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Abstract: Nicotiana mutabilis is a recently discovered species within the genus Nicotiana. The aim of
the present study was to evaluate its resistance to Potato virus Y (PVY) and Tomato spotted wilt virus
(TSWYV). Molecular analysis was performed to detect the Va gene determining susceptibility to PVY
and the SCAR marker associated with resistance to TSWV. Resistance tests were carried out under
greenhouse conditions through artificial inoculation with one TSWV and two PVY isolates. In order
to confirm the presence of the viruses in plants, DAS-ELISA tests were performed using antibodies
against PVY and TSWV. The results indicated the absence of the PVY susceptibility gene and the
presence of the TSWYV resistance gene in the genome of N. mutabilis. This species was considered
tolerant to the two PVY isolates tested because, despite the positive DAS-ELISA results, the infected
plants showed vein clearing and chlorotic spots but no vein necrosis. As a result of TSWV inoculation,
N. mutabilis showed a hypersensitive response; however, after four months, 30% of the inoculated
plants showed systemic infection. This species extends the genetic variation in the genus Nicotiana
and, because of its tolerance to PVY and partial resistance to TSWYV, it may be a potential source of
resistance to these viruses.

Keywords: resistance; tolerance; va gene; SCAR marker

1. Introduction

Species of the genus Nicotiana, a member of the Solanaceae family, occur naturally
throughout North and South America, Australia and Africa [1]. Individual species have
been discovered and described over many years [2-5]. A great contribution to Nicotiana
studies was made by T.H. Goodspeed [3], who also developed the Nicotiana classification
that has been in force for more than 50 years. His research was based mainly on morphology
and cytology and his classification of Nicotiana divided the genus into 3 subgenera and
14 sections. The current systematics of the genus Nicotiana has been developed based on
molecular studies and indicates the existence of 76 species divided into 13 sections [6]. There
are some discrepancies, however, regarding the number of species. Lewis and Nicholson
reported that the genus Nicotiana had 70 species, as the rest were merely synonyms to other
species within the genus [7]. The most recently discovered species of the genus Nicotiana,
found in southern Brazil, is Nicotiana mutabilis. Under natural conditions, this species
grows on forest edges, roadsides and abandoned fields. It is pollinated in the morning and
evening hours by hummingbirds and has been shown to have 18 chromosomes and to be
self-compatible. It has been included in the section Alatae [8].

Wild Nicotiana species are characterised by very high variability related to their occur-
rence, morphology and chromosome number. They also constitute a valuable reservoir of
resistance/tolerance genes to biotic and abiotic factors [1].

Viral diseases pose a significant threat to tobacco cultivation because chemical protec-
tion is limited only to vector control. The duration of vector feeding and virus transmission,
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however, is not always long enough for chemical protection to be effective. Many viral dis-
eases are also developed due to mechanical infection. The most efficient way to counteract
diseases, especially viral ones, is to develop genetic resistance. For this purpose, breeding
work using desirable sources of resistance is necessary [9].

An economically important viral disease of tobacco is tobacco veinal necrosis, caused
by Potato virus Y (PVY). This virus is transmitted by aphids in a non-persistent manner.
Disease symptoms initially include vein clearing and chlorotic spots, followed by vein
necrosis on the leaves. This results in a significant reduction in yield and in the quality
of the dried raw material [10,11]. Potato virus Y, which belongs to the genus Potyvirus, of
the family Potyviridae [12,13], has a single sense RNA strand of about 9700 nucleotides
in length [14,15]. Potato virus Y exists as a complex of strains, including a growing num-
ber of recombinants [16-18]. The classification of PVY isolates depends on biological,
serological and molecular characteristics. According to the host from which they were
originally collected, isolates have been classified into four different strains, corresponding
to potato, pepper, tobacco and tomato strains. Based on the symptoms induced on tobacco
and potatoes, PVY isolates have been divided into three main strains, PVYO, PVYC and
PVYN [17,18]. The PVY® strain (ordinary or common strain) induces a systemic mosaic in
most potato cultivars and mild symptoms in tobacco cultivars. The PVYC strain causes stip-
ple streak symptoms on potato cultivars, carrying the Ns resistance gene and non-necrotic
symptoms on tobacco. The PVYN strain induces veinal necrosis on N. tabacum and very
mild mottling with occasional necrotic leaves on potato cultivars [19,20]. Isolates from
the group PVYN were further divided into two subgroups, PVYNW and PVYNTN  and the
differentiation between them is possible by using two types of antibodies produced by the
Bioreba company [21]. The PVYNWi isolate was found in the potato cultivar Wilga [17].
This strain causes tobacco veinal necrosis and possesses the capsid protein sequence of
PVY© isolates. The PVYNTN isolates cause a tuber necrosis reaction on potato cultivars
and vein necrosis on tobacco [20]. The variation within PVY isolates is due to numerous
point mutations and recombinations between isolates [22,23]. The differentiation of the
tobacco cultivars to PVY is determined by the dominant Va gene, whose product, the
eukaryotic translation initiation factor 4E (elF4E), interacts with the PVY genome-linked
protein (VPg) [24,25]. Resistance to PVY within cultivated tobacco is determined by a single
recessive va gene resulting from a deletion of the eIF4E gene located on chromosome 21 [26].
This deletion is a consequence of X-ray mutagenesis of the Virgin A [27] and, subsequently,
this type of resistance is transferred to other tobacco cultivars through breeding. The
durability of resistance determined by different types of mutations within the eIF4E gene
depends on the size of the deletion [28]. There are PVY strains, however, that are capable
of overcoming this resistance and infestation of varieties previously considered resistant is
becoming increasingly common [29].

Some wild species of the genus Nicotiana possess resistance to PVY, therefore, they can
be valuable material for resistance breeding [30,31]. Among them, Nicotiana africana, which
belongs to the section Suaveolentes, deserves attention. During a study, in which more than
40 PVY isolates from tobacco and potatoes were used, this species was not infected by any
of them [10,32]. Due to its immunity, N. africana has been used in breeding work. Wersman
obtained an addition line, NC152, containing a pair of homologous chromosomes from N.
africana, that was the result of a cross of this wild species with susceptible tobacco cultivar
McNair944 [33]. This line was used by Lewis to assess the degree of gene transfer from N.
africana both by classical breeding and by using in vitro cultures [34]. The nearly isogenic
lines obtained by Lewis possessed both the recessive va gene and the Nafr fragment
and showed varying levels of resistance, depending on the virulence of the used PVY
isolate [35]. The chromosomal region Nafr introgressed into the tobacco genome did not
provide complete resistance. Doroszewska [36] obtained the breeding line BPA (2n=48) by
crossing the susceptible tobacco cultivar BP-210 with N. africana. This line was characterised
as tolerant, since no vein necrosis occurred regardless of the applied PVY isolate, even if
the virus was present in the plants [37]. BPA and Nafr introgression lines differ in the mode
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of inheritance of PVY tolerance. According to Korbecka et al., the PVY tolerance in BPA is
a recessive trait, while the Nafr gene is inherited in a partially dominant fashion [35,38].

Another very important viral disease of tobacco is tomato spotted wilt caused by
the Tomato Spotted Wilt Virus (TSWYV), also known as Lycopersicum virus 3. This poses a
significant threat to tobacco, as well as to many other species belonging to 85 botanical fam-
ilies [39]. This virus belongs to the genus Orthotospovirus, of the family Tospoviridae [40,41].
It is transmitted by several species of thrips [42], including tobacco thrips (Thrips tabaci). Ini-
tial disease symptoms include chlorotic and necrotic spots and, as the virus moves through
the plant, there is stunted growth and a characteristic bending of the stem tip by about
45° [43]. TSWYV causes a decrease in the yield of leaves, their quality and their technological
usefulness. High intensity of infection may even necessitate plantation liquidation. The
control of thrips is the most effective disease control strategy [44]. In the case of plants
that are already infected with the virus, thrip control will not stop the development of
the disease but may limit further spread. The only effective method of protecting tobacco
against TSWV is the cultivation of resistant cultivars [9].

Within the genus Nicotiana, the species Nicotiana alata is considered as a potential
source of resistance to TSWV because it develops a hypersensitive reaction to the virus, ap-
pearing as small necrotic spots on lower leaves. The necrosis of tissues prevents movement
of the virus to higher parts of the plant [45-49]. The known resistance gene against TSWV,
derived from N. alata, has been named RTSW-al [49]. It can be identified using the SCAR
markers developed by Moon and Nicholson [50].

A hypersensitive reaction also occurs in the species N. forgetiana, belonging to the
section Alatae, which is visible especially at the initial stages of infection, but, with time,
plants become systemically infected [49].

Nicotiana mutabilis, discovered in 2002 [8], is of great interest to researchers. In fact,
there are limited data in the literature on this species, especially regarding its disease
resistance. The objective of this study was the evaluation of the N. mutabilis resistance
against PVY and TSWV, which are the most economically important viral diseases for
tobacco. Susceptibility to PVY and TSWV was determined using the Va gene and SCAR
markers, respectively. Resistance in N. mutabilis was compared to that of related species,
i.e., N. alata and N. forgetiana. Two cultivars of N. tabacum were used as susceptible controls.

2. Materials and Methods
2.1. Plant Material

The experimental species were:

Nicotiana mutabilis, section Alatae [1];

Nicotiana alata, section Alatae;

Nicotiana forgetiana, section Alatae;

Nicotiana tabacum, section Nicotiana. In our research, this species was represented by
two cultivars:

— Virginia A Mutant (VAM)—belongs to the light flue-cured type of tobacco [9].
Obtained by the action of X rays [51]. It has va resistance and is resistant to
most PVY isolates, especially from the PVYNW group [20,52-54]. It is, however,
susceptible to TSWV.

— Burley 21—belongs to the light air-cured type of tobacco. Susceptible to all strains
of PVY and to TSWV.

2.2. Resistance Tests

Biological tests aimed at assessing the resistance of the species N. mutabilis and other
tested species to PVY and TSWV were performed by artificial inoculation in greenhouse
conditions. Inoculation was carried out at the 5-6 leaf stage and three of the leaves were
inoculated. Five species were used for the study and the number of tested plants depended
on the species and the type of virus that was used for inoculation (Table 1). Three plants
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for each species were used as controls. Both virus-inoculated and control plants were
maintained under the same conditions in the greenhouse, which were as follows:

— temperature, 24 °C during the day/16 °C at night;
— light and darkness duration, 16 h light/8 h darkness.

Table 1. Species tested for resistance to PVY and TSWYV, as well as the presence of molecular markers.

Number of Plants Tested with:

No. Species
PVY IUNG 21 PVY IUNG 20 TSWV
1 N. mutabilis 20 20 40
2 N. alata 5 5 10
3 N. forgetiana 5 5 10
N. tabacum cv.
4 VAM 5 5 10
5 N. tabacum cv. 5 5 10

Burley 21

In the study for PVY resistance, two viral isolates of contrasting virulence were used:

e IUNG 21—mild isolate that does not break va resistance in the VAM cultivar. It is not
detectable by monoclonal antibodies directed against the necrotic serotype (MoAbs
anti YN IgG 112511, Bioreba) [21];

e JUNG 20—severe isolate that breaks the va resistance of cultivar VAM. Detectable by
two types of Bioreba antibodies (MoAbs anti Y IgG 112511 and MoAbs anti YN IgG
112512) [21].

The source of TSWV and PVY inocula for all experiments was maintained in Samsun
H tobacco plants. All kinds of inocula were prepared from leaves with visible disease
symptoms. The presence of each virus in the sap of the tested plants was assayed by
DAS-ELISA (double antibody sandwich enzyme-linked immunosorbent assay). Samples
of plant material with the confirmed presence of each virus (TSWV and PVY) were stored
in an ultra-freezer at —80 °C.

The PVY inoculum consisted of leaves of infected plants, ground in a mortar with a
small amount of distilled water. The TSWV inoculum preparation required a phosphate
buffer (9.078 g/L of KHyPO4 and 11.867 g/L of NapHPO4) with 0.5% mercaptoethanol [55].
Infection of plants was carried out under the same conditions and in the same manner for
both viruses. An appropriately prepared inoculum was rubbed on carborundum-strewn
leaves of test plants at a volume of approximately 1 mL of inoculum per plant. The inocu-
lated plants were protected from direct sunlight for 48 h. Plants inoculated only with buffer
were also included in the study for comparison with virus-inoculated plants. Observation
of disease symptoms and photographic documentation were systematically performed.

2.3. Serological Tests

In order to confirm the presence of a particular virus in plant tissues, serological tests
were performed by DAS-ELISA using antibodies manufactured by Bioreba (Switzerland)
and directed against PVY (catalogue no. 112511) and TSWV (catalogue no. 190115). For
PVY, tests were performed once, four weeks after inoculation. Samples for ELISA from
TSWV-infected plants were collected three times—after four weeks, after eight weeks and
after four months from inoculation. The following were collected from different plant
parts [9]:

— lower part included four lower leaves;
— middle part included four leaves above the lower part;
— upper part included the four youngest leaves on the plant.
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DAS-ELISA tests were performed according to the manufacturer’s protocol. Ab-
sorbance was measured at 405 nm on a Tecan Sunrise plate reader (Swizerland) 45 min
after substrate application. The negative control was provided by the manufacturer and
the positive control was a susceptible Samsun H plant infected with the appropriate virus.

2.4. Molecular Tests

All plants tested for resistance to viruses were used in molecular analyses (Table 1).
Isolation of genomic DNA was performed according to the method by Doyle and Doyle [56].
Total DNA was isolated from 200 mg of leaf tissue, which was previously homogenised
with Qiagen Tissue Lyzer. Then, 1 mL of preheated (up to 60 °C) isolation buffer (100 mM
Tris-HCI, 1.4 M NaCl, 20 mM EDTA, 2% CTAB and 0.2% 3-mercaptoethanol) was added.
The samples were shaken vigorously for 5 s, incubated at 60 °C for 30 min, then cooled
to room temperature. Next, the same volume of a mixture of chloroform: isoamyl al-
cohol (24:1 v/v) was added and the samples were shaken gently for 5 min, then cen-
trifuged for 15 min at 4 °C and 14,000 rpm. The upper phase was transferred to a fresh
Eppendorf tube and one volume of isopropanol was added. The samples were placed
at —20 °C for 15 min, then gently shaken and centrifuged for 15 min. After discard-
ing the supernatant, the remaining pellet was washed twice by pouring 600 uL of 70%
ethanol and centrifugation. The extracted DNA was vacuum-dried and resuspended
in 20 uL of sterile MiliQ water. The absorbance of samples was measured and a di-
lution of 20 ng/uL of DNA was obtained for all samples. The detection of resistance
genes against PVY was carried out indirectly by detection of the susceptibility Va gene.
For DNA amplification, PCR reactions were performed using primers detecting marker
Nsyl-elF4E1 (forward primer, 5'-AATGCTTATTGTTAGCCTTTGTTTCT-3'; reverse primer,
5-GTCAAGTGGCAGCCTTTCATA-3'), which amplified a 402 bp product [57]. Each 10 uL
of PCR reaction mixture contained 1 uL of 20 ng/uL plant DNA and 6 uL of True Allele
PCR Premix buffer (Applied Biosystems, Waltham, MA, USA) containing polymerase,
0.15 pL of each 10 uM primer pair and 2.7 pL of MiliQ sterile water. The PCR reactions
included pre-denaturation for 10 min at 95 °C and 44 cycles with the following profile:
1 min at 95 °C, 1 min at 64 °C, 2 min at 72 °C and a final elongation for 7 min at 72 °C.

In order to detect the gene associated with TSWYV resistance, the SCAR marker
ACC/CCC 172 (forward primer, 5-AGCTTCTTTCTCTCTTCCATTTTT-3’; reverse primer,
5-CAGAAGAAAAACTGCTGGAGCTAT-3') [50] was amplified, giving a 117 bp product.
The reaction mixture for PCR using the True Allele PCR Premix (Applied Biosystems,
Waltham, MA, USA) was identical to that for the Va gene. The PCR reactions included
pre-denaturation for 3 min at 94 °C and 35 cycles with the following profile: 1 min at 94 °C,
1 min at 55 °C, 2 min at 72 °C and a final elongation for 7 min at 72 °C.

PCR products were analysed in 1.5% agarose gel in 1 x TBE buffer (100 mM Tris, 90 mM
H3BO3, 1 mM EDTA, pH of 8.5). The visualisation of electrophoretic separation results was
performed in a transilluminator under UV light.

3. Results
3.1. Resistance Response to PVY

The tested species showed differences in symptom severity to PVY depending on
the isolate used (Table 2). Nicotiana mutabilis, when infected with IUNG 20 (severe) and
IUNG 21 (mild) isolates, showed vein clearing and no necrosis (Figure 1a). This symptom
appeared 21 days post inoculation (dpi) and no other symptoms of disease occurred
subsequently. The virus was detected by immunoassay four weeks after inoculation. In
addition, in related species, N. alata and N. forgetiana, vein clearing was observed at 21 dpi.
No additional disease symptoms were observed in N. alata. In N. forgetiana, the mild PVY
isolate IUNG 21 caused vein clearing and leaf wrinkling at 28 dpi, while the severe PVY
isolate IUNG 20 additionally caused mosaic leaf symptoms within the same length of
time. Among the tested cultivars of Nicotiana tabacum, there were differences in response
depending on the isolate used. Cultivar Burley 21, inoculated with the mild isolate, reacted
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with vein clearing at 14 dpi and vein necrosis at 21 dpi. Inoculation with the severe PVY
isolate, however, resulted in vein clearing earlier, at 7 dpi, and vein necrosis at 14 dpi. In
cultivar Burley 21, the DAS-ELISA test gave a positive result after inoculation with the
two isolates. In contrast, the cultivar VAM showed no disease symptoms after inoculation
with the mild isolate, while the application of the severe isolate resulted in vein necrosis at
21 dpi (Figure 1b). For this cultivar, the virus was detected in the sap of plants infected only
with the severe isolate. Plants inoculated only with buffer showed no disease symptoms
(Figure 1c).

Table 2. Presence of the Nsyl-elF4E1 marker characteristic for the Va gene responsible for susceptibility and the reaction of

the tested species after inoculation with two PVY isolates.

PVY Isolate
. Presence of Marker IUNG 21 (Mild) IUNG 20 (Severe)
Species Nsyl-elF4E1
syl-e Svmptom DAS-ELISA Svmptom DAS-ELISA
ymptoms Results ymptoms Results
Nicotiana mutabilis — VvC + VC +
Nicotiana alata — VvC + VvC +
Nicotiana forgetiana — VC, WL + VC, WL, MS +
Nicotiana tabacum
cv. VAM - ns - VN *
Nicotiana tabacum N VN . VN .

cv. Burley 21

Legend: ns, no symptoms; VN, vein necrosis; VC, vein clearing; WL, wrinkled leaves; MS, mosaic symptoms; (+) positive, (—) negative
results of the DAS-ELISA test.PVY isolates: IUNG 21, mild isolate that does not break va resistance in the VAM cultivar. It is not detectable
by monoclonal antibodies directed against the necrotic serotype (MoAbs anti YN IgG 112511, Bioreba). ITUNG 20, severe isolate that breaks
the va resistance of cultivar VAM. Detectable by two types of antibodies (MoAbs anti Y IgG 112511 and MoAbs anti YN IgG 112512, Bioreba).

(a)

(b) (@

Figure 1. Resistance response of the tested species to the severe PVY isolate four weeks after
inoculation: (a) vein clearing on leaves of N. mutabilis; (b) vein necrosis on tobacco cultivar VAM
(indicated by black arrows); (c) control plant of cultivar VAM inoculated only with buffer.

Among the tested species, only N. tabacum cv. Burley 21 amplified the Nsyl-elF4E1
marker, which indicated the presence of the Va susceptibility gene in this cultivar (Figure 2).
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Table 3. Resistance response of the tested species after TSWV inoculation depending on the sampling time and the part of

Figure 2. PCR products generated by amplification of the Nsyl-elF4E1 marker (402 bp) linked to the
Va gene. Lanes:1, N. mutabilis; 2, N. alata; 3, N. forgetiana; 4, N. tabacum cv. VAM; 5, N. tabacum cv.

Burley 21; 6, DNA ladder 100 bp.

3.2. Resistance Response to TSWV

The resistance response of N. mutabilis varied among plants at the same time points.
Variations in the degree of infestation were also observed over time depending on the

sampling date and the tested plant parts (Table 3).

the plant.
No. of
Species Presence of Marker Time of Sampling Leaves ELISA-Positive/ Symptoms
ACC/CCC172
Tested Plants
lower 39/40 NeS
I middle 30/40 CS/NeS
o - upper 10/40 CS/NeS
Nicotian mutabilis +
1L middle 31/40 CS/NeS
upper 5/40 CS/NeS
1II upper 12/40 CS/NeS
lower 10/10 NeS
I middle 0/10 ns
upper 0/10 ns
Nicotiana alata + PP
1L middle 0/10 ns
upper 0/10 ns
I upper 0/10 ns
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Table 3. Cont.

Presence of Marker No. of
Species Time of Sampling Leaves ELISA-Positive/ Symptoms
ACC/CCC 172
Tested Plants
lower 10/10 NeS
I middle 10/10 WL
10/10 St
Nicotian forgetiana + upper /
1L middle 10/10 WL
upper 10/10 St
I upper 10/10 St
lower 10/10 VC/CS
I middle 10/10 VC/CS
St
upper 10/10
Nicotiana tabacum _ PP CA
cv. VAM 1 middle 10/10 VC/CS
upper 10/10 CSZ
1 upper 10/10 g’;
lower 10/10 VC/CS
I middle 10/10 VC/CS
St
Nicotiana tabacum _ upper 10/10 CA
cv. Burley 21 I middle 10/10 VC/CS
upper 10/10 CSZ
i upper 10/10 g’;

Lines: NeS, necrotic spots; CS, chlorotic spots; ns, no symptoms; WL, wrinkled leaves; VC, vein clearing; St, stunting; CA, curving of the
apex. Time of sampling: I, 4 weeks; II, 8 weeks; III, 4 months after inoculation.

At the first time point (I), that is, four weeks after infection, 97.5% of N. mutabilis
plants showed symptoms of hypersensitivity in the form of necrotic spots on their lower
inoculated leaves. Simultaneously, the presence of TSWV was confirmed by DAS-ELISA
tests. Chlorotic spots (CS) (Figure 3a) were observed on the middle uninoculated leaves of
75% of the plants, which then developed into necrotic spots (NeS) (Figures 3b,c) and the
virus was detected by antibodies. In the remaining 25% of plants, the leaves of the middle
uninoculated part remained healthy. At the first sampling date, it was shown that, in only
one out of every four plants, the virus was detected in the upper uninoculated part of the
plant.

(b)

Figure 3. Cont.
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() (d)

Figure 3. Response of Nicotiana mutabilis to TSWV four weeks after inoculation: (a) chlorotic spots (CS); (b,c) chlorotic and

necrotic spots (NeS); (d) mock inoculated plant without symptoms.

At the second time point (II), eight weeks after inoculation, only the middle and
the upper leaves were examined, as those in the lower part of the plant had died. Our
results showed that, in 77.5% of plants, the leaves of the middle uninoculated part were
infected with TSWYV, as evidenced by disease symptoms in the form of chlorotic and
necrotic spots and a positive result of the DAS-ELISA test. Compared to time point I, the
number of plants, for which the leaves from the upper uninoculated part showed disease
symptoms, decreased to 12.5% and, in these plants, the virus was detected in the sap of the
examined leaves.

At the third time point (III), four months after inoculation, samples were taken only
from the upper uninoculated part, namely four of the youngest leaves at that particular
time. The aim of the study was to determine whether the virus was still replicating and
moving systematically beyond the necrotic tissue within the middle uninoculated part.
Unfortunately, in 30% of the tested plants, chlorotic and necrotic spots were observed
on the leaves of the upper uninoculated part and the presence of TSWV in these leaves
was confirmed by DAS-ELISA. N. mutabilis plants inoculated only with buffer showed no
disease symptoms (Figure 3d).

The other two species, N. alata and N. forgetiana, reacted differently from N. mutabilis.
In the case of N. alata, typical hypersensitive symptoms in the form of necrotic spots were
observed on the leaves of the lower segment of the inoculated plant four weeks after
inoculation and the virus was serologically detected in that area (Figure 4). Conversely,
leaves from the uninoculated middle and upper parts of plants of this species examined at
time point I did not show any disease symptoms and the DAS-ELISA result was negative.
Based on the results of the DAS-ELISA test, leaves collected after eight weeks and after
four months were not infected by TSWV.

The course of infection was completely different in the case of N. forgetiana. Four
weeks after inoculation, necrotic spots were noticed on the lower inoculated leaves of all
ten tested plants, indicating a hypersensitive reaction. In this species, the uninoculated
middle and upper leaves were also infected and the symptoms included leaf wrinkling
and stunted plant growth (Figure 5). These symptoms also persisted at sampling dates II
and III and the results of serological tests were positive for all samples.
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Figure 4. Hypersensitive symptoms shown as necrotic spots on lower leaves of N. alata four weeks
after inoculation with TSWV.

Figure 5. Wrinkled leaves and stunted growth as symptoms of TSWV infection in N. forgetiana species
four weeks after inoculation.
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Two cultivars of Nicotiana tabacum, VAM and Burley 21, were included for TSWV
resistance testing and responded with severe infection of the entire plants regardless of
sampling time (Figure 6). As early as four weeks after inoculation, vein clearing and
chlorotic spots occurred on the lower and middle leaves, while a bent apex and stunted
plant growth were noted at the upper part. This trend was also observed on two later dates.
TSWYV was detected in all samples collected. Plants inoculated only with buffer showed no
disease symptoms.

(b)

Figure 6. Stunted growth, chlorotic and necrotic spots of (a) tobacco cv. Burley 21 and (b)tobacco cv. VAM four weeks after
TSWYV inoculation.

The ACC/CCC 172 marker associated with TSWYV resistance was detected in all
tested N. mutabilis, N. alata and N. forgetiana plants (Figure 7). The tested Nicotiana tabacum
cultivars did not include this marker (Table 3).

6

- 400
- -0

s 200

100

Figure 7. Amplification profiles generated by SCAR marker ACC/CCC 172 (117 bp) linked with the TSWYV resistance gene.
Lanes: 1, N. mutabilis; 2, N. alata; 3, N. forgetiana; 4, N. tabacum cv. VAM; 5, N. tabacum cv. Burley 21; 6, DNA ladder 100 bp.
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4. Discussion

The evaluation of resistance to PVY showed differences in symptom severity among
the tested species depending on the PVY isolate used. Upon inoculation with two PVYNW
and PVYN™N isolates, Nicotiana mutabilis reacted with only mild symptoms in the form of
vein clearing. Cardin and Moury [58] examined 30 N. mutabilis plants found in a nursery
in the south of France. The tested plants showed mosaic symptoms and vein clearing on
leaves. Electron microscope observations and DAS-ELISA tests indicated the presence
of PVY and further tests showed the presence of the PVYC isolate. The resistance tests
presented here by us are more detailed, because they were performed under controlled
conditions. Moreover, two PVY isolates of different virulence were used. The molecular
analysis of N. mutabilis did not reveal the presence of the Nsyl-elF4E1 marker, indicating
the absence of Va-type susceptibility. This was found in susceptible cultivar Burley 21,
which showed vein necrosis as an effect of infection by both mild and severe isolates. PVY
resistance of some N. tabacum cultivars is determined by a recessive va gene that resulted
from a genomic deletion within the susceptibility gene [57]. No PCR product was amplified
in the resistant cultivar VAM, confirming the deletion within the susceptibility gene Va.
This cultivar, however, showed no disease symptoms after inoculation with the milder
isolate, while the severe one caused necrosis.

Similar resistance response to that of N. mutabilis was observed in two other related
species, i.e., N. alata and N. forgetiana. Previously, when infected with six PVY isolates,
N. alata and N. forgetiana showed disease symptoms, such as vein clearing, chlorotic spots,
mosaic discolouration and leaf deformations [31]. None of the isolates caused vein necrosis
in species within the section Alatae. The absence of necrosis after PVY inoculation is a
tolerance trait and also occurs within the species N. tabacum. In tolerant tobacco cultivars,
such as Virginia SP278 and Zamojska 4, this trait is conferred by a single recessive gene,
NtTPN1 [28]. Since PCR products corresponding to the va gene were not identified in
N. mutabilis, N. alata and N. forgetiana, the genetic basis of their tolerance to PVY remains
unknown. Based only on the occurrence of similar symptoms, however, it can be assumed
that N. mutabilis has a source of resistance similar to that of N. alata and N. forgetiana.

The response of the tested plants of N. mutabilis to TSWV varied depending on the
sampling date, as well as the plant part. So far, there are very few data in the literature
regarding the resistance of N. mutabilis to TSWV. The present study determined that this
species reacted with hypersensitivity to TSWYV, confirming the close affinity of N. mutabilis
to the species N. alata and N. forgetiana, which belong to the same section [6]. Four weeks
after inoculation, necrotic spots, indicative of a hypersensitive reaction, occurred on the
lower leaves of 39 plants out of the 40 tested, on the middle leaves of 30 plants and on the
upper leaves of 10 plants. The formation of necrotic spots was preceded by the appearance
of chlorotic spots. After eight weeks, the leaves of the middle part of 31 plants were infected
and only 5 plants had the virus in the leaves of the upper part. The fact that the youngest
leaves were infected in fewer plants indicates virus retention in the lower leaves. Four
months after inoculation, the virus was present in the upper leaves of 12 plants. This
indicates that systemic infection of a plant may still occur long after inoculation.

A hypersensitive reaction also occurred in all tested N. alata and N. forgetiana plants.
The disease symptoms of these two species, however, differed significantly with time. In
the case of N. alata, necrotic spots occurred only on the lower leaves, while the rest remained
healthy on all plants throughout the entire period of testing. The study by Laskowska et al.
included seven populations of N. alata from different countries. The researchers indicated
that all plants from two populations reacted only with a hypersensitive response. As for
the rest, TSWV caused systemic infection of 6.3-50.0% of plants. The instability of this
form of resistance is not fully explained. One reason may be the self-incompatibility of
the studied species in the section Alatae, resulting in lack of full homozygosity [49]. The
close relationship of N. mutabilis to N. alata may explain the similar differential resistance
response to TSWV. Therefore, further genetic evaluation of N. mutabilis is desired. In
N. forgetiana, which we tested in our study, despite the hypersensitivity reaction in the first
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phase of infection, a systemic reaction occurred and TSWV was detected in the entire plant
after four weeks. Previous research by Laskowska et al. [49] on the same species showed
similar results.

Molecular studies have shown that the SCAR marker ACC/CCC 172 [50] associated
with TSWYV resistance is amplified in all tested N. mutabilis plants, as well as the other two
species from the section Alatae examined here. Although the resistance response of these
species is not identical, in all cases, hypersensitivity at the initial stage of infection was
recorded. Simultaneously, marker ACC/CCC 172 was not detected in cultivated tobacco
varieties that are susceptible to TSWV. Therefore, prospecting for sources of resistance to
TSWYV that could be used in tobacco breeding is very important.

Over the years, many attempts have been made to transfer TSWYV resistance from
N. alata to cultivated tobacco. Such work was undertaken by Gajos [59], who crossed
N. tabacum with N. alata. As a result of the particular selection of breeding lines, he obtained
a cultivar in the dark cigarette type—Polalta [60]—and a cultivar in the light cigarette
type—Wiktoria [61]—which contained the resistance factor from N. alata. According to
Yancheva [62], TSWYV resistance from cv. Polalta was inherited as a single dominant gene,
but the resulting hybrid plants showed morphological deformations which significantly
limited the possibility of using this source of resistance in breeding. Later attempts to
transfer resistance genes from Nicotiana alata to cultivated tobacco were made on multiple
occasions [63-66].

As shown by the authors of the studies cited, obtaining cultivars resistant to TSWV is
extremely important, but also very difficult. Previous work has solely focused on resistance
derived from N. alata. The aim of our study was to evaluate the resistance of a recently
discovered and, thus far, untested species. The affinity of N. mutabilis to N. alata and
the confirmed presence of the SCAR marker ACC/CCC 172 indicate the need for more
extensive studies. This is the first time such a detailed resistance test of N. mutabilis has
been carried out and our results show that this species can be used as a potential source of
resistance to TSWV, thus expanding the pool of genetic variability.

5. Conclusions

Tests for PVY resistance showed that the species N. mutabilis was tolerant to two PVY
strains. Evaluation of resistance to TSWV demonstrated the hypersensitive reaction of this
species but, nevertheless, the systemic infection of some plants was also observed. Due to
PVY tolerance and its partial resistance to TSWV, N. mutabilis may be a potential source of
resistance in tobacco breeding.
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