Resistance

Characterization of Potato Virus Y Resistance from Gametoclonal Variation
in Flue-Cured Tobacco

Carl H. Yung, E. A. Wernsman, and G. V. Gooding, Jr.

Former graduate research assistant and professor, Department of Crop Science, and professor, Department of Plant Pathology,

North Carolina State University, Raleigh 27695.

Portion of a dissertation submitted by the first author to the Graduate School, North Carolina State University in partial fulfillment

of the requirements for the Ph.D. degree.

The use of trade names in this publication does not imply endorsement by the North Carolina Agricultural Research Service of

the products named, nor criticism of similar ones not mentioned.

Accepted for publication 19 February 1991.

ABSTRACT

Yung, C. H., Wernsman, E. A., and Gooding, G. V., Jr. 1991. Characterization of potato virus Y resistance from gametoclonal variation in flue-

cured tobacco. Phytopathology 81:887-891.

A previously identified gametoclonal tobacco variant, NC 602, exhibits
resistance to certain potato virus Y (PVY) strains. NC 602 was subjected
to a second cycle of anther culture and colchicine treatment. The resulting
doubled haploid lines were evaluated for back mutation to susceptibility
and any additional mutation that might provide resistance to tobacco
etch virus (TEV). The PVY resistance was stable in anther culture, and
although no TEV resistance was found, three lines were identified with
delayed symptom onset. NC 602 was crossed to breeding line NC 744,
which contained the PVY resistance gene found in the Virgin A Mutante
(VAM) (Tobacco Introduction line 1406). Maternal doubled haploid lines

of this cross were screened for both resistance genes by using an array
of PVY strains to distinguish genotypes. Results demonstrated that the
two genes could be combined into a single genome with improved levels
of resistance, thus indicating different loci for each resistance. NC 602
was also crossed to a root-knot nematode (Rk) resistant cultivar (Coker
209) in an effort to combine PVY and Rk resistance for protection against
the MN strain of PVY in Rk resistant varieties. Plants were identified
at the haploid level, which contained both PVY(NN) and Rk resistance,
but when these plants were doubled and challenged with the PVY(MN)
strain, all lines resistant to Rk showed susceptibility to the virus.

Large amounts of genetic variation have been found among
tobacco plants that have undergone in vitro anther culture and
chromosome doubling (4,7). This variation has been termed
“gametoclonal” by Evans et al (11). Gametoclonal variation has
been used by several investigators (5,12,19) to improve qualitative
traits in a number of species. Witherspoon (25) reported a gameto-
clonal tobacco variant (NC 602) with a single gene exhibiting
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incomplete dominance for resistance to potato virus Y strain NN
(PVY[NN]), derived by anther culture from the PVY susceptible
flue-cured tobacco (Nicotiana tabacum L.) cultivar McNair 944
(McN 944),

PVY is an increasing problem in the tobacco belt of the south-
eastern United States, causing significant economic losses (18).
The virus also has been known to cause losses in other eco-
nomically important solanaceous crops including pepper (Capsi-
cum annuum L.), potato (Solanum tuberosum L.), and tomato
(Lycopersicon esculentum Mill.) (9). The virus has worldwide
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distribution and many strains. Serious crop losses have resulted
from infection by native strains of the virus on every continent
(13,20). The three most common strains in the southeastern United
States are PVY(MM), which causes mosaic symptoms on both
root-knot nematode (Meloidogyne incognita (Kofoid and White)
Chitwood) resistant and susceptible flue-cured tobacco cultivars;
PVY(MN), which causes a necrotic reaction on cultivars resistant
to the root-knot nematode (Rk) but a mosaic reaction on cultivars
susceptible to Rk, and PVY(NN), which produces necrotic symp-
toms on both Rk resistant and susceptible cultivars (14).

Tobacco etch virus (TEV), like PVY, is a member of the poty-
virus group and can cause serious yield and leaf quality reductions
in tobacco. Some PVY resistance mechanisms are known to pro-
vide protection against other members of the potyvirus group
(15,21).

This study was undertaken to determine: 1) the stability of
a gametoclonal PVY resistance source in a second cycle of anther
culture, 2) whether an additional cycle of anther culture might
prove useful in obtaining resistance to additional viruses of the
potyvirus group, in particular, TEV, 3) whether the NC 602 PVY
resistance mechanism was different from that found in the Virgin
A Mutante (T.I. 1406) and if the two could be genetically com-
bined, 4) whether this virus resistance could be combined with
resistance to Rk to provide protection against both Rk and
PVY(MN), and 5) the effect of this variant on the agronomic
characteristics of flue-cured tobacco.

MATERIALS AND METHODS

General. All viruses were maintained in Burley 21 tobacco plants
grown in insectproof cages, and inoculum was prepared from
leaf lamina of infected plants. Leaf tissue was macerated with
mortar and pestle in phosphate buffer (50 mM Na,HPO,-KH,PO,,
pH 7.2) in the ratio of 1 g of tissue to 5 ml of buffer. Inoculum
was mixed with 20 pm Carborundum powder and applied to
the upper leaf surface by dipping a cotton swab into the inocu-
lum and lightly rubbing the leaf surface. A second technique,
employing an artist’s airbrush, was also used to inoculate large
numbers of plants. Inoculum was prepared in the manner
described above, but was sprayed onto the leaves using 3.45 X
10° Pa of CO, to produce a water-soaked area of inoculum ap-
proximately 8-10 mm in diameter. This spot straddled the midvein
on the underside of the leaf tip. Two different leaves of each
plant were inoculated to reduce the possibility of missing a plant
in the inoculation process.

Two methods were used to evaluate viral-induced stunting. One
measured the stem length from the soil to the growing point
in centimeters and the second used the fresh weight (in milligrams)
of the plant cut off at soil level. Plants in both methods were
compared with uninoculated controls.

Anther culture followed the procedures established by Nitsch
and Nitsch (22). Maternally derived haploids were obtained using
the Nicotiana africana Merxm. & Buttler method described by
Burk et al (I). Chromosome doubling also used two procedures:
The colchicine method developed by Burk et al (3) and the in
vitro leaf midvein culturing method developed by Kasperbauer
and Collins (17). Plants were initially grown in an environmentally
controlled growth chamber (25 C with 16 h of fluorescent light
per day). When plants were approximately 3 cm tall they were
transplanted into 5-cm peat pots and transferred to the greenhouse
for virus inoculation when leaves reached a length of approxi-
mately 5 cm.

Because PVY produces more severe symptoms at cooler tem-
peratures, plants to be inoculated with PVY were taken from
the growth chamber, placed in an air-conditioned greenhouse
regulated to a temperature of 21 C, and illuminated under natural
light conditions. TEV and Rk infections, on the other hand, exhibit
more severe symptoms at higher temperatures; consequently,
plants to be inoculated with these pathogens were removed from
the growth chamber and placed directly in the greenhouse with
an ambient temperature of approximately 30 C.

Back mutation experiment. Anthers from the doubled haploid
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(DH) gametoclonal variant NC 602 were cultured to determine
if the PVY resistance in the variant remained stable through an
additional cycle of anther culture. The resulting haploid plants
were treated with colchicine and DH lines were obtained. Four
plants of each DH line were inoculated with a cotton swab with
PVY(NN). Uninoculated DH controls served to evaluate stunting.
McN 944, NC 602, and NC 744 plants were also inoculated at
the same time to serve as disease reaction controls. These controls
were chosen for their parentage and their reaction to PVY(NN)
(15,25). McN 944 is the parental cultivar of NC 602 and exhibits
a necrotic reaction to the viral strain. NC 602 demonstrates a
mosaic reaction to the strain while NC 744 shows no symptoms.

Resistance to additional viruses. Known resistance genes for
PVY in Virgin A Mutante (VAM) (Tobacco Introduction line
1406) and Havana 307 have been shown to provide protection
against both PVY and TEV (6,15). When a preliminary field ex-
periment found the NC 602 resistance gene offered no protection
to TEV, a controlled greenhouse experiment was conducted to
determine if additional gametoclonal mutations could be found
that would provide resistance to TEV as well as PVY. The same
DH lines used in the back mutation experiment were inoculated
with a highly virulent strain of TEV (NC isolate 155A). In addition
to these DH lines, anther-derived haploids from NC 602 were
also screened for TEV resistance. Those haploids that demon-
strated some degree of tolerance (delayed onset of symptoms)
were chromosome-doubled with the midvein culturing technique
developed by Kasperbauer and Collins (17) and seeds were ob-
tained to provide plants for a comparison test with the diploid
controls, McN 944 and NC 602. Six plants of each genotype
were matched by size and transferred to peat pots. Three plants
were inoculated as outlined above, whereas three uninoculated
plants were used for stunting estimation using the fresh weight
method of comparison. Because resistance is a qualitative trait,
three replications of each genotype are considered sufficient. Leaf
necrosis was evaluated subjectively as mild (0-25%), moderate
(25-75%), and severe (75-100%).

Combining genetic mechanisms for virus resistance. NC 602
was crossed with a second source of PVY resistance, NC 744,
and the F, was crossed to N. africana. Maternally derived tobacco
haploids were identified among the surviving plants of the inter-
specific cross as prescribed by Burk et al (1). The haploid plants
were chromosome-doubled using the midvein culturing technique
of Kasperbauer and Collins (17), resulting in 20 maternal doubled
haploid (MDH) lines.

We tried to identify the four expected resistance combinations
of MDH lines by using different strains of PVY under the assump-
tion of additive gene effects. PVY strains VAM-B (NC isolate
182), NN (NC isolate 78), and SA (NC isolate 187) were used
to separate the four genotypes. NC 744, NC 602, and McN 944
were used as controls. The predicted reactions of these controls
to the strains used are presented in Table 1. Each of the eight
replications of the completely randomized experiment consisted
of four plants each of the MDH lines and the three control
cultivars. One plant of each genotype was inoculated with one
strain of the virus, and the fourth was used as the uninoculated
control. Inoculum was applied with a cotton swab.

Combining the resistances to PVY and Rk. The gametoclonal
variant NC 602 was crossed with flue-cured cultivar Coker 209
(C209), which is resistant to the Rk. The F, was crossed to N.
africana to obtain a series of maternal haploids representing the
complete gametic array. Maternal haploids were recovered, grown
in a growth chamber until 12-15 cm high, and then transplanted
into 15-cm clay pots in the greenhouse. When the plants began
to flower, they were repotted into 23-cm clay pots and topped
to induce growth from the leaf axils. Four sets of axillary shoots
were removed from each plant and rooted in deep-dish glass
culture dishes; a rooting compound was used to stimulate root
initiation. The dishes were covered and placed in a growth chamber
until roots were visible in the bottom of the dish. The rooted
shoots were then transplanted into 15-cm clay pots in the green-
house. At the same time all haploid plants were midvein-cultured
to double the chromosome complement.



One set of the transplanted shoots was inoculated with 20,000
eggs of M. incognita race 3 per plant and one was inoculated
with PVY(NN). Each inoculated set had an additional uninocu-
lated set for use as a control. The plants inoculated with PVY
were evaluated 3 wk after inoculation for viral symptoms. The
Rk-inoculated plants were evaluated 6 wk after inoculation for
nematode infection. Plants were scored for weight of root mass,
percentage of the root mass with infected nodules, and numbers
of eggs present. All genotypes that showed resistance to both
pathogens and one from each of the other possible resistance
categories (resistant to PVY only, resistant ot Rk only, and re-
sistant to neither pathogen) were continued in midvein culture.
These *other’ category plants served as controls in the final diploid
test. Chromosome-doubled plants from midvein cultures of the
desired genotypes were selfed to obtain seeds. Six plants of each
remaining genotype were inoculated with PVY(NN), PVY(MN),
and 20,000 eggs of race 3 of M. incognita to determine responses.

Effects of the virus-resistant gene on agronomic traits. Because
a gene had been added or altered to the genome to achieve this
resistance, and the biochemical aspects of the resistance mecha-
nism were unknown, efforts were made to determine if any effects
on agronomic characteristics might result from the use of this
variant in a breeding program. NC 602 was crossed to the parental
cultivar, McN 944, 250 F, plants were screened for PVY(NN)
resistance, and resistant plants were selfed for two generations.
Fifty-eight resulting resistant lines were randomly selected and
field tested for agronomic values. The 58 lines were randomly
assigned to two sets, which also included NC 602 and McN 944
as control cultivars. The test was planted in a randomized complete
block at Kinston, NC (28501), in 1987 with each set replicated
four times. Plots consisted of 22-plant rows with 56 cm between
plants and 120 cm between rows. End plants were used as com-
petitive border plants and were not included in the data. Data
were recorded for plant height (cm), days from transplanting to
flowering, numbers of leaves per plant, cured leaf yield (kg/ha),
cured leaf quality as measured by the grade index method (24),
and percent total alkaloids and reducing sugars (16). The analysis
of variance assumed a mixed model with fixed treatments and
was analyzed as an experiment with sets in the manner of Com-
stock and Robinson (8). Treatment mean squares were partitioned
into contrasts between the checks, the midparent and the resistant
lines, and among the resistant lines.

RESULTS

Back mutation experiment. Anther culture of NC 602 produced
1,128 haploid plants, 192 of which were chromosome doubled
to produce DH lines. When inoculated with PVY, all lines ex-
hibited mild to moderate mosaic symptoms as found in NC 602.
Variation in stunting was observed not only across genotypes,
but also among plants within genotypes. The stem height method
was used to measure stunting in two replications of inoculated
plants. Viral infection resulted in an 18.5% reduction in height
averaged over all DH genotypes. The fresh plant weight method
was used to measure stunting in the remaining replications and
demonstrated on average overall reduction in weight of 17.2%.

TABLE 1. Predicted disease reactions of tobacco genotypic categories
to three strains of potato virus Y

Resistance to additional viruses. Twenty-two of the 192 anther-
derived DH lines with milder or delayed symptoms to TEV com-
pared with the control were selected for further analysis. Of the
1,008 anther-derived haploid plants of NC 602 screened directly
for TEV resistance, six demonstrated varying degrees of resistance.
Upon chromosome doubling of these six plants, three DH lines
produced plants both with and without visual virus symptoms
(leaf mosaic). In these three lines, seeds from plants both with
and without mosaic symptoms were collected and further tested
with the controls. No difference was observed for disease develop-
ment between the two symptom types within these three lines.

The 22 DH lines obtained from colchicine treatment and
screened as diploids and the nine DH lines obtained from midvein
culture after initial screening as haploids were compared to NC
602 and McN 944 for viral symptoms and time of symptom onset.
Of these 31 DH lines, all exhibited the typical symptoms of
stunting and necrosis associated with TEV infection in flue-cured
tobacco (21). Whereas most of the genotypes exhibited some
necrosis 7 days after inoculation and became severely necrotic
after 11 days, three genotypes exhibited a 1-wk delay in symptom
onset and did not become severely necrotic until 18 days after
inoculation. When we used fresh plant weight as a measure, mean
stunting was estimated as 60%. The three lines showing delayed
symptoms also exhibited reduced stunting (37%).

Combining genetic mechanisms for PVY resistance. Observed
reactions of the control genotypes, NC 744, McN 944, and NC
602, corresponded to those predicted in Table I, except that the
SA strain produced only mosaic symptoms on McN 944 and
NC 602. A fourth distinct reaction category was detected that
corresponded to the predicted reaction of the combined resistance
under the assumption of additive gene action. Thus, the screening
techniques developed in this test provided adequate separation
of symptoms to distinguish between four different combinations
of resistance (Table 2) and provided evidence that the two re-
sistance mechanisms in VAM and NC 602 result from genes at
different loci. A chi-square test indicated that the distribution
of the four classes was not significantly different from that which
was expected if the two resistance mechanisms were controlled
by single genes at independent loci (Fig. ).

Combining resistance to PVY and Rk. Each of the selected
DH lines with resistance to Rk gave a necrotic reaction when

TABLE 2. Observed reactions of tobacco genotypes to three strains of
potato virus Y (PVY)

PVY strain
Entry Genotype® VAM-B NN SA
NC 602° PPVV Mosaic  Mosaic Mild necrosis
NC 744° ppvv Death No symptoms  No symptoms
McN 944°  ppVV Death Death Mild necrosis
Additive® PPvv Mosaic  Nosymptoms No symptoms

* Genotype refers to Figure 1.

® From Witherspoon (25).

“ From Gooding (13).

¢ Assumption of additive gene effects.

PVY strain

Entry VAM-B NN SA Genotype®
NC 602 Mosaic  Mosaic Mosaic PPVV
NC 744 Death No symptoms No symptoms ppvv
McN 944 Death Death Mosaic ppVV
GHS86 1881-1 Death Death Mosaic ppVV
GH86 1881-2 Death Death Mosaic ppVV
GHS86 1881-3 Mosaic  No symptoms No symptoms PPvv
GHS86 1881-5  Death Death Mosaic ppVV
GHB86 1881-6  Death No symptoms No symptoms  ppvv
GHB86 1881-8 Mosaic  Mosaic Mosaic PPVV
GHB86 1881-9  Mosaic No symptoms No symptoms PPvv
GHS86 1881-10  Death Death Mosaic ppVV
GHB86 1881-11 Mosaic No symptoms No symptoms PPvv
GHB6 1881-13  Death Death Mosaic ppVV
GHS86 1881-14 Mosaic No symptoms No symptoms PPvv
GHB86 1881-15 Mosaic  Mosaic Mosaic PPVV
GHS86 1881-17 Mosaic Mosaic Mosaic PPVV
GHB86 1881-18  Death No symptoms No symptoms  ppvv
GHB86 1881-20 Death Death Mosaic ppVV
GHB6 1881-22  Death No symptoms No symptoms  ppvv
GHB86 1881-23  Death Death Mosaic ppVV
GHB86 1881-24 Mosaic No symptoms No symptoms PPvy
GHS86 1881-25 Mosaic No symptoms No symptoms PPvv
GHB86 1881-28 Death No symptoms No symptoms  ppvv

Actual x* = 2.0; Tabular xzﬁ ar; p=00s) = 1.81

* Genotype refers to Figure 1.
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inoculated with the PVY strain MN, regardless of the presence
of the NC 602 gene for PVY resistance. As in the previous
experiment, haploid production of a complete gametic array was
demonstrated with 6/23 plants resistant to both PVY and Rk,
8/23 resistant to neither, 4/23 resistant to PVY only, and 5/23
resistant to root-knot only. Because each resistance is controlled
by a single dominant gene (10,21), these numbers give a non-
significant chi-square value of 1.52, indicating that the data fit
the expected ratio.

NC 602° X
(PPVV)

NC 744°
(ppvv)

_F,_ X N.africana

(PpVv)
|

maternal haploid

gametic array
-+ PV (NC 602 mechanism)
-~ Pv (both mechanisms)
|-~ pV (neither mechanism)
|-~ pv (NC 744 mechanism)
Additive resistance gene of NC 602 denoted by "P"

Recessive resistance gene of NC 744 denoted by "v"

Fig 1. Procedure for combining the genes for resistance to potato virus
Y from two tobacco breeding lines into a single genotype.

Effects of the PVY resistance gene on agronomic traits. Sig-
nificant differences for yield and days from transplanting to
flowering were observed among the genotypes tested. Contrasts
also revealed significant differences between the check cultivars
(McN 944 and NC 602) for these two traits. In contrasting the
midparent value with the mean of the resistant lines, differences
were found in plant height and days from transplanting to flower-
ing. Among line variation within the population was significant
for reducing sugars and yield (Table 3). A comparison of the
means of the check cultivars and the resistant lines indicated that
the population of resistant lines resembled McN 944 for plant
height and NC 602 for days from transplanting to flowering (Table
4). Although the mean value for yield among the resistant lines
was equivalent to the midparent value of the two checks, con-
siderable genetic variation exists within the population and 109
of the lines exhibit yield differences from McN 944 of less than 3%,

DISCUSSION

When stunting in these experiments was estimated, environ-
mental variation and random error within genotypes resulted in
some lines exhibiting apparent increased growth in the inoculated
plants when compared with controls. Although we tried to match
plants by size within genotypes before inoculation, the plants
grew at different rates in response to the microenvironment.
Crowding and shading resulted, which further increased
differential growth. Because of the number of controls used in
these experiments, a clear superiority of the fresh weight method
in estimating stunting was not established, because results were
similar for both fresh weight and plant height techniques. How-
ever, because stunting is not limited solely to stem length but
includes the entire plant structure, the use of plant fresh weight
is expected to produce a more accurate estimate of stunting than
plant height alone. Additional testing is needed.

The 192 genotypes evaluated were all DH and are representative
of the expected number of homozygotes to be found in a popu-
lation of 36,864 conventionally bred F, plants; therefore, the
population is considered adequate to evaluate back mutation
tendencies. Based on this work, it appears that the gametoclonal
variant NC 602 does not readily revert to a susceptible reaction

TABLE 3. Partitioning of treatment mean squares for quantitative traits for determination of the effect of tobacco line NC 602 potato virus resistance

on agronomic characteristics

Mean squares

Plant Leaf Days to Grade Total Reducing

Source df height number flower index® alkaloids sugars Yield
Treatments (sets) 60 35.65 2.11 4,71%° 12.48 0.092 3.01 110,153.99**
Between

parents (sets) 2 78.63 2.00 13.63* 8.13 0.205 0.14 572,985.63%*
Between midparent

and lines (sets) 2 123.56%* 2.87 11.56* 21.30 0.010 0.53 21,574.88
Among lines (sets) 56 30.98 2.09 12.32 0.091 3.20% 96,787.82%*
Error 180 25.99 1.09 11.73 0.078 2.17 59,110.09
" Grade index is a measure of leaf quality; higher numbers indicate superior quality.
®Single asterisk indicates significance at the 0.05 level; double asterisk indicates significance at 0.01 level.
TABLE 4. Means of quantitative traits measured in the agronomic evaluation of the NC 602 resistance mechanism

Plant Total Reducing
height Leaf Days to Grade alkaloids sugars Yield

Genotype (cm) number flower index” (%) (%) (kg/ha)
McNair 944 97 19 61 34 3.75 15.5 2,738
NC 602 91 19 59 34 4.06 15.3 2,214
Mean of 58

resistant lines 98 19 59 35 3.90 15.6 2,459
Extreme high 106 21 61 41 4.19 17.4 2,762
Extreme low 91 17 56 32 347 13.6 2,082
LSD 0.05" 4 1 1 2 0.20 1.1 173

* Grade index is a measure of leaf quality; higher numbers indicate superior quality.
®LSD to determine differences between the maternal doubled haploid lines and check cultivars.
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when placed in anther culture. Because the resistant allele shows
no instability in culture, it may be used to develop resistance
in cultivars using either conventional or tissue culture breeding
programs.

No genotypes expressing immunity to TEV were identified in
the evaluation of the DH lines. Although all genotypes derived
from anther culture of NC 602 were susceptible to TEV, three
DH lines were rated as partially tolerant because of the delayed
onset of symptoms and reduced stunting. The fact that no TEV
resistance was found supports the belief that this PVY resistance
is not related to previously known resistances and has been ob-
tained as a direct result of anther culture. The ability to combine
the two PVY resistances found in NC 602 and NC 744 demon-
strates that different genes are involved and that they exhibit
additive gene effects. The genetic combination of these resistances
establishes a broader base than currently exists from which to
develop resistant cultivars and provides the breeder with an
additional tool to combat PVY.

Rufty et al (23) proposed that the gene responsible for Rk
resistance has a pleiotropic effect and imparts susceptibility to
the necrotic action of PVY(MN). Although genotypes were iden-
tified with both the NC 602 resistance to PVY and the C209
resistance to Rk, the ability of PVY(MN) strain to cause necrotic
reactions on all Rk resistant lines regardless of the presence of
the NC 602 resistance mechanism in the genome provides further
evidence that virus resistance and nematode resistance genes are
not epistatic. Burk et al (2) reached a similar conclusion with
the PVY resistance found in NC 744 (VAM). Thus, two different
PVY resistances, when combined with Rk resistance, give identical
necrotic responses to the PVY(MN) strain and provide further
indication that Rk resistance may have a pleiotropic effect on
different viral resistance mechanisms.

Whereas mean yield for the resistant lines was substantially
less than the original cultivar, McN 944, one of the lines exceeded
the yield of McN 944. The data show that NC 602 sustained
an average yield reduction of nearly 20%. Because a single back-
cross recovered one-half of the lost yield and considerable genetic
variation for yield remains in the resistant population, this reduc-
tion is not considered related to the virus resistance and it should
be possible to select lines with virus resistance and yielding ability
equal to McN 944, Therefore, the presence of the NC 602 resistance
mechanism in the genome appears to have little adverse effect
on agronomic performance of flue-cured tobacco cultivars.
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