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Abstract: Viruses are responsible for more than 50% of annual potato tuber yield losses and cause
great economic damage. The traditional Croatian potato cultivar ‘Brinjak’ is important for local
growers because of its economically profitable production and as a gene pool for future breeding
programs. However, the full genetic potential of the cultivar cannot be exploited due to virus infection.
In this study, we attempted to eliminate potato virus M (PVM) and potato virus S (PVS) from potato
cultivar ‘Brinjak’ and to evaluate the effects on physiological parameters and yield. Shoot apices
were isolated from PVM + PVS-infected sprouts and cultivated for six weeks on MS medium with
the addition of 50 or 100 mg L−1 ribavirin. The surviving shoot apices were micropropagated. The
in vitro post-eradication period lasted 200 days. DAS-ELISA and RT-PCR were performed on R0 and
R1 plants 90 days after acclimatization to determine the sanitary status of the plants. Chlorophyll
fluorescence and multispectral imaging were performed on the R0 plants at the same time. The
success of PVS elimination was 33% at both ribavirin concentrations. However, neither concentration
was successful in eliminating PVM. Plants with mixed infection (PVM + PVS) had more severe
disease symptoms compared to PVM-infected plants, affecting photochemistry and multispectral
parameters and, consequently, yield. PVM + PVS plants had significantly lower number and weight
of tubers per plant and lower average tuber weight than plants with single PVM infection in most of
the generations studied. The results indicate a strong negative impact of PVS in mixed infections
with PVM and show the importance of its elimination from potato plants.

Keywords: Solanum tuberosum; ribavirin; virus elimination; potato virus M; potato virus S;
multispectral parameters; yield

1. Introduction

Potato (Solanum tuberosum L.) is one of the five most important crops in the world
today and is currently grown on over 20.7 million hectares across all continents with an
estimated global production of 437 million tons [1]. In 2020, potato production in Croatia
amounted to 174,280 tons of tubers from approximately 9330 ha [2]. Commercial production
is entirely based on a limited number of foreign varieties that have replaced traditional
cultivars/ecotypes. The intensive substitution of traditional by modern high-yielding
varieties in agricultural production during the last century resulted in some erosion of
genes [3], as the traditional cultivars are a source of genetic variability for many traits [4].
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This is also the case with the traditional cultivar ‘Brinjak’, which is resistant to Phytophthora
infestans and Streptomyces scabies, according to reports from local producers in Lika (a region
in Croatia), where the cultivar ‘Brinjak’ has been grown for many generations. Therefore,
traditional varieties are of great importance for biodiversity conservation, as a gene pool for
future plant breeding programs [5], but also for economically profitable production once
the variety is included in the List of Varieties of the Republic of Croatia as a conservation
variety. It is expected that the cultivar ’Brinjak’ will soon be included in that list, which
will enable its commercial production and sale in the Republic of Croatia. Viruses are
important agricultural pathogens with an estimated economic loss of >USD 30 billion
annually [6] and are responsible for more than 50% of yield losses of potato tubers [7].
While there are no effective measures for controlling viruses and curing plants once they
are infected [8,9], virus-free plants are required for commercial potato production and
maintenance of potato germplasm [10]. Commercially important potato viruses cause a
reduction in the starch content of tubers [11] and other biochemical and physiological
changes manifested by a reduction in dry matter and vitamin content, starch granules,
a decrease in amylase content, and starch acidity [11,12]. In addition to poor vegetative
growth (stunting, dwarfing) and significant yield losses in tubers, viruses in potato plants
can cause symptoms such as leaf curling, mosaic, leaf drop, chlorosis, necrosis, reduced
product quality, undersized tubers, and sometimes death of the entire plant [11–15]. Potato
leafroll virus (PLRV), potato virus A, M, S, X, and Y (PVA, PVM, PVS, PVX, and PVY) are
usually the most important viral pathogens associated with significant economic impact
and production loss [9,15,16]. PVM and PVS can be transmitted by aphids, especially the
green peach aphid (Myzus persicae), by vegetative propagation (via tubers), or mechanically
(e.g., through contaminated tools and wounds) [17,18]. Plants infected with PVM and
PVS do not always show symptoms, depending on the cultivar and virus isolates [9,15,19].
However, PVM can reduce tuber yield by 11–45% [11,20], and PVS by 10–20% [21,22].
Mixed infection results in a yield reduction of 20–30% [22]. Symptoms of virus infections
leading to changes in plant morphology, anatomy, physiology, and biochemistry can be
quantified using spectral reflectance analysis. Since plant diseases interact with their host
and lead to disruption of metabolic processes and development of specific symptoms,
various optical sensors have been used for non-destructive diagnosis and detection of
plant diseases [23,24]. Virus infection can reduce the photosynthetic efficiency of potato by
decreasing the assimilation area, photosynthetic rate, ribulose-1,5-diphosphate carboxylase
activity, chlorophyll and xanthophyll cycle pigment content, and PSII concentration and
activity [25,26]. The sensitivity of PSII to biotic factors has made chlorophyll fluorescence
one of the most widely used techniques in the study of plant disease interactions [27,28]. In
addition, visible and multispectral imaging can assess the spectral information of infected
leaves and can be used to calculate various vegetation indices [23,24,29].

The production of certified seed potatoes always starts with the micropropagation of
virus-free stock plants, followed by the production of minitubers, and then tubers through
several generations until the production of certified seed potatoes supplied to potato
growers for commercial production [16]. In this process, potato growers receive healthy
seed potatoes, or seed potatoes infected with viruses at a very low percentage, which is
permissible. Various in vitro virus eradication methods such as meristem tip culture, ther-
motherapy, chemotherapy, cryotherapy, electrotherapy, and somatic embryogenesis [30–34]
have been successfully used in different species. The efficiency of each method depends
on the virus to be eliminated, the size of the explant, the duration of treatment, and also
the variety [9,35,36]. Successful eradication of viruses from infected potato plants through
chemotherapy or in combination with other methods, and the efficiency of ribavirin are
well documented in the literature [9,10,32,35–47]. Ribavirin is a synthetic purine nucleoside
analog with a structure closely related to guanosine [48]. It is a broad-spectrum antiviral
nucleoside that is active against a variety of RNA and DNA viruses. Several possible
mechanisms have been proposed for the antiviral activity of ribavirin, including the possi-
bility that ribavirin negatively affects the synthesis of the RNA cap structure of viral RNA
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transcripts [49]. Exogenous applications of the antivirus agent ribavirin in chemotherapy
inhibits viral RNA synthesis [35,50,51].

The aim of this study was to eliminate potato viruses M (PVM) and S (PVS) in the tra-
ditional potato cultivar ‘Brinjak’ by applying ribavirin in a culture medium and to quantify
the effects of single (PVM) and mixed (PVM + PVS) infection on potato photochemical and
multispectral parameters and yield.

2. Materials and Methods
2.1. Plant Material

The tubers of the traditional potato cultivar ‘Brinjak’ were obtained from the field
collection of the University of Zagreb, Faculty of Agriculture, which is maintained within
the framework of the Croatian National Program for Conservation and Sustainable Use of
Plant Genetic Resources Important for Food and Agriculture. Plants of the cultivar ‘Brinjak’
are short, upright, stem-type, and with late maturity. The plants produce mostly smaller
tubers that are round-shaped with a light beige color skin. Flesh has a medium yellow
color. At maturity, the tubers have a high dry matter content.

2.2. Culture Establishment on Media Containing Ribavirin and Micropropagation

The tubers of the two mother potato plants of the cultivar ‘Brinjak‘ were kept in the
dark at a temperature of approximately 18 ◦C for five months. The 2–6 cm long sprouts
grown on the tubers were used as the starting material for setting up the experiments. The
sprouts were washed under running tap water for 20 minutes and then disinfected in 70%
ethanol for 1 minute. They were then shaken for 15 minutes in a 4% solution of sodium
dichloroisocyanurate dihydrate (Izosan® G, Pliva Hrvatska, Zagreb, Croatia) supplemented
with 3 drops 100 mL−1 of surfactant Tween-20. The sprouts were then washed three times
for 3 min in sterile distilled water.

Shoot apices > 0.5–1 mm in size were aseptically isolated from the terminal and lateral
buds of the elongated sprouts under a stereomicroscope. Shoot apices were placed in 12-cm-
high tubes on the surface of 10 mL of the Murashige and Skoog medium [52] containing
vitamins (Duchefa Biochemie, Haarlem, The Netherlands) supplemented with 0.04 mg L−1

Kinetin (Kin), 0.5 mg L−1 Gibberellic acid (GA), 3% sucrose, 0.8% BD bacto agar (Becton,
Dickinson and Company, NJ, USA), and 50 or 100 mg L−1 ribavirin (Duchefa Biochemie,
Haarlem, The Netherlands). Ribavirin was prepared as a stock solution of 50 mg mL−1,
filter-sterilized, and added to the autoclaved medium before solidification. The pH of the
medium was adjusted to 5.8. For each ribavirin treatment (50 or 100 mg L−1), 24 shoot
apices were placed. After 6 weeks, the number of surviving shoot apices was determined,
and the live shoot apices were subcultured on hormone-free MS medium (HFMS), which
was the same medium used to establish the culture, except that it did not contain plant
growth regulators and ribavirin. Shoots formed from shoot apices were cut into single-
nodal segments without leaves and subcultured in Magenta boxes on the same medium
in several cycles until the production of a sufficient number of shoots from the surviving
explants. Therefore, each surviving shoot apex was micropropagated to produce a clone.
Post-eradication period in vitro lasted 200 days, and shoots that passed this stage were used
for all subsequent steps. Culture establishment and micropropagation were performed in a
growth chamber at 23 ◦C with a 16 h photoperiod of cool white light (40 µmol m−2 s−1).

2.3. Microtuberization

Twenty single-nodal segments with a leaf of each micropropagated potato clone were
placed vertically on the medium for microtuberization in two Sterivent high containers
(Duchefa Biochemie, The Netherlands). The medium for microtuberization consisted
of MS medium with vitamins (Duchefa Biochemie, Haarlem, The Netherlands) supple-
mented with 4 mg L−1 Kin, 1 mg L−1 6-benzylaminopurine (BAP), 8% sucrose, 0.7% plant
agar (Duchefa Biochemie, Haarlem, The Netherlands). The pH was adjusted to 5.8. Ex-
plants were grown for 20 days at a photoperiod of 16/8 day/night with cool white light
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(40 µmol m−2 s−1) at a temperature of 22 ◦C. Then, they were moved to short-day condi-
tions, i.e., a photoperiod of 8/16 day/night at the same light intensity and temperature,
and grown for four months. To determine the effect of viruses on microtuberization, the
percentage of shoots with microtubers, the number of microtubers, and the weight of
microtubers were determined.

2.4. Acclimatization and Minituber Production of R0 Plants

Three-week-old rooted shoots were planted in sterile Kekkila TSM 2 substrate (Kekkilä
Professional, Vantaa, Finland) in small pots (3 cm × 3 cm × 7 cm) and covered by a
transparent plastic cover for 7 days for acclimatization. After 10 days, the plants were
transplanted into larger pots (10 cm × 10 cm × 20 cm) containing sterile Kekkila TSM
3 substrate, in which they were grown to maturity. The number of transplanted plants
per clone varied from 6 to 10. The substrate was sterilized by gamma irradiation (Rud̄er
Bošković Institute, Zagreb, Croatia). Irradiation was performed with a 60Co gamma ray
source and an absorbed dose of 50 kGy. R0 plants were grown for 150 days in a growth
chamber at a photoperiod of 16/8 day/night of LED tubes (Valoya L35 NS12) and a light
intensity of 300 µmol m−2 s−1 at a temperature of 22 ◦C. Plants were watered twice a
week and fertilized once a month with organic liquid fertilizer “Organomex 6-2-4” (Omex
Agrifluids Limited, King’s Lynn, UK).

2.5. Production of R1 Clones from Microtubers and Minitubers

Three and a half months after microtuberization and storage at room temperature, two
microtubers from each clone were planted in plastic pots (10 cm × 10 cm × 20 cm) in sterile
Kekkila TSM 3 substrate, in which they were grown to maturity. Similarly, minitubers,
the largest from each R0 plant, were planted in the same way. The plants were grown to
maturity under the same conditions as the R0 clones. At harvest, the number and weight
of tubers per plant were determined for all three generations of plants.

2.6. Verification of Virus Status by DAS-ELISA and RT-PCR

To gain insight into the virus sanitary status of the mother plants and, later, their
progeny, DAS-ELISA was performed on six different viruses: PLRV, PVA, PVM, PVS, PVX,
and PVY. Four randomly selected plants per clone in the R0 generation, one plant per
clone in the R1 generation produced from microtubers, and two randomly selected plants
per clone in the R1 generation produced from minitubers were analyzed. Lower leaves
from different sides of each plant studied were collected 90 days after acclimatization. The
collected leaves from each plant were mixed and used to prepare an average sample of 0.1 g,
which served as a potential antigen source. Commercially available ELISA kits from Bioreba
(Reinach, Switzerland) were used for virus detection according to the manufacturer’s
instructions. Viruses detected by DAS-ELISA in the mother plants that were not detected
by the same method in the progeny (R0 micropropagated plants, R1 from microtubers,
and R1 from minitubers) were verified by reverse transcription-polymerase chain reaction
(RT-PCR). For this purpose, RNA was isolated from leaf samples collected 90 days after
acclimatization using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). Leaves
taken from different sides of each plant were mixed into an average sample consisted of
0.1 g of plant tissue that was minced in MiniG 1600, SpexSample Prep (Metuchen, NJ,
USA) using grinding balls. The quality and quantity of the isolated RNA were checked
spectrophotometrically (A260/A280) using a NanoPhotometer P330 (Implen, Munich,
Germany). One-step RT-PCR reactions were performed in the Mastercycler (Eppendorf,
Hamburg, Germany) under the following conditions: reverse transcription at 50 ◦C for
30 min, initial activation step at 95 ◦C for 15 min, followed by 35 cycles of denaturation
at 94 ◦C for 30 s, annealing at 53 ◦C for 30 s, and elongation at 72 ◦C for 30 s. The final
elongation step was performed at 72 ◦C for 10 min. For virus detection, the primers
described in [7] were combined with the one-step RT-PCR kit (Qiagen, Germany) in a
reaction volume of 10 µL consisting of: 0.5 µL of each primer (10 µM), 0.4 µL dNTP mix
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(10 µM), 2 µL Qiagen OneStep RT-PCR enzyme mix, 2 µL Qiagen OneStep RT-PCR buffer,
2 µL Q-Solution, 3.2 µL RNase-free water, and 1 µL template RNA. To visualize the RT-PCR
products, a 1.5% agarose gel was prepared in a 1X TBE buffer with the addition of GelRed
(CareDx AB, Stockholm, Sweden) and subjected to horizontal gel electrophoresis (Bio-Rad,
Hercules, CA, USA).

2.7. Chlorophyll Fluorescence and Multispectral Analysis

Chlorophyll fluorescence and multispectral imaging were conducted on all R0 plants
90 days after planting using CropReporterTM (PhenoVation B.V., Wageningen, The Nether-
lands), while image processing and analysis were performed using DA software (PhenoVa-
tion B.V., Wageningen, The Netherlands). Plants were imaged from a distance of 70 cm,
and measurements were made according to the protocol described in [53]. For the chloro-
phyll fluorescence imaging, plants were first dark-adapted for 30 min. On dark-adapted
plants, photosynthesis was excited using 4000 µmol m−2 s−1 red LED light flash. Minimum
chlorophyll fluorescence (F0) was measured after ten (10) µs and maximum chlorophyll
fluorescence (Fm) after 800 ms. Following these measurements, plants were relaxed in the
dark for 15 s and then were light-adapted for 5 min using actinic light of 250 µmol m−2 s−1.
Saturating pulse (4000 µmol m−2 s−1) was again applied for photosynthetic excitation of
the light-adapted plants. The steady-state fluorescence yield (Fs

′) was measured before
the onset of the saturation pulse, and the maximum chlorophyll fluorescence (Fm

′) of the
light-adapted leaves was measured at saturation. After the measurement, the actinic light
was turned off, and in the presence of far-red light, the minimal fluorescence yield of
the illuminated plant (F0

′) was estimated. These measured parameters were used for the
calculation of different chlorophyll fluorescence parameters, which are shown in Table 1.

Table 1. List of calculated chlorophyll fluorescence parameters with abbreviations, the equation for
calculation, and the reference.

Abbrev Trait Wavelength/Equation

Fv/Fm
Maximum Efficiency of

Photosystem Two
Fv/Fm = (Fm − F0)/Fm

[54]

Fq
′/Fm

′ Effective Quantum Yield of
Photosystem Two

Fq
′/Fm

′ = (Fm
′ − Fs

′)/Fm
′

[55]

ETR Electron Transport Rate ETR = Fq
′/Fm

′ × PPFD × (0.5)
[55]

NPQ Non-Photochemical
Quenching

NPQ = (Fm − Fm
′)/Fm

′

[56]

Following the chlorophyll fluorescence imaging, actinic light 250 µmol m−2 s−1 was
again switched on and multispectral imaging was performed. A list of all measured and
multispectral parameters and calculated vegetation indices are given in Table 2.

Table 2. List of analyzed multispectral parameters with abbreviations, wavelength for measurement
or equation for calculation, and the reference if appropriate.

Abbrev. Trait Wavelength/Equation

RRed, Reflectance in Red 640 nm

RGreen Reflectance in Green 550 nm

RBlue Reflectance in Blue 475 nm

RSpcGrn Reflectance in Specific Green 510–590 nm

RFarRed Reflectance in Far-Red 710 nm
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Table 2. Cont.

Abbrev. Trait Wavelength/Equation

RNIR Reflectance in Near Infra-Red 769 nm

RChl Reflectance Specific to Chlorophyll 730 nm

HUE Hue (0–360◦)

HUE = 60 × (0 + (RGreen—RBlue)/(max-min)), if max = RRed;
HUE = 60 × (2 + (RBlue—RRed)/(max-min)), if max = RGreen;
HUE = 60 × (4 + (RRed—RGreen)/(max-min)) if max = RBlue;

360 was added in case HUE < 0

SAT Saturation (0–1)
SAT = (max—min)/(max + min) if VAL > 0.5,

or SAT = (max—min)/(2.0—max—min) if VAL < 0.5,
where max and min are selected from the RRed, RGreen, RBlue

VAL Value (0–1) VAL = (max + min)/2;
where max and min are selected from the RRed, RGreen, RBlue

ARI Anthocyanin Index ARI = (R550)−1—(R700)−1

[57]

CHI Chlorophyll Index CHI = (R700)−1—(R769)−1

[58]

NDVI Normalized Differential Vegetation Index NDVI = (RNIR − RRed)/(RNIR + RRed)
[59]

2.8. Data Analysis

All experiments were set up in a completely randomized design. Data from all
measurements were subjected to ANOVA. Bonferroni post hoc test at p ≤ 0.05 was
used for means comparison. The statistical analysis of the data was carried out by the
SAS/STAT® [60] program package.

3. Results and Discussion
3.1. Culture Establishment and Micropropagation

Out of 24 shoot apices placed on medium supplemented with 50 mg L−1 of rib-
avirin, 6 (25%) survived, whereas only 3 (12.5%) survived on medium supplemented with
100 mg L−1 of ribavirin. There was no contamination. The cause of the low percentage of
surviving shoot apices may be ribavirin, but also their physiological condition, because
the sprouts for shoot apices isolation were used after the tubers had been kept in the dark
for five months. Most of the surviving explants (Figure 1a,b) grew very slowly or were
even inhibited in growth 100 days after placement in in vitro culture, i.e., two months after
subcultivation on HFMS medium without ribavirin (Figure 1c,d). The strength of ribavirin
treatment in the previous medium did not affect inhibition; surviving shoots derived from
both ribavirin concentrations, whether 50 or 100 mg L−1, were equally inhibited. Phytotox-
icity of ribavirin to potato regeneration and plantlet growth was also reported by [44], who
found that plant height and fresh weight generally showed a decreasing tendency with
increasing ribavirin concentration in a culture medium. Singh [61] reported that the per-
centage of shoot regeneration and plantlet development decreased when the concentration
of antiviral chemicals, including ribavirin, was increased from 5 to 30 mg L−1.
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Figure 1. Surviving explants after 6 weeks of growth on ribavirin (a,b); inhibited growth on HFMS
medium 100 days from the start of the experiment—shoot originating from RIB 50 (c) and RIB 100 (d);
micropropagation by single node culture (e). Bars: (a,b) = 2 mm; (c,d) = 5 mm; (e) = 10 mm.

Eight months after the start of the experiment, all nine surviving shoot apices that
developed into shoots were micropropagated, but with different efficiency. Some shoots
were still partially growth-inhibited and micropropagation resulted in a small number of
plants per clone, while other shoots grew well after initial inhibition (Figure 1e) and were
micropropagated into a large number of plants by single node culture. The slow growth of
individual shoots that we observed according to ELISA results not only did not depend
on ribavirin concentration (50 or 100 mg L−1), but also did not depend on virus infection
(single or mixed). Micropropagated plants rooted spontaneously on HFMS medium in a
very high percentage, and no special step was required for rooting.

3.2. The Influence of The Sanitary Status of Plants on Microtuberization

The sanitary status of the plants affected the number of microtubers per plant, which
was higher on average in plants infected with PVM only (Table 3, Figure 2a,b). The data
show that mixed infection (PVM + PVS) reduced the number of microtubers. Bettoni et al. [9]
reported a significantly lower number of microtubers in plants infected with PVS compared
to virus-free plants in the cultivar ‘Duncle’, but mixed infection with PVS and PVM in other
cultivars or PVS and PVA did not affect the number of microtubers. We could not assess
the effect of PVM on microtuberization or mixed infections with PVM + PVS compared to
healthy plants because none of the plants were virus-free. The percentage of plants that
formed microtubers under short-day conditions (Figure 2c) was similar and was 82% in
plants infected with both viruses and 78% in plants infected with PVM only. The average
microtuber weight was not significantly different between PVM- and PVM- + PVS-infected
plants (Table 3). This is in agreement with the results of Zhang et al. [10], who found that
infection with viruses had little effect on microtuber production compared to healthy plants,
except in the case of triple infection with PVX, PVS, and PVY viruses.

Table 3. Microtuber yield components, as affected by the sanitary status of the plants.

Virus
Infection

Number of Microtubers
Per Plant

Average Microtuber
Weight (mg)

PVM 1.3 a 207 a
PVM + PVS 1.0 b 199 a

Values within the column followed by the same letter are not significantly different at p < 0.05.



Horticulturae 2022, 8, 1013 8 of 15Horticulturae 2022, 8, x FOR PEER REVIEW 8 of 15 
 

 

 
Figure 2. Microtubers produced in one container of a clone infected with PVM (a) or with both 
viruses, PVM + PVS (b); microtuberization under short-day conditions (c); bar = 1 cm. 

3.3. Acclimatization and Plant Growth 
Micropropagated plants planted in a sterile substrate acclimatized with 100% suc-

cess, and after transplanting into larger pots, they developed quickly under optimal con-
ditions. The difference in symptoms between plants infected with both (PVM + PVS) or 
only one virus (PVM) in the R0 generation of plants produced by micropropagation, alt-
hough noticeable, was not very pronounced. However, differences in viral disease symp-
toms were evident in R1 plants produced from microtubers and minitubers. In contrast to 
the pronounced symptoms in PVS + PVM-infected plants (reduced growth, wrinkling, 
twisting, and mosaicism), plants infected only with PVM had, on some leaves, very small 
lesions resembling a hypersensitivity reaction (Figure 3a,b). 

Figure 2. Microtubers produced in one container of a clone infected with PVM (a) or with both
viruses, PVM + PVS (b); microtuberization under short-day conditions (c); bar = 1 cm.

3.3. Acclimatization and Plant Growth

Micropropagated plants planted in a sterile substrate acclimatized with 100% success,
and after transplanting into larger pots, they developed quickly under optimal conditions.
The difference in symptoms between plants infected with both (PVM + PVS) or only
one virus (PVM) in the R0 generation of plants produced by micropropagation, although
noticeable, was not very pronounced. However, differences in viral disease symptoms
were evident in R1 plants produced from microtubers and minitubers. In contrast to the
pronounced symptoms in PVS + PVM-infected plants (reduced growth, wrinkling, twisting,
and mosaicism), plants infected only with PVM had, on some leaves, very small lesions
resembling a hypersensitivity reaction (Figure 3a,b).

3.4. Virus Detection and Efficiency of Virus Elimination

Initial virus screening of the mother plants for the presence of six viruses confirmed
infection with only two viruses: PVM and PVS (Supplementary Table S1). This finding was
interesting because the traditional potato cultivar Brinjak has long been grown with tubers
without any sanitary selection. Despite that, other common viruses frequently detected in
imported cultivars (e.g., PLRV, PVX, and PVY) were not confirmed. According to the ELISA
results, PVS was successfully eliminated by six weeks of chemotherapy with ribavirin in
three (14-1, 14-3, and 14-4) of nine R0 clones, and PVS-free status was also confirmed in
the progeny (R1 from microtubers and minitubers). However, the same treatments were
ineffective in eliminating PVM (Supplementary Table S1). Successful elimination of PVS
was also confirmed by RT-PCR, where only the mother plants reacted positively, resulting
in an amplicon of 885 base pairs, while selected three ELISA-negative PVS plants were
also negative in molecular tests (Figure 4). These results are in partial agreement with
the results of [36], who found that ribavirin at a concentration of 100 mg L−1 was not
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successful in eliminating either PVM or PVS after one subculture of 45 days, but only
after the second or third subculture on ribavirin medium, and even then, elimination was
genotype-dependent. The combination of ribavirin in one subculture with cryotherapy
eliminated PVS in a certain percentage of plants, but not PVM. However, two subcultures
with ribavirin + cryotherapy achieved 71–100% success in eliminating virus S and virus M,
depending on the genotype [36].
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Bettoni et al. [9] found that the effectiveness of virus eradication varied depending on
the type of virus; PVS and PVM were more difficult to eliminate than PVA regardless of the
method used. Using chemotherapy alone, Bettoni et al. [9] obtained an eradication success
of 20–50% for PVS and 20% for PVM after a four-week treatment of shoot segments with
ribavirin at a concentration of 100 mg L−1. Even with a combination of different consecutive
and simultaneous treatments, e.g., chemotherapy + (chemotherapy + thermotherapy) +
cryotherapy, PVM was eliminated in 70% of the plants, while the elimination of PVS with
this combination of treatments was 100% [9]. Yang et al. [44] achieved 17% successful
elimination of PVS and PVM with ribavirin (75 and 100 mg L−1) with one subcultivation
of 45 days. At the second 45-day subcultivation, the percentage of virus elimination was
higher, and after the third subcultivation, i.e., after 135 days, the plants were free from both
PVS and PVM.
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(bps) performed on two PVS-infected mother plants (P1 and P2) and PVS-free plants obtained
by ribavirin treatment B 14-1 RIB 50, B 14-3 RIB 100, and B14-4 RIB 50 in the following order:
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N—negative control, M—marker (GelPilot 100 bp Plus Ladder, Qiagen, Hilden, Germany). For
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There was no difference in the efficiency of PVS elimination between the different
ribavirin concentrations (Table 4). Ribavirin at a lower concentration (50 mg L−1) elimi-
nated PVS from 33% of the surviving shoot apices, as did ribavirin at a concentration of
100 mg L−1. Oana et al. [35] also found no differences between the results obtained when 35
or 50 mg L−1 ribavirin was added to the culture medium and claimed that even 35 mg L−1

of ribavirin was sufficient for potato virus eradication, but with longer treatment. They
also noted that successful eradication seemed to depend on the duration of treatment and
the cultivar rather than the virus. Therefore, for complete elimination of the viruses in
the traditional cultivar ‘Brinjak’, additional cycles of ribavirin chemotherapy or another
method or combination of methods should be used.

Table 4. The efficiency of virus elimination by ribavirin from potato cultivar ‘Brinjak’.

Ribavirin
Concentration (mg L−1) Plants Free of Virus after Chemotherapy

PVM PVS

50 0/6 (0%) 2/6 (33%)
100 0/3 (0%) 1/3 (33%)

Bougie and Bisaillon [49] found that ribavirin acts as a substrate for a viral RNA
capping enzyme; however, such RNA transcripts blocked with ribavirin are not efficiently
translated. Consequently, ribavirin prevents replication of a large number of DNA and
RNA viruses [62].

Sometimes, as reported by [9], a plant tested for a particular virus may be negative
(e.g., when a sample of plant tissue is tested from in vitro conditions), and upon subsequent
inspection, e.g., after growing in a greenhouse, the same plant is found to be positive for
the tested virus. In this study, except for the very long post-eradication period of 200 days
+ 90 days of cultivation in the growth chamber, three generations of clones obtained by
treatment with ribavirin were used for virus detection by the methods DAS-ELISA and
RT-PCR, eliminating the possibility of false-negative results. Accordingly, Yang et al. [44],
who examined the plants by qPCR after a six-month post-eradication period, proved that
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ribavirin can thoroughly remove the viruses from the infected plants and not only suppress
their replication. The same authors, using SSR markers, showed that ribavirin treatment
did not cause genetic variation in plants.

3.5. The Influence of Sanitary Status of Plants on Chlorophyll Fluorescence and
Multispectral Parameters

Mixed infection with both viruses (PVM + PVS) significantly decreased the effec-
tive quantum yield of PSII (Fq

′/Fm
′) and increased non-photochemical quenching (NPQ)

(Table 5), which indicates that less light is used for photochemistry and more energy is lost
through heat dissipation in plants with mixed infection. Zhou et al. [26] hypothesized that
virus infection affects photosynthesis mainly by interfering with the Calvin cycle, leading to
down-regulation of the efficiency of excitation energy capture by open PSII reaction centers
(Fq
′/Fm

′). Although Fv/Fm is the most common fluorescence parameter used in plant
stress studies [27,28], the results of this study show that Fv/Fm ranged from 0.79 to 0.81 for
both PVM and PVM + PVS plants, indicating good fitness of plants. As noted by [15,19],
plants infected with PVM and PVS do not always show symptoms, which depends on the
variety and virus isolates.

Table 5. Chlorophyll fluorescence parameters as affected by the sanitary status of the plants.

Virus Infection Fv/Fm Fq
′/Fm

′ ETR NPQ

PVM 0.81 a 0.48 a 5581 a 0.38 b
PVM + PVS 0.79 a 0.42 b 5234 a 0.50 a

Values within the column followed by the same letter are not significantly different at p < 0.05.

Considering the multispectral parameters, mixed infection significantly decreases the
chlorophyll index (CHI) and increases the reflectance in the far-red (RFarRed) (Table 6). These
results are consistent with [63,64], who found that mixed infection can increase symptoms
severity and virus accumulation. Decreased chlorophyll content affects photosynthetic
light absorption and increases its reflection, as evidenced by increased (although not
significant) reflection of RRed, RGreen, and RSpcGrn in plants with mixed infection. Thus,
besides decreased Fq

′/Fm
′ and increased NPQ, plants with mixed infection will have lower

light absorption, likely resulting in decreased sugar production in photosynthesis.

Table 6. Multispectral parameters as affected by the sanitary status of the plants.

Virus Infection RRed RGreen RBlue RFarRed RNIR RSpcGrn HUE SAT VAL CHI ARI NDVI

PVM 1975 a 3019 a 1581 a 6046 b 2831 a 3394 a 105 a 0.05 a 0.46 a 3.8 a 3.9 a 0.85 a
PVM + PVS 2001 a 3148 a 1563 a 6403 a 2849 a 3558 a 104 a 0.05 a 0.49 a 3.5 b 3.8 a 0.85 a

Values within the column followed by the same letter are not significantly different at p < 0.05.

3.6. The Influence of the Sanitary Status of Plants on Yield Components

The sanitary status of R0 clones produced from micropropagated plants affected tuber
weight per plant and average tuber weight (Table 7). Mixed infection with both viruses
(PVM + PVS) reduced tuber weight per plant by 31% and average tuber weight by 64%
compared to plants infected with PVM only. In R1 clones obtained from microtubers, mixed
infection resulted in a significantly lower number of tubers per plant (59%), as well as
lower tuber weight per plant (44%) (Table 8). An even greater difference was observed in
R1 clones produced from minitubers, where the decrease in tuber weight per plant was
86% in plants with mixed infection compared to those infected with PVM alone (Table 9).
The results obtained are in agreement with previous studies by [22,65], which found that
mixed infection with two viruses resulted in a much greater yield loss than single infection.
A statistically significant increase in the number of tubers per plant in PVS-free R1 clones
obtained from microtubers and minitubers could be due to the higher number of stems per
plant compared to plants with mixed infection. However, in the R0 clones obtained from
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micropropagated plants, each plant had only one main stem, and there was no significant
difference in the number of tubers per plant between differently infected plants. These
results are in agreement with those of [66], who reported that the number of main stems
correlated positively with tuber number and tuber yield and negatively with average
tuber weight.

Table 7. Minituber yield components of R0 clones produced from micropropagated plants, as affected
by the sanitary status of the plants.

Virus
Infection

Number of Tubers
per Plant

Tuber Weight
per Plant (g)

Average Tuber
Weight (g)

PVM 4.0 a 52.0 a 15.6 a
PVM + PVS 4.7 a 39.8 b 9.5 b

Values within the column followed by different letters are significantly different at p < 0.05.

Table 8. Mini tuber yield components of R1 clones produced from microtubers, as affected by the
sanitary status of the plants.

Virus
Infection

Number of Tubers
per Plant

Tuber Weight
per Plant (g)

Average Tuber
Weight (g)

PVM 7.3 a 65.0 a 9.6 a
PVM + PVS 4.6 b 45.1 b 10.1 a

Values within the column followed by the same letter are not significantly different at p < 0.05.

Table 9. Tuber yield components of R1 clones produced from minitubers, as affected by the sanitary
status of the plants.

Virus
Infection

Number of Tubers
per Plant

Tuber Weight
per Plant (g)

Average Tuber
Weight (g)

PVM 9.8 a 133.9 a 16.1 a
PVM + PVS 7.2 b 72.1 b 12.1 a

Values within the column followed by the same letter are not significantly different at p < 0.05.

Yield reduction in plants infected with both viruses (PVM + PVS) is the result of
changes in metabolic processes in the affected tissues. Phytopathogenic viruses often
cause physical deformation of leaves [11]. This leads to a decrease in the intensity of
photosynthesis, which is very important for plant productivity.

Reduced growth, wrinkling, twisting, and mosaic structure of leaves caused by mixed
infection were not observed in plants infected only with PVM, which had only small
necrotic lesions. Severe phenotypic changes in plants with mixed infection are the cause of
lower chlorophyll index (CHI) and lower effective PSII quantum yield (Fq

′/Fm
′), which

ultimately resulted in large differences in potato yield between plants infected with two
(PVM + PVS) compared to those infected with only one (PVM) virus.

The traditional potato cultivar ‘Brinjak‘ is resistant to the fungi Phytophthora infestans
and Streptomyces scabies (personal communication), thus providing valuable germplasm
for breeding programs and commercial growing. Infection of plants that have never been
subjected to virus elimination before with only two—PVM and PVS—of the six viruses
tested (PVX, PVY, PVA, PLRV, PVM, and PVS) may indicate that this cultivar possesses
resistance to these viruses, as suggested by [10] for resistance to PVY in Norwegian cultivars.
Elimination of these two viruses and use of virus-free planting material would probably
increase yield and bring out the full genetic potential of this cultivar, in which growers are
interested, especially in the mountainous regions of Croatia, where it is adapted.

4. Conclusions

The goal we set at the beginning of the research was only partially achieved, as rib-
avirin treatment at both concentrations (50 or 100 mg L−1) eliminated PVS from 33% of
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surviving shoot apices, but these treatments were ineffective in eliminating PVM. Mixed
infection with PVM + PVS significantly decreased the effective quantum yield of PSII
(Fq
′/Fm

′) and increased non-photochemical quenching (NPQ) compared to single infection
with PVM. The multispectral parameters show that the mixed infection affected photosyn-
thesis also at the chlorophyll level by significantly decreasing the chlorophyll index (CHI)
and increasing far-red reflection (RFarRed). Plants infected only with PVM, compared to
those with mixed infection, had 36–59% higher number of tubers per plant, 31–86% higher
tuber weight per plant, and up to 64% higher average tuber weight, depending on the
generation. The results indicate a strong negative impact of PVS in mixed infection with
PVM and highlight the importance of removing PVS from potato plants.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae8111013/s1, Table S1: DAS-ELISA and RT-PCR
results for mother plants and their progeny tested on the presence of potato virus M (PVM) and
potato virus S (PVS).
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