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To investigate the genetic determinants of severe chlorotic
spot symptoms in cuacumber mosaic virus (CMV[Y])-inocu-
lated tobacco (Nicotiana tabacum ‘Ky57’) leaves, symptom
expression was compared among tobaccos (N. tabacum
‘Ky57°, N. tabacum ‘Xanthi nc’, and their hybrids) inocu-
lated with CMV(Y), CMV(0), or pseudorecombinants of
both strains of CMV. Xanthi nc showed very mild chlorotic
spot symptoms in CM V(Y }-inoculated leaves. Both CMV(0)-
inoculated Ky57 and Xanthi nc leaves showed no symp-
toms. In pseudorecombinant-inoculated Ky57 leaves, se-
vere symptoms were determined by chimeric CMV(0) and
CMYV(Y) RNA3 transcripts, which contained most of the
coat protein gene of CMV(Y). Genetic analysis of severe
symptom formation in CMV(Y) or pseudorecombinant-
inoculated tobaccos indicated that two recessive nuclear-
coded host genes determined severe symptom formation
in CMV(Y)-inoculated Ky57. The two recessive host gene-
tic loci completely cosegregated with the two recessive bur-
ley loci (yb1 and yb2 genes) of Ky57, whose character
is an apparent reduction in chlorophyll of the stems. When
several cultivars of N. tabacum were inoculated with CMV(Y),
all burley tobaccos clearly showed severe symptoms, but
most other cultivars showed very mild symptoms. These
results suggest that severe chlorotic spot symptom forma-
tion in CMV(Y)-inoculated Ky57 is induced by a combina-
tion of the virus coat protein gene and two recessive host
genes that are closely linked to or identical to yb genes.

In virus-infected hosts, systemic symptoms are thought
to result from complex interactions between virus and plant
genes rather than a simple gene-for-gene relationship and
to involve a large number of genes for symptom expression
(Goodman et al. 1986; Matthews 1990). Recently, for some
RNA and DNA viruses, the genomic and satellite RNA
sequences necessary for symptom formation on virus-
infected plants have been reported (Daubert 1988; Culver
et al. 1991). However, little is known about host genes
that determine systemic symptom formation on virus-
infected plants.
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Cucumber mosaic virus (CMV) pathogenesis genes have
been analyzed extensively. It is well known that satellite
RNAs change the systemic symptoms on tobacco and
tomato when coinoculated with CMV strains that contain
no satellite RNA. (Palukaitis 1988; Masuta and Takanami
1989; Devic et al. 1989; Kurath and Palukaitis 1989).
Shintaku and Palukaitis (1990) recently reported that
chlorotic or mosaic symptoms in noninoculated upper
leaves of tobacco are caused by the CMV coat protein
gene, judged by data from reciprocal recombinants be-
tween cDNA clones of RNA3 from a green mosaic strain,
CMV(Fny) and a chlorotic strain, CMV(M). Furthermore,
site-directed mutagenesis in the coat protein genes of
CMV(Fny) and CMV(M) confirms that the local secondary
structure surrounding amino acid 129 rather than a par-
ticular amino acid per se is involved in chlorosis induction
(Shintaku et al. 1992).

Some reports have showed changes in the host protein
population in CMV-infected plants in which systemic
symptoms appeared (Camacho-Henriquez and Singer
1982; Roberts and Wood 1981; Ziemiecki and Wood 1975,
1976). One of these proteins, which is depressed by CMV
infection, has been identified as a 23-kDa protein of the
oxygen-evolving complex in photosystem II (Takahashi
et al. 1991; Takahashi and Ehara 1992). Although some
of these proteins may be associated with the primary
molecular process of symptom expression, they cannot be
identified as the sole cause of symptom expression. The
host genes that determine symptom expression in CMV-
infected plants have not been studied.

We have studied symptom expression in tobacco (Nico-
tiana tabacum) inoculated with two strains of cucumber
mosaic virus, the yellow strain, CMV(Y), and the ordinary
strain, CMV(0O). CMV(Y) normally produces severe chlor-
otic spot symptoms in CMV(Y)-inoculated leaves of N.
tabacum ‘Ky57” and very mild chlorotic spot symptoms
in N. tabacum ‘Xanthi nc’. However, in noninoculated
upper young leaves of both CMV(Y)-infected tobacco cul-
tivars, severe systemic yellow/ white mosaic symptoms are
observed. CMV(O) induces no clear symptoms in inocu-
lated leaves of either tobacco cultivar, although both CMV
strains multiply to a similar extent (Takahashi and Ehara
1988). CMV(Y) contains a satellite RNA, but CMV(O)
does not (Takanami e al. 1977). The satellite RNA does
not cause the severe chlorotic spot symptoms in CMV(Y)-



Table 1. Infectivity of cucumber mosaic virus (CMV) RNAs and in vitro transcripts in Chenopodium amaranticolor

Inoculated RNA*®

Number of local
CMV(0) CMV(Y) Plasmid® Pseudorecombinant lesions per leaf®
RNAI+2 0102— 0
RNAI+2 Y1Y2— 0
RNA3 . -03 0
i RNA3 =¥3 0
RNAI+2 RNA3 0102Y3 19
RNA3 RNAI+2 aal Y1Y203 13
RNAI+2 e Transcript pUCMVO3 010203tr 20
RNA1+2 Transcript pUCMVYNX3 O102YNX3tr 16
RNAI+2 Transcript pUCMVYSX3 0102YSX3tr 13

*0.1ug RNAI+2, 0.1ug RNA3, and 5ug each transcript RNA were used for mixed inoculations as described.
®Each CMV RNA mixture was inoculated onto 10 leaves of C. amaranticolor. Numbers indicate the average number of local lesions per

leaf of C. amaranticolor.
“The plasmid constructs for the transcripts are shown in Figure 1.
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Fig. 1. Diagrams of the recombinant cDNA constructs of cucumber
mosaic virus (CMV) RNA3. Rectangular boxes represent open
reading frames of the 3A protein gene (3A) and the coat protein
gene (CP). The region derived from cDNA of CMV(Y) is shadowed,
that from CMV(O) unshadowed. Differences in the amino acid
sequence and their positions are indicated. Restriction endonuclease
cleavage sites are shown by dashed lines.

inoculated tobacco (Nicotiana tabacum ‘Ky57’) leaves
(Nakashima and Ehara 1989). Ky57 belongs to White Bur-
ley tobacco, which originated in 1865, presumably as a
mutation from the green-colored cultivar “Little Burley”
(Mathewson 1912). The stems of Ky57 are clear white in
contrast to the greenish-white stems of Xanthi nc. This
White Burley character is determined by two recessive
genetic loci, ybI and yb2 (Henika 1932).

In this report, we identify virus and host genes that
determine severe chlorotic spot symptom formation in
CMV(Y)-inoculated tobacco (N. tabacum ‘Ky57’) leaves,
using pseudorecombinant CMV containing either
exchanged RNA3s between CMV(Y) and CMV(O), or an
infectious RNA transcript from a chimeric ¢cDNA of
CMV(0) RNA3 with most of the CMV(Y) coat protein
gene, and by genetic analysis of two cultivars of tobacco
(N. tabacum *Ky57’ and ‘Xanthi nc’) following the severity
of symptoms in CMV(Y)- or pseudorecombinant CMV-
inoculated hybrid tobacco leaves.

RESULTS

Construction and verification of pseudorecombinants.
Preliminary experiments suggested that RNA3 of
CMV(Y) was associated with the appearance of severe
chlorotic spot symptoms in CMV(Y)-inoculated tobacco
(N. tabacum ‘Ky57") leaves (data not shown). Therefore,
intact RNA1+2 and RNA3 of both CMV(0) and CMV(Y)

Table 2. Symptoms and amounts of viral coat protein in tobacco
(Nicotiana tabacum‘Ky57") after inoculation with pseudorecombinant
cucumber mosaic viruses

Virus® Symptoms” Amounts of coat protein®
CMV(0) SL NT*

CMV(Y)! SCS NT

Y1Y203 SL 0.572 = 0.160
0102Y3 SCS 0.664 + 0.260
010203tr SL NT
O102YNX3tr SCS 0.697 + 0.140
0102YSX3tr SCS 0.732+ 0.170

“Notation of viruses is as in Table 1. Each virus was inoculated
onto six tobaccos. Six days after inoculation, symptoms and amounts
of viral coat protein in inoculated leaves were analyzed.

"Symptoms are indicated as follows: SCS, severe chlorotic spots;
SL, symptomless (Fig. 2A, B).

 The average of ELISA absorbance values (A4 + SD).

4 CMV(Y) does not contain satellite RNA.

“ Not tested.

were completely separated, as judged by infectivity assay
in Chenopodium amaranticolor leaves (Table 1).

To verify the construction of in vitro transcription
vectors, pUCMVO3, pUCMVYNX3, and pUCMVYSX3
(Fig. 1), CMV c¢DNA:s in these plasmids were sequenced.
Sequencing showed that the CMV(Y) region in pUCM-
VYNX3 and pUCMVYSX3 completely matched the
partial sequence of CMV(Y). However, in pUCMVO3,
the phenylalanine codon (amino acid position 158 in the
coat protein of CMV[O]) was changed to serine, which
is the same amino acid at position 158 in the coat protein
of CMV(Y) (data not shown). Therefore, there were only
four amino acid differences (position 17, 25, 28, and 129)
in the coat protein between pUCMVO3 and pUCM-
VYNX3 or pUCMVYSX3, and no differences in the 3A
protein coding (Fig. 1). Infectivity tests of in vitro tran-
scripts from vectors in C. amaranticolor leaves indicated
that these transcripts were infectious (Table 1).

Severe chlorotic spot symptom formation in N. tabacum
‘Ky57’ leaves inoculated with pseudorecombinants.

In CMV(Y)-inoculated N. tabacum ‘Ky57" leaves, early
chlorotic spot symptoms usually appeared between 3 and
4 days after inoculation and matured to severe chlorotic
spots in 5-6 days. CMV(O)-inoculated Ky57 leaves showed
no symptoms (Table 2 and Fig. 2A). As systemic mosaic
symptoms begin to appear in noninoculated young leaves
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of CMV-infected tobacco at 9 days after inoculation (data
not shown), tobaccos in Figure 2 do not show any mosaic
symptoms.

In 5-6 days, all Ky57 leaves that were inoculated with
0102Y3 (= CMV[O] RNAI+2 and CMV[Y] RNA3),
showed severe symptoms, similar to CMV(Y)-inoculated
leaves. However, Y1Y203 (= CMV[Y] RNAI+2 and
CMV[O] RNA3)-inoculated Ky57 leaves did not show any
symptoms (Table 2 and Fig. 2B). This indicates that RNA3
of CMV(Y) contains the sequence determining severe
chlorotic spot formation in CMV(Y)-inoculated Ky57
leaves.

Since O102YNX3tr (= CMV[O] RNAI+2 and tran-
script from pUCMVYNX3) and 0102YSX3tr (= CMV[O]
RNAI+2 and transcript from pUCMVYSX3) induced
severe symptoms in all leaves of six inoculated Ky57, but

010203tr (= CMV[0O] RNAI1+2 and transcript from
pUCMVO3) did not (Table 2 and Fig, 2B), the determinant
for severe chlorotic spot symptom formation is located
within the sequence between the Sall and Xhol sites of
pUCMVYNX3 and pUCMVYSX3 (Fig. 1). This portion
contains about 88% of the coat protein gene of CMV(Y).

Restriction mapping and sequencing of cDNAs
synthesized from each purified CMV RNA confirmed the
multiplication of the pseudorecombinants in virus-
inoculated Ky57 leaves. With O102Y3, out of 20 cDNA
clones, five derived from CMV(0O) RNAI, five from
CMV(0) RNA2, and 10 from CMV(Y) RNA3 were
identified by terminal sequencing. With Y1Y203, out of
20 cDNA clones, three from CMV(Y) RNAI, 11 from
CMV(Y) RNA2, and six from CMV(0) RNA3 were iden-
tified in the same way (data not shown). The restriction

|

i

Fig. 2. Symptoms in cucumber mosaic virus (CMV)-infected tobaccos (Nicotiana tabacum *Ky57', *Xanthi nc’ and their F, hybrid). A, Ky57
leaves inoculated with CMV(Y) (left) and CMV(O) (right) at 6 days. B, Ky57 leaves inoculated with pseudorecombinant CMV at 6 days.
Designation of pseudorecombinant CMVs is as described in Table 1. C, Ky57, Xanthi nc and F, hybrid (Ky579 X Xanthi ncé) leaves inoculated
with CMV(Y) at 6 days. D, The stems of Ky57, Xanthi nc, and F, hybrid (Ky57 ¢ X Xanthi ncé), E, Ky57 and Xanthi nc leaves inoculated

with CMV(Y), CMV(0O), and PSV(J), respectively, at 6 days.
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pattern of cDNAs to RNA3 of 010203tr, 0102YSX3tr,
and O102YNX3tr showed the patterns expected from
Figure 1 (data not shown). These results indicate that the
expected pseudorecombinant CMV multiplied in the in-
oculated Ky57 leaves.

The amounts of coat protein in the pseudorecombinant-
inoculated leaves were measured by ELISA. No significant
difference was observed among Ky57 leaves inoculated
with the different pseudorecombinants (Table 2). This indi-
cates that the difference of the severity of symptoms in
CMV-inoculated N. tabacum ‘Ky57’ leaves is not caused
by a difference in the extent of virus multiplication.

Genetic analysis of severe symptom formation
on CMV(Y)-inoculated tobaccos.

All reciprocal first-generation (F;) hybrids (Ky57 X
Xanthi nc) showed very mild symptoms in CMV(Y)-inocu-
lated leaves, and all of their stems were greenish-white,
similar to CMV(Y)-inoculated Xanthi nc (Table 3 and Fig.
2C,D).

When 47 of selfed generation (F,) (Ky57 ¢ X Xanthi
nc &) and 42 of F, (Xanthi nc ¢ X Ky57 &) were inoculated
with CMV(Y), symptoms of both CMV(Y)-inoculated F,
leaves indicated that the F, families segregated approx-
imately 15 very mild symptoms/ 1 severe symptom (Table
3). The stems of all F,, which showed severe symptoms
in CMV(Y)-inoculated leaves, were clear white, whereas
those of all F,, which showed very mild symptoms in the
inoculated leaves, were greenish-white. No F, were ob-
served with severe symptoms in CMV(Y)-inoculated leaves
and greenish-white stems, or with very mild symptoms
in CMV(Y)-inoculated leaves and clear white stems, were
observed (Table 3).

In backcrosses of F; to Ky57, the segregation of symp-
toms in CMV(Y)-inoculated leaves is, accordingly, three
very mild symptoms/one severe symptom. The progenies

from backcrosses to Ky57, which showed severe symptoms
in CMV(Y)-inoculated leaves, had the clear white stems,
whereas those that showed mild symptoms had the green-
ish-white stems (Table 3). On the other hand, in backcrosses
of F, to Xanthi nc, all CMV(Y)-inoculated progenies
showed very mild symptoms, and their stems were greenish-
white (Table 3).

Symptoms on 11 cultivars of CMV(Y)-inoculated N.
tabacum were observed (Table 4). Six days after inocu-
lation, all Burley tobaccos (N. tabacum ‘KyS57’, ‘White
Burley’, ‘Burley 21°, and ‘Shiro-Daruma’) clearly showed
severe symptoms in CMV(Y)-inoculated leaves, although
other cultivars of tobaccos except for N. tabacum ‘Oho-
Daruma’, which is a Japanese cultivar, showed very mild
symptoms in CMV(Y)-inoculated leaves.

These results indicate that two recessive nuclear-coded
genes of N. tabacum ‘Ky57’ determine severe chlorotic spot
symptom formation in CMV(Y)-inoculated leaves. The
response of several cultivars of N. tabacum to the CMV(Y)
and the complete cosegregation of the severe chlorotic spot
symptom formation in CMV(Y)-inoculated Ky57 and the
clear white stems of Ky57 suggests that the two recessive
genetic loci, which cause severe symptom formation in
CMV(Y)-inoculated Ky57 leaves, are closely linked or
identical to two recessive burley loci (vb! and yb2 genes).

The amounts of coat protein in CMV(Y)-inoculated
progenies from backcrosses of F; to Ky57 and in 11 cul-
tivars of CMV(Y)-inoculated N. tabacum were measured
by ELISA. When the average amounts of coat protein
in seven CMV(Y)-inoculated leaves were compared be-
tween the progenies that showed severe symptoms and
very mild symptoms in CMV(Y)-inoculated leaves, the ab-
sorbances at 405 nm were 0.745 £ 0.162 (severe symptoms)
and 0.551 £ 0.125 (very mild symptoms), respectively.
Among the 11 cultivars of N. tabacum, the amounts of
coat protein did not correlate with severe symptom forma-

Table 3. Segregation of severe chlorotic spot symptoms and white stems in progenies of reciprocal hybrids (Nicotiana tabacum ‘Ky57’ X

‘Xanthi nc’)
Severe symptoms
and white stems
: mild symptoms and
Phenotype® green stems
Mild Severe Mild Severe
symptoms symptoms symptoms symptoms

Tobacco and and and and Observed Expected
hybrid Virus® green stems white stems  white stems  green stems ratio ratio x* x*0.01
F|[Ky57? X Xanthi ncd] CMV(Y) 11 0 0 0 11:0
F|[Xanthi nc® X Ky57d] CMV(Y) 13 0 0 0 13:0 e e e
Fy[selfed F\(Ky57% CMV(Y) 44 3 0 0 14.7:1 15:1 0.001 6.635

X Xanthi ncd)]
Fy[selfed F; (Xanthi nc? CMV(Y) 39 3 0 0 13.0:1 15:1 0.057 6.635

X Ky57)]
Backcross[Ky579 X (Ky57?  cmv(Y) 79 2 0 0 3.6:1 31 0557 6.635

X Xanthi ncd)d]
Backcross[Xanthi nc? X CMV(Y 10 0 0 0 10:0

(Ky579 X Xanthi ncd)d ] )
Backcross[KyS72X (Ky57¥  0102YNX3 14 4 0 0 3.5:1 31 0074 6.635

X Xanthi ncd)d]
Backcross[Xanthi nc® X 0102YNX3 10 0 0 0 10:0

(Ky579 X Xanthi ncd)d]

2 Notation of viruses is as in Table 1.

® After 6 days of inoculation, symptoms were observed. Severe chlorotic spot symptoms are indicated as “Severe symptoms”, mild chlorotic

spot symptoms, “Mild symptoms”.

Vol. 6, No. 2, 1993 / 185



tion in CMV(Y)-inoculated leaves (Table 4). These results
indicate that severe chlorotic spot symptom formation in
CMYV(Y)-inoculated Ky57 leaves is not caused by a differ-
ence of virus multiplication among the cultivars of tobacco
and that CMV accumulation and symptoms can be distinct.

When pseudorecombinant O102YNX3, which contains
most of the coat protein gene of CMV(Y), was inoculated
to progenies from backcrosses to Ky57 and from back-
crosses to Xanthi nc, each segregation ratio of the stem
color and symptom phenotypes was same as those of
CMYV(Y)-inoculated progenies from backcrosses to Ky57
and Xanthi nc, respectively (Table 3). On the other hand,
both Ky57 and Xanthi nc, which were inoculated with
CMYV(0O), showed no symptoms in their inoculated leaves
(Fig. 2E). On both Ky57 and Xanthi nc, which were
inoculated with another cucumovirus, PSV(J), there was
no difference in the very mild chlorotic symptoms between
their inoculated leaves (Fig. 2E). These results indicate
that severe chlorotic spot symptom formation in CMV(Y)-
inoculated N. tabacum ‘Ky57’ leaves is caused by the spe-
cific combination of the coat protein gene of CMV(Y)
and the two recessive genes of Ky57.

DISCUSSION

We have identified two nuclear-coded recessive host
genes that control the severity of chlorotic spot symptoms
in CMV(Y)-inoculated tobacco (N. tabacum ‘Ky57’) leaves
by genetic analysis of two cultivars of tobaccos: N. tabacum
‘Ky57’(Burley tobacco), and ‘Xanthi nc’. Symptom severity
completely cosegregated with two recessive Burley loci (yb1
and yb2). Furthermore, the response of several cultivars
of N. tabacum to CMV(Y) indicated all ‘burley’-type plants
showed severe chlorotic spot symptoms in CM V(Y)-inocu-
lated leaves. These data support the idea that two recessive

Table 4. Symptoms and amounts of viral coat protein in cucumber
mosaic virus strain 'Y [CMV(Y)J-inoculated Nicotiana tabacum
cultivars

Amounts of
N. tabacum cv." Symptoms® coat protein°
Ky57 SCS 0.545 + 0.033
White Burley SCS 0.635 £ 0.096
Burley 21 SCS 0.769 £ 0.088
Shiro-Daruma SCS 0.288 + 0.032
Samsun NN MCS 0.703 £ 0.134
Xanthi nc MCS 0.408 £ 0.092
Havana 38 MCS 0.576 £ 0.122
Maryland Mammoth McCS*® 0.580 % 0.095
Bright yellow 4 McCS* 0.576 + 0.122
SRI MCSs* 0.813 £0.183
Oho-Daruma SL 0.026 + 0.043

* Three tobaccos of each cultivar were inoculated with CMV(Y). Six
days after inoculation, symptoms in inoculated leaves and the
amounts of viral coat protein were analyzed. “Burley tobacco” are
Ky57, White Burley, Burley 21 and Shiro-Daruma, which are divided
to other cultivars of tobacco by dashed line.

® Symptoms are indicated as follows: MCS, mild chlorotic spots; SCS,
severe chlorotic spots; SL, symptomless.

° The average ELISA absorbance values (44 + SD) are shown.

¢ Mild chlorotic spot symptoms in Bright yellow 4, SR1, and Maryland
Mammoth were a little more severe than in Samsun NN and Xanthi
nc.
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genes, which cause severe symptom formation in CMV(Y)-
inoculated Ky57 leaves, are closely linked to ybI and yb2
genes.

Although only relatively few plants have been tested
for segregation of the stem color and symptom phenotypes,
it cannot be ruled out that two recessive gene affecting
symptoms in CMV(Y)-inoculated Ky57 leaves are identical
to yb loci. Monosomic analysis demonstrated that the yb!
gene is located on the B chromosome and yb2 on the
O chromosome (Clausen and Cameron 1944). The primary
character of the yb! and yb2 genes is an apparent reduction
in chlorophyll of the stems (Henika 1932). Under good
growing conditions, the color difference of the leaves be-
tween “Burley” tobacco and other green cultivars becomes
less distinct. “Burley” tobacco loses much of its green color
in the lower leaves with the approach of maturity. These
Burley characters suggest that the yb1 and yb2 genes are
likely to encode polypeptides that associate with chloro-
plasts. It has been reported that the mosaic or chlorotic
symptoms in systemically virus-infected plants are attribut-
able to chloroplast abnormalities (Goodman et al. 1986).
These facts suggest that the yb! and yb2 genes may be
associated with the appearance of severe chlorotic spot
symptoms in CMV(Y)-inoculated Ky57 leaves. Therefore,
it is possible that the yb loci are identical to two recessive
genes affecting symptoms in CMV(Y)-inoculated Ky57
leaves.

A comparative study of symptom formation in N. taba-
cum Ky57 and the progenies from backcrosses of F, to
Ky57, which are inoculated with pseudorecombinants
between CMV(Y) and CMV(0), indicated that a combi-
nation of the coat protein gene of CMV(Y) and two re-
cessive genes determined severe symptom formation in
CMV(Y)-inoculated KyS57 leaves. Because there is no
difference in the severity of symptoms between Ky57 and
Xanthi nc, which were inoculated with CMV(O) or another
cucumovirus, PSV(J), the two recessive genes do not simply
accelerate the senescence of all cucumovirus-inoculated
tobaccos, but seem to determine specifically severe chlor-
otic spot symptom formation in CMV(Y)-inoculated Ky57
by interacting with the coat protein of CMV(Y).

Shintaku and Palukaitis (1992) did not address the ques-
tion of chlorosis on CMV-inoculated tobacco leaves, but
our pseudorecombinant experiment suggests the coat pro-
tein gene also determines symptom expression on the
inoculated leaves. Although the mechanism(s) of coat pro-
tein induction of severe symptoms in CMV(Y)-inoculated
Ky57 leaves is not understood, the secondary structure
of the coat protein of CMV(Y) may play a important role
in inducing symptoms, as with the coat protein of CM V(M)
(Shintaku et al. 1992). Substitution of proline with serine
at amino acid 129 was also observed between the coat
protein genes of CMV(Y) and CMV(O) (Shintaku 1991).

Except for the two recessive genes that control severe
chlorotic spot symptom formation in CMV(Y)-inoculated
Ky57 leaves, there are, of course, many host genes that
are necessary for symptom formation in virus-infected
plants. But, with regard to CMV(Y) and CMV(O) and
the two cultivars of tobacco (Ky57 and Xanthi nc) tested,
just two recessive loci affect symptoms in virus-inoculated
leaves. Therefore, to understand the mechanisms of symp-



tom expression in CMV(Y)-infected tobaccos, it was
necessary to clone the two recessive host genes and to
analyze the functions of both gene products.

MATERIALS AND METHODS

Virus and plants.

The ordinary strain of cucumber mosaic virus (CMV[O])
and the yellow strain of cucumber mosaic virus (CMV[Y])
were kindly given by T. Hayakawa (Plantech Research
Institute, Japan) and Y. Takanami (Kyushu University,
Japan), respectively. Although a different isolate of
CMV(Y) has been reported (Hayakawa et al. 1988), we
used the original CMV(Y) (Nitta er al. 1988) for con-
structing p UCMVYNX3 and pUCMVYSX3. Peanut stunt
virus strain J [PSV(J)] was kindly supplied by A. Karasawa
(Tohoku University, Japan). Tobaccos and C. amaran-
ticolor were grown in a growth cabinet at 24° C for a
14-hr light period (12,000 1x) and at 20° C for a 10-hr
dark period. To compare systemic symptoms among CM V-
inoculated tobacco cultivars, 11 cultivars of tobaccos were
used: N. tabacum ‘Ky57, ‘White Burley’, ‘Burley 21’,
‘Shiro-Daruma’, ‘Oho-Daruma’, ‘Bright Yellow 4’,
‘Samsun NN’°, ‘Xanthi nc’, ‘SR1’, ‘Havana 38’, and
‘Maryland Mammoth’.

RNA extraction and separation.

Fifty grams of CMV-infected tobacco leaves was
homogenized with 100 ml of 0.1 M ammonium citrate
buffer (pH 6.5) containing 10 mM EDTA and 0.1% (v/v)
2-mercaptoethanol, and 100 ml of chloroform. The
homogenate was centrifuged at 7,000 rpm for 10 min
(Hitachi RPR20-2 rotor), then the aqueous phase was
recentrifuged at 40,000 rpm for 1.5 hr at 4° C (Hitachi
RP50T rotor). The pellet was thoroughly resuspended in
10 ml of 0.1 M ammonium citrate buffer (pH 6.5) con-
taining 10 mM EDTA, using a Teflon homogenizer kept
on ice. After incubation at 4° C for 1 hr, the suspension
was centrifuged at 10,000 rpm for 5 min at 4° C (Hitachi
RPR20-2). The supernatant was added to 0.5 ml of 20%
Triton X-100, mixed gently, and centrifuged at 40,000 rpm
for 1.5 hr at 4° C (Hitachi RP50T rotor). The purified
virus pellet was suspended in 4 ml of 0.5 M guanidium
isothiocyanate containing 50 mM Tris-HCI1 (pH 7.5), 25
mM EDTA, 1% sodium laurylsarcosinate (SLS), 25 mM
sodium citrate, and 5 mM 2-mercaptoethanol, layered on
0.5 ml of 2.5 M CsCl cushion containing 10 mM Tris-
HCI (pH 8.0) and 1% SLS, and centrifuged at 45,000 rpm
for 15 hr at 20° C (Hitachi RP80-AT rotor). The viral
RNA pellet was washed with 70% (v/v) ethanol three times
and dried thoroughly. The pellet was suspended in Tris-
borate-EDTA buffer (TBE) (Peacock and Dingman 1968).
To separate CMV RNAs to RNA1+2 and RNA3 by gel
electrophoresis, | mg/ml CMV RNA was kept on ice for
1 hr, then denatured at 95° C for 5 min and cooled quickly
on ice to avoid cross-contamination of CMV RNAs with
each other. Ten micrograms of CMV RNA was added
to 10 ul of TBE containing 20% sucrose and bromophenol
blue, and layered on top of 10- X l-cm diameter tube
gels containing 1.5% agarose in TBE. The procedures of
electrophoresis of RNA, staining of the gel, elution, and

purification of the CMV RNAs from the gel were per-
formed by the method of Roossinck and Palukaitis (1990).

Construction of a chimeric cDNA clone of CMV RNA3.

Synthesis of cDNA was primed with a 15-mer oligo-
nucleotide (5 TGGTCTCCTTTTGGA3’) complementary
to the 3’ end of RNA3 of CMV(Y) and CMV(0O), and
carried out according to the method of Gubler and Hoff-
man (1983). After treatment with T4 DNA polymerase,
c¢DNA was cloned into EcoRV-digested pBluescript + SK
(Stratagene, La Jolla, CA). cDNA clones to RNA3 were
identified by determining the terminal sequences of
several independent cDNA clones. The resulting plas-
mids, containing the cloned cDNA to RNA3 of CMV(0)
or CMV(Y), were called pBS+SKCMO3 and pBS+
SKCMY3, respectively. The T7 promoter sequence was
introduced into pPBS+SKCMO3 by the polymerase chain
reaction (PCR) (Stoflet er al. 1988). Reaction mixtures
(100 wl) contained 10 mM Tris-HCI (pH 8.9), 1.5 mM
MgCl,, 80 mM KCl, 0.5 mg/ml bovine serum albumin,
0.1% cholic acid sodium salt, 0.1% Triton X-100, 0.2 mM
dNTPs each (dATP, dCTP, dTTP, and dGTP), 1 ng of
pBS+SKCMO3 as a template, 25 pmoles of the first
primer (15-mer) complementary to the 3’ end of RNA3
from CMV(O) and 25 pmoles of the second primer
(5TGGCCACTGCAGTAATACGACTCACTATAG
TAATCTTACCACTCGTGTGTGTGCY', with the viral
sequence given in underline) containing a PstI restriction
site, a T7 RNA polymerase promoter, and 25 nucleotides
homologous to the known 5’-terminal sequence of RNA3
from CMV(0). Oligonucleotides were synthesized using
an Applied Biosystems model 391A PCR-Mate EP DNA
synthesizer (Foster City, CA). Four units of Tth DNA
polymerase (TOYOBO, Japan) were added to the reaction
mixture and cycled 30 times through the program: 94° C
for 30 sec, 40° C for 2 min, and 72° C for 3 min. After
extraction with phenol-chloroform, the PCR product was
precipitated with ethanol. The purified DNA was sus-
pended in 100 ul of 10 mM Tris-HCI (pH 7.8) containing
5 mM EDTA and 0.5% SDS, and added to 50 ug/ml
proteinase K. After incubation at 37° C for 30 min, DNA
was re-extracted with phenol-chloroform and reprecipi-
tated with ethanol. After filling in both ends with T4 DNA
polymerase, the DNA was digested with Pst] and cloned
into Pst1/ Smal-digested pUC12. The resulting plasmid was
called pUCMVO3.

The plasmid pUCMVYNX3 (containing 35% of the 3A
protein gene, the intergenic region between the 3A protein
gene and the coat protein gene, and 88% of the coat
protein gene of CMV[Y]) was constructed by cloning a
Nhel| Xhol fragment of pBS+SKCMY3 to Nhel/ Xhol-
digested pUCMVO3. pUCMVYSX3 (containing 88% of
the CMV[Y] coat protein gene) was also constructed by
cloning a Sall/ Xhol fragment of pBS + SKCMY3 into
Sall/ Xhol-digested pUCMVO3. pUCMVO3,
pUCMVYNX3, and pUCMVYSX3 are shown
schematically in Figure 1. Each clone was identified by
restriction mapping and sequencing (data not shown).
cDNA clones to CMV RNA were sequenced using an
Applied Biosystems model 373A DNA sequencer and/or
the Sequenase kit (U.S. Biochemicals, Cleveland, OH) by
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the method of Sanger et al. (1977). All incubations were
done under conditions recommended by the suppliers.

In vitro transcription.

To prepare the template cDNA for in vitro transcription,
pUCMVO3, pUCMVYNX3, and pUCMVYSX3 were di-
gested with Sacl, and then filled in with T4 DNA poly-
merase according to standard protocols (Sambrook et al.
1989). Reaction mixtures (100 ul) contained 40 mM Tris-
HCI (pH 8.0); 8 mM MgCl,; 2 mM spermidine; 10 mM
NaCl; 10 mM dithiothreitol; 0.5 mM each of ATP, CTP,
and UTP; 0.05 mM GTP; | mM m7GpppG (Pharmacia);
35 units of RNasin (TAKARA, Japan); 70 units of T7
RNA polymerase; and 5 ug of linearized template cDNA.
After incubation at 37° C for 60 min, the transcribed RNA
was purified by treatment with DNase I to remove the
template, followed by phenol extraction and ethanol pre-
cipitation.

Construction of pseudorecombinants and
inoculation.

First,0.1 ug of purified CMV RNA1+42 and CMV RNA3
were reassorted between CMV(Y) and CMV(0O). Second,
0.1 ug each of purified CMV RNAI1+2 were mixed with
5 ug of CMV RNAS3 transcript, which was transcribed
in vitro from either pUCMVO3, pUCMVYNX3, or
pUCMVYSX3. These CMV RNA mixtures were inocu-
lated onto C. amaranticolor leaves at the five- to seven-
leaf stage. Four days after inoculation, individual local
lesions were excised and reinoculated onto new plants.
Local lesions from the third passage in C. amaranticolor
were then inoculated onto tobaccos which were about 2
cm in height, for amplification and purification of virus.
Fifty micrograms per milliliter of the resulting pseudo-
recombinants (listed in Table 1) was rub-inoculated to the
approximately 30 cm of fully expanded leaves of six N.
tabacum ‘Ky57" and the six plants of each hybrid Ky57
X Xanthi nc. At 6 days after inoculation, symptoms on
virus-inoculated leaves were observed.

To confirm the multiplication of pseudorecombinants,
virus was purified from inoculated leaves, and the RNA
was extracted. For pseudorecombinants O102Y3 and
Y1Y203 (Table 1), 20 independent cDNA clones were syn-
thesized using total RNA of each pseudorecombinant by
the method of Gubler and Hoffman (1983). Terminal se-
quences were determined and compared with the published
sequences of RNAI, RNA2, and RNA3 of CMV(Y) and
CMV(0) (Hayakawa et al. 1989a,b; Hase et al. 1992;
Kataoka et al. 1990a,b; Nitta er al. 1988) (data not shown).
For 010203tr, O102YSX3tr, and O102YNX3tr, first-
strand cDNA was synthesized using total viral RNA as
the template and a 15-mer oligonucleotide complementary
to 3’end of RNA3 as a primer. Full-length cDNA to RNA3
was synthesized using the first-strand ¢cDNA product as
a template and two oligonucleotides homologous to the
5’ end of CMV(0O) RNA3 and complementary to the 3’
end of CMV(0O) RNA3 as primers for the PCR. The con-
dition of PCR was as described above. The PCR products
were extracted with phenol-chloroform, precipitated with
ethanol and resuspended. Pseudorecombinant cDNA were
identified by digesting the full-length cDNA to RNA3 with

188 / Molecular Plant-Microbe Interactions

HindIII (data not shown).

Analysis of the hybrid N. tabacum ‘Ky57’ X N. tabacum
‘Xanthi nc.’

The first-generation reciprocal hybrid N. tabacum ‘Ky57’
X N. tabacum ‘Xanthi nc’, and their backcrossed and
selfed generations were inoculated with CMV(Y) or
O102YNX3tr. Six days after inoculation, symptoms on
virus-inoculated leaves were observed. The inheritance of
two recessive ybl and yb2 genes, which were contained
in Ky57, were identified by the “white” stem character
(Henika 1932).

Enzyme-linked immunosorbent assay.

To determine the extent of virus multiplication in virus-
inoculated tobacco leaves, the amounts of coat protein
in virus-infected leaves were measured by enzyme-linked
immunosorbent assay (ELISA) (Koenig 1981).
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