDS-phenol extraction of
purified virus (Bruening et al., 1976). First strand cDNAs were produced
with avian myeloblastosis virus reverse transcriptase as described by
Holt et al. (1990). The second strand of DNA, unless otherwise stated,
was synthesized using T7 DNA polymerase and a modified Sequenase
sequencing kit (U.S. Biochemical Corp.) protocol. Briefly, the products
of the reverse transcriptase reaction were extracted once with phe-
nol/chloroform, precipitated with ethanol and 25 M NH,OAc, and
electrophoresed on a 15% low-melting-point alkaline agarose gel
(Maniatis et al., 1982). Single-stranded cDNA was prepared for the
second strand synthesis reaction by first equilibrating the gel over-
night in 40 mM Tris-HCI, pH 7.5, with ethidium bromide (0.5 pg/mL),
excising the desired band, and melting the agarose at 65°C. The melted
agarose containing the single-stranded cDNA was brought to 40 mM
Tris-HCI, pH 75, 20 mM MgCl,, and 50 mM NaCl. A 10-fold molar ex-
cess of second strand primer was added, and the mixture was heated
to 65°C for 2 min and annealed by slow cooling to 30°C. One microliter
of 100 mM DTT, 08 uL of 10 mM of each deoxyribonucleotide
triphosphate, and 2 uL of a 1:8 dilution of T7 DNA polymerase were
added per 10 uL of annealing reaction. The reaction was allowed to
proceed at 37°C for 30 min. Five volumes of Tris-EDTA buffer, pH 7.5,
was added, followed by two extractions with buffer saturated phenol,
one extraction with chloroform, and, finally, the nucleic acids were
precipitated with ethanol and NH,OAc. After resuspension of the nu-
cleic acid in Tris-EDTA buffer, the DNA was ready for restriction enzyme
digestion and cloning.
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Initial cDNA clones of Ob were obtained by polymerase chain reac-
tion (PCR) using primers specific for tobacco mosaic virus strain U1
(TMV-U1). A primer complementary to the 3' end of TMV-U1 (nucleo-
tides 6372 to 6395; Goelet et al., 1982) was used for first strand cDNA
synthesis. PCR was performed on this template with the first strand
primer and a primer originally designed to clone the 30-kD gene of
TMV-U1 (nucleotides 4854 to 4874). The PCR product was cloned into
the Smal site of pUC19 and was subsequently sequenced with a Se-
quenase 2.0 sequencing kit. This sequence was used to derive a partial
sequence of Ob from which more precise primers were designed.

Determining the Sequence of the 3' End of Ob

To determine the sequence cf the 3’ end of Ob, RNA was polyadenylated
(Smith et al., 1988) and first strand cDNA was primed with an oligod(T)
primer. Second strand synthesis was performed with a forward Ob
primer (nucleotides 4891 to 4913), which was designed from the
sequence derived from the PCR clones described above. The double-
stranded cDNA was digested with EcoRlI, and the fragment contain-
ing the 3’ terminus of viral RNA was cloned into Smal-EcoRI-digested
pUC19 and sequenced. From this information, we constructed a primer
(Ob 1ST) that is complementary to the 3’ terminal 21 nucleotides of
Ob and contains a 3 flanking BstEll site. I

Determining the Sequence of the 5’ End of Ob

Clones bearing sequences near the 5'terminus were obtained by first
strand cDNA synthesis using a reverse Ob primer representing nucleo-
tides 5197 to 5215, followed by second strand replacement synthesis
(Gubler and Hoffman, 1983). Double-stranded cDNAs were made blunt
and cloned into the Smat site of pUC19, and the ends of several resul-
tant cloned cDNAs were sequenced. A primer representing nucleotides
266 to 288 was then used to directly sequence the 5’ terminus of viral
RNA using the reverse transcriptase method of Fichot and Girard (1990)
with several minor modifications. The labeling mix contained 1 uM
dCTP, dGTP, and dTTP, 0.1 M Hepes, pH 80, and 10 pCi 35S-dATP
(1000 Ci/mmol), and the elongation mixes contained 2.5 mM of each
deoxynucleotide triphosphate (ANTP), 1 mM Hepes, pH 8.0, 80 mM
KCl, 6 mM MgCl,, and 0.5 mM ddATP, ddT TR, or ddGTP or 0.25 mM
ddCTP. Terminal deoxynucleotidyl transferase was used (DeBorde et
al., 1986) to extend the reaction products that had not been terminated
by a dideoxynucleotide triphosphate. The sequence thus obtained was
used to design a sense strand primer {T70b-1) that matched nucleo-
tides 1 to 21 and included a T7 RNA polymerase promoter such that
subsequent transcription of the cloned cDNA with T7 RNA polymer-
ase begins at the first nucleotide of the Ob genome. -

Construction of a Full-Length cDNA of Ob

A full-length cloned cDNA of Ob was constructed by a two part strategy.
First, a cDNA clone comprising nucleotides 1 to 5215 of Ob was gener-
ated using a primer from sequences within the movement protesin (MP)
and primer T70b-1. The double-stranded cDNA was digested by Smal,
which cuts upstream of the T7 promoter, and Pstl, which cuts the DNA
at nucleotide 5166. The double-stranded cDNA was ligated with pUC19
between the Hindlll site, made blunt with the Klenow fragment of DNA
polymerase |, and the Pstl site. Second, a PCR product made with
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the primer Ob 157 and a second primer from within the MP sequence
was digested at the unique Pstl site. This fragment was inserted into
the cDNA clone representing the 5’ portion of the RNA after digestion
with Pstl and Smal. After confirming the nucleotide sequences at both
ends of the cDNA insert, a set of multiple full-length Ob clones was
constructed by splicing new cDNAs into the full-length clone using
the Xhol (nucleotide 336) and Xmal (nucleotide 6491) sites of the original
full-length clone. Resulting full-length clones were linearized with BstEll,
transcribed with T7 RNA polymerase, and inoculated onto leaves of
Xanthi NN tobacco and C. amaranticolor.

Sequence Analysis of an Infectious Ob Clone

Both strands of a representative infectious clone, plasmid pOb, were
sequenced with the use of dITP where necessary to resolve com-
pressions. End point deletion mutants were generated using the
exonuclease lll deletion method (S. Henikoff. Exonuclease Il\-gener-
ated deletions for DNA sequence analysis. Promega Notes 8, 1987).
For the set of 5’ terminal deletions, plasmid was prepared by digestion
with Xhol (nucleotide 336) and protection of this site with Klenow poly-
merase and a-phosphorothioate dNTPs (Putney et al., 1981), followed
by digestion with Sphl (nucleotide 445) and Klenow polymerase. De-
letion reactions were performed and the resulting deletion series, as
well as the ends of the full-length clone, were sequenced with an Ob
sense strand primer (nucleotides 293 to 310). The sequence of the
340 nucleotides at the 5’ end was obtained using the pUC univer-
sal reverse primer. Deletions from the 3’ terminus were made by
digesting the clone with BstEll and protecting the ends with
a-phosphorothioate dNTPs before digestion with Smal (nucleotide 6491)
and allowing the exonuclease Il reaction to proceed from the Smal
site toward the 5’ end. The resulting set of deletion clones was se-
quenced using a pUC universal forward primer. Sequence data were
analyzed using DNASTAR computer programs (Madison WI).

Construction of a TMV/Ob Hybrid éDNA

The plasmid pOb was used as template for 10 cycles of PCR that em-
ployed primers flanking the Ob MP gene (nucleotides 4923 to 4942
and 5721 to §751). The primers included EcoRV sites that were de-
signed to be located outside of the MP sequence. The reverse primer
used in this experiment also changed the A residue at position 5730
to C, producing a silent mutation that created a Bglll site and destroyed
the EcoRV site within the MP gene coding region. The PCR product
was treated with EcoRV and ligated into EcoRV-digested AM-RV (Fig-
ure 2), a cloned cDNA of TMV-U1 from which a portion of the MP gene
had been deleted with insertion of an EcoRV restriction site (Nejidat
et al., 1991). Clones were screened for the proper orientation of the
insert, and the resulting hybrid virus construct was linearized with Kpnl
and transcribed as given above.

Generation and Analysis of a Local Lesion Mutant of Ob

pOb was subjected to hydroxylamine mutagenesis as described by
Busby et al. (1982). Escherichia coli transformed with 1 pg of the
hydroxylamine-treated plasmid was grown overnight, and a plasmid
miniprep was performed the following day. Transcript from 1 pg of this
DNA was prepared as given above and inoculated onto Xanthi NN
leaves. Virus from a necrotic lesion that appeared at 3 days after

inoculation was passaged twice in Xanthi NN, twice in C. amaranti-
color, and twice again in Xanthi NN before increasing the virus in Xanthi
nn, a systemic host. Virus preparation and cDNA synthesis of this mu-
tant, ObNL-1, were performed as described above for the wild-type
Ob. The cDNA from ObNL-1 was digested with Sphl and Xmal and
inserted into these unique sites in pOb, replacing nuclectides 445 to
6491 of the wild-type clone with the homologous sequence of ObNL-1.

Hybrids of pOb and pObNL-1 were constructed after first placing
sequences from the two genomic clones in tandem to create pO/L and
pL/O, as shown in Figure 4. The compatible cohesive termini gener-
ated by Xhol (nucleotide 336) and Sall (nucleotide 6102) served to create
the junction between the two cloned cDNAs. Following digestion with
enzymes that cut only once in each viral genome, the fragment con-
taining the vector sequences was self-ligated. Resultant clones,
pO/L-Sphi, pL/O-Sphl, pO/L-Xbal, pL/O-Xbal, pO/L-Mlul, pL/O-Miul,
pO/L-Xeml, and pL/O-Xcml contained hybrid, unit-length, viral genomes,
each with the site of ligation located at the restriction enzyme diges-
tion site denoted in the name of the clone (Figure 5). pO/L-X/BsiWI
and plL/O-X/BsiW| were derived from BsiW| fragments (nucleotides
367 to 4618) of pO/L-Xbal and pL/O-Xbal inserted into BsiWIi-digested
pOb and pObNL-1, respectively.

In Vitro Mutagenesis of pOb

pObNL-1.1is a point mutant of pOb that was generated using directed
mutagenesis essentially as described by Higuchi et al. (1988). Two
primers, one in each orientation corresponding to Ob nucleotides 3319
to 3349, were designed such that they contained a single base substi-
tution at position 3334, which changed the C/G base pair at position
3334 to T/A. Two initial PCR reactions were performed in which each
reaction contained one of the mismatched primers paired with a distal
primer. O/TF3.2, a forward primer annealing at nucleotides 3219 to
3238, was paired with the reverse mismatched primer, O/NL-1R. The
forward mismatched primer, O/NL-1F, was paired with Ob4.15R, a re-
verse primer that anneals to nucleotides 4136 to 4154. After 15 cycles
of PCR amplification and removal of the primers, the two PCR prod-
ucts were mixed and subjected to 15 further rounds of PCR with the
two distal primers. The product was digested with Xbal and Miul and
cloned into pOb between the Xbal and Mlul sites. DNA sequence anal-
ysis confirmed that the mutation had been incorporated into the
wild-type sequence. These clones of pObNL-1.1 were linearized with
BstEll, transcribed, and inoculated onto Xanthi NN as described above.
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