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CHAPTER I 

PREFACE 

Virus coded movement proteins (MP) are required for cell-to-cell movement of 

viruses in plants. In some plant-virus interactions, infection is limited to inoculated 

cells, implying that MP are important determinants of the host specificity of viral 

infection. The focus of this study was the movement of cauliflower mosaic virus 

(CaMV), tobacco mosaic virus (TMV) and turnip vein clearing virus (TVCV) on 

three plant species (Arabidopsis thaliana, tobacco and turnip). Arabidopsis is a host 

for all three viruses. Tobacco only supports TMV and TVCV infection. Turnip is 

resistant to TMV, but not CaMV and TVCV. 

To test whether the functions of TMV and CaMV MP are exchangeable and what 

their roles in host specificity are, eight TMV and CaMV chimeras were constructed 

by exchanging their MP genes or parts of their MP genes. The infectivity of the 

eight chimeras was evaluated on the three plant species. None of the chimeras was 

able to infect any wild type plants tested, but all four TMV chimeras infected MP 

transgenic tobacco plants. TMV with its MP gene replaced by the CaMV MP gene 

moved 5-6 times slower than wild-type TMV and other TMV chimeras on TMV MP 

transgenic plants. The results indicate that functions of CaMV and TMV MP are not 
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exchangeable and CaMV MP interferes with TMV MP function. Viruses able to 

infect wild-type tobacco plants were also recovered after passage of two TMV 

chimeras through the MP transgenic plants, possibly indicating recombination between 

TMV chimeras. and the MP trans gene. 

To identify TMV genes responsible for limiting TMV movement on turnip, a full 

length TVCV cDNA plasmid was constructed from partial clones. In vitro transcripts 

of the plasmid infected tobacco and turnip plants. This plasmid and an analogous 

TMV cDNA plasmid served as starting materials for construction of chimeric 

genomes. A TVCV chimera with TVCV replicase gene replaced by that of TMV and 

a TVCV chimera with TVCV movement protein (MP) gene replaced by that of TMV 

moved like TVCV and TMV on tobacco plants, but their movement was limited on 

turnip plants. The results indicate that both TMV replicase and MP genes are genetic 

factors limiting TMV spread on turnip plants. 

2 



CHAPTERil 

EXCHANGE OF MOVEMENT PROTEIN GENES BETWEEN TOBACCO 

MOSAIC vmus AND CAULIFLOWER 

MOSAICVmus 

1. Introduction 

Plant Virus Movement Protein 

For most plant viruses, virus particles are initially introduced into host cells by 

mechanical damage or a vector. For a systemic infection, the introduced plant virus 

replicates in the inoculated cells, moves from the inoculated cells to the adjacent cells 

(cell-to-cell movement) and then moves from the inoculated leaves to other leaves. 

This study focused on cell-to-cell movement of CaMV and TMV. Generally, cell-to

cell movement of a plant virus requires a virus-coded movement protein, that is 

actively involved in virus cell-to-cell movement (Hull, 1991; Atabekov & Taliansky, 

1990; Deom et al., 1992). 

The putative movement proteins of many viruses have been identified (Melcher, 

1990; Koonin et al., 1991; for reviews, see Hull, 1991; Maule, 1991). Some 
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properties plant virus movement proteins have in common are location in cell walls in 

association with plasmodesmata; alteration of the size exclusion limit of 

plasmodesmata; sequence nonspecific binding of RNA; and formation of tubules 

associated with plasma membranes and cell walls (For review, see Deom et al., 

1992). Recently, it was found that microinjected, fluorescently tagged movement 

proteins rapidly moved to adjacent cells while fluorescently tagged control proteins 

remained in the originally microinjected cell (Pascal et al., 1994; Fujiwara et al., 

1993; Noueiry et al., 1994; Ding et al., 1995). Fluorescently labeled RNA also 

moved rapidly to adjacent cells after coinjection with virus movement proteins. 

TMV and TMV Movement Protein 

TMV is the type member of the tobamoviruses. At least four polypeptides are 

encoded by the single-stranded positive sense RNA genome of TMV. The 126K and 

183K polypeptides are components of the replicase which is involved in virus 

replication (Young et al., 1986; Meshi et al.,.1987). The 17K polypeptide is the coat 

protein and is involved in virus long distance movement (Siegel et al., 1962; Dawson 

et al., 1988). The 30K polypeptide (P30) is the movement protein required for cell

to-cell movement (Meshi et al., 1987; Deom et al., 1987). The P30 of TMV is 

located in the plasmodesmata of virus-infected plants (Tomenius et al., 1987) or 

transgenic plants producing movement protein (Atkins et al., 1991). In such plants 

the molecular size exclusion limit of the plasmodesmata is increased (Wolf et al., 
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1989; Doom et al., 1990). The discovery that the TMV movement protein binds 

cooperatively to single-stranded nucleic acids (Citovsky et al., 1990) led to the 

suggestion that it has two functions, increasing the permeability of plasmodesmata and 

forming an unfolded RNA-movement protein complex that is able to move through 

the modified plasmodesmata. The region of TMV P30 responsible for increasing 

plasmodesmal size exclusion limits was mapped to the C-terminal part of the 268-

amino acid residue protein, between amino acid residues 126 and 224 (Waigmann et 

al., 1994). 

CaMV and CaMV Movement Protein 

CaMV is the type member of the caulimovirus group. The virus contains a 

double-stranded circular DNA molecule, with neither strand covalently closed. The 

positive-stranded DNA of CaMV contains six major open reading frames (ORFs). 

Functions have been assigned to some of the putative gene products: aphid 

transmission factor (ORF 2) (Armour et al., 1983; Woolston et al., 1983), coat 

protein precursor (ORF 4) (Daubert et al., 1982), reverse transcriptase (ORF 5) (Toh 

et al., 1983; Takatsuji et al., 1986), main inclusion body matrix protein and 

transactivator of translation (ORF 6) (Covey and Hull, 1981; Gowda et al., 1989). 

CaMV ORF 1 encodes a 38K protein (P38). A significant sequence similarity 

exists between the putative P38 of CaMV and P30 of TMV. The strongest similarity 

between CaMV P38 and TMV P30 occurs in a central region of the polypeptide. 
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CaMV P38 was suggested as a good candidate for the CaMV movement protein (Hull 

and Covey, 1985; Hull et al., 1986; Martinez-Izquierdo et al., 1987; Melcher, 1990). 

The probable participation of the ORF 1 product in the control of cell-to-cell transport 

of CaMV infection is supported by its location around modified plasmodesmata 

between mesophyll cells and the ends of phloem parenchymal cells in small vascular 

elements. Sections of CaMV-infected turnip tissues showed modification of the 

plasmodesmata between mesophyll cells, including an increased diameter of the 

intersymplastic channel and the appearance of a fine granular tubular structure within 

a cell wall extension (Linstead et al., 1988; Perbal et al., 1993). The protein 

encoded by CaMV ORF 1 is an RNA binding protein (Citovsky et al., 1991). 

Recently two groups have shown that CaMV mutants with different ORF 1 deletions 

replicated in single cells or protoplasts, but did not move from cell to cell (Thomas et 

al., 1993; Tsuge et al., 1994; Thomas & Maule, 1995), which strongly indicates that 

CaMV P38 is the movement protein of CaMV. 

Movement Protein and Host Specificity 

As TMV P30 is associated with plasmodesmata and binds to single-stranded RNA 

sequence nonspecifically, a viral RNA and movement protein complex may be formed 

which moves through the plasmodesmata by interacting with some putative host 

factors (Deom et al., 1992; Citovsky, 1991). The implication that TMV moves from 

cell-to-cell through the interaction of P30 with a host component(s) suggests that the 
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P30 protein may be a determinant of host specificity of viral infection. This 

suggestion is supported by several experiments. Tm2 is a recessive mutation of 

tomato that prevents tomato mosaic virus (ToMV) from moving from cell to cell 

(Motoyoshi et al., 1975). Nucleic acid sequence analysis indicated that overcoming 

of the resistance of Tm2 plants is due to mutation in the P30 gene (Meshi et al., 

1989). A hybrid TMV with its P30 gene replaced by the P30 gene of odontoglossum 

ringspot tobamovirus (ORSV) can infect vanilla orchids, which is a host of ORSV but 

not of TMV (Holt et al., 1991). 

Virus movement proteins are also host specificity determinants for other viruses. 

A large number of possible complementations of systemic spread between related and 

unrelated plant viruses were reported (Atabekov et al., 1990). Bromovirus movement 

protein genes play a crucial role in host specificity (Mise et al., 1993). 

To study the genetic determinants for CaMV and TMV, three kinds of plants 

(turnip, tobacco and Arabidopsis) were used. Turnip is a host of CaMV, but not a 

host of TMV (Oshima et al., 1962). Nicotiana tabacum cv Samsun is a host of 

TMV, but not a host of CaMV. Arabidopsis thaliana is a host of both CaMV and 

TMV. In this study, a nonhost for a virus means no accumulation of the virus on 

systemic and inoculated leaves or a very low level accumulation of the virus only on 

the inoculated leaves. Two major questions were addressed in this study: (1) are the 

functions of TMV P30 and CaMV P38 exchangeable; and (2) what roles do TMV 

P30 and CaMV P38 play in host specificity? To answer these two questions, I made 

four CaMV plasmids (Figure 1) with their P38 gene partially or completely replaced 
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by the analogous TMV movement protein part and four chimeric TMV cDNA clones 

(Figure 1) with the TMV movement protein gene replaced by the CaMV P38 gene or 

with parts of the TMV P30 gene replaced by the analogous CaMV P38 parts. The 

exchanges were based on the sequence alignment (Melcher, 1990) and structure model 

proposed by Melcher (1993). CaMV P38 and TMV P30 sequences in the alignment 

were shown to be significantly related to each other. The alignment revealed three 

domains of the movement proteins: an N-terminal domain, a central domain and a C

terminal domain. The central domain sequences are the most highly conserved and 

also have significant similarity to lentiviral proteinase. Based on the similarity 

between the central domains of movement proteins and lentiviral proteinase, a 

prediction of the relative three-dimensional orientation of sequence domains of the 

movement proteins was made. In the structural model, the movement proteins are 

dimers, like the lentiviral proteinases. The core of the structure consists of a dimer 

of proteinase-similar domain (the central domain). The N-terminal domain of one 

protein interacts with the C-terminal domain of another protein in the dimer. The 

sequence alignment of CaMV P38 and TMV P30 and the junctions of exchanges are 

shown in Table 1. The junctions of the exchanges were designed to keep the three 

putative domains intact. A CaMV plasmid with an additional TMV P30 gene and a 

TMV cDNA clone with an additional CaMV P38 gene were also constructed. The 

plasmids were tested on turnip, tobacco and Arabidopsis plants. 
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1291 PCR1 033 034 PCR2 

pTMV304 
362 363 

2+ 048 049 118 

~~ ~ pCaBB1 
--

517 119 518 13-

t:XXXX><l IOO<XX] pTCa38 

pTCaMC38 

pTCaNM38 

pTCaM38 

pCaT30 

pCaTN30 

...... N ...... 0 ..... S..._Sl ____ __,_~ pCaTC30 

pCaTNC30 

CJ CaMV P38 gene sequence 

!S,,S1 · CaMV flanking sequence 

- TMV P30 gene sequence 

~ TMV flanking sequence 

PCR primers used (Table 2 and 3) 

Figure 1. Ca:MV and TMV Movement Protein Chimeras constructed for use in the 
study. 
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Protein 

CaMV P38 
TMVP30 

CaMV P38 
TMV P30 

CaMV P38 
TMV P30 

CaMV P38 
TMV P30 

CaMV P38 
TMV P30 

CaMV P38 
TMV P30 

CaMV P38 
TMV P30 

CaMV P38 
TMV P30 

TABLE 1 

CaMV P38 AND TMV P30 ALIGNMENT 

Amino Acid Sequences 

MDLYPEENTQSEQSQNSENNMQIFKSENSDGFSSDLMISNDQLKN 
??????????????????????????????????????????MAL 

15! 30! 45! 

ISKTQLTLEKEKIFKMPNVLSQVMKKAFSRKNEILYCVSTKELSV 
VVKGKVNINE--FIDLTK-MEKILPSMFTPVKSV------MCSKV 

60! 75! 90! 

DIHDATGKVYLPLITKEEINKRLSSLtKPEVRKTMSMVHLGAVKIL 
DKIMVHENESLSEV---------NLLtKGVKLIDSGYVCLAGLVVT 

105! 120! 135! 

LKAQFRNGIDTPIKIALIDDRINSRRDCLLGAAKGNLAYGKFMFT 
GEWNLPDNCRGGVSVCLVDKRMERADEATLGSYYTAAAKKRFQFK 

150! 165! 180! 

VYPKFGISLNTQRLNQTLSLIHDFENKNNMNKGDKVMTITYVVGY 
VVPNYAITTQDAMKNVWQVLVN--IRNVKMSAGFCPLSLEFVSVC 

195! 210! 225! 

ALTNSHHSIDYQSNt--------ATIELEDVFQEIGNVQQSEFCTI 
IVYRNNIKLGLREKtITNVRDGGPMELTEEVVDEFMEDVPMSIRLA 

240! 255! 270! 

QNDEC-NWAIDIAQNKALLGAKTKTQIGNNLQIGNSASSSNTE-
KFRSRTGKKSDVRKGKNSSNDRSVPNKN---------YRNVKDFG 

285! 300! 315! 

NELARVSQN-IDLLKNKLKEICGE? 
GMSFKKNNLIDDD-SEATVAESDSF 

330! 

Note: 1. i indicates the exchange sites between CaMV and TMV MPs and 
corresponds to the junctions of the black and white bars in Figure 1. 

2. The numbers indicate the alignment positions. "I" indicates the position 
of the amino acid with the number. Among the 122 amino acids in the 
internal region, 14 amino acids are identical. 

(This table is modified from Melcher, 1990) 
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2. Materials and Methods 

Construction of Plasmids 

Construction of pCaT30 

Generating TMV 30K Gene Fragment Two PCR primers (primer 033 and 

034, Table 2) were designed from the known pCaBBl (Brisson et al., 1984) and 

TMV vulgare sequences (Goelet et al., 1982). DNA was amplified from pTMV304 

(Dawson, W. 0., personal communication) in a 100 µl reaction mix containing 10 µl 

lOx PCR Mg2+ free buffer, 6 µ125 mM Mg2+ buffer, 16 µ11.25 mM dNTP mix, 500 

ng each oligonucleotide primer and 2.5 units Taq polymerase (buffers and enzyme 

were from Promega) (Mullis et al., 1987). After overlaying with 100 µ1 paraffin oil, 

PCR program 15 (25 rounds of cycling at 94°C for 1 min, 30°C for 2 min, 72°C for 3 

min) was performed. The DNA fragments were electrophoresed through a 1 % 

agarose gel. To recover fragments from the gel, the gel slice was cut from the gel, 

placed in a sterile eppendorf and broken into smaller pieces with a pipetman tip. 

After adding an equal volume of phenol and vortexing, the tube was placed at -700C 

for 15 min, then thawed and microfuged. The aqueous phase was removed to a new 

tube and 2.5 volumes 95% ethanol were added. The tube was placed at -20°C for 2 

hours. DNA was recovered by centrifuging, 70% ethanol washing, and drying. The 

amount of DNA was determined using a DNA fluorometer. 
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TABLE2 

PCR OLIGONUCLEOTIDE PRIMERS 

Primer Sequence 

033 ccglCTCGAGlgttaaaacgaatccgattcggcl 
Xhol TMV P30 seq. 

034 gcgcglGGTgACCltgagatggctctagttgttl 
BstEII TMV P30 seq. 

048 IATGGCTCTAGTTGTTAAAlgaaaatacccaaagcgl 
TMV P30 seq. CaMV P38 seq. 

049 ITTCTTCTGTAAGTTCCATGGGlattcgattgataatctatgcl 
TMV P30 seq. CaMV P38 seq. 

118 gcgcgclCTTAAGlcatalttattctccacagatl 
Aflll CaMVseq. 

119 gccclAAGCTTlaaacctgaagaagtcagaaal 
Hindm CaMV seq. 

362 cgccglCTCGAGlatggctctagttgttaaagl 
Xhol TMV P30 seq. 

363 cacgclGTCGACltccgattcggcgacagtagcctl 
Sall TMV P30 seq. 

517 acgclGTCGAClatggatttgtatccagl 
Sall. CaMV seq. 

518 acgclGTCGAClttattctccacagatctcl 
Sall. CaMV P38 seq. 

Note: Primer locations are shown in Figure 1. 
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Restriction Digestion 2 µg pCaBBl (Brisson, et al., 1984) DNA were digested 

with Xhol and BstEII, and subjected to gel electrophoresis. The large band (about 11 

kb) was purified as described above. 140 ng purified PCR fragment was first 

digested with 6 units Xhol for 5 hours at 37°C, then with another 6 units Xhol for 20 

hours at 2D°C. The DNA was precipitated by adding 1/10 volume of 3M sodium 

acetate and 2.5 volumes of 95% ethanol and storing at -20°C for 2 hours. The DNA 

was pelleted by centrifugation, washed with cold 70% ethanol, dried in a vacuum 

dryer and dissolved in water. All the DNA was subjected to 6 units BstEII digestion 

overnight at 37°C, 7 hours at 20°C, and 1 hour at 60°C. The DNA was purified by 

phenol extraction and dissolved in 28 µ1 water. 

Ligation, Transformation, and Screening 28 µ1 pCaBBl (3 ng/µl) vector, 18 

µ1 digested PCR fragment, 12 µ1 5x ligation buffer (BRL) and 2 µ1 water containing 

0.2 unit T4 DNA ligase were mixed together. The mixture was incubated at 15°C 

overnight and then diluted to 240 µ1 by adding 144 µ1 water and 36 µ1 5x ligation 

buffer. The mixture was further incubated at 15°C for 6 hours. After heat treatment 

at 70°C for 5 min, the DNA was precipitated by adding 24 µ1 3 M sodium acetate and 

750 µl 95 % ethanol and storing at -20°C for 2 hours. The DNA was pelleted, dried 

and dissolved in 10 µ1 water. 20 µ1 DH5a competent cells (BRL) were transformed 

with 1 µl of DNA as recommended by BRL. Plasmid DNA was isolated from 

cultures of the resulting colonies by the alkaline SDS lysis as described (Sambrook et 

al., 1989) and digested with Xhol and BstEII to test the size of insert. The plasmid 
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with the right insert was called pCaT30. 

Construction of pTMVCaNM38 

pTMVCaNM38 (Figure 2) was made by the methods described by Clackson et al. 

(1989). PCR primers 048 and 049 (Table 2) were designed from TMV vulgare and 

pCaBBl sequences respectively. Primer 048 was first phosphorylated in a 30 µ1 

reaction mix containing T4 polynucleotide kinase buffer, 200 ng oligonucleotide 

primer, 10 mM ATP, 4 units of T4 polynucleotide kinase at 37°C for 30 minutes. 

DNA was then amplified from pCaBBl plasmid DNA in a 100 µ1 reaction mix 

containing 10 µ1 PCR Mg2+ free buffer, 6 µ1 Mg2+ buffer, 2.5 units Taq polymerase 

(Promega), 100 ng phosphorylated primer 048, 100 ng primer 049, 16 µ11.25 mM 

dNTP mix and 10 ng template. After overlaying with paraffin oil, PCR program 15 

was performed as above. The DNA fragments were electrophoresed through a 1 % 

agarose gel, purified by freeze-phenol extraction method as described above and taken 

up in 10µ1 water. Single-stranded pTMV DNA template (500 ng) and the PCR 

product (5 µ1) were annealed in a final volume of 10 µ1 containing PCR Mg2+-free 

buffer, Mg2+ buffer, 500 µM dNTPs and 2.5 units Taq polymerase, overlaid with 

paraffin oil. The annealing reaction was incubated at 92°C for 3 min, 67°C for 2 min 

and 37°C for 2 min in a DNA thermal cycler with 1 min intervals between each 

incubation. 10µ1 of buffer and enzyme mixture [10 mM Tris-HCI pH 8.0, 10 mM 

MgC12, 500 µM ATP, 10 mM DTT, 2 units T4 DNA ligase (BRL) and 3.25 units 
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Figure 2. Construction of pTMVCaNM38 

15 



Sequenase version 2.0 (USB)] was then added to the annealing reaction and the 

incubation continued at 37°C for 1 hour. The synthesized DNA was then precipitated 

by ethanol, and dissolved in 16 µ1 TEN buffer (10 mM Tris-HCl, 1 mM EDTA and 

10 mM NaCl, pH 8.0). Aliquots of 2 µl were used to transform BMH 71-18 mut S 

competent cells. One-tenth of the transformation reaction was plated to check the 

number of transformants. 4 ml LB medium (Sambrook et al., 1989) containing 75 

µg/ml ampicillin was then added to the remaining reaction and the reaction was 

shaken at 37°C at a moderate speed. Plasmid DNA was isolated from the overnight 

bacterial culture. 200 ng of the DNA was digested in a 30 µl reaction containing 

Promega restriction enzyme digestion buffer B and 6 units HindlII at 37°C for 3 

hours. 0.5 µ1 of the reaction was then used to transform DH5a competent cells. 

Plasmid DNA was isolated from cultures of the colonies and digested by HindlII to 

check the identity of the plasmids. Plasmids which had no HindlII site were further 

checked by Xbal digestion and one of those plasmids was partially sequenced by 

dideoxy sequencing with TMV PCRl primer and PCR2 primer (Table 3) which are 

complementary to sequences just outside TMV P30 gene. The resulting mutant 

plasmid was called pTMVCaNM38. 

Construction of pTMVCaMC38NA 

Primers 118 and 119 (Table 2) were designed from pCS101 (equivalent to pCa37, 

Lebeurier et al., 1980) and pTMV3'NA sequences (Lapidot, M., personal 
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Primer 

TMVPCRl 

TMV PCR2 

1291 

CaMV 2+ 

CaMV 13-

038 

915 

037 

1048 

TABLE 3 

PRIMERS USED IN THE STUDY 

Sequence 

GCCCCTCCAGGTTCGTTTGTTATAAA 

GAACACGAACTGAGATGGAGTAGTGA 

GGAGTACCCGGCTTTGCAGA 

AAGCCTTCCTCAGGAAGTACCTT 

TAAACATGCGGTTGTCCCGTAATGCT 

GCTCTCCTTGACCGAGGGAA 

GGCTCTAGATTTAGGTGACACTATAGTTTAGTTTTATTGCAAC 

AGAATCTCGACTCTTTTGAC 

GCCGCTCGAGTTATCAAACAAAGAACAAAT 

Note: Locations of TMV PCRl, TMV PCR2, 1291, CaMV 2+ and CaMV 13-
are shown in Figure 1. Locations of TVCV primers 038, 915, 037 and 
1048 are shown in Figure 4 (Chapter III). 
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communication). DNA was amplified from pCS101 DNA in a 100 µ.l reaction mix 

containing 10 µ.1 PCR Mg2+ free buffer, 6 µ.I Mg2+ buffer, 2.5 units Taq polymerase, 

16 µ.l 1.25 mM dNTP mix, 500 ng primer 118, 500 ng primer 119 and 10 ng 

template with PCR program 15 as described above. After gel electrophoresis, the 

DNA was purified by the freeze-phenol extraction method as described above and 

digested by HindIII and AflII. pTMVCaMC38NA was obtained by ligating the 

digested PCR fragments with the vector part of pTMV3 'NA digested with HindIII and 

AflII. Identity of plasmids resulting from transformation of DH5cx cells was checked 

by digestion with Xbal. 

Construction of pTMVCaM38 

The CaMV P38 one-third center fragment was amplified from pCaBBl DNA in a 

100 µ.1 reaction mix containing 10 µ.1 PCR Mg2+ free buffer, 6 µ.1 Mg2+ buffer, 2.5 

units Taq polymerase, 16 µ.l 1.25 mM dNTPs mix, 500 ng primer 119, 500 ng 

primer 049 and 10 ng template with PCR program 15 as described above. The DNA 

was purified as described above, completely digested by HindIIT and then partially 

digested by Styl in a 30 µ.1 reaction containing 1 unit Styl (Promega) at 37°C for 15 

min. · The digested DNA was purified and ligated to the vector part of pTMV 

(Lapidot, M., personal communication) digested by Hindlll and Sty I to obtain 

pTMVCaM38. Identity of plasmids resulting from transformation of DH5cx cells was 

checked by digestion with XbaI and HindIII. 
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Construction of pTCaNM38, pTCaM38, pTCaMC38 and pTCa38 

pTMVCaNM38, pTMVCaM38 and pTMVCaMC38NA were digested by BamHI 

and Kpnl. The fragments with viral sequence were purified and ligated to the vector 

containing fragment of pTMV304 digested with BamHI and Kpnl. The resulting 

plasmids were named pTCaNM38, pTCaM38 and pTCaMC38, respectively. Identity 

of plasmids resulting from transformation of DH5a cells was checked by digestion 

with HindIII and BglII. For construction of pTCa38, both pTMVCaMC38 and 

pTCaNM38 were digested by NcoI and Kpnl. The large fragment (about 8.4 kb) of 

pTCaNM38 was ligated to the small fragment (about 1 kb) of pTMVCaMC38 to 

obtain pTCa38. To purify the DNA fragments, the DNAs were electrophoresed 

through a 1 % agarose gel and the gel was stained in 0.5 µg/ml ethidium bromide 

solution. The DNA band was excised, placed in a sterile eppendorf and incubated in 

70°C for 15 min. The tube was then put in .;.7Q°C freezer for 5 min, thawed and spun 

in a microcentrifuge for 5 min. The supernatant was transferred to another eppendorf 

and was used directly for ligation. Identity of plasmids resulting from the 

transformation of DH5a cells was checked with BglII digestion. 

Construction of pCaTNC30, pCaTN30 and pCaTC30 

pCaTNC30 was constructed the same way as pCaT30 except that the template for 

the PCR reaction was pTCaM38. Identity of pCaTNC30 was checked by digestion 
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with EcoRI and Xbal. For construction of pCaTN30 and pCaTC30, both pCaBBl 

and pCaTNC30 were digested by AflIT and Mlul. The small fragment (about 2.6 kb) 

of pCaBBl was ligated to the large fragment (about 7 kb) of pCaTNC30 to obtain 

pCaTC30. The small fragment (about 2.2 kb) of pCaTNC30 was ligated to the large 

fragment (about 7 kb) of pCaBBl to obtain pCaTN30. Identity of plasmids resulting 

from the transformation of DH5a cells was checked with Sty! digestion. 

Construction of pCaBB1:P30 

The TMV P30 gene was amplified from.pTMV304 by PCR using primer 362 and 

primer 363 (Table 2). The PCR product was digested with SallandXhoI and was 

cloned into Xhol-digested pCaBBl. The direction of the insert was checked by 

digesting the plasmids resulting from transformation with Sall and Xhol together. 

The plasmid with the P30 gene inserted in the same direction as the CaMV genes was 

called pCaBB1:P30. 

Construction of pTB2:0RF1-Sp6 and pTVCV:ORFl 

PCR primers 517 and 518 (Table 2) were designed from the pCaBBl sequence 

and used to amplify the ORF 1 fragment from a pCaBBl template by PCR. The PCR 

DNA fragment was digested with Sall and ligated to S~ll-digested pBluescript SK(+) 

to obtain pB:ORFl (Figure 3). pB:ORFl was then digested with Sall. The 1.0 kb 
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ORFl Sall was purified by gel electrophoresis and ligated to Xhol-digested pTB2 

(Donson et al., 1991). To identify the plasmid with the insertion among plasmids 

resulting from transformation, the transformants were cultured in 4 ml LB medium 

with ampicillin after transformation. Plasmid DNA was isolated from the overnight 

culture and digested with Xhol. The digested DNA was used to transform DH5a 

competent cells. Plasmids from the resulting transformants were screened for size 

and for the pattern of EcoRI digestion products. The plasmid with the CaMV ORF 1 

inserted at the Xhol site of pTB2 in the right direction was called pTB2:0RF1. For 

construction of pTB2:0RFl-Sp6, both pTMV304 and pTB2:0RF1 were digested with 

BamHI and Kpnl. The 6.3 kb pTMV304 fragment was ligated to the 4.1 kb 

pTB2:0RF1 fragment to obtain pTB2:0RFl-Sp6. Identity of plasmids resulting from 

transformation of DH5o: cells was checked by digestion with Hindlll. 

Both pB:ORFl and pTZl 71 (described in Chapter 3) were first digested with Xhol 

and Hindlll. The 1.0 kb pB:ORFl fragment was ligated to the 5.4 kb pTZ171 

fragment to obtain pTZ185 after transformation (Figure 3). Both pTZ185 and 

pTVCV50 were then digested with Pstl and Kpnl. The 3.5 kb pTZ185 fragment was 

ligated to the 6.6 kb pTVCV50 fragment to obtain pTVCV:ORFl (Figure 3). 

Identity of plasmids resulting from transformation of DH5o: cells was checked by 

digestion with Hindlll and Xhol. 
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Plants and Inoculation 

N. tabacum cv. Xanthi-nc, N. tabacum cv. Samsun, 30K TMV movement protein 

transgenic Xanthi-NN (plant line 2005, Deom et al., 1990) and Xanthi-nn (plant line 

277, Deom et al., 1990) were used. They will be referred to as Xanthi-nc, Samsun

nn, MP2005 plants and MP277 plants, respectively. Arabidopsis thaliana ecotype 

Columbia and Brassica rapa cv. Just Right were also used. They will be referred to 

as Arabidopsis and turnip, respectively. 

All CaMV plasmids used in the study have CaMV viral DNA inserted in the Sall 

site of a plasmid vector. CaMV inocula were prepared by excising viral sequence 

DNA from the plasmid vector by Sall. The inocula contained 20 µg/ml digested 

DNA in 20x SSC and 3 mg/ml Celite. All TMV cDNAs were inserted in a plasmid 

vector. In vitro transcripts were made from Kpnl-linearized plasmids by Ambion 

(Austin, Texas) mMessage mMachineTM in vitro transcription kit (catalog #1340). In 

vitro transcripts derived from viral cDNAs were diluted 1 to 4 in RNAse-free water 

before inoculation on plants. Homogenates from infected leaves were also used as 

sources of inoculum. To grind tobacco leaf tissue, about 0.5 g of virus infected leaf 

tissue and 2.5 ml sterile water were added to a disposable 17x100 mm polypropylene 

round..:bottom tube (FALCON 2059 from Becton Dickinson Labware, Lincoln Park, 

New Jersey) and ground with a 2 ml sterile disposable plastic pipet. 

For each experiment, at least two tobacco plants or two turnip plants were 

inoculated with each inoculum. For each tobacco plant, the third to the sixth leaves 

23 



were inoculated when the plant was at the seven-leaf stage. For each turnip plant, the 

third to the fifth leaves were inoculated when the plant was at the six-leaf stage. For 

each Arabidopsis plant, the third to the sixth leaves were inoculated when the plant 

was four weeks old. For each chimera, plasmids from four independent colonies 

were tested. The inoculation was done by gently rubbing a 20 µl (5 µl for 

Arabidopsis) drop of inoculum over the leaf surface with a gloved finger. Plants 

inoculated with tobamovirus inoculum were dusted with carborundum before 

inoculation. The inoculated plants were kept in a growth chamber (12-hr light, 

23°C/12-hr dark, 21 °C dark) and assayed for symptoms over a two-week period for 

tobacco plants and a four-week period for Arabidopsis and turnip plants. 

Assay for CaMV DNA 

A "virion DNA" fraction was isolated from systemic or upper uninoculated 

tobacco leaves by the method of Gardner and Shepherd (1980) and subjected to gel 

electrophoresis. Total DNA was isolated from inoculated or systemic tobacco leaves 

by the method of Rogers and Bendich (1988). 

DNA prepared from upper uninoculated leaves by both methods was used as 

template to attempt to amplify TMV 30K gene fragments by primer 033 and primer 

034. After adding PCR buffer, dNTP mixture and Taq polymerase (Promega), the 

reactions were overlaid with mineral oil and subjected to 40 cycles of 1 min at 94°C, 

2 min at 60°C and 3 min at 72°C. DNA from plants inoculated with buffer was used 
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as negative control. Plasmid DNA was used as positive control. 

EcoRI digested and undigested "virion fraction" DNA were Southern blotted and 

hybridized with a 32P-dCTP labeled probe. The probe was prepared by nick 

translation of pCaT30 DNA (Melcher et al., 1981). EcoRI digested and undigested 

pCaT30 DNA were used as positive controls. Prehybridization for 2 to 4 hours at 

42°C and hybridization for 18 hours at 42°C were in 50% formamide, 5x SSPE (lx 

SSPE is 0.18 M-NaCl, 0.01 M-sodium phosphate, 1 mM-EDTA, pH 7.4), 5x 

Denhardt's solution (Denhardt, 1966), 0.5% SDS, 0.2 mg/ml sheared, denatured 

salmon sperm DNA. After hybridization, the membrane was washed 4 times with 2x 

SSC (lx SSC is 0.15M·:-NaCl, 0.015 M-sodium citrate), 0.1 % SDS at 25°C for 15 

min, followed by a final wash under the same conditions for 30 min. The washed 

membrane was autoradiographed. For nonradioactive hybridization, a biotin-labeled 

probe was prepared from pCaBBl DNA by random priming using BRL (Gaitherburg, 

MD) BIOPRIMER DNA Labeling System (Cat. No 18094-011). The PhotoGene™ 

Nucleic Acid Detection System (BRL, Cat. No. 18192-057) was used for the 

detection of hybridized nucleic acids. 

3. Results 

Inoculation of CaMV Chimeras on Turnip, Tobacco and Arabidopsis Plants 

As shown in Table 4, a total of 14 turnip plants were inoculated with pCaT30 in 
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three different tests. A total of 8 turnip plants were inoculated with each of the other 

three CaMV chimeras. None of the turnip plants inoculated showed any symptoms 

when compared with buffer-inoculated control plants. A "virion DNA" fraction was 

extracted from both inoculated and upper uninoculated leaves of turnip plants in test 3 

two weeks post-inoculation. Southern blotting and hybridization using a pCaBBl 

biotin-labeled probe was able to detect pCaT30 DNA control, but failed to detect any 

CaMV DNA in the "virion DNA" fraction. 

As shown in Table 5, a total of 22 Samsun plants in 4 tests were inoculated with 

pCaT30. In test 1, systemic chlorotic spots were found on 4 out of 7 tobacco plants 7 

days post-inoculation with pCaT30. None of the three buffer-inoculated plants had 

similar symptoms. A "virion DNA" fraction and plant total DNA were extracted 

from the symptomatic tobacco leaves. Analysis of the "virion" DNA fraction by 

ethidium bromide staining of an agarose gel after electrophoretic separation failed to 

reveal a DNA band. Southern blotting and hybridization also failed to detect CaMV 

DNA at a sensitivity level of about 10 pg. PCR amplification (using CaMV primers 

2+ and 13-, Table 3) from the total DNA of symptomatic leaves gave no bands of the 

same size as DNA amplified from the plasmid DNA. Inocula made from 

homogenates of the symptomatic leaves were back-inoculated on Samsun plants. 

None of the inoculated plants developed any symptoms. In tests 2, 3 and 4, none of 

the tobacco plants inoculated with pCaT30 developed any symptoms. None of the 

tobacco plants inoculated with pCaTN30, pCaTC30 and pCaTNC30 developed any 

symptoms. A "virion DNA" fraction was extracted from the inoculated turnip leaves 
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Plasmids 

pCaT30 

pCaTN30 

pCaTC30 

pCaTNC30 

TABLE4 

RESULTS OF TURNIP PLANTS INOCULATED 
WITH CaMV MP CHIMERAS 

Test 1 Test 2· 

0/6 -'0/4 

N.D. 0/4 

N.D. 0/4 

N.D. 0/4 

Test 3 

0/4 

0/4 

0/4 

0/4 

Note: The number A/B means that A number of plants showed symptoms in a 
total of B number plants inoculated. 11N.D. 11 means not determined. 
Plants inoculated with pCaBBlinoculum (positive control) always showed 
disease symptoms. 

TABLE 5 

RESULTS OF SAMSON PLANTS INOCULATED WITH 
CaMV MP CHIMERAS 

Plasmids 

pCaT30 

pCaTN30 

pCaTC30 

pCaTNC30 

Test 1 

0/7 

N.D. 

N.D. 

N.D. 

· Test 2 Test 3 

0/7 0/4 

N.D. 0/4 

N.D. 0/4 

N.D. 0/4 

Test 4 

0/4 

0/4 

0/4 

0/4 

Note: The number A/B means that A number of plants showed symptoms in a 
total of B number of plants inoculated. 11N.D. 11 means not determined. 
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in test 4. Southern blotting and hybridization with a nonradioactive pCaBBl probe 

failed to detect any CaMV DNA at a sensitivity level of about 10 pg. 

At least 30 Arabidopsis plants were inoculated with pCaBBl inoculum in three 

experiments. No plant inoculated developed any symptoms, while plants inoculated 

with CaBBl virions developed systemic chlorosis symptom. Thus I could not infect 

Arabidopsis plants with CaMV plasmid DNA because the efficiency of plasmid DNA 

inoculum is very low compared with virion inoculum. 

The results of inoculating CaMV chimeras on turnip and tobacco plants indicate 

that CaMV chimeras are not infectious on turnip and tobacco plants. 

Inoculation of TMV Chimeras on Tobacco Plants 

In vitro transcripts were made from pTCa38, pTCaNM38, pTCaM38 and 

pTCaMC38. The transcripts were used to inoculate Xanthi-nc plants and MP2005 

plants. As shown in Table 6, a total of 6 Xanthi-nc plants were inoculated with in 

vitro transcripts from two different transcription reactions for each chimera. None of 

the plants developed any local lesions on the inoculated leaves. The same in vitro 

transcripts used in test 2 were used in test 3 to inoculate MP2005 plants. All the 

inoculated leaves developed local lesions. There were more than 100 lesions on each 

leaf. The lesions on leaves inoculated with transcripts from pTCaNM38, pTCaM38 

and pTCaMC38 developed two days post-inoculation and the sizes of those lesions 

were the same as those on control plants inoculated with TMV (about 5 mm in 
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Plasmids 

pTCaNM38 

pTCaM38 

pTCaMC38 

pTCa38 

Plasmids 

pTCaNM38 

pTCaM38 

pTCaMC38 

pTCa38 

TABLE 6 

RESULTS OF TOBACCO PLANTS INOCULATED 
WITH TMV CHil\fERAS 

Test 1: Xanthi-nc Test 2: Xanthi-nc Test 3: MP2005 

0/4 0/2 2/2 

0/4 0/2 2/2 

0/4 0/2 2/2 

0/4 0/2 2/2 

Test 4: Xanthi-nc Test 5: MP2005 Test 6: Xanthi-nc 

0/2 2/2 0/2 

0/2 2/2 0/2 

4/2+2 2/2 N.D. 

4/2+2 2/2 N.D. 

Note: 1. The number A/B means that A number of plants showed symptoms in a 
total of B number plants inoculated. "2+2" means that two experiments 
were done and two plants were inoculated in each experiment. 

2. Inocula in test 1, test 2 and test 3 were in vitro transcripts. lnocula in 
test 4 and test 5 were homogenates of infected MP2005 leaves in test 3. 
Inoculum in test 6 was homogenate of infected MP2005 leaves in test 5. 

3. Xanthi-nc plants inoculated with TMV as positive control always 
developed local lesion on the inoculated leaves. 
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diameter 7 days post-inoculation). Lesions developed on leaves inoculated with 

pTCa38 four days post-inoculation. The shape of the lesions was irregular and sizes 

of the lesions ranged from less than 1 mm to about 3 mm 7 days post-inoculation, 

smaller than lesions produced by TMV. 

MP2005 plant leaves infected with the chimeras were ground and the homogenates 

were inoculated on Xanthi-nc (test 4) and MP2005 plants (test 5). As shown in Table 

6, all inoculated MP2005 plants were infected by the chimeras. Local lesions 

developed on all MP2005 plants two days post-inoculation. The sizes of the lesions 

were the same as lesions produced by TMV. The shapes of lesions produced by 

inoculum derived from pTCa38 were round and similar to those of lesions produced 

by TMV and the other chimeras. Systemic necrosis developed on all the inoculated 

MP2005 plants 4-5 days post-inoculation. In test 4 of Table 6, Xanthi-nc plants 

inoculated with inoculum derived from pTCaNM38 and pTCaM38 did not develop 

any lesions on the inoculated leaves, but more than 100 lesions developed on each leaf 

inoculated with inoculum derived from pTCaMC38 and pTCa38 in two sets of 

experiments. The lesions developed two days post-inoculation and sizes of the lesion 

were the same as lesions produced by TMV. In test 6 of Table 6, inocula prepared 

from homogenates of systemically infected MP2005 plant leaf tissue in test 5 were 

inoculated on Xanthi-nc. None of the plants inoculated with inoculum derived from 

pTCaM38 and pTCaNM38 developed any local lesions. 

MP277 plants were inoculated with pTCaMC38 and pTCaM38 inoculum prepared 

from the infected MP2005 plants in test 3. Systemic mosaic symptoms were visible 5 
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days after inoculation. The symptoms on plants inoculated with pTCaMC38-derived 

inoculum were similar to symptoms on TMV-infected plants. The mosaic symptom 

on plants inoculated with pTCaM38-derived inoculum was milder than the mosaic 

symptom on TMV-infected plants. Total RNAs were extracted from the symptomatic 

leaves. Reverse transcription PCRs were done using the total RNA as template and 

TMV PCRl and PCR2 (Table 3) as primers. Both primers bind to regions outside 

the TMV P30 gene. A fragment of about 900 bp was amplified from total RNA of 

plants inoculated with pTCaMC38 or pTCaM38 derived inoculum. The size of the 

fragments is the same as expected. There is a unique Xbal site in the middle of 

CaMV P38 gene and no Xbal site in TMV P30 gene. The PCR fragments were 

precipitated, dissolved and digested with Xbal. Analysis of the digestion products by 

gel electrophoresis revealed that there was no Xbal site in the PCR fragment 

amplified from plants inoculated with pTCaMC38-derived inoculum and a single Xbal 

site in that from plants inoculated with pTCaM38-derived inoculum. 

Reverse transcription PCRs were also done using the total RNA as template and 

primers 1291 and TMV PCR2 (Table 3) as primers. Primer 1291 binds to a region in 

the TMV 183K gene. A fragment of about 1.8 kb was amplified from total RNA of 

plants inoculated with TMV or pTCaMC38-derived inoculum. The size of the 

fragment was the same as expected. A unique Ndel site is present at the start of the 

movement protein gene in pTCaMC38 but not present in wild type TMV. The PCR 

fragments were precipitated, dissolved and digested with Ndel. Analysis of the 

digestion products by gel electrophoresis revealed that there was no Ndel site in the 
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PCR fragment amplified from plants inoculated with TMV or pTCaMC38-derived 

inoculum. 

To repeat the tests 2, 3 and 4 (Table 6) of pTCa38 and pTCaMC38, the following 

experiments were done. Transcripts were made from the plasmids and inoculated on 

MP2005 plants. After 5 days, inocula were made from the infected plant leaves and 

used to inoculate Xanthi-nc plants and MP2005 plants. After local lesions developed 

on the MP2005 plants, inocula were then made from the infected MP2005 plants and 

used to inoculate Xanthi-nc plants again. 

In the first experiment, no Xanthi-nc plants developed any local lesions in the two 

rounds of inoculation. Local lesions that developed on MP2005 plants inoculated with 

pTCaMC38 transcripts always were of the same size as lesions produced by TMV. 

Local lesions that developed on MP2005 plants inoculated with pTCa38 transcripts 

were always smaller and had irregular shapes. But when the plants were inoculated 

with pTCa38 inoculum derived from MP2005 plants, the size and shape of lesions 

were the same as those oflesions produced by TMV. 

In a repeat of the experiment, one local lesion developed on one Xanthi-nc plant 

leaf inoculated with pTCaMC38 inoculum from transcript-inoculated MP2005 plants. 

No local lesions developed on Xanthi-nc plants inoculated with pTCa38-derived 

inoculum. 

Arabidopsis plants were inoculated with pTCaNM38 and pTCaM38 inoculum 

prepared from the infected MP2005 plants in test 3. TMV was used as positive 

control. After four weeks, the inoculated leaves and upper uninoculated leaves were 
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collected and homogenized. The homogenates were used to inoculate MP2005 plants. 

No lesions developed on MP2005 plants inoculated with homogenates from 

Arabidopsis plants previously inoculated with the two TMV chimeras. Local lesions 

developed on MP2005 plants inoculated with homogenates from Arabidopsis 

previously inoculated with TMV. 

The results of inoculating TMV · chimeras on plants indicate that TMV chimeras 

can not move from cell to cell on Xanthi-nc plants, but they can move from cell to 

cell on MP2005 plants. Viruses able to infect Xanthi-nc were recovered from 

MP2005 plants previously inoculated with transcripts of two chimeras. 

Inoculation of pCaBB1:P30 on Turnip Plants 

A total of 12 turnip plants in two tests were inoculated with SaIT-digested 

pCaBBl :P30 DNA. While systemic chlorotic spots developed on turnip plants 

inoculated with pCaBBl DNA 20 days after inoculation, symptoms were first visible 

on plants inoculated with pCaBB1:P30 30 days after inoculation. 

Virion DNA was extracted from the symptomatic leaves of turnip plants 

inoculated with pCaBB1:P30. The viral DNA and pCaBB1:P30 plasmid DNA were 

digested with Sarr and electrophoresed to compare the sizes. The size of the 

recovered viral DNA was smaller than the size of the virus sequence fragment from 

the plasmid. Xhol digestion of the viral DNA showed that there was no Xhol site in 

the viral DNA although there is an Xhol site in pCaBB1:P30. The absence of the 
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Xhol site suggests that the TMV P30 gene was probably deleted in the virus. To 

further confirm that, the Sall-digested viral DNA was then cloned into the Sall site of 

pBluescript to create plasmid pB:CaBB1:P30. To sequence the region of the TMV 

P30 gene insert, the 2.7 kb BamHI fragment of pB:CaBB1-p30 was deleted to make 

pZ135. Primer SK was then used to sequence the region between CaMV ORF 1 and 

ORF 3. The sequence analysis (Table 7) showed that the P30 gene fragment and five 

nucleotides originally present between ORF 1 and ORF 3 in pCaBBl were deleted. I 

can not assign the deletion end point precisely because of a two nucleotides (GA) 

ambiguity. 

The results of testing pCaBB1:P30 on turnip plants indicate that CaBB1:P30 was 

not stable on turnip plants and the P30 gene insert was deleted. 

Inoculation of pTB2:0RF1-Sp6 on Tobacco Plants 

In vitro transcripts were made from pTB2:0RFl-Sp6 and inoculated on Xanthi-nc 

plants and MP2005 plants. Local lesions developed on both MP2005 plants and 

Xanthi-nc plants. The sizes of lesions developed on MP2005 plants were the same as 

those of lesions produced by TMV on control plants. The sizes of lesions developed 

on Xanthi-nc plants were about 1 mm in diameter seven days post-inoculation, smaller 

than the lesions produced by TMV at the same time stage (5 mm in diameter). 

Inoculum was made from the infected MP2005 plants and inoculated on Xanthi-nc 

plants again. Local lesions developed on the inoculated leaves. The sizes of the 

34 



TABLE7 

SEQUENCES OF CaBB1:P30 AND VIRUSES RECOVERED FROM 
TURNIP PLANTS INFECTED WITH CaBB1:P30 

Plasmid Sequences 

pCaBB1:P30 

pZ135 

---AGAATAACCTCGAG( ••• )GTGAAATG---

---AGAATAACCTCGA .••••••••• AATG---

Note: 1. ( ••• ) indicates the P30 gene insert sequence. 

2. pZ135 is the plasmid used for sequencing the P30 gene insert region of 
the recovered virus. 

3. The sequencing was done by the Core Facility at Oklahoma State 
University. 
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lesions were about 1 mm in diameter 7 days post-inoculation, as were those produced 

by inoculation with transcripts. 

The results of testing pTB2:0RF1-Sp6 on tobacco plants indicate that TB2:0RF1 

moves slower on Xanthi-nc plants, but moves at about the same rate as TMV on 

MP2005 plants. 

Inoculation of TVCV:ORFl on Tobacco and Turnip Plants 

In vitro transcripts were made from pTVCV:ORFl and inoculated on Xanthi-nc 

plants and MP2005 plants. Local lesions developed on MP2005 plants but no local 

lesions developed on Xanthi-nc plants. The sizes of lesions produced on MP2005 

plants were about 3 mm in diameter seven days post-inoculation, smaller than the 

lesions with size of 5 mm in diameter produced by TMV at the same time stage. At 

32°C, TVCV:ORFl did not move systemically on MP2005 plants. 

Inoculum was made from the infected MP2005 plants and inoculated on Xanthi-nc 

and turnip plants. No local lesions developed on the inoculated Xanthi-nc leaves. 

Inocula were made from the inoculated turnip leaves 12 days post-inoculation and 

inoculated on Xanthi-nc plants. No local lesions developed on the inoculated Xanthi

nc leaves. The results of inoculating TVCV:ORFl on turnip and tobacco plants 

indicate that TVCV:ORFl can not infect the Xanthi-nc and turnip plants. 
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4. Discussion 

Functions of CaMV and TMV Movement Protein are not Exchangeable 

Although CaMV P38 and TMV P30 have significant sequence similarity (Melcher, 

1990) and a similar function of facilitating viral cell-to-cell movement, the results 

obtained indicate that they are not exchangeable. In pCaT30, the CaMV P38 gene 

was replaced with the TMV P30 gene. As CaMV DNA was not detected from the 

inoculated and upper uninoculated turnip leaves by Southern blotting and 

hybridization, the CaMV construct is probably not infectious on turnip plants. I can 

not rule out the possibility of an extremely low level of infection below the detection 

limit by hybridization. Considering that TMV can move at a slow rate on turnip 

plants (Chapter 3), the inability of pCaT30 to infect turnip suggests that TMV P30 is 

unable to facilitate CaMV cell-to-cell movement or replacement of CaMV ORFl with 

TMV P30 gene sequence destroys CaMV replication. 

In pTCa38 and pTVCV:ORFl, the tobamovirus P30 genes were replaced with the 

CaMV P38 gene. As both viruses were able to produce local lesions on MP2005 

plants and unable to produce local lesions on Xanthi-nc plants, both viruses were able 

to replicate in tobacco cells, but not able to move from cell-to-cell without assistance 

from the transgene. The fact that no viruses were recovered from turnip plants 

inoculated with TVCV:ORFl demonstrated that TVCV:ORFl had no cell-to-cell 

movement on turnip plants, considering that TVCV:ORFl has a TVCV replicase and 
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should be able to replicate on turnip. The inability of TCa38 and TVCV:ORFl to 

move from cell to cell suggests that CaMV P38 is unable to facilitate TMV or TVCV 

cell-to-cell movement. However, a recombinant virus consisting of a movement

defective mutant of TMV and putative peanut chlorotic streak caulimovirus (PClSV) 

movement protein gene was capable of cell-to-cell movement (Richins et al., 1993). 

My results are not consistent with the PClSV results, perhaps due to the difference 

between movement proteins of CaMV and PClSV. It is interesting to see whether 

functions of CaMV and PClSV movement proteins are exchangeable. 

One possible explanation for the inability to exchange functions of CaMV and 

TMV movement protein is that CaMV and TMV use different mechanisms to move 

from cell-to-cell. The TMV virion is not essential for the virus to move from cell-to

cell as a TMV coat protein minus mutant moves from cell-to-cell at the same rate as 

wild type TMV (Dawson et al., 1988). TMV may move from cell-to-cell as free 

RNA or some kind of RNA-protein complex which does not involve coat protein. 

During CaMV infection, fine granular tubular structures within cell wall extensions 

were found (Linstead et al., 1988). CaMV virions were also found in the tubular 

structures (Maule, 1991). Thus CaMV probably moves from cell-to-cell in the virion 

form. 

In pTCaNM38, pTCaM38, pTCaMC38, pCaTN30, pCaTNC30 and pCaTC30, the 

movement proteins are chimeric. As none of them were able to infect turnip or 

tobacco plants, the chimeric movement proteins are probably not functional. 

Although the similarity between TMV P30 and CaMV P38 is significant, the overall 
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similarity is very low and sequences in N-terminal and C-terminal regions are highly 

diverged (Melcher 1990). The amino acid sequences from CaMV P38 and TMV P30 

in the chimeric movement proteins are probably incompatible and the chimeric 

proteins probably fold improperly or are unable to fold at all. 

As the functions of CaMV P38 and TMV P30 are not exchangeable, my results 

with TMV and CaMV movement protein chimeras can not answer the questions of 

whether CaMV P38 is a host specificity determinant on tobacco and whether TMV 

P30 is a host specificity determinant on turnip. Approaches like the one described in 

Chapter 3 should answer these questions. 

Possible Recombination between TMV Chimeras and Movement Protein 

Transgene 

Although pTCaMC38 and pTCa38 transcripts are not able to move from cell-to

cell on Xanthi-nc plants, inocula prepared from MP2005 plants inoculated with the 

transcripts were able to infect Xanthi-nc plants. This indicated that viruses able to 

move from cell-to-cell were recovered. In pTCaMC38 and pTCa38, the promoter for 

synthesis of the coat protein subgenomic RNA was removed during the replacement 

of the TMV P30 gene with CaMV P38 gene. The viruses from the two plasmids 

should not express the coat protein. The fact that further passage of the inocula on 

MP2005 plants produced systemic necrosis indicated that the recovered viruses were 

able to move long distances. As coat protein is required for efficient virus long 
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distance movement, the recovered viruses should have regained expression of their 

coat proteins. A unique Xbal site is in the one-third middle part of CaMV P38 gene 

and is present in the original pTCaMC38 constructs. PCR amplification of the 

movement protein gene region and Xbal digestion of the PCR fragments indicated that 

there was no Xbal site in the fragments. A unique Ndel site is present at the start of 

the movement protein gene in pTCaMC38. PCR amplification of the movement 

protein gene region and Ndel digestion of the PCR fragments indicated that there was 

no Ndel site in the fragment. As the viruses recovered from the MP2005 plants 

inoculated with pTCaMC38 and pTCa38 inoculum can infect Samsun plants and 

produce the same symptoms as the symptoms produced by wild type TMV, the 

difference between the recovered viruses and TMV are probably very small. As the 

recovered viruses have no Xbal site in the movement protein gene and can move from 

cell-to-cell on Xanthi-nc and long distances on MP2005 plants and produced systemic 

mosaic symptoms on Samsun plants, the recovered viruses were not the same as the 

original constructs and were similar to TMV. In the side-by-side experiments I did, 

no viruses able to move from cell-to-cell on Xanthi-nc were recovered from MP2005 

plants inoculated with inoculum from pTCaM38 and pTCaNM38. 

There are at least two explanations for the recovery of viruses able to infect 

Xanthi-nc plants. One is that the recovered viruses are contaminants. As Xanthi-nc 

plants inoculated with the same inocula of pTCaMC38 and pTCa38 did not develop 

any local lesions, the original inocula were not contaminated. Also considering that 

no viruses able to infect Xanthi-nc were recovered from MP2005 plants inoculated 
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with pTCaNM38 and pTCaM38 inoculum in the side-by-side experiment and several 

other experiments, contamination is very unlikely. The other explanation is that 

recombination between the original viruses and the TMV P30 transgene occurred. 

As the coat protein gene and its promoter was preserved in TCaNM38 and 

TCaM38 on replacement of the TMV P30 gene parts with CaMV P38 parts, the TMV 

coat protein should have been produced. The ability of TCaNM38 and TCaM38 to 

move systemically on MP2005 plants was consistent with coat protein expression and 

virion formation. In TCaMC38 and TCa38, the coat protein gene promoter was 

absent. Thus no virion should have formed during infection with transcripts of these 

plasmids. During infection by TCaM38 and TCaNM38, some viral RNA should be 

packaged into the virions after replication. Viral RNA of TCaMC38 and TCa38 

could not be packaged into virions as no coat protein was expressed. 

The differences in packaging behavior support the view that recombination rather 

than contamination occurred with TCa38 and TCaMC38. The packaging of 

TCaNM38 and TCaM38 viral RNA into virions should lower their free RNA 

(unpackaged RNA) concentration. Thus their free RNA concentrations must have 

been substantially lower than those of TCa38 and TCaMC38 on the MP2005 plants. 

The low free RNA concentrations could make recombination impossible. 

Interference between the Functions of TMV and CaMV Movement Proteins 

As TMV was restricted to those regions of local lesions (Holmes, 1931; Sela, 
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1981), the size of local lesions should reflect the rate of virus spread. My results 

showed that sizes of the lesions were the same on MP2005 plants inoculated with 

TMV, TCaNM38, TCaMC38 and TCaM38, but lesions were smaller and appeared 

later on MP2005 plants inoculated with TCa38~ These results indicated that TCa38 

moved much slower on MP2005 plants than TMV while pTCaNM38, TCaMC38 and 

TCaM38 moved at the same rate as TMV did. This suggests that P38 produced by 

TCa38 interfered with the function of the TMV movement protein produced from the 

transgene while the chimeric movement proteins did not interfere. An interference 

between CaMV P38 and TMV P30 was supported by the observation that 

TVCV:ORFl moved slower locally on MP2005 plants compared to TMV. The 

interference is also supported by the observation that TVCV:ORFl was not able to 

move systemically at a temperature > 30°C, while TMV is able to move systemically 

on MP2005 plants at the same temperature. 

In comparison, Lapidot et al. (1993) showed that a defective TMV movement 

protein in transgenic plants interferes with the cell-to-cell movement of TMV and two 

other tobamoviruses. Further studies showed tliat transgenic plants with the defective 

TMV movement protein gene are also resistant to several viruses from other virus 

groups (Cooper et al., 1995) including peanut chlorotic streak virus, which is a 

caulimovirus. The defective movement protein only interfered with the long distance 

movement and had little or no effect on cell-to-cell movement of those viruses from 

other virus groups. My results indicate that a caulimovirus movement protein can 

interfere with the cell-to-cell movement of a tobamovirus movement protein. This 
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suggests that although their overall functions are not exchangeable, CaMV P38 and 

TMV P30 have some common functions and CaMV P38 can interfere with at least 

one or more of these functions. 

The stronger interference by the movement protein of TCa38 than by that of 

TVCV:ORFl is probably because the N-terminal 6 amino acids in the P38 from 

TCa38 are from TMV. These extra residues may make the protein even less 

functional than CaMV P38. As TB2:0RF1 moves at the same rate as TMV on 

MP2005 plants, P38 from TB2:0RF1 does not interfere with the TMV P30 transgene 

product. In TB2:0RF1, the insertion of the P38 gene places the TMV P30 gene 1 kb 

further from the 3' end and the position effect should lower the expression of TMV 

P30 significantly (Culver et al., 1993). This is supported by the observation that 

lesions produced by TB2:0RF1 were smaller than those produced by TMV on 

Xanthi-nc plants. As P30 expressed from the transgene on MP2005 plants is able to 

complement the movement of TMV movement protein mutants to wild type levels, the 

expression level of P30 from the transgene should be much higher than that from 

TB2:0RF1. TMV P30 concentration in MP2005 plants infected with TB2:0RF1 

should not be different significantly from that in uninfected MP2005 plants. Thus the 

P30 concentration difference on MP2005 plants during the infection of TB2:0RF1 

and TCa38 does not explain the different behavior of TB2:0RF1 and TCa38. The 

P38 in TB2:0RF1 is expressed under a coat protein subgenomic promoter, which is 

later in expression than the movement protein subgenomic promoter (Ogawa & Sakai, 

1984). No interference between P38 from TB2:0RF1 and P30 from the transgene 
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could be due to the way P38 was expressed in TB2:0RF1. This suggests that the 

timing for the expression of P38 could be important for the interference. 

As a partially functional movement protein can interfere with TMV movement 

protein functions, the fact that the three chimeric movement proteins do not interfere 

with TMV movement protein functions suggests that the chimeric movement proteins 

may not fold sufficiently properly to be at least partially functional and interfere with 

the TMV movement protein function. 

Passage of virus from the small lesions of MP2005 plants inoculated with pTCa38 

transcripts produced normal lesions. The results suggest that TCa38 was not stable 

on MP2005 plants and probably accumulated mutations in the P38 gene. My results 

also showed that CaBB1:P30 is not stable on turnip plants and the P30 gene inserted 

was deleted on the plants. 

As CaBBl is a relatively stable viral expression vector (Brisson et al., 1984) , the 

instability of CaBB1:P30 suggests that P30 may interfere with normal function of 

CaMV movement protein and that leads to the selection of viruses with the inserted 

P30 gene deleted. A similar deletion was found in a PClSV construct (Mushegian et 

al, 1995). 

In conclusion, functions of CaMV and TMV MP are not exchangeable and CaMV 

MP interferes with TMV MP function. Possible recombination between TMV 

chimeras and the MP transgene may occur under specific conditions. 

44 



CHAPl'ERID 

GENETIC DETERMINANTS OF TURNIP HOST 

SPECIFICITY IN TOBAMOVIRUSES 

1. Introduction 

Tobamoviruses, a group of rod-shaped plant viruses with a single-component 

positive-sense RNA genome·of about 6400 nucleotides, have a diverse host range. 

Although turnip is reported not to be a host for tobacco mosaic virus (TMV) vulgare, 

the type member of tobamoviruses, there are at least 4 reported crucifer-pathogenic 

tobamoviruses which can infect turnip plants (Oshima et al., 1962; Dorokhov et 

al.,1994; Lartey et al. 1993; Yamanaka et al., 1994). Turnip vein clearing virus 

(TVCV) is a tobamovirus isolated from Brassica rapa (turnip) (Lartey et al., 1993). 

It causes vein clearing in turnip, systemic mosaic in N. tabacum cv. Samsun and local 

lesions in N. tabacum cv. Xanthi-nc. Both the systemic mosaic and local lesion 

symptoms are similar to those caused by TMV vulgare in the respective plants (Lartey 

et al., 1993). The complete genomic sequence of TVCV showed that it has a genome 

of about 6300 nucleotides and a genomic organization similar to TMV except that 

45 



there is a 25 codon overlap between TVCV movement protein and coat protein genes 

(Lartey et al., 1993; Lartey et al., 1995). 

At least four polypeptides are encoded by tobamoviruses. The 126K and 183K 

polypeptides are components of a replicase which is involved in virus replication 

(Young et al., 1986; Meshi et al., 1987). The 30K protein is the movement protein 

required for cell-to-cell movement (Meshi et al., 1987; Deom et al., 1987). The 17K 

protein is the coat protein and is also involved in virus long distance movement 

(Siegel et al., 1962; Dawson et al., 1988). There is evidence that each of the 

polypeptides can be host specificity determinants. The 126K and/or 183K 

polypeptides were suggested to be involved in the interaction with the Tm-1 resistance 

gene of tomato and the N gene of tobacco (Meshi et al., 1988; Padgett et al., 1993). 

The 30K protein was found to be involved in Tm-2 resistance in tomato (Meshi et al., 

1989). The coat protein is responsible for the induction of the hypersensitive reaction 

(HR) in Nicotiana sylvestris (for a review see Culver et al., 1991). 

Turnip protoplasts support TMV vulgare replication (Lartey et al., 1992), 

although turnip was a host for TMV vulgare (Oshima et al., 1962). Leaf skeleton 

hybridization experiments showed that local movement of TMV on turnip plants was 

restricted (Lartey et al., 1992). The movement protein of TMV was probably the 

genetic factor that Hmits TMV cell-to-cell movement on turnip. With the complete 

nucleotide sequence of TVCV known, an infectious TVCV cDNA clone was 

constructed and used to create a series of TMV and TVCV chimeric viral genomes 

(Figure 4). The in vitro transcripts from the plasmids or chimeric viruses derived 
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from the plasmids were inoculated on tobacco and turnip plants to test whether TMV 

movement protein gene is the genetic determinant for the limited spread of TMV on 

turnip or whether other TMV genes are involved in the process. 

2. Materials and Methods 

Construction of pTVCV5'SP6, pTVCV50, pTMV445TVCV and pTVCV445TMV 

Primer 915 (Table 3) was designed· with the Sp6 promoter sequence linked to the 

5' end sequence of TVCV so that transcription by Sp6 RNA polymerase should start 

exactly at the first nucleotide of TVCV RNA. A 1.5 kb TVCV cDNA fragment was 

amplified by reverse transcription-PCR using primers 915 and 038 (Table 3) and 

TVCV RNA as template. The DNA fragments were electrophoresed through a 1 % 

agarose gel, purified by the freeze-phenol extraction method as described in Chapter 

2. The purified DNA was then digested with Xbal. The digested DNA was 

precipitated, redissolved and ligated to Xbal digested pBluescipt SK(+) DNA. The 

sizes of the plasmids of transformants were screened for the presence of a 0.8 kb 

insert and by EcoRV digestion for the orientation of the insert. The plasmid with the 

Sp6 promotor close to the Sacl site on the vector was called pTVCV5'Sp6 (Figure 5). 

To construct pTVCV50, pTVCV445TMV (Figure 5) and pTMV445TVCV (Figure 

6), pTVCV5'Sp6, pTMV304 and pTVCV42 (R. Lartey, T. Voss & U. Melcher, 

unpublished) were digested with Sphl and .Kpnl. The large fn1.gment (3.3 kb) of 
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pTVCV5'Sp6 was ligated to the large fragment (5.9 kb) of pTVCV42 to create 

pTVCV50. The large fragment (3.3 kb) of pTVCV5'Sp6 was ligated the large 

fragment (6.0 kb) of pTMV304 to create pTVCV445TMV. The small fragment 

(about 3.4 kb) of pTMV304 was ligated to the large fragment (about 5.9 kb) of 

pTVCV 42 to create pTMV 445TVCV. 

Construction of pTMV 4904TVCV 

pTMVCV is a plasmid constructed by R. Lartey from pTMV304 by replacing.the 

TMV movement protein gene with the TVCV movement protein gene. 

pTVCV20.168 is a plasmid constructed by T. Voss with a 4.4 kb TVCV cDNA 

cloned in pTMV304. Both pTMVCV and pTVCV20.168 were digested with BamHI 

and BstEII. The 7.2 kb pTVCV20.168 fragment was ligated to the 2.1 kb pTMVCV 

fragment to produce pTMV4904TVCV (Figure 6). 

Construction of pTVCV4279TMV and pTVCV4967TMV 

For construction of a TVCV 3' half subclone, pTVCV 42 was digested with Pstl 

and Apal. The 2.7 kb fragment was purified and cloned into Pstl and Apal digested 

pBluescript SK(+). The resulting plasmid was called pTVCV3'H (Figure 7). A 

plasmid called pTZ155 (Figure 7) was obtained by deleting the 0.8 kb Sacl fragment 

of pTVCV3 'H. There is a unique BglII site in pTZ155. Both pTZ155 and 
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pTMV3 'NA were digested with BglII and Kpnl. The 1.5 kb pTMV3 'NA fragment 

was ligated to the 3.4 kb pTZ155 fragment to create pTZ158 (Figure 7). To make 

pTVCV 4967fMV, pTZ158 was digested with Kpnl completely and Ncol partially. 

The 1.9 kb Ncol-Kpnl pTZ158 fragment was ligated to the 7.4 kb Ncol-Kpnl 

pTVCV50 fragment to create pTVCV4967fMV (Figure 8). 

For construction of a TVCV and TMV chimera joined at the common BglII site at 

TMV 4279 (Figure 8), pTVCV3'H and pTMV3'NA were digested with BglII and 

Kpnl. The 1.5 kb pTMV3'NA fragment was ligated to the 3.6 kb pTVCV3'H 

fragment. The resulting plasmid was called pTZ156 (Figure 7). The Bgffi TMV 

fragment from 4279-4967 was obtained by digesting pTMV3 'NA with BglII. It was 

then ligated to Bglil-digested and phosphatase HK™-treated 4.9 kb pTZ156 fragment. 

Plasmids with insertions of the expected size were obtained. Orientation of insertion 

was checked with Ndel and BspMI digestion. The plasmid with the insertion in frame 

was called pTZ157 (Figure 7). Both pTZ157 and pTVCV50 were then digested with 

Pstl and Kpnl. The 2.7 kb pTZ157 fragment was ligated to the 6.6 kb pTVCV50 

fragment to create pTVCV4967fMV (Figure 8). 

Construction of pTVCV 4904TMV 

The 560 bp BglII-Ncol fragment of pTZ156 was removed and replaced with the 

2.1 kb BamID-NcoI pKKl (Dawson et al. 1988) fragment to create pTZ168 (Figure 

9). Primer 1048 is complementary to the 5' end of the TVCV replicase gene and has 
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an Xhol site at the 5' end. A DNA fragment was amplified from pTVCV50 by using 

primer 1048 and primer 037. The DNA fragment was digested with Pstl and Xhol. 

The digested DNA fragment was ligated to the 4.4 kb Pstl-Xhol fragment of pTZ168 

to create pTZl 71 (Figure 9). The 2. 7 kb PstI-KpnI fragment of pTZl 71 was used to 

replace the 2.6 kb PstI-KpnI fragment of pTVCVSO. The resulting plasmid was 

called pTVCV4904TMV (Figure 9). 

Construction of pTZ200 

Both pTVCVSO and pGEM:GFP (Zhang & Melcher, unpublished) were digested 

with Kpnl and EcoRI. The 0.8 kb pTVCVSO fragment was then ligated to the 3.0 kb 

pGEM:GFP fragment to obtain pTZ195 (Figure 3). The 3.2 kb pTB2 BamHI-KpnI 

fragment was ligated to the 2.9 kb BamHI- and KpnI-digested pBluescript fragment to 

create pTB3'H. Both pTZ195 and pTB3'H were then digested with Xhol and Kpnl. 

The 0.8 kb pTZ195 fragment was ligated to the 5.3 kb pTB3'H fragment to obtain 

pTZ196 (Figure 10). Both pTZ196 and pTZ171 were then digested with HindIII and 

Kpnl. The 1.9 kb pTZ196 fragment was ligated to 3.8 kb pTZ171 fragment to obtain 

pTZ197 (Figure 10). Both pTVCVSO and pTZ197 were digested with Pstl and Kpnl. 

The 2.8 kb pTZ197 fragment was ligated to the 6.6 kb pTVCVSO fragment to 

construct pTZ200 (Figure 10). 
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Plants and Inoculation 

N. tabacum cv. Xanthi-nc, N. tabacum cv. Samsun, TMV movement protein 

transgenic Xanthi-NN (plant line 2005, Deom et al., 1990) and Xanthi-nn (plant line 

277, Deom et al., 1990) were used. They will be referred to as Xanthi-nc, Samsun

nn, MP2005 line and MP277 line, respectively. Arabidopsis thaliana cv. Columbia 

and Brassica rapa cv. Just right were also used. They will be referred to as 

Arabidopsis and turnip, respectively. In vitro transcripts were made from the KpnI

linearized plasmids with viral cDNAs by Ambion (Austin, Texas) mMessage 

mMachine™ kit (catalog #1340). In vitro transcripts derived from viral cDNAs or 

homogenates from infected leaves were used as sources of inoculum. For each 

experiment, at least two tobacco plants or two turnip plants were inoculated with 

each inoculum. For each tobacco plant, the third to sixth leaf were inoculated when 

the plant was at the seven-leaves stage. For each turnip plant, the third to fifth leaf 

were inoculated when the plant was at the six-leaves stage. The inoculation was done 

by gently rubbing a 20 µ.l drop of inoculum over the leaf surface dusted with 

carborundum. Plants were maintained in agrowth chamber (12-hr light, 23°C/12-hr 

dark, 21°C dark period). For each experiment, at least two tests were done. 
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3. Results 

Construction of an Infectious TVCV cDNA Clone 

A full length cDNA clone of TVCV (pTVCV50) and two TVCV-TMV chimeric 

cDNA clones (pTMV445TVCV, 5'-end 445 nucleotides from TMV and other parts 

from TVCV; pTVCV445TMV, 5'-end 444 nucleotides from TVCV and other parts 

from TMV) were constructed by assembling several cDNA clones. In vitro

synthesized transcripts were made from Kpnl-linearized pTVCV50, pTMV445TVCV 

and pTVCV 445TMV. The transcripts froni pTMV 445TVCV and pTVCV 445TMV 

were used to inoculate Xanthi-nc plants. The transcripts from pTVCV50 were used 

to inoculate Xanthi-nc and turnip plants. No local lesions developed on Xanthi-nc 

leaves inoculated with transcripts from pTMV 445TVCV or pTVCV 445TMV. Local 

lesions developed on Xanthi-nc 2 days after inoculation with transcripts from 

pTVCV50. Both the lesion size and the timing of lesion development were the same 

as in control plants inoculated with TVCV. The upper uninoculated leaves of turnip 

plants inoculated with pTVCV50 transcripts were homogenized to make inoculum and 

tested on Xanthi-nc plants. Local lesions developed on inoculated Xanthi-nc leaves 2 

days after inoculation. The results indicate that pTVCV50 transcripts are infectious to 

turnip as well as tobacco plants. 
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Test of TMV and TVCV Chimeras on Plants 

In vitro-synthesized transcripts were made from Kpnl-linearized pTVCV4279TMV 

(a chimera with TMV from its nucleotide 4279 to the 3 '-end and other parts from 

TVCV), pTVCV4967TMV (a chimera with TMV from its nucleotide 4967 to the 3'

end and other parts from TVCV), pTZ200 (a chimera with TVCV P30 gene replaced 

by TMV P30 gene), pTVCV4904TMV (a chimera with TMV from its nucleotide 

4904 to the 3'-end and other parts from TVCV) and pTMV4904TVCV (a chimera 

with TMV from its 5'-end to nucleotide 4904 and other parts from TVCV). The 

transcripts were inoculated on Xanthi-nc plants. No local lesions developed on 

Xanthi-nc leaves inoculated with transcripts from pTVCV4279TMV or 

pTVCV 4967TMV. Local lesions developed on Xanthi-nc leaves inoculated with 

transcripts from pTZ200, pTVCV4904TMV and pTMV4904TVCV 2 days after 

inoculation. The lesion sizes were the same as those on TMV-inoculated control 

leaves. Since the chimeric gene in pTVCV 4967TMV is the movement protein gene, 

the transcripts from pTVCV 4967TMV were inoculated on MP2005 plants to test 

whether the movement protein transgene is able to complement TVCV 4967TMV 

movement. Local lesions developed on the inoculated leaves 3 days after inoculation 

with the chimera while lesions developed on the control MP2005 plants two days after 

inoculation with TMV. The lesions produced by TVCV 4967TMV were smaller than 

those produced by TMV. Inoculum was prepared from the homogenates of infected 

MP2005 plant leaves. 
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Samsun plants were inoculated with homogenates of Xanthi-nc plants infected by 

TMV, TZ200, TVCV4904TMV or TMV4904TVCV. All inoculated Samsun plants 

developed systemic mosaic symptoms 7 days post-inoculation. Symptoms on plants 

inoculated with TMV or TZ200 were more severe than those on plants inoculated 

with TMV4904TVCV or TVCV4904TMV. Inocula prepared from the systemically 

infected Samsun plant leaves were inoculated on Xanthi-nc plants to test the titer of 

the inocula. Virus concentration in the systemic leaves infected by TVCV4904TMV 

or TMV4904TVCV was about ten times less than that in the systemic leaves infected 

with TMV or TZ200. The inocula concentrations were then adjusted by dilution to 

obtain inocula which produced about 500 local lesions on each Xanthi-nc leaf. 

Inoculum concentration of pTVCV 4967TMV was also adjusted by dilution to obtain 

inoculum which produced about the same number of local lesions as TVCV4904TMV 

on each MP2005 plant leaf. Turnip plants were then inoculated with the adjusted 

inocula. After 4 days and 12 days, the inoculated turnip leaves were homogenized. 

After 2 weeks and 4 weeks post-inoculation, the upper uninoculated turnip leaves 

were also homogenized. The homogenates were then inoculated on Xanthi-nc plants. 

The results are shown in Table 8. An average of 0.3, 0, 2.0 or 15.3 local lesions per 

leaf developed on Xanthi-nc leaves inoculated with homogenates of turnip leaves 

inoculated 4 days previously with TMV, TMV4904TVCV, TVCV4904TMV and 

TZ200 respectively. An average of 4.3, 0.4, 11.3 or 65.6 local lesions per leaf 

developed on Xanthi-nc leaves inoculated with homogenates of turnip leaves 

inoculated 12 days previously with TMV, TMV4904TVCV, TVCV4904TMV and 
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TABLE 8 

RESULTS OF TESTING TMV-TVCV CHIMERAS ON PLANTS 

Chimeras 4 days inocula 12 days inocula 

TMV* 2/8**** 52/12 

TMV4904TVCV* 0/8 5/12 

TVCV4904TMV* 16/8 135/12 

TZ200* 122/8 787/12 

TVCV 4967TMV** 0/8 0/12 

TVCV4904TMV** N.D.*** 142/12 

* 

** 

*** 

Inoculum from turnip was inoculated on Xanthi-nc plants. 

Inoculum from turnip was inoculated on MP2005 plants. 

N.D.: Not determined. 

**** X/Y means a total of X lesions developed on a total of Y leaves. 
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TZ200, respectively. No lesions developed on Xanthi-nc leaves inoculated with 

homogenates from any of the upper uninoculated leaves. Xanthi-nc leaves inoculated 

with inoculum from TVCV-inoculated turnip leaves or systemic leaves always 

developed more than 500 local lesions. No lesions developed on MP2005 plant leaves 

inoculated with homogenates of turnip leaves inoculated 12 days previously with 

TVCV 4967TMV, but an average of about 12 lesions developed on MP2005 plant 

leaves inoculated with homogenates of turnip leaves inoculated 12 days previously 

with TVCV4904TMV. The results indicate that TMV4904TVCV, TVCV4904TMV, 

TZ200 and TMV are able to infect inoculated turnip leaves limitedly, but are not able 

to infect turnip systemically. 

4. Discussion 

I have reported here the construction of an infectious cDNA clone of TVCV. 

Transcripts from the cDNA clone were infectious to tobacco and turnip. The 

symptoms of transcript-inoculated plants were the same as the symptoms on TVCV

inoculated plants, suggesting that there is no difference between the virus derived 

from the infectious clone and TVCV. As reported here, I used the infectious TVCV 

cDNA clone to determine the genetic factors limiting TMV spread on turnip by 

making chimeras between TMV and TVCV. 

As there is a 50-60% identity between TMV and TVCV (Lartey, et al., 1994), my 

results demonstrate that chimeras constructed between genes whose amino acid 
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sequences are only 50-60% identical are non-functional. In pTVCV445TMV, 

pTMV 445TVCV and pTVCV 4279TMV, the replicase gene is chimeric. In 

pTVCV 4967TMV, the movement protein gene is chimeric. None of these four 

chimeras infected wild type tobacco plants which are the common host of TMV and 

TVCV. A complementation test showed that TVCV 4967TMV can replicate and move 

from cell-to-cell in movement protein transgenic plants. This indicates that the only 

gene wrong with TVCV4967TMV was the movement protein gene. My results with 

these chimeras suggest that there is a sequence compatibility requirement for the 

chimeric replicase or movement proteins to be functional. For chimeric viral proteins 

to function, amino acid sequences of the parental proteins probably need to be more 

than 60% identical. Chimeric genes between TMV and tomato mosaic virus, whose 

sequences are 80% identical, are functional (Saito et al., 1987). 

The smaller lesions produced by TVCV 4967TMV on MP2005 plants suggest that 

the dysfunctional movement protein from the virus interfered with the wild type TMV 

movement protein from the transgene. Such interference is consistent with the 

observation that a defective movement protein of TMV in transgenic plants interfered 

with the movement of TMV and two other tobamoviruses (Lapidot et al., 1993). 

As TVCV 4967TMV has an intact TVCV replicase gene and a dysfunctional 

movement protein gene, TVCV 4967TMV should be able to replicate but not to move 

from cell-to-cell on turnip plants. My results showed that no local lesions developed 

on MP2005 plants inoculated with homogenates of turnip leaves previously inoculated 

with TVCV4967TMV, while local lesions developed on Xanthi-nc plants inoculated 
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with homogenates from turnip leaves previously inoculated with TMV. These results 

indicate that TMV is able to replicate and move from cell-to-cell at a limited rate on 

turnip plants. The results support the conclusion from protoplast and leaf skeleton 

hybridization experiments (Lartey et al., 1992) that TMV is able to replicate in turnip 

plants but its cell-to-cell movement is limited.· 

TMV4904TVCV and TVCV4904TMV accumulated to ten-fold lower levels than 

TMV and TZ200 on Samsun plants. The explanation for this result is that TMV 

replicase recognizes the sequence (or structure) of 3' end noncoding region of TVCV 

less efficiently than that of TMV and vice versa, considering that the nucleotide 

sequence of 3' end noncoding regions of TVCV and TMV have only 40-50% identity. 

Chimeric TMV s which carry heterologous combinations of replicase genes and 3' 

noncoding regions replicate less efficiently than the wild type virus (Ishikawa et al., 

1988). TMV replicase was also found to recognize brome mosaic virus 3'-end less 

efficiently than the wild type TMV 3'-end (Ishikawa et al., 1991). 

As TMV4904TVCV has a TMV replicase and a TVCV movement protein and 

produces a very limited infection on turnip plants, TMV replicase is likely a limiting 

factor for its infection on turnip plants. The fact TMV4904TVCV replicates less 

efficiently than TMV due to the imperfect interaction between TMV replicase and the 

TVCV 3' end may explain the results that fewer viruses were recovered from the 

turnip leaves inoculated with TMV4904TVCV than from the leaves inoculated with 

TMV. As both TVCV4904TMV and TZ200 have an intact TVCV replicase gene and 

a TMV movement protein gene and both viruses produce a limited infection on turnip 
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plants, TMV movement protein is another factor that limits the infection of TMV on 

turnip plants. That both viruses accumulated to higher levels than TMV on turnip 

plants further confirmed that TMV replicase is one of the limiting factors for the 

infection of TMV on turnip. 

The mechanisms for TMV replicase and movement protein to limit the infection 

of TMV on turnip plants are unknown. It could be that TMV replicase or TMV 

movement protein or both of them initiate a very efficient host response which leads 

to the restriction of TMV spread on turnip plants. It could also be that TMV 

replicase or TMV movement protein or both of them do not interact with the host 

factors required for virus replication and virus movement very well and that leads to a 

limited spread of TMV on turnip. 
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