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leading to the decline of the tree (Rubio et al. 2017). The 
symptoms and severity of the infection depend on the host 
plant species and on the virus itself. There is no conven-
tional plant protection method available against viruses; 
therefore, the use of healthy propagating material and plant 
protection against vectors are essential. The maintenance of 
healthy fruit tree propagation materials is fundamental to 
keeping plantations healthy.

All Prunus viruses and viroids are transmitted by vegeta-
tive propagation techniques or by a vector (usually an insect, 
mite, or nematode) (Rubio et al. 2017). Horizontal transmis-
sion by pollen and vertical transmission by seeds have been 
described for Prune dwarf virus (PDV) and Prunus necrotic 
ringspot virus (PNRSV) (Mink 1993; Card et al. 2007; 
Amari et al. 2009). Two comprehensive studies of virus and 
viroid situations in Prunus species were published a few 
years ago (Hadidi et al. 2011; Rubio et al. 2017). The present 
review completes the data with recent significant detections 
in new host species or new viruses in the last several years 
(Baráth et al. 2018; Matic et al. 2007; Zhang et al. 2021; Jo 
et al. 2019; Zheng et al. 2020; Kinoti et al. 2020; Candresse 
et al. 2017) in Table 1. As detection methods are developing 

Introduction

Viruses infecting stone fruits cause serious problems in cul-
tivation and fruit production, reducing quality and quantity. 
Biotic stresses caused by viruses and viroids can induce 
symptoms on the leaves and fruits of Prunus species, fre-
quently affecting the economic value of the fruit, decreasing 
the yield, deteriorating the health of the trees, and eventually 
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quickly, sensitive techniques (nucleic acid‒based PCR and 
high-throughput sequencing) enable the identification of 
viruses from plant species never detected before. Hou et al. 
(2020) described the discovery of 22 new viruses for stone 
fruit species between 2011 and 2020 that calls attention to a 
serious threat still without a clear solution.

Several methods can be used to produce virus-free plants. 
In this review, we collected reports about the elimination 
of viruses from Prunus species using in vitro techniques, 
presented in Table 2, which offer the availability of healthy 
non-infected stone fruit plant material. The production of 
virus-free plants from infected trees is a time- and labor-
consuming procedure, as shown in Fig. 1.

Traditional method – in vivo heat treatment 
and shoot tip grafting or culturing

Correlation between temperature and virulence has been 
observed for many years. Virus symptoms are the most 
noticeable at lower temperatures, typically in early spring. 
In hot summers, the symptoms may even disappear because 
the titre of virus decreases in plants (Kassanis 1952). RNA 
silencing, a conserved defense system operating in eukary-
otic cells, is also present in plants and is inhibited at low 
temperature, which could explain the periodic appearance 
or disappearance of symptoms (Szittya et al. 2003). Dur-
ing heat treatment, the plant’s own defense mechanism is 
induced by high temperature to eliminate viral nucleic 
acids. The traditional method for virus elimination is heat 
treatment or thermotherapy. During heat treatment, the pot-
ted plants were kept in a heat chamber at 36 to 38 °C at least 
2 weeks (Minoiu 1975, Koubouris et al. 2007, Polak and 
Hauptmanova 2009, Howell et al. 2000). The choice of a 
thermotherapy regime should allow the treated plant to sur-
vive and simultaneously inactivate the virus, thus resulting 
in growing virus-free shoot tips.

Kunkel was one of the first to use heat treatment in 
peaches to cure from “peach yellow” infection (Kunkel 
1936). After immersing the bud sticks in a water tank at 34° 
to 35° for 4 to 5 days, the shoot tips of the treated plants 
were grafted onto virus-free rootstock (Kunkel 1936). Later, 
Polak and Hauptmanova (2009) carried out an experiment 
where after heat treatment at 37 °C lasting for 15 or 22 days 
in a thermal room whole potted plants were found to be free 
from viruses.

The disadvantage of this method is that stone fruits are 
especially sensitive to high temperature. Thermosensitivity 
means that only a few plants survive until the end of the 
treatment, while the eradication itself seems inefficient as the 
shoot tips of the treated plants were detected in several stud-
ies to remain virus infected (Polak and Hauptmanova 2009, 
Manganaris et al. 2003, Koubouris et al. 2007). In experi-
ments on peach or nectarine cultivars, most of the peach 
trees died during heat treatment at 37 °C lasting for 15 or 
22 days, nectarine plants subjected to 38 °C heat treatment 
collapsed and died, due to desiccation but with precondi-
tioning (increasing temperature from 28 to 35 °C gradually 
over 1 week) potted plants were maintained at 35 °C for 
2 more weeks until new growth was produced (Polak and 
Hauptmanova 2009, Manganaris et al. 2003). The sweet 
cherry cultivars tested did not survive after the 6th day of 
treatment with thermotherapy; thus, a specific method was 
described using a modified atmosphere in a heat chamber to 
allow plants to survive 40 °C for more than 3 weeks (Lenz 
et al. 1983). Cherries grown in a hydroponic culture system 
were able to tolerate the heat treatment (alternating tempera-
tures between 40 °C and 32 °C for 14–77 days) sufficient to 
reduce virus levels in growing shoots. (Howell et al. 2000). 
In general, peach and cherry cultivars are known for their 
thermosensibility (Polak and Hauptmanova 2009, Lenz et 
al. 1983), while plum can tolerate long-term high tempera-
tures (Dziedzic 2008), even at alternating temperatures of 
38 °C for two weeks, 38/46°C 16/8 h for three weeks and 
50 °C for two hours/day for three days for a total of 37 days 

Table 1 Newly detected viruses in cultivated Prunus species (supplementing the data published by Rubio et al. 2017). Newly identified viruses 
are set in bold type-face
Viruses Almond Apricot Myrobalan Peach Plum P. mume References
Nectarine stem pitting-associated virus NSPaV + Candresse et al. 2017
Peach leaf pitting-associated virus PLPaV + + Jo et al. 2019, 

Zhang et al. 2021
Plum bark necrosis stem pitting-associated virus PBNSPaV + Numaguchi et al. 2019
Little cherry virus 1 LChV1 + + + + Matic et al. 2007, 

Baráth et al. 2018
Little cherry virus 2 LChV2 + Numaguchi et al. 2019
Mume virus A MuVA + + Zheng et al. 2020, 

Zhang et al. 2021
Apple chlorotic leaf spot virus ACLSV + Kinoti et al. 2020
Apricot pseudo chlorotic leaf spot virus APCLSV + + Kinoti et al. 2020
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thermotherapy which proved to be sufficient to inactivate 
Plum pox virus (PPV) (Minoiu 1975).

In vitro techniques

The advantage of in vitro tissue culture is that a large 
amount of homogeneous plant material is available with a 
limited space requirement as well as year-round availability. 
It gives the opportunity to carry out experiments in sterile 
conditions independently of weather and external influences 
and can speed up the elimination procedure compared to 
conventional heat treatment (Abdullahi and Lawrence 2022; 
Koubouris et al. 2007). Tissue cultures are widely used in 
plant pathogen eradication. Somatic embryos can be pro-
duced from induced non-vascular tissues. As most viruses 
are limited to vascular tissues, it is possible to produce virus-
free plants by somatic embryogenesis, but the mechanism is 
not clear and seems genotype dependent (Panattoni et al. 
2013). The disadvantage of the method is that it involves 
an increased risk of genetic instability and somaclonal vari-
ability (Etienne et al. 2016). Somatic embryogenesis can be 
used with high efficiency and safety, as was shown in the 
case of grapevine, where it was used to eliminate various 
viruses and viroids from different cultivars (Goussard et 
al. 1991; Gambino et al. 2006; Olah et al. 2022; Turcsan et 
al. 2020). This method was successfully used for almonds 
(Ebrahimi et al. 2022), but no report has been written yet 
regarding other stone fruits.

In Prunus species, the most widespread elimination 
methods are based on in vitro shoot cultures. In the 1980s, 
in vitro techniques began to be used in stone fruit species to 
eliminate viruses more efficiently (Deogratias et al. 1989). 
The application of meristem culture is based on the concept 
that the concentration of viruses in the shoot tip region is 
very low or even free of virus infection since most viruses 
cannot enter the meristem (Mochizuki and Ohki 2015). 
Therefore, after sterile isolation of the meristem, virus-free 
plants can be regenerated. Meristem isolation and plant 
regeneration in vitro may result in virus-free plants in other 
plant species (Kartha and Gamborg 1975), but in the case 
of Prunus species, it is extremely difficult because of the 
low regeneration capacity of the plants after isolation of 
tinny plant tissues. Micrografting after shoot tip isolation, 
i.e., grafting shoot tip on virus-free rootstocks under in vitro 
conditions, is a very elegant but technically a challenging 
procedure for virus elimination (Chilukamarri et al. 2021; 
Wang et al. 2022a). It has become widespread as a general 
practice for maintaining virus-free plants in citrus species 
(Navarro et al. 1975; Singh et al. 2019). Micrografting was 
shown to be effective for some peach varieties (Shu and 
Timon 1996, Navarro et al. 1982) and with optimization to 
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The heat tolerance of individual plant species and variet-
ies can be very different, and it also varies how efficiently 
the specific virus is eliminated from different plants as a 
result of thermotherapy (Gella and Errea 1998; Cieślińska 
2007); therefore, the duration of the heat treatment and the 
temperature must be optimized for each genotype (Wang et 
al. 2018). The survival rate of peach explants can decline 
drastically with increasing temperature (24 to 39 °C) during 
thermotherapy (Zarghami and Ahmadi2022).

Dziedzic (2008) investigated factors affected the sur-
vival rate of plum shoots during thermotherapy. In addi-
tion to temperature treatment, they authors found that the 
light intensity during heat therapy greatly affects the sur-
vival rate. Under a stronger photon flux density (PFD) (54.3 
µmol s− 1 m− 2) the rate of shoots survival was higher than 
under a lower PFD (17.3 µmol s− 1 m− 2), suggesting a min-
imum light requirement for the survival of shoot culture. 
Under lower light intensity the higher temperature range 
(38 °C/36°C) resulted in 100% of dead plum shoots.

In general, the plant cultivar specific proliferation medium 
is used during thermotherapy (Knapp et al. 1998, Cieślińska 
2007, Abdullahi and Lawrence 2022), but it seems the nutri-
ent media also affects the survival of the cultures during 
heat treatment (Dziedzic 2008, Stein et al. 1991). Higher 
shoot survival rate, even after longer time of therapy, was 
obtained on media which contained less mineral compo-
nents (Lloyd and McCown 1980 (WPM), modified WPM 
media or distilled water was supplemented with 6% agar 
only in contrast to Murashige and Skoog (1962) (MS) or 
modified MS media) and were plant grow regulator-free 

simplifying the technique PPV- and PNRSV-free shoot-tip 
grafting almonds were produced (Rizqi et al. 2000).

Thermotherapy-based methods- advantages and 
limitations

In the case of Prunus species, the most common in vitro 
virus eradication method is thermotherapy combined with 
shoot tip (a bigger portion, contains meristem and some leaf 
primordia) isolation as shown in Table 2. Shoot tip culture 
alone is not an effective method for eliminate PNRSV (Spie-
gel et al. 1999), but as a result of heat treatment, viruses 
are inactivated, and a larger shoot tip section can remain 
virus-free. Shoot tip cultivation and plant regeneration after 
in vitro heat treatment made it possible to shorten the time 
of heat treatment compared to in vivo heat therapy and an 
increase in regeneration capacity compared to meristem iso-
lation, thus resulting in the generation of more virus-free 
plants (Stein et al. 1991; Koubouris et al. 2007). In general, 
size of excised shoot tip is positively related to survival and 
shoot regeneration, while it is negatively related to the suc-
cess of virus eradication (Wang et al. 2018). Heat treatment 
can be more effective by varying temperatures, by setting 
a higher temperature (38 °C) during the day and a lower 
temperature (28 °C) at night or by gradually raising the tem-
perature from the beginning of the treatment (Spiegel et al. 
1999; Dziedzic 2008; Abdullahi and Lawrence 2022; Hesari 
et al. 2022). Cycling 37 °C (light) and 35 °C (dark) for a 
45-day period was sufficient to eliminate PPV, PNRSV and 
PDV from apricot cultivars (Křižan and Ondrušiková 2009). 

Fig. 1 Production of virus-free 
plants from infected trees
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after heat treatment can be applied more efficiently to pro-
duce virus-free nectarine plants (Manganaris et al. 2003).

Manganaris et al. (2003) observed the effect of the source 
of explants on shoot tip survival. Meristems (0.8–1.3 mm) 
derived from vegetative buds of virus-infected shoots, which 
had been collected either in winter or in spring, produced 
poor results for plant regeneration rate because of explant 
contamination, necrosis or undesired callus formation. 
Only very small percentages (1.7 or 5%) of meristem-tip 
explants grew satisfactorily and established as transplanted 
rooted cuttings. Larger size (1.3–2.0 mm) meristem tips 
from newly developed shoots of plants exposed to thermo-
therapy resulted in a higher survival and growth rate. The 
shoot tip explants were cultured on medium without plant 
growth regulators, and those that survived after 3–4 weeks 
were transferred to medium containing 8 mM BA and 0.8 
mM indoleacetic acid (IAA) for shoot formation.

The difference between the host and virus in their toler-
ance to the applied method is the basis for the successful 
inactivation of the virus. The key factors influenced on the 
effectiveness of virus elimination procedure and in vitro cul-
ture survival are shown in Fig. 2.

Chemotherapy

To increase the success rate of virus elimination other strate-
gies has been employed. During chemotherapy, the aim is 
to inhibit the replication of plant viruses by adding antiviral 
agents, known from medical science, to the culture medium. 
The disadvantage of chemotherapy is the phytotoxic effect 
taken on the in vitro plants which can be manifested in 

(Dziedzic 2008). Stein et al. (1991) found that reducing the 
concentration of 6-benzylamino purine (BA) from 6 mg/L 
to 0,2 mg/L in the medium improves survival rates from 0% 
to more than 90% and also observed that the tolerance of 
plants to heat treatment was influenced by the age of the 
shoot cultures; the optimal age of peach cultures prior to 
treatment was 18 or 15 days.

The size of the isolated shoot tip after heat treatment 
greatly influences the effectiveness of virus eradication 
(Zarghami and Ahmadi 2022). Due to their small size (0.2–
0.5 mm), meristems often die or hardly regenerate, but large 
shoot tips containing several leaf primordia are more likely 
to carry the viruses. The use of a larger (1–2 mm) shoot 
tip in combination with heat treatment was effective for 
PPV-infected ‘Bebecou’ apricots, and it is found that almost 
6 times more virus-free apricots could be produced in a 
shorter time by using the in vitro method compared to the 
conventional in vivo heat treatment (Koubouris et al. 2007). 
A Greek research group applied in vivo heat treatment with 
preconditioning (increasing temperature from 28 to 35 °C 
gradually over 1 week (1 °C/day) and were then maintained 
at 35 °C for 2 more weeks until new growth was produced) 
on nectarines infected with PPV and PNRSV. They com-
pared the efficiency of the methods when 1.3-2.0 mm long 
shoot tips were isolated after the treatment or smaller, 0.8–
1.3 mm shoot tips were isolated without the treatment and 
placed on culture medium. A significant portion of success-
fully regenerated plants were free from viruses; while, the 
small tips could not regenerate, and they became calloused 
or brown, the isolation of larger (1.3-2.0 mm) shoot tips 

Fig. 2 Crucial factors influencing 
the effectiveness of virus elimina-
tion and plant survival during 
in vitro thermotherapy-based 
methods
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Another chemotherapeutic agent, zidovudine (azidothy-
midine), proved to be a gentler and more effective reagent 
than ribavirin in peach virus eradication, which did not have 
negative outcomes on plants (Pavelkova et al. 2015). As a 
thymidine analog, zidovudine inhibits the enzyme reverse 
transcriptase and prevents the reproduction of retroviruses 
in the host organization. The use of acyclovir, an acyclic 
purine nucleoside analog, or rimantadine (a-mehyl‐1‐ada-
mantane methylamine hydrochloride), an amantadine ana-
log, was suitable to eliminate PDV, PNRSV and PPV from 
Prunus persica ‘Redhaven’ and ‘Suncrest’ during a three-
week treatment at the tested concentrations (25 or 50 mg/L) 
and had no damaging effect on the treated shoots during 
chemotherapy (Pavelkova et al. 2015).

Cryotherapy

In addition to long-term storage, cryopreservation can also 
be used as a virus elimination method (Wang et al. 2022b). 
Wang et al. (2006) introduced for the first time the term 
cryotherapy for the use of cryogenic procedures for patho-
gen eradication. Cryotherapy refers to exposing infected 
shoot tips to liquid nitrogen (LN; -196 oC) to produce 
pathogen-negative plants. During cryotherapy, smaller and 
highly cytoplasmic meristem cells usually limited to the 
apical dome of the meristem and the youngest leaf primor-
dia survive the ultra-low temperature treatments at a higher 
rate than differentiated, larger and more vacuolated cells 
with high water content. Since, viruses are often unevenly 
distributed in infected plants such that meristems contain 
either low virus titres or are free of virus infection, regener-
ated plants from surviving cells have a good chance of being 
virus-free (Magyar-Tábori et al. 2021; Wang et al. 2022b).

Brison et al. (1997) studied for the first time the effect 
of cryopreservation on the production of virus-free Prunus. 
During a cryotherapy experiment on PPV-infected interspe-
cific Prunus rootstock, shoot tips of 0.3–0.5 mm showed 
very poorly regrowth (11%) after freezing in LN; however, 
larger shoot tips of 0.5-2.0 mm in length regenerated over 
50% and showed that cryotherapy resulted in twice as many 
virus-free plants as shoot tip regeneration without freezing 
(Brison et al. 1997). Brison et al. (1997) concluded that the 
size of excised shoot tip is not a key for virus eradication 
in cryotherapy. Ultimately, Şekerz et al. (2015) successfully 
eliminated PPV from infected apricots using the Brison 
cryotherapy method; however, the majority of the samples 
did not survive the treatment, requiring protocol optimiza-
tion for these sensitive materials.

Since then, cryotherapy has been used to eradicate 
viruses in several plant species (Wang et al. 2022b). In 
some cases, cryotherapy combined with other techniques 
was essential for effective virus eradication, especially for 

several symptoms. Decreased survival and regeneration 
rates were most frequently reported, followed by the inhi-
bition of shoot growth, while root development, hyperhy-
dricity, necrosis, chlorosis and discoloration of green parts, 
especially leaves, and dwarfing can be also observed (Mag-
yar-Tábori et al. 2021).

The most common antiviral agent in plant virus eradica-
tion is ribavirin (Virazole), which is a synthetic guanosine 
analog, and by being integrated into RNA, it inhibits viral 
RNA synthesis. It appears that ribavirin does not act on a 
universal mechanism, but rather inhibits different viruses in 
different ways (Lerch 1987, Parker 2005).

In the case of sweet cherry varieties, ribavirin was com-
pletely ineffective when applied at a low concentration. 
Above 50 mg/L, it resulted in an increasing number of 
virus-free plants, but it strongly inhibited the development 
of in vitro plants. At concentrations higher than 80 mg/L 
ribavirin caused shoot tip necrosis in sweet cherry (Deogra-
tias et al. 1989). An experiment on myrobalan (Prunus 
cerasifera) showed that the effectiveness of chemotherapy 
was related to the virus species. The efficiency of ribavirin 
treatment used at four different concentrations was tested 
on plants that were simultaneously infected with PNRSV 
and Apple chlorotic leaf spot virus (ACLSV). All treat-
ments were ineffective against PNRSV, while the number of 
ACLSV-free plants increased with increasing ribavirin con-
centration (Cieślińska 2007). In the case of ‘Blufree’ and 
‘Hanita’ plums, the use of ribavirin even at a low concentra-
tion (10 mg/L) was efficient in eliminating PPV (Polak and 
Hauptmanova 2009).

During ribavirin chemotherapy of plum microshoots, a 
low concentrations ranging of 10 or 30 mg/L were ineffec-
tive for ACLSV and PNRSV elimination, but at higher con-
centrations of 40 and 50 mg/L, it successfully eliminated 
both pathogens after two weeks of treatment followed by 
meristem culture. However, at higher concentrations, riba-
virin exhibited some signs of phytotoxicity on microshoots, 
and the appearance of new amplified fragment length poly-
morphism (AFLP) bands and the disappearance of others 
indicated that plant genome stability was challenged and 
genomic rearrangements were induced in treated plants 
(Mazeikiene et al. 2019).

There are also studies in which the applied chemother-
apy alone was ineffective or had poor efficacy in eliminat-
ing viruses, but after preliminary heat treatment, it resulted 
in many virus-free plants (Spiegel et al. 1999; Cieślińska 
2007; Hu et al. 2012, 2015). Compared to traditional in vivo 
heat treatment, the use of a combination of in vitro heat 
treatment, meristem culture and ribavirin was found to be 
more effective in the case of PPV despite the reduction in 
the regeneration capacity of plum plants (Jakab-Ilyefalvi 
and Pamfil 2012).
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ELISA is not enough sensitive for the detection of viruses 
occur in low concentration in in vitro tissues and the virus 
titre is often below the threshold of detection. In an attempt 
to overcome this problem PCR based detection methods are 
used that have much higher sensitivity compared to ELISA 
(Candresse et al. 1995; Manganaris et al. 2003, Dovas et al. 
2001). Virus titre can be a virus-specific trait, the occurrence 
of a virus could be extremely limited or highly localised in 
host tissues or high titre viruses show an irregular distribu-
tion in host plants. Virus localization can influence the suc-
cess of elimination or detection (Knapp et al. 1998; Laimer 
2002).

In vitro techniques require special care and precise, ster-
ile work. However, their great advantage is that they can be 
carried out in the laboratory under controlled conditions all 
year round, requiring a small space. Somatic embryogen-
esis, cryotherapy and electrotherapy are widely used in dif-
ferent plant species with high efficiency to remove viruses 
from infected explants. Optimization of these methods to 
Prunus spp. are required to enhance virus eradication in 
those species that are difficult to produce virus-free. Apply-
ing and combining the different methods presented above 
and understanding the factors crucially contributing to the 
success of virus elimination and plant survival, holds enor-
mous potential to produce pathogen-free stone fruit propa-
gation material.
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those pathogens that have the ability to infect meristematic 
cells. Some examples of the successful application of cryo-
therapy combined with thermotherapy or chemotherapy 
were applied to eradicate viruses in apple (Bettoni et al. 
2022a), raspberry (Mathew et al. 2021), garlic (Vieira et al. 
2015), and potatoes (Kushnarenko et al. 2017; Bettoni et 
al. 2022b). Further virus eradication applications in Prunus 
spp. may use cryotherapy combined with other in vitro tech-
niques to enhance virus eradication in those species that are 
difficult to eradicate.

Electrotherapy

Although the exact mechanism is not yet understood, during 
electrotherapy, a continuous electric current is applied to the 
exposed plant tissues, and as a result, their nucleoprotein 
is degraded and leads to the elimination of their virulence 
activity (Gonzalez et al. 2006; Sabry et al. 2009). Electro-
therapy can be used on any kind of explant (stem segment, 
shoot tip, plantlet, sprout, etc.) for virus elimination with 
high effectiveness (Adil et al. 2022). The process is very 
simple and inexpensive, does not require any specific equip-
ment, and only takes a few minutes (Magyar-Tábori et al. 
2021). Electrotherapy is not a common method for virus 
removal in Prunus species, but working on in vivo almond 
plants, Quacquarelli et al. (1979) successfully obtained 90% 
Almond mosaic virus-free almond shoots when 500 V cur-
rent was applied to almond cuttings for 5–10 min, then buds 
of treated cuttings grafted on healthy almond seedlings.

Conclusions and prospects

The long history of plant virus eradication research still does 
not provide a universally usable, reliable, quick solution for 
the virus eradication of stone fruits. General methods are 
very difficult to find, as the levels of tolerance of plant spe-
cies and cultivars to the applied treatments are different, 
and diverse viruses also respond differently to the therapies. 
Co-infections are more difficult to eliminate than infection 
with a single virus (Gella and Errea 1998; Cieślińska 2007; 
Pavelkova et al. 2015, Rizqi et al. 2000). Almost every virus 
eradication process damages the host plants, and plant-
lets suffer several stresses, which can result in a low rate 
of survival, inhibited growth, incomplete development, or 
abnormal morphology and a decrease in regeneration abil-
ity. Harmful effects of the methods used were reported 
and showed possibilities to mitigate such effects (Magyar-
Tábori et al. 2021).

Production of virus-free propagation material by in vitro 
culture requires the use of specific, sensitive and rapid 
detection methods to screen the resulting explants. It seems 
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