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RESUMO GERAL 

 

Dentre as espécies ornamentais em destaque no setor de floricultura brasileiro, está o 

hippeastrum (Hippeastrum hybridum Hort.) uma herbácea originária da América do Sul. 

Atualmente, os preços praticados no mercado brasileiro para a comercialização de algumas 

variedades de hippeastrum, destacando-se a cv. ‘Apple Blossom’ são considerados elevados. 

Os preços elevados são principalmente devido à baixa taxa de propagação vegetativa e as perdas 

relacionadas à contaminação dos bulbos por vírus. Como os sintomas se manifestam 

comumente após a brotação, levam à proliferação viral em toda a produção através de insetos 

vetores e instrumentos de corte. Considerando a ineficiência dos métodos tradicionais para 

eliminação viral, a crioterapia surge como uma alternativa para intensificar a eliminação de 

patógenos em tecido vegetal infectado. Durante o processo da crioterapia, o material biológico 

é imerso em nitrogênio líquido (NL) por um curto período, normalmente 90 minutos e nessas 

condições as células infectadas são eliminadas, conservando-se apenas células altamente 

citoplasmáticas na região meristemática, as quais permanecem vivas devido ao uso de 

procedimentos que evitam a cristalização de água intracelular. Assim, visando a multiplicação 

em larga escala de genótipos elite, em espaço físico e tempo reduzidos, torna-se essencial a 

aplicação de técnicas de cultura de tecidos para propagação in vitro da espécie, além do 

estabelecimento de um protocolo para criopreservação de gemas de hippeastrum cv. ‘Apple 

Blossom’, visando a eliminação de complexos virais. 

 

Palavras-chave: Amarílis. Multiplicação in vitro. Encapsulamento-vitrificação. Crioterapia. 

Estabilidade genética. 

 

 

 



GENERAL ABSTRACT 

 

 

Hippeastrum (Hippeastrum hybridum Hort.), an herbaceous plant native to South America, is 

among the outstanding ornamental species in the Brazilian florist sector. Currently, the prices 

practiced in the Brazilian market for some amaryllis varieties commercialization, standing out 

the cv. 'Apple Blossom' are considered high. The high prices are mainly due to the low rate of 

vegetative propagation and losses related to bulbs virus contamination, where the symptoms 

usually manifest themselves after budding, leading to viral proliferation throughout the 

production by means of insect vectors. Considering the inefficiency of the traditional method 

for viral elimination, cryotherapy appears as an alternative to intensify the elimination of 

pathogens in infected plant tissue. In cryotherapy, the biological material is immersed in liquid 

nitrogen (NL) for a short period, usually 90 minutes and in these conditions, the infected cells 

are eliminated, conserving only highly cytoplasmic cells in the meristematic region, which 

remain alive due to the use of procedures that prevent intracellular water crystallization. Thus, 

in order to multiply large-scale elite genotypes in reduced physical space and time, it is essential 

to apply tissue culture techniques for in vitro species propagation, in addition to establishing a 

protocol for cryopreservation of amaryllis buds cv. 'Apple Blossom', aiming at the elimination 

of viral complexes. 

 

Keywords: Hippeastrum hybridum. In vitro multiplication. Encapsulation-vitrification, 

Cryotherapy. Genetic stability.
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FIRST PART: General introduction 

 

1 INTRODUCTION 

 

Brazilian flower and ornamental plants production acquired a remarkable development 

over the years and stood out as a fertile field for the national agribusiness (SHIROTO et al., 

2016). Brazil has reached an annual turnover of more than US$ 1.4 billion since 2013, an 

average annual growth of 9% since then, with revenues expected to be over US$ 2 billion in 

2019 (SCHOENMAKER, 2018). However, to remain in the sector, the producer needs to 

specialize and pursue strategies to reduce costs and offer high-quality seedlings to meet the 

growing demand for an increasingly competitive market (SILVA et al., 2015). 

Among the outstanding ornamental species in the floriculture sector is hippeastrum 

(Hippeastrum hybridum Hort.), popularly mistaken for the name amaryllis, an herbaceous plant 

native to Central and South America belonging to the Amaryllidaceae family (TOMBOLATO 

et al., 2007). Hippeastrum means “knight of the stars” derived from the junction of the Greek 

words Hippos (horse) and Astron (star) (DUNCAN, 2016). Herbert, who named this genus, 

called it “star knight lily” (MEEROW e SNIJMAN, 1998). 

Its vegetative propagation is traditionally performed through bulb division, where each 

bulb normally produces two stalks, forming sets of eight to twelve flowers (KHARRAZI et al., 

2017). The flowers produced are marketed with interest in landscaping, gardening, besides cut 

and pot flower industries (AMARAL, 2006). The Brazilian production of hippeastrum bulbs is 

concentrated in the region of Holambra, in the State of São Paulo, and in Paraipaba, Ceará 

(ESPERANÇA et al., 2011). However, bottlenecks have compromised crop productivity on 

Brazilian soil, resulting in high expenditures on the import of germplasm, main bulbs from the 

Netherlands, representing a considerable share of the total production cost (NEVES e PINTO, 

2015). 

Brazilian imports of bulbs jumped from US$ 4.7 million in 2008 to US$ 7.3 million in 

2010 (ESPERANÇA et al., 2011). The growing Brazilian dependence on imports of genetic 

material is linked to the difficulty in propagation and the presence of pathogens in the national 

materials, mainly viruses in propagated bulbs, which spread rapidly and can be transmitted 

through insect vectors and contaminated tools (AMARAL, 2006). Currently, the control and 

viral cleaning in hippeastrum occur through the application of thermotherapy. This technique 

consists in the control of pathogens by treatments in certain combinations between time and 
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temperature (TORRES et al., 2000) associated with tissue culture (PARMESSUR et al., 2002). 

The hippeastrum cultivar known as ‘Apple Blossom’ already has a protocol for thermotherapy, 

in which bulb incubation occurs at 37 °C for 40 days. However, this protocol does not guarantee 

a high reduction in the presence of viruses, since the values did not exceed 55% (AMARAL et 

al., 2007). 

Research has shown that the probability of obtaining plants without virus is inversely 

proportional to the size of the excised meristem (ANIS e AHMAD, 2016), and a size ranging 

from 0.1 to 1 mm is recommended for most species (SILVA et al., 2013). The difficulty in 

tissue excision and, mainly, the non-guarantee of recovery and removal of its infection have 

challenged the pathogen elimination using meristems. In addition, the extended duration of 

thermotherapy under high temperature has a severe effect on plant growth and survival, 

frequently having a low success rate with recurrence of the infection in the field (CONCI e 

NOME, 1991; HU et al., 2012). An alternative to attenuate these problems would be the 

development of more efficient methods, focused on the quality and phytosanitary resistance, 

that guarantee the complete elimination of viral complexes. 

Cryopreservation is based on the immersion of live plant material into liquid nitrogen 

at -196 °C (PETTINELLI et al., 2017). When applied in order to eliminate pathogens from 

plant meristems, it is called cryotherapy (BRISON et al., 1997). In this technique, conditions 

are selected to allow the survival of less differentiated cells and to eliminate a large proportion 

of tissue infected with viruses (BRISON et al., 1997), in addition to the use of relatively larger 

explants without compromising the successful elimination of the virus, which makes the 

preparation of the material more feasible (WANG e VALKONEN, 2009; PRUDENTE et al., 

2018).  

Cryotherapy has been successfully applied to many species of commercial and 

ornamental use. In Chrysanthemum morifolium, cryopreservation has been shown to be the 

efficacy determinant of the viral complex Chrysanthemum stunt viroid (CSVd) elimination 

(JEON et al., 2016). Other positive results were observed using cryotherapy for Vitis vinifera 

(WANG et al., 2003; BAYATI et al., 2011; PATHIRANA et al., 2016), Fragaria ananassa 

(CAI et al., 2008), Solanum tuberosum (BAI et al., 2012; KUSHNARENKO et al., 2017), 

Rubus idaeus (WANG et al., 2008; WANG e VALKONEN, 2009), Ipomea batatas (WANG e 

VALKONEN, 2008), Allium sativum (VIEIRA et al., 2015), and Banana (Musa spp.) 

(HELLIOT et al., 2002).  

However, even with the success of cryotherapy in several species, no information 

regarding the potential use of this technique for the removal of viral complexes in hippeastrum 
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has been reported so far. Its use is further justified by the growing demand of this species in the 

world flower market accompanied by the low efficiency of traditional techniques for viral 

elimination (AMARAL et al., 2007).  

Therefore, this study was based on research on the optimization of in vitro propagation, 

on the physiological study of thermotherapy in bulbs, and on the development of a 

cryopreservation protocol for the subsequent application of cryotherapy in the treatment of 

‘Apple Blossom’ H. hybridum, aiming at the elimination of some viral complexes. Thus, 

contributing to increasing the competitiveness of the Brazilian producers of this species, 

obtaining micropropagated seedlings with high quality and virus-free, generating technological 

independence of Brazil in the flower market, and in a short period will contribute to the 

development and expansion of the flower sector in the national and international scenario.  
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2 THEORETICAL FRAMEWORK 

 

2.1 Hippeastrum hybridum historical and economic importance 

 

Hippeastrum Herb. is a genus of the Amaryllidaceae family with approximately 70-90 

species from Central and South America and more than 600 hybrids and cultivars (POGGIO et 

al., 2007; POGGIO et al., 2014). Two centers of origin are recognized, one in eastern Brazil, 

and the other in the center of the Andes along the Peruvian and Bolivian borders (MEEROW e 

SNIJMAN, 1998). Its species have economic value as ornamental plants and are used in the 

pharmaceutical industry due to its alkaloid content (POGGIO et al., 2014). 

As a major center of origin, Brazil has about 34 species described with widespread 

occurrence throughout its territory, 25 of which are endemic (REFLORA, 2019). Recently, H. 

idimae, H. lunaris, and H. mauroi were discovered in the Brazilian Cerrado (OLIVEIRA et al., 

2017; CAMPOS-ROCHA et al., 2018). 

In turn, H. hybridum is a bulbous species with exuberant flowering, which fascinates 

those who observe it. Since it was part of the genus Amaryllis in the past, Hippeastrum sp. 

plants are still mistakenly called amaryllis (SEALY, 1939; BRANTS e VAN DEN HEUVEL, 

1965), possibly due to the fact that the hybrids market has not struggled to call them by the 

correct name. Amaryllis is the common name of H. belladonna, native to South Africa, which 

differs from H. hybridum, which originates in the Americas, and should be called hippeastrum 

(SULTANA et al., 2010). 

Much of its attractiveness and economic interest derives from its breeding history of 

more than 200 years (READ, 2004). Breeding made the flowers as diverse in color as facilitated 

their cultivation, attracting many worshipers and breeders (MEEROW, 2009). Historically, 

breeding began in England in 1799, where the first hybrid was produced from H. vittatum and 

H. reginae (TRAUB, 1934), both native to Brazil (TOMBOLATO et al., 2007). However, the 

establishment of the modern hippeastrum primary production center took place in the 

Netherlands in the early 20th century, with additional Dutch stock grown in Brazil (MEEROW, 

2009). The dominant genotypes at this time were the cultivars ‘Apple Blossom’, ‘Dazzler’, 

‘Dutch Belle’, and ‘White Christmas’ (MEEROW, 2009). 

The hippeastrum bulb is an important product for the international flower market, while 

the flower stalk has a less economic expression (TOMBOLATO, 2004). It was noted as 

promising economically in the early 2000s (EPHRATH et al., 2001), confirming its prominent 

position in the market a few years later. It is among the 20 most commercialized crops in the 
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market for ornamental plants, highlighting the high value and price appreciation of 14% in 

recent years (HANKS, 2018). Ornamental horticulture moved more €5.8 billion in 2016, with 

only its two largest representatives, Royal FloraHolland (Netherlands) and Landgard 

(Germany) (HANKS, 2018). This is a growing market, especially Brazil (Veiling Holambra, 

São Paulo), which increased by 153% between 2009 and 2016, moving €170 million only in 

2014 (HANKS, 2018). 

 

2.2 Propagation methods 

 

Prior to its prominence among the flower and ornamental plant market, hippeastrum 

producers had to solve technical problems regarding the propagation method, which required a 

great deal of manual labor (EPHRATH et al., 2001). There are four common methods for its 

propagation: seed, bulbil development, double scales, and in vitro (EPHRATH et al., 2001; 

ZHANG et al., 2013; ANDRADE-RODRÍGUEZ et al., 2015; KHARRAZI et al., 2017).  

Propagation through seeds usually results in the flowers characteristic variation, being 

more used by breeders for new cultivars production (EPHRATH et al., 2001). In turn, the 

development and subsequent separation of bulbils are considered slow, since it takes four to 

five years from bulb formation to flowering, only feasible for cultivars that yield more than 

three bulbils at a time (EPHRATH et al., 2001; ANDRADE-RODRÍGUEZ et al., 2015). 

Most of the time, propagation is carried out by scaling and may be single or tween scales, 

where tween scales have been shown to be the most productive (HUANG et al., 1990b; 

KHARRAZI et al., 2017). Still, bulbils obtained by tween scales take three years to mature 

(OKUBO et al., 1999). In the effort to improve the yield of plant propagation, other bulb 

fragmentation methods have been tested and it was pointed out that cutting into eight fragments 

without scale separation is the best method (KHARRAZI et al., 2017). However, depending on 

the cultivar, other forms of fragmentation are indicated, as is the case of ‘Pasadena’, where the 

four-part split and tween-scale separation was more productive (ANDRADE-RODRÍGUEZ et 

al., 2015). 

Although in vivo propagation by bulb fragmentation is preferred, in order to continue to 

meet the growing demand of the ornamental plant market, in vitro propagation has been 

stimulated by the development of several studies (MII et al., 1974; SEABROOK e CUMMING, 

1977; HUANG et al., 1990a; TOMBOLATO et al., 1994; DE BRUYN, 1997; MUJIB et al., 

2007; SULTANA et al., 2010; AMANI et al., 2015). Thus, tissue culture has become 

increasingly an option, once it provides high multiplication rates, is a process conducted under 
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aseptic conditions, requires little space, and allows the production of plants free of pathogens 

(DE BRUYN, 1997; PRUDENTE et al., 2018). However, micropropagation in hippeastrum is 

not commercially used (TOMBOLATO et al., 2010), although developments that are more 

recent have applied in vitro techniques to a lesser extent (DÖRING, 2019). 

Undoubtedly, the use of tween scales is preferred even for in vitro propagation, given 

the number of studies that used this explant. In general, a combination of cytokinins (6-

benzylaminopurine (BAP) or benzyl adenine (BA)) and auxins (indoleacetic acid (IAA) or 1-

naphthaleneacetic acid (NAA)) is used (DE BRUYN, 1997; TOMBOLATO et al., 2001). The 

concentration for any of the phytoregulators added to the medium does not exceed 10 mg L-1, 

where the highest propagation rates normally occur with a higher proportion of cytokinin 

(TOMBOLATO et al., 2001). Induction of in vitro shoots may also occur spontaneously, 

without the addition of growth regulators, but at a much lower rate (AMANI et al., 2015). 

In addition to tween scales, other explants have already been tried for in vitro 

multiplication of hippeastrum, such as single scales, basal plate, ovaries, pedicels, and leaves 

(DE BRUYN, 1997; HUANG et al., 2005b; a; AMANI et al., 2015). The results for 

multiplication rates in tissue culture propagation studies varied according to species and 

cultivar, and the best result was obtained with H. vittatum, of eight bulbils per double scale (15 

mm) (ZAYED et al., 2011). However, for most protocols, the number of bulbils or recovering 

shoots per explant is between two and five (HUANG et al., 1990a; TOMBOLATO et al., 2001; 

SULTANA et al., 2010; AMANI et al., 2015). 

As the tween scales size used in the experiments of the different authors is not similar, 

the comparison between the obtained yield becomes complex. Thus, a good estimate is reached 

considering the maximum number of bulbils and recovering structures (shoots, protocorm, 

somatic embryo) obtained from a single bulb. Thus, the average yield of the in vitro 

multiplication of hippeastrum can reach 200 clones per bulb, in the best of scenarios (ZAYED 

et al., 2011). This number is up to 3 times higher than that achieved by traditional ex-vitro bulb 

fragmentation methods, which is 60-70 clones (TOMBOLATO et al., 2001). 

Evidence from the literature shows that tissue culture accelerated the propagation of 

most hippeastrum cultivars. However, one of the most commercially important cultivars, 

‘Apple Blossom’, does not yet have a desirable in vitro propagation rate (TOMBOLATO et al., 

2001). In this context, the development of new in vitro propagation methodologies has been 

using Light emitting diodes (LEDs) (DUTTA GUPTA e JATOTHU, 2013; MILER et al., 

2018).  
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LEDs have the fundamental advantage of emitting a specific wavelength that can yield 

faster or more favorable results for researchers and growers (MILER et al., 2018). Other 

advantageous characteristics of LEDs include low power consumption, long life cycle, and low 

heat radiation (MILER et al., 2018).  

Ornamental plants, like the others, respond to light quality, as demonstrated for tulips, 

where flowering, bulb quality, and yield were affected by the light spectrum maintained during 

cultivation (AMIRI et al., 2018). However, the effects are species- and plant-dependent, and 

adjustments should be fitted for best results (OUZOUNIS et al., 2018).  

In this context, the in vitro multiplication and plant growth of gerbera (Gerbera 

jamesonii) was more efficient under red/blue LEDs (70/30%), supporting the replacement of 

traditional lighting with fluorescent lamps by LEDs (PAWŁOWSKA et al., 2018). Above all, 

as LED illumination has not been studied for the propagation of any Hippeastrum sp. species, 

it may contribute to the viability of its reproduction and growth in vitro or ex vitro. 

 

 

2.3 Crop major phytosanitary problems 

 

The greatest threat to hippeastrum production in Brazil is pathogens, mainly viruses 

(AMARAL, 2006). What favors the spread of viruses is the fact that the species only manifests 

the symptoms of viral contamination after sprouting; during that period, it can infect vector 

insects and host plants (AMARAL, 2006). Due to the persistence and wide dissemination of 

these vectors, Brazil imports first-line genetic material originating in the Netherlands, and with 

the heating of the Brazilian domestic market, bulb imports jumped from US$ 6.74 million in 

2004 to US$ 46.81 million in 2014 (NEVES e PINTO, 2015). 

Viruses rarely kill plants, but they reduce their market value (ALEXANDRE et al., 

2011). In this context, depreciation occurs especially due to the obvious symptoms in leaves, 

bulbs, and flowers, which reduce the product attractiveness (AMARAL, 2006). The major 

viruses to infect hippeastrum are Hippeastrum mosaic virus (HiMV), Sunflower mosaic virus 

(SuMV), Cucumber mosaic virus (CMV), and Nerine latent virus (NeLV) (BRANTS e VAN 

DEN HEUVEL, 1965; DE LEEUW, 1972; ALEXANDRE et al., 2011). 

The first report of the mosaic by HiMV occurred in 1922. However, no virus was found 

at that time (BRANTS et al., 1970). The symptoms of HiMV include, in addition to the mosaic 

aspect (yellow and dark green bands) on the leaves, the presence of inclusion bodies, which 

cannot be visualized before the symptoms clearly manifest (BRANTS e VAN DEN HEUVEL, 
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1965). This virus is not transmitted by seeds, but by aphids and mechanically (BAKARDJIEVA 

e DENKOVA, 1996), and its symptoms are suppressed by low temperatures (KAHN, 1960; 

BRANTS e VAN DEN HEUVEL, 1965). In turn, SuMV is a member of the genus Potyvirus 

as well as HiMV (BERGER e PARRISH, 2011). This fact makes these viruses have 

characteristics in common, such as non-persistent aphid transmission and intracellular 

formation of inclusions (BRUNT, 1992) 

CMV is a virus widely spread around the world due to its capacity to infect more than 

1200 species between monocotyledons and dicotyledons of different climatic zones 

(JACQUEMOND, 2012). Its symptoms can be either leaf mosaic or necrosis and tissue death 

(PALUKAITIS e CARR, 2008). An aggravating factor for CMV is the synergism with viruses 

of other genera, which frequently causes their numbers to increase in the host 

(JACQUEMOND, 2012). This Cucumovirus is transmitted by aphids, non-persistently, and by 

seeds (JACQUEMOND, 2012). In addition, several wild and weedy plants serve as CMV hosts, 

where it remains asymptomatic, making weed removal one of the main components of 

integrated management of viral diseases (JONES, 2004). 

Regarding the genus Carlavirus, NeLV is an asymptomatic representative in 

hippeastrum (MAAT et al., 1978). Due to similarities in host responses and serological tests, 

NeLV and Hippeastrum latent virus (HLV) were thought to be the same virus, which was 

proven by their respective sequencing to be untrue (WYLIE e JONES, 2012). The whitefly is 

considered one of the main Carlavirus vectors (ROSARIO et al., 2014) 

Other viruses already described for infecting hippeastrum include Hippeastrum 

chlorotic ringspot virus (HCRV), responsible for causing concentric chlorotic rings, leaf 

misalignment, chlorosis, and local necrosis (XU et al., 2017); Bean yellow mosaic virus 

(BYMV), causing dark and yellowish green areas that intensify with the plant age (SCHULZE 

et al., 2017); Tomato spotted wilt virus (TSWV), of the genus Tospovirus, which is capable of 

infecting more than 900 plant species (XU et al., 2017), causing lesions in necrotic and 

pigmented patterns, chlorosis and non-necrotic mosaic (BEST, 1968); Tobacco mosaic virus 

(TMV), a Tobamovirus that causes the traditional yellowing of plant tissues and survives even 

after the death of the host (DE LEEUW, 1972; MPHUTHI, 2017); in addition to at least 26 

other viruses of the genera Carlavirus, Maculavirus, Nepovirus, Potexvirus and Potyvirus 

(WYLIE e JONES, 2012). 
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2.4 Viral elimination techniques 

 

Viral infections frequently cause systemic diseases, so that viral particles, or viroids, 

cannot be controlled in the field (BARBA et al., 2017). In addition, making a plant species 

resistant to viroids is considered difficult (MATSUSHITA et al., 2012). Thus, the elimination 

of viral infections in important crops has been a challenge in the last four decades, at the same 

time that several approaches have been developed (BARBA et al., 2017; WANG et al., 2018a). 

In any case, virus-free plants are grown around the world to control viral diseases from 

economically important crops, due to phytosanitary requirements for the import of new 

cultivars and exchanges between breeding programs (KRCZAL, 1998; PREVIATI et al., 2008; 

BARBA et al., 2015). Germplasm conservation is another reason for the maintenance of virus-

free plants (SENULA et al., 1999; POSTMAN e SUGAR, 2000). 

In this context, thermotherapy was the first approach used for viral elimination in plants 

(BARBA et al., 2017). In this technique, the infected material, in vivo or in vitro, is exposed to 

high temperatures, normally 37-40 °C in the case of hippeastrum, for different times depending 

on the virus (AMARAL et al., 2007; BARBA et al., 2017).  

Temperatures above 35 °C cause disruption of the protein capsule hydrogen and 

disulfide bonds, followed by nucleic acids phosphodiester bonds and, consequently, 

deterioration of viral infectivity, which may include selective inhibition of viral replicase, pH 

changes, and cellular ionic strength, increase in lytic enzymes, competition between viral and 

messenger RNA by the ribosome binding site (PANATTONI et al., 2013). 

Thermotherapy has already resulted in the production of virus-free plants in bulbous 

species such as garlic (Allium sativum) (TORRES et al., 2000) and lily (Lily x elegans) (NESI 

et al., 2009). In both cases, thermotherapy was combined with shoot culture (meristematic 

tissue) to obtain 100% viral elimination. On the other hand, in cucumber (Solanum muricatum), 

thermotherapy was inefficient to eliminate Tomato mosaic virus (ToMV) (PROHENS et al., 

1998), as well as in chrysanthemum (Chrysanthemum sp.) for Chrysanthemum stunt viroid 

(CSVd) and Chrysanthemum chlorotic mottle viroid (CChMVd) (HOLLINGS e STONE, 1970; 

PALUDAN, 1980). 

Shoot culture is another approach, which can be effective in viral elimination when 

applied alone or in combination with thermotherapy, chemotherapy or cryotherapy (BARBA et 

al., 2017; WANG et al., 2018a). This technique involves the extraction of meristematic tissue 

present in the apical dome, or the bud of the infected plant itself. Since many viroids are 
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generally not seen in the apical meristem, recovery of this material may mean viral elimination 

(PANATTONI et al., 2013; BARBA et al., 2017). 

The size of the shoot (5-10 mm) or the meristematic tissue (0.2-0.7 mm) is especially 

important for viral elimination efficiency through shoot culture, since the lower the tissue, the 

lower the viral concentration (PANATTONI et al., 2013). In contrast, the smaller the tissue, the 

more difficult the plant recovery (PANATTONI et al., 2013; WANG et al., 2018a). Recovery 

requires a combination of specific nutrients and phytohormones in the culture medium to ensure 

optimum growth of each species at this stage. In addition, exposure to different components of 

the medium may pose a risk for genetic stability and progeny performance (PANATTONI et 

al., 2013). 

Isolated, shoot culture has already been shown to be efficient in garlic (A. sativum) 

eliminating, at the same time, Leek yellow stripe virus (LYSV), Onion yellow dwarf virus 

(OYDV), Garlic latent virus (GLV) (AYABE e SUMI, 2001), besides Potyvirus, when 

combined with thermotherapy (RAMÍREZ-MALAGÓN et al., 2006). In another bulbous 

species, chincherinchee (Ornithogalum thyrsoides), bud culture eliminated Ornithogalum 

mosaic virus (OrMV) (WANGAI e BOCK, 1996). 

The latest viral elimination technique developed was cryotherapy. Cryotherapy is 

considered innovative and is based on cryopreservation, where the infected material is treated 

for a short time in liquid nitrogen (LN), using a pre-established protocol for the species 

(BARBA et al., 2017; WANG et al., 2018a). 

The literature describes several types of cryopreservation protocols, based on techniques 

such as vitrification, encapsulation-dehydration, encapsulation-vitrification, and droplet-

vitrification (SAKAI e ENGELMANN, 2007; BI et al., 2017). Among these, encapsulation-

dehydration and encapsulation-vitrification have the advantage of facilitating the manipulation 

of small shoots due to the large size of the capsules. However, the second one is more rapid in 

execution due to the vitrification process being faster than dehydration (SAKAI e 

ENGELMANN, 2007). Thus, encapsulation-vitrification has been more suitable for the 

cryopreservation of large quantities of different genotypes shoots (CIRINGER et al., 2018) 

When the buds are frozen in LN, only the cells at the top of the apical dome are apt to 

survive, while those in the lower parts are dead (WANG et al., 2008). In addition, the use of 

procedures that prevent crystallization of intracellular water works best in healthy cells 

(PRUDENTE et al., 2018). This is due to the fact that infected cells have larger vacuoles, higher 

water content and a lower nucleus/cytoplasm ratio than healthy ones. Therefore, they are more 
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sensitive to ice damage and die during cryotherapy which, in turn, operates a kind of “selection” 

for healthy cells (BARBA et al., 2017). 

Shoot cryotherapy has proven to be much more efficient than traditional methods, such 

as thermotherapy and shoot culture, for the elimination of viruses that do not infect the apical 

dome meristematic cells (WANG et al., 2009; WANG e VALKONEN, 2009). However, 

cryotherapy cannot eliminate viruses that can infect the meristematic cells of the tips of the 

apical domes, since in this technique the viroids are not deactivated, but eliminated along with 

the dead host cells (WANG et al., 2018a). For this reason, shoot cryopreservation has also been 

proposed as new biotechnology for the conservation of viral germplasm (WANG et al., 2018b). 

Among the bulbous species, OYDV, LYSV, and Garlic common latent virus (GCLV) 

were eliminated from garlic (A. sativum) by cryotherapy in combination with thermotherapy 

(VIEIRA et al., 2015). On the other hand, in Argyranthemum madeirense, this technique alone 

failed to eliminate Chrysanthemum stunt viroid (CSVd), once this virus is able to invade 

meristematic cells, which survive to freeze in LN (ZHANG et al., 2014). 

Despite the relatively large number of species in which some type of viral elimination 

approach was undertaken, a limited number of studies subsequently assessed the genetic 

stability of the recovered plant (WANG et al., 2018a). Since they are common in viral 

elimination techniques, high temperatures, cuts and high osmolarity cause stress in the plant 

(KEVERS et al., 2004; HATFIELD e PRUEGER, 2015). These conditions create a risk of 

genetic variation, while the purpose of growing virus-free plants is to improve quality and yield 

while maintaining the genomic stability of the original cultivar (WANG et al., 2018a). 

Therefore, it is necessary to access the genetic stability and observe the field behavior of virus-

free plants obtained by the described techniques (WANG et al., 2018a). 

Cynara scolymus plants heat-treated and recovered by shoot culture did not demonstrate 

genetic alterations determined by simple sequence repeat (SSR) (ACQUADRO et al., 2010). 

However, in the same study, polymorphic bands were detected by amplified fragment length 

polymorphism (AFLP) markers, indicating that thermotherapy may induce genetic variation 

(WANG et al., 2018a). Likewise, V. vinifera somaclones recovered in vitro were genetically 

different from the original cultivars (POPESCU et al., 2002). These data reinforce the need for 

attention regarding the somaclonal variation derived from viral elimination methods. 
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3 GENERAL CONSIDERATIONS 

 

Undoubtedly, the market for flowers and ornamental plants has great economic 

importance at national and world level, besides being in expansion. One way of sustaining this 

growth and ensuring competitive prices is by improving propagation methods, as well as 

ensuring the phytosanitary nature of the species of greatest interest. Hippeastrum hybridum cv. 

‘Apple Blossom’ is one of these species. However, its propagation is still below expected in 

techniques of great potential such as in vitro multiplication, and it is frequently threatened by 

pathogens, especially viruses. 

Therefore, studies that seek to aggregate new technologies to optimize the productivity 

of hippeastrum clonal propagation would greatly aid producers. These, in turn, would be 

guaranteed to deliver products of assured quality at increasingly affordable prices, generating 

income and expanding the industry. Likewise, studies that develop methodologies that can 

prevent viral threats, while bringing greater understanding of the interaction between 

pathogens, the host plant, and viral elimination techniques, would contribute maintaining the 

quality of the plant material and would allow the development of preventive and phytosanitary 

monitoring measures for crops. 

In this context, the subsequent chapters aim to meet the above-mentioned demands, so 

that: a new and highly productive in vitro multiplication protocol of H. hybridum cv. ‘Apple 

Blossom’ through LED lighting was developed and described until the acclimatization stage; 

studies on the physiological effects of thermotherapy on recovered bulbs, a protocol for 

gemstone cryopreservation, as well as its application to cryotherapy along with thermotherapy 

and its effects on genetic stability, were conducted. 
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High–frequency shoot regeneration of amaryllis bulbs exposed to light-emitting diodes (LEDs) 

 

Key Message: The amaryllis cv. ‘Apple Blossom’ micropropagation was highly improved after the exposure of 

explant under LED light sources. 

 

Abstract The in vitro propagation protocols for amaryllis cv. ‘Apple Blossom’ have low yield due to excessive 

explant oxidation. Therefore, the aim was to optimize the in vitro propagation of amaryllis cv. ‘Apple Blossom’ 

using antioxidants and light-emitting diodes (LEDs). Thus, the bulbs were sectioned in explants consisting of twin 

scales joined by the basal plate. The twin scales were immersed in ascorbic acid solutions and inoculated in MS 

medium supplemented with 10 μM 6-benzylaminopurine (BAP) and 2.5 μM indole-3-acetic acid (AIA), 1 g L-1 

PVP, 30 g L-1 sucrose, 8 g L-1 agar and different activated charcoal concentrations. The best combination of 

activated charcoal and ascorbic acid was then used to evaluate multiplication under the white fluorescent lamp or 

mixed treatment of RED/BLUE (RB) LED lamps. For each experiment, the evaluations were performed after 30 

days of in vitro cultivation, analyzing shoot number and recovery percentage. Subsequently, the shoots were 

individualized and acclimatized with commercial substrate or vermiculite in a greenhouse, and leaf number, length, 

and width were evaluated 30 days after acclimatization. Ascorbic acid at a concentration of 500 mg L-1 and 

activated charcoal at 2 g L-1 resulted in a higher shoot number, besides hindering tissue browning. Shoot 

development was 37.85% higher under a blue and red LED lamp. Acclimatization was successfully performed on 

a commercial substrate with 100% survival of ex vitro plants. With the control of explant browning and the use of 

RB LED lamps, it is estimated that each bulb produced on average 310 clones, which is fourfold more than the 

previous methods for propagation of amaryllis cv. ‘Apple Blossom’. 

 

Keywords: Hippeastrum hybridum, in vitro multiplication, antioxidants, light spectrum, acclimatization. 

 

Introduction 

Amaryllis is an ornamental bulbous species of the genus Hippeastrum, which is commercially appreciated 

due to the intense color of its flowers (De Bruyn 1997). After hybridization in breeding programs, more than 300 

Hippeastrum hybridum cultivars were developed, establishing it among the 20 cut flowers sold by Royal 

FloraHolland over the years (AbdelKader 2012; Hanks 2015). The main commercial cultivars are cv. ‘Apple 

Blossom’, ‘Ster van Holland’, ‘Orange Souvereign’, ‘Overingen’, ‘Red Lyon’, ‘Telstar’ and ‘Rilona’ (Tombolato 

et al. 2007). However, the prices for its commercialization in the flower market for some amaryllis cultivars, 

especially cv. ‘Apple Blossom’, are considered high (Hanks 2015), mainly due to the low propagation rate of 

commercial hybrids by scaling of ex vitro matrix bulbs in the specific substrate, which generates on average 

between 60-70 bulbs per matrix bulb (Tombolato et al. 2001).  

In this context, the application of plant tissue culture through micropropagation techniques has become 

an important tool for the large-scale multiplication of elite genotypes, in reduced physical space and time, seeking 

high yield and/or plants resistant to diseases and pests (Shahzad et al. 2017). Among the in vitro culture techniques, 

the technique called “double scale” or “scaling” (Luyten 1926) offers a number of advantages over other in vitro 

propagation methods for amaryllis, including: high multiplication rate; elimination of the dependence on specific 

availability periods of propagating material, allowing to establish the desired period for obtaining the explants; 

production of synthetic seeds and conservation of genetic resources in the long term through cryopreservation 

techniques (Benson 2014).  

However, the protocols for the in vitro propagation of amaryllis have a number of obstacles, such as 

severe explant oxidation, causing significant losses in the shoot multiplication from double scales (Mii et al. 1974). 

Hippeastrum sp. bulbs, when sectioned, exude mucilaginous compounds capable of inducing the oxidation of 

lipids and other molecules, initiating the production of free radicals potentially harmful to in vitro explants (Mii et 

al. 1974).  

Another important factor to consider is the luminous quality in the organogenic development, influencing 

as much as phytohormones in the expression of regulatory genes (Li et al. 2017). The literature has shown that the 

properties of the light emitting diode (LED) allow an expressive efficiency in the in vitro photomorphogenic 

process since LEDs can increase shoot development by increasing the concentration of photosynthetic pigments 

such as chlorophyll and carotenoids in plant tissues (Shin et al. 2008). For this reason, the study of spectral 

combinations from the introduction of LEDs has been increasingly applied, once they produce shoots with longer 

length in a short period of time, since they do not develop signs of stress when taken to the ex vitro environment 

(Shin et al. 2008). However, there are no reports in the literature relating the light spectrum and the in vitro 

propagation of amaryllis.  

Given the above and given the need for improvement in the current protocol for large scale in vitro 

production of amaryllis cv. ‘Apple Blossom’, the refinement of tissue culture techniques and applied growing 

conditions is essential since it will optimize the micropropagation with high quality, resulting in best competitive 
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values for their commercialization. Thus, the objective of this study is to standardize the extraction of double scales 

and subsequent shoot induction in amaryllis cv. ‘Apple Blossom’ by minimizing the negative effects of explant 

oxidation, in addition to maximizing the frequency of shoot regeneration in vitro for acclimatization through the 

use of blue and red LEDs. 

 

Material and methods 

Origin of botanical material and disinfestation of explants. Bulbs of amaryllis cv. ‘Apple Blossom’ were 

supplied by Terra Viva (Holambra/SP, Brazil; https://www.terraviva.agr.br) and stored in a cold chamber at 4 °C 

until explant removal. The bulbs were removed from their commercial packaging and their outermost roots and 

scales were then excised with a knife before washing in running water for approximately 15 minutes (Fig. 1a-c). 

Subsequently, the bulbs were sectioned in 4 equal parts transverse to their base (Fig. 1d) and in a laminar flow 

chamber; the sections were immersed in 70% alcohol for 1 minute, with subsequent immersion in 3% calcium 

hypochlorite (Fig. 1d) containing 5 drops of Tween® 20 for each 100 mL of solution for 10 minutes under stirring. 

The sections were drained and immersed in distilled water so as not to dry during explant removal in a laminar 

flow chamber. 

 

Explant excision. The sections were cut again with a scalpel (slides nº 22) longitudinally to the basal plate to 

reduce the height of the scales, and transversely until scales of 4 to 12 mm in length (Fig. 1e) were obtained. Each 

explant consisted of a pair of scales joined by the basal plate (Fig. 1f). During the excision process prior to 

inoculation, the explants were immersed in 100 or 500 mg L-1 ascorbic acid solution for 15 minutes to prevent 

tissue dehydration and subsequent explant oxidation in the culture medium. 

 

In vitro multiplication. The growth medium consisted of the MS culture medium (Murashige and Skoog 1962), 

supplemented with 30.0 g L-1 sucrose, 1.0 g L-1 PVP, 2.5 μM indoleacetic acid (AIA), 10.0 μM 6-benzylaminopurine 

(BAP), 8 g L-1 agar, as well as different concentrations of activated charcoal (0.0, 2.0 and 4.0 g L-1). The pH of the medium 

was adjusted to 5.8 before autoclaving at 121 ºC and 1.5 atm for 20 minutes. 50-mL aliquots of medium were dispensed 

into 75 x 150-mm flasks and 3 explants were inoculated per vial. The material was conditioned in a growth room under an 

irradiance of 36 μmol m-2s-1 with a 16-hour photoperiod and temperature of 25 °C ± 2 °C. In vitro multiplication was set in 

a double factorial scheme (ascorbic acid x activated charcoal concentrations); after 30 days of in vitro culture, recovery 

percentage (% of explants showing at least one shoot) and shoot number per explant were evaluated. The study of the 

correlation between explant size and shoot number was conducted after determination of ascorbic acid and activated 

charcoal concentrations that maximized in vitro multiplication. Thus, explants of 4, 6, 8, 10 or 12 mm measured at baseline 

were excised and left in 500 mg L-1 ascorbic acid for 15 minutes and inoculated in MS culture medium. The material was 

conditioned in a growth room under an irradiance of 36 μmol m-2s-1 with a 16-hour photoperiod and temperature of 25 °C 

± 2 °C. After 30 days of in vitro culture, recovery percentage and shoot number per explant were evaluated. 

 

Histological analyses. Histological analyses were performed to observe the internal morphology of the explants (double 

scales with 6 mm) after cell differentiation and shoot growth at 15 days after inoculation in the culture medium. For light 

microscopy, the chemical fixation of the explants in 2.5% paraformaldehyde in 0.1M sodium phosphate buffer solution (pH 

7.2) was carried out for 24 hours at room temperature. After fixation, the samples were washed in phosphate buffer 3 times, 

for 20 minutes each, followed by dehydration in ethyl series (30%, 50%, 70% and 90% for 25 minutes each and 100%, 25 

minutes, 2 times each). The samples were then infiltrated as follows: in absolute alcohol and historesin (Leica Historesin®) at 

the ratio of 1:1 for 24 hours, and in pure historesin for 24 hours, both steps at room temperature. Soon after infiltration, the 

samples were placed in the molds in different orientations and immediately placed in pure historesin. The molds were left on 

a bench for 24 hours and then packed in an oven at 38 °C to complete the polymerization period. After polymerization, the 

blocks were removed from the molds and 5-μm thick sections were done on a microtome (Leica, RM 25) and stained with 

toluidine blue safranin (1%) for visualization of cell nuclei (Gurr 1965). The sections were fixed on slides with Canada balm 

and observed under a Zeiss Scope AX10® light microscope coupled to an AxioVision R.L. 4.8® digital camera. 

 

Use of LEDs on in vitro culture. The effect of the blue and red LED lamp on in vitro multiplication was evaluated 

in the same medium described above and left in 500 mg L-1 ascorbic acid for 15 minutes prior to inoculation; 10-mL 

aliquots of medium were dispensed into 20 x 150 mm test tubes. A 6-mm explant was inoculated per tube. The 

treatments consisted of two types of light source: (i) 20 W white fluorescent lamp with a white light (400–700 nm) 

36 µmol m-2 s-1 irradiance (Osram, Brazil) and (ii) mixed treatment of RED LED (peak at 630 nm) and BLUE 

LED (peak at 460 nm) (RB) with 86 µmol m-2 s-1 irradiance (Osram, Brazil). The spectral distributions in relative 

energy of the white fluorescent and RB LED lamps were determined with a light quantum meter (Model 1400, LI-

COR, USA) (Fig. 6). After inoculation, the explants were kept at a temperature of 25 °C ± 2 °C, with a 16-hour 

photoperiod. The variables evaluated after 30 days of in vitro cultivation were recovery (%) and shoot number per 

explant. 
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Ex vitro acclimatization. Shoots obtained in vitro at 60 days of cultivation were used for acclimatization. 

Vermiculite and Tropstrato® (Genfértil, Brazil) were compared as substrates. Approximately 30 mL of each type 

of substrate were distributed in 500-mL plastic cups, which were previously moistened to their field capacity. A 

shoot was placed in each cup, covered with a plastic bag, to decrease the water loss of the system, totaling 30 

replications per treatment. Each week, one edge of the plastic bag was removed together with the replenishment 

of the field capacity of the substrate. By the end of the third week, the plastic bag was completely removed. The 

acclimatization process was considered complete at the end of four weeks. The evaluated variables were leaf 

number, sum of leaf length and sum of leaf width (cm). 

 

Statistical analysis. The experimental design was completely randomized for all experiments. The data were submitted to 

analysis of variance (ANOVA) using the statistical software R 3.2.5, a package of experimental analysis ExpDes.pt (Ferreira 

et al. 2013). According to the ANOVA results, the data were compared using the Tukey test (p<0.05) or modeled in 

polynomial regressions (p<0.05). 

  

Results 

In vitro multiplication. When initiating the micropropagation experiments through bud cultivation, described in 

the literature by Tombolato et al. (2001), a deficiency in the detailing of the procedures was observed, besides the 

current need for optimization of the protocol for this species, including new compounds in the culture media that 

could induce to the maximum bud formation and adequacy of the acclimatization protocol, leading to more 

satisfactory results. 

 Thus, the thorough preparation sequence of the plant material was illustrated (Fig. 1). Shoots purchased 

in commercial packages are devoid of most of the substrate residues where they were originally cultivated and 

undergo a vernalization period to induce flowering, which leaves the outer scales and the remaining roots dry (Fig. 

1a). Therefore, the dry parts were removed and the thinning of the surplus parts, such as the superficial layer of 

the basal plate and the upper part of the scales (Fig. 1b-c), began. Once cleaned, the shoot was divided into four 

sections, facilitating the disinfestation step in a laminar flow chamber (Fig. 1d). The disinfested sections were 

sectioned again, reducing the size of the scales to facilitate shoot induction (Fig. 1e). The newly obtained double 

scale has a whitish appearance and is covered by a mucilage that is involved with the pink oxidation of the in vitro 

explant, and its immersion in 500 mg L-1 ascorbic acid solution prior to inoculation is indicated to prevent oxidation 

increase (Fig. 1f-g). According to the establishment of in vitro double scales, they become gradually greenish, and 

the addition of activated carbon in the culture medium is also important to avoid the damage caused by scale 

oxidation (Fig. 1h). After 10 days, the appearance of the first shoots between the double scales appears in a 

magnifying glass; however, the visualization is more apparent after 15 days of in vitro culture (Fig. 1i). 

 There was no interaction between the factor evaluated (ascorbic acid x activated charcoal concentrations). 

The use of activated charcoal at 2 g L-1 resulted in a higher shoot number than the other concentrations tested; on 

the other hand, recovery was only distinguished between the control and the other concentrations of activated 

carbon added to the medium, with an increase of 16% (Fig. 2).  

 The two tested concentrations of ascorbic acid also resulted in a different shoot number, which was 23% 

higher at a concentration of 500 mg L-1 (Fig. 3). 

 The basal length of the double scales was determinant for shoot number. According to the prepared model, 

2-mm explants are required to obtain at least one shoot and, for every 2 mm in which the basal length of the double 

scales is increased, an additional shoot is expected (Fig. 4). 

 

 Use of LEDs on in vitro culture. Shoot development was 37.85% higher under a blue and red LED lamp, 

compared to the white fluorescent lamp, although the recovery of these shoots was not significantly affected by 

the type of light source (Fig. 5). 

 In general, the multiplication process begins at 14 days of in vitro culture (Fig. 6a). Shoots emerge 

between the two scales joined by the basal plate (Fig. 6b). However, it is possible that they originate in less than 

10% of the cases in the region outside a scale (Fig. 6c). Although shoot emergence occurs simultaneously in the 

same explant, its subsequent growth is uneven (Fig. 6d). Rooting occurs naturally during multiplication, from the 

third week of in vitro culture, without the requirement of an additional step (Fig. 6e). During development, shooting 

changes from a whitish color to green, as leaf growth begins (Fig. 6f). Explants inoculated in the medium without 

the addition of antioxidants acquire an intense pink coloration at the edges where they were excised and release 

substances that render the medium yellowish (Fig. 6g). The addition of activated carbon to the medium and 

immersion of the explants in ascorbic acid solution prior to inoculation minimize these effects (Fig. 6g). 

 

Histological analyses. The longitudinal sections of the basal plates and the double scales showed cell differentiation 

patterns using the dye toluidine blue after 15 days in the culture medium (Fig. 7). 
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Acclimatization. Acclimatization on two substrate types (Tropstrato® and Vermiculite) was planned so that 

regression models could be established to describe the performance of the responses evaluated in each of them 

(Fig. 8). In the fourth week, it was evident that Tropstrato® yielded the highest plant growth under acclimatization: 

a new leaf releases every 25 days on Tropstrato® against 34 days on Vermiculite (Fig. 8a); a leaf growth of 

approximately 5.36 cm per week on Tropstrato® versus 4.36 cm on Vermiculite (Fig. 8b); and a leaf width of 2.1 

cm on Tropstrato® versus 1.82 cm on Vermiculite (Fig. 8c). 

 

Discussion 

Previous studies on amaryllis propagation describe in a simplified way the obtention process of double 

scales, in addition to reporting different size patterns for the explants used (Huang et al. 1990a; Huang et al. 1990b; 

Mii et al. 1974; Tombolato et al. 2001). Therefore, the description made in this study on the procedures for the 

obtention of a standardized form of the double scales used in the in vitro multiplication of amaryllis was of 

significant importance (Fig. 1). The first standardization adopted in this study was the reduction in the height of 

leaves of the double scale since it was verified that these leaves offer a physical barrier to shoot development. In 

this context, it was evidenced that double scales that exceed 2 cm in height tend to oxidize more, bend to their base 

and/or remain closed, instead of opening in a shape that resembles the letter V, which causes less resistance to the 

emergence of multiple shoots. 

The use of antioxidant compounds directly in the explants in the form of an ascorbic acid solution or 

dissolved in the culture medium in the form of activated carbon and PVP considerably reduced the browning of 

the explant caused by exudates as phenolic compounds (Aga and Khillare 2017), which reduces or delays 

morphophysiological responses due to the reduced organogenic competence of oxidized cells (Oliveira et al. 2017; 

Liu et al. 2015). In agreement with this response, both shoot number and recovery percentage were higher when 

the culture medium was supplemented with 2 g L-1 activated carbon. On the other hand, the immersion of explants 

in ascorbic acid solution at 500 mg L-1 showed a significant effect only on shoot number.  

In this study, it was observed that there is a linear relationship between the basal length of double scales 

and the number of shoots obtained, with the average value of a 2-mm double scale shoot. On the other hand, in 

other studies with Hippeastrum hybridum, where basal length was not considered, each double scale produced at 

most four 10 mm double-scale shoots (Huang et al. 1990a; Huang et al. 1990b; Okubo et al. 1999; Sultana et al. 

2010; Tombolato et al. 1994; Tombolato et al. 2001). Other factors may have contributed to this result, not just the 

lack of standardization in the length of double scales. Among them, it is possible to consider the age and 

physiological stage of donor bulbs, the reduced height of the double scales used in this study, which physically 

facilitated the development of multiple shoots, as well as the use of antioxidant agents. 

During the experiments conducted, and after confirmation through anatomical analyses, it was shown that 

the shoots became apparent after 14 days of in vitro culture, approximately the same time reported for the cultivar 

‘Akamaruben’ (Huang et al. 1990b), but less time than previously reported for cv. ‘Apple Blossom’ (Tombolato 

et al. 2001). 

When the double-scale multiplication method is used, bud growth is expected inside (Fig. 6b). However, 

shoots originated in the outer region of the double scale (Fig. 6c) were observed. The importance of the two scales 

for the propagation of amaryllis by double scales has been well discussed previously (Huang et al. 1990b). The 

basal plate acts both physiologically and mechanically, joining the tissues in shoot formation, but is not essential 

for the shooting process (Okubo et al. 1999). Thus, in spite of the relevant joint effect of the scales and the basal 

plate, the absence of a basal plate on the external side of the double scale does not prevent shoot emergence on its 

external side. 

The multiple shoots grew unevenly after appearing at the same time, indicating a reallocation of the 

energetic compounds to the shoot most apt to develop (Fig. 6d). During shoot growth, it is known that there is a 

reduction in soluble and insoluble sugars, mainly starch, in the scales and their increase in shoots (Zhang et al. 

2013). However, it is not yet known how these carbohydrates are partitioned between the various shoots and how 

much this phenomenon impairs the development of other shoots. Therefore, shoot individualization is suggested, 

since they naturally root in the culture medium after 21 days (Fig. 6e), before the growth contrasts are perceived, 

around 24 days, to promote greater uniformity during acclimatization. 

The results show that shoot number is higher under blue and red LED lamps than under fluorescent lamps, 

both of which are similar in terms of percent recovery. As the wavelengths emitted by LEDs are specific, they can 

be used to better regulate the photomorphogenic radiation required by development, fostering optimal development 

(Dutta Gupta and Jatothu 2013; Kim et al. 2004). Many other studies highlight the efficiency of LED lamps, 

compared to fluorescent lamps on in vitro culture (Dutta Gupta and Jatothu 2013). For example, the red LED 

promoted a higher rate of induction, propagation, and fresh matter, while the blue LED led to greater organogenic 

differentiation, compared to the fluorescent lamp at 25% (Mengxi et al. 2011). Thus, a well-defined balance 

between the luminous spectra in the red and blue regions justifies the higher shoot number obtained. The greening 
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of scales and shoots after in vitro establishment had already been reported before, indicating that they are capable 

of photosynthesis (Mii et al. 1974; Stancato and Mazzafera 1995).  

The acclimatization of amaryllis, or even its ex vitro propagation, is generally performed in Vermiculite 

(De Bruyn 1997; Kharrazi et al. 2017; Stancato and Mazzafera 1995; Zhang et al. 2013). Acclimatization was 

100% in both substrates (vermiculite and Tropstrato®). However, it was observed that Tropstrato® yielded higher 

shoot growth, leaf number and leaf growth at the end of the 4-week evaluation. Vermiculite is an inert material 

which has relatively large particles capable of retaining large portions of water and air necessary for plant growth. 

In turn, Tropstrato® is also able to retain large amounts of water and air, keeping the available moisture for a longer 

time period. In addition, the commercial substrate is a composite material and may provide minerals, even if a few, 

sufficient to sustain the higher growth in acclimatization. 

Ultimately, considering the established standardization, a 25-cm shoot makes it possible to obtain up to 

50 double scales of 10 mm of basal length, on average. Of these, 90% (45 double scales) recover 5 shoots, which 

means that 225 clones are obtainable from a single shoot multiplied under a fluorescent lamp. Under the blue and 

red LED lamps, the expected number is 37.85% higher, that is, 310 clones per shoot, which represents a significant 

advance, considering the economic importance of the species. 
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Figures 

 

 
Fig. 1 Steps for the obtention of double scales in amaryllis. a: fresh commercial bulb; b: bulb sectioned in half; c: 

bulb with the upper and lower parts excised; d: bulb sectioned in four, indicating the next cuts; e: lateral view of 

the section used to obtain double scales, indicating the region to be discarded (left) and number of double scales 

obtained in section (right); f: isolated double scale; g: double scale before (left) and after one week of inoculation 

(right); h: pair of double scales inoculated in a flask; i: two shoots sprouting between double scales after 15 days 

of in vitro culture. Bars 1.0 cm (a-h), 0.2 cm (i). 

 

 
Fig. 2 Influence of activated carbon on the number of shoots recovered in amaryllis. Bars indicate the standard 

error. 

* Significant difference in shoot number according to the Tukey test (p<0.05) 

** Significant difference in recovery according to the Tukey test (p<0.05) 
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Fig. 3 Influence of ascorbic acid on the number of shoots recovered in amaryllis. Bars indicate the standard error. 

* Significant difference in shoot number according to the Tukey test (p<0.05) 

 

 
Fig. 4 Polynomial regression model that describes the shoot number as a function of the basal length of inoculated 

double scales. Bars indicate the standard error. Parameters estimated with p<0.05 

 

 
Fig. 5 Influence of the type of lamp used as a light source on the number of shoots recovered in amaryllis. Bars 

indicate the standard error. 

* Significant difference in shoot number according to the Tukey test (p<0.05) 
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Fig. 6 In vitro shoot development in amaryllis. a: sprouting at 14 days of in vitro culture; b: shoot growth between 

double scales; c: multiple shoots emerging from the interior and exterior of double scales; d: ununiform shoot 

growth; e: natural rooting during shoot induction; f: growth stages of shoots at 10, 14, 16, 21, 24, 28 days of in 

vitro culture (from right to left); g: details of the colors acquired by the culture media under the conditions (from 

left to right), initial, 100 mg L-1 ascorbic acid, 500 mg L-1 ascorbic acid, 2 and 4 g L-1 activated carbon, respectively. 

Bars 0.5 cm (a), 1.0 cm (b-g). 
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Fig. 7 After 15 days of in vitro culture, it is observed that the cells start the differentiation process and already 

have a central and evident nucleus with high cytoplasmic density, forming a spherical region between the proximal 

and distal portions of the initial cells. 
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Fig. 8 Performance of responses associated with the acclimatization of amaryllis over four weeks. Polynomial 

regression models for leaf number (a); for the sum of leaf length (b); and for the sum of leaf width (c). Bars indicate 

the standard error. Parameters estimated with p<0.05. 
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Annexes 

 

 
Fig. S1 Schematic experimentation overview. At first, ascorbic acid and activated charcoal concentrations were 

fitted; subsequently, this fitting was applied to fit twin scale baseline size; then the light quality influence provided 

by a fluorescent or a LED lamp was evaluated; ultimately, acclimatization was achieved. 

 

 
Fig. S2 Spectral distribution of the relative energy of the white fluorescent lamp (a) and the red and blue LED 

lamp (b). 
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Fig. S3 General aspect of amaryllis seedlings at 60 days of in vitro culture (a); during the acclimatization process, 

at 15 days of ex vitro cultivation on commercial substrate Tropstrato® (b); at 30 days of ex vitro culture on 

vermiculite commercial substrate Tropstrato® (c); and top view of the plants after the acclimatization process in a 

greenhouse (d). Bars 1.0 cm. 
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Key Message 

The plant organ and developmental stage determine the viral elimination and detectability by the means of RT-

PCR in Hippeastrum hybridum. 
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A eliminação viral após termoterapia e crioterapia depende do órgão da planta e estágio de 

desenvolvimento em Hippeastrum hybridum 

 

Resumo 

 

Hippeastrum hybridum é uma espécie ornamental bulbosa de grande importância econômica. Contudo, a 

contaminação por vírus tem comprometido a sua produção. A principal técnica utilizada pelos produtores como 

medida para combater a contaminação viral é a termoterapia. Está técnica não garante a eliminação de todos os 

vírus hospedados em H. hybridum, além de afetar negativamente a fisiologia dos bulbos. Recentemente, a 

crioterapia vem ganhando expressivo destaque como uma alternativa para a erradicação de viroses. Assim, 

objetivou-se estudar os efeitos fisiológicos da termoterapia no crescimento e desenvolvimento dos bulbos, bem 

como desenvolver um protocolo de criopreservação baseado na encapsulamento-vitrificação para aplicação na 

crioterapia, sozinha ou em combinação com a termoterapia, e verificar a dependência entre a detecção viral com o 

órgão vegetal e o estágio de crescimento avaliado. Foram feitas análises de crescimento, trocas gasosas, 

quantificação de pigmentos fotossintetizantes, carboidratos e atividade de invertases ácida e neutra, além da 

comparação entre os tempos de exposição aos crioprotetores PVS2 e PVS3. A diagnose viral foi feita 

histologicamente e por RT-PCR, sendo a estabilidade genética avaliada por citometria de fluxo. Os resultados 

evidenciaram que a termoterapia atrasou o crescimento e o desenvolvimento subsequente dos bulbos por reduzir 

o conteúdo de clorofilas a, b e carotenoides, levando a uma menor taxa fotossintética. Além disso, desenvolveu-

se o primeiro protocolo de criopreservação para a espécie, baseado no encapsulamento-vitrificação com 60% de 

regeneração ao se utilizar o PVS3. A termoterapia e a crioterapia não induziram alterações genéticas. Contudo, os 

tratamentos aplicados foram ineficazes na eliminação viral, possivelmente devido ao elevado tamanho das gemas 

utilizadas. Sobretudo, a detecção foi dependente do órgão e do estágio de desenvolvimento. 

 

Palavras-chave: ‘Apple Blossom’, citometria de fluxo, amarílis, ornamental, encapsulamento-vitrificação. 
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Viral elimination after thermotherapy and cryotherapy depends on the plant organ and developmental 

stage in Hippeastrum hybridum 

 

Key Message 

The plant organ and developmental stage determine the viral elimination and detectability by the means of RT-

PCR in Hippeastrum hybridum. 

 

Abstract Hippeastrum hybridum is a bulbous ornamental species of great economic importance. However, virus 

contamination has compromised its production. The main technique used by producers as a measure to combat 

viral contamination is thermotherapy. This technique does not guarantee all viruses elimination hosted in H. 

hybridum, in addition to negatively affecting the bulbs physiology. Recently, cryotherapy has gained significant 

prominence as an alternative to the virus elimination. Then, the aims were to study the physiological effects of 

thermotherapy on the bulb's growth and development, as well as to develop a cryopreservation protocol based on 

encapsulation-vitrification for application in cryotherapy, alone or in combination with thermotherapy, and verify 

the dependence between viral detection with the plant organ and the growth stage evaluated. Growth analyzes, gas 

exchanges, photosynthetic pigments quantification, carbohydrates and acid, and neutral invertase activity, as well 

as the comparison between the exposure times to the PVS2 and PVS3 cryoprotectants, were performed. The viral 

diagnosis was made histologically and by RT-PCR, and genetic stability was assessed by flow cytometry. The 

results evidenced that the thermotherapy delayed bulbs growth and subsequent development by reducing the 

content of chlorophyll a, b and carotenoids, leading to a lower photosynthetic rate. In addition, the first 

cryopreservation protocol for the species was developed, based on encapsulation-vitrification with 60% 

regeneration when using PVS3. Thermotherapy and cryotherapy did not induce genetic alterations. However, the 

treatments applied were ineffective in viral elimination, possibly due to the high sized shoots used. Above all, the 

detection was organ and stage dependent. 

 

Keywords: 'Apple Blossom', flow cytometry, amaryllis, ornamental, encapsulation-vitrification. 

 

 

Introduction 

  Among the 20 most traded crops in the flower and ornamental plants market, Hippeastrum sp. can be 

highlighted, due to its high value and price appreciation of 14% in recent years (Hanks 2018). Ornamental 

horticulture moved more than €5.8 billion in 2016 with only two of the most prominent representatives, Royal 

FloraHolland (Netherlands) and Landgard (Germany) (Hanks 2018). Besides, this is a rising market, emphasizing 

Brazilian participation (Veiling Holambra, São Paulo), which increased its profits by 153% between 2009 and 

2016, moving alone €170 million in 2014 (Hanks 2018). 

Hippeastrum hybridum, popularly known as amaryllis, is a bulbous species noted as economically 

promising in the early 2000s (Ephrath et al. 2001), confirming its prominent position on the market a few years 

later (Zhang et al. 2013; Hanks 2018). Before H. hybridum gain the current economic importance, producers had 

to solve technical problems regarding the propagation method, which required a lot of manual labor; long growth 

period in relation to other crops and difficulties involving the regulation and flowering control to coincide with the 

best marketing season (Ephrath et al. 2001).  

Once the initial technical problems were solved, the amaryllis crop established itself in the world market. 

However, the emergence of mosaic viruses began to threaten their maintenance in nurseries (Tombolato et al. 

2001). Viruses frequently do not kill ornamental plants but reduce their value by delaying the flowering cycle and 

impairing the plant's visual appearance (Alexandre et al. 2011).  

The major viruses hosted by H. hybridum are Hippeastrum mosaic virus (HiMV) and Sunflower mosaic 

virus (SuMV), genus Potyvirus (Duarte et al. 2009; Raj et al. 2009; Alexandre et al. 2011; Wylie and Jones 2012), 

Cucumber mosaic virus (CMV), genus Cucumovirus (Gutierrez-Villegas et al. 2004), Nerine latent virus (NeLV), 

genus Carlavirus (Wylie and Jones 2012), besides those less common, Tomato spotted wilt tospovirus (TSWV) 

and Impatiens necrotic spot tospovirus (INSV), genus Tospovirus (Dong et al. 2013), in addition to Tobacco 

mosaic virus (TMV), genus Tobamovirus (De Leeuw 1972). 

In an effort to eliminate viral contamination, methods of bud culture and thermotherapy, or their 

combination, were applied and suggested in Hippeastrum sp. (Yanagawa and Osaki 1996; Amaral et al. 2007). 

Recently, the cryopreservation techniques diversification has allowed its exploration for the development of 

cryotherapy, which allowed obtaining vírus-free plants with success (Wang et al. 2014; Prudente et al. 2018).  

Several cryopreservation techniques have been successfully applied for cryotherapy, including the 

encapsulation-vitrification one, which was efficient in raspberry for the elimination of Raspberry bushy dwarf 

virus (RBDV) (Wang et al. 2008), and in sweet potato for the elimination of Sweet potato chlorotic stunt virus 
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(SPCSV) and Sweet potato feathery mottle virus (SPFMV) (Wang and Valkonen 2008). However, cryotherapy by 

encapsulation-vitrification has not been studied in Hippeastrum sp. to date. 

Despite efforts, thermotherapy remains the most widespread alternative to viral elimination in bulbous 

species (Walkey 2018). However, its application may mean the loss of bulb vigor, and the success of viral cleaning 

largely depends on the type of virus, the species and the plant part treated, as well as the growth stage in which it 

is found (Hu et al. 2015; Lizárraga et al. 2017). 

There are approximately 300 H. hybridum cultivars in commercial use, being ‘Apple Blossom’ one of the 

main ones (Tombolato et al. 2007), the chosen as the object of this study. Therefore, the objective was to evaluate 

the physiological mechanisms by which thermotherapy can affect bulb growth and development; to develop a bulb 

cryopreservation protocol by encapsulation-vitrification to be used for cryotherapy, besides verifying the 

dependence between viral detection with the plant organ and the growth stage evaluated. 

 

 

Material and methods 

Botanical material origin. H. hybridum cv.‘Apple Blossom’ bulbs were supplied by the company Terra Viva 

(Holambra/SP, Brasil; https://www.terraviva.agr.br) and stored in a cold room at 4 °C until explant removal or 

planting. The bulbs were removed from their commercial packaging and their outermost roots and scales were 

then excised with a knife before washing in running water for approximately 15 minutes. 

 

Ex vitro experiment: 

Thermotherapy. In order to test the viral cleaning protocol and to perform the material phytosanitary cleaning, 

48 bulbs were selected from a batch previously analyzed positively for the presence of virus by RT-PCR. In the 

thermotherapy treatment, the 48 bulbs were exposed to a constant temperature of 37 ºC in a Biochemical Oxygen 

Demand (BOD) chamber for 40 days (Conci and Nome 1991). After this period, 40 thermotherapy-treated bulbs 

and 40 fresh bulbs were potted in vermiculite (5L), one bulb/pot. The bulbs were kept under greenhouse conditions, 

at an average temperature of 25 ± 2 ºC, for physiological evaluations for 30 days. 

The remaining eight thermotherapy-treated bulbs were used for the extraction of double scales, with 

subsequent inoculation in in vitro culture medium for the virus cleaning experiments.  

 

Growth analysis. During 10 weeks, fresh bulbs and bulbs from the thermotherapy treatment were evaluated for 

leaf number, length, and width, as well as floral stalk length. The percentage of survival and bulbs flowering was 

determined at 30 days of cultivation. The fresh bulbs were weighed at the beginning and, at the end of 10 weeks 

of cultivation, the fresh matter (FM) of roots, bulbs, and leaves was determined. Subsequently, the same samples 

were oven-dried with forced air at 65 °C for 72 hours and then again weighed for dry matter (DM) calculation.  

 

Gas exchange measurements. For gas exchange evaluations, leaves were selected from control bulbs and after 

the thermotherapy treatment at 30 days in a greenhouse. Measurements were performed on the middle third of the 

fully expanded leaf between 9 and 11 o’clock in the morning. The CO2 net assimilation rate (A), stomatal 

conductance (gs), transpiratory rate (E), instantaneous water use efficiency (WUE = A/E), the carbon content in 

the substomatal chamber and external carbon (Ci/Ca) and instantaneous carboxylation efficiency (A/Ci) were 

considered. Measurements were obtained with the aid of a portable gas exchange analyzer, LI6400XT IRGA (LI-

COR, Lincoln, USA).  

 

Quantification of photosynthetic pigments: chlorophyll a and b and carotenoids. For the determination of 

pigment contents, nine leaves were selected from control bulbs and after the thermotherapy treatment at 30 days 

in a greenhouse; 0.1 mg of leaf tissue in 80% acetone was macerated. After filtration, the final volume was 

completed to 5 mL. Subsequently, spectrophotometric readings were carried out at 45 and 663 nm for chlorophylls 

a and b, respectively while, for carotenoid contents, readings were carried out at 445 nm (Lichtenthaler and 

Buschmann 2001). 

 

Quantification of total soluble sugars, reducing sugars and starch. For the quantification of total soluble sugars 

(TSS), reducing sugars (RS) and starch, leaves, roots and bulbs of five control and after the thermotherapy 

treatment plants were harvested, at 30 days in the greenhouse. The plant material was oven-dried with forced air 

at 65 °C for 72 hours and then stored on craft paper until analysis. The homogenate from phosphate buffer (pH 7) 

was centrifuged at 5,000 g for 10 minutes and the supernatant was collected. The procedure was repeated and the 

supernatants were combined to make a final volume of 10 mL. The crude extract was used for the quantification 

of TSS and starch by the Anthrone method (Dische 1962), while RS was quantified according to the protocol 

described for 3,5-dinitrosalicylic acid (DNS) (Miller 1959). 
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Invertase isoforms activity. The activities of two invertase (EC 3.2.1.26) isoforms was evaluated: vacuole acid 

(IAV) and cytosol neutral (INC) were evaluated in control and treated samples of bulb and root tissues, collected 

at 30 days after the transfer of the plants to the greenhouse. The invertase isoforms were extracted by homogenizing 

0.4 g of fresh tissue in 1.5 mL of potassium phosphate buffer (100 mM pH 7.5) added with phenylmethylsulfonyl 

fluoride (PMSF) (1 mM), MgCl2 (5 mM) and dithiothreitol (DTT) (1 mM). Subsequently, the homogenate was 

centrifuged at 18,000 g at 4 °C for 20 minutes (Cairo et al. 2009). The supernatant was used to evaluate the activity 

of soluble invertases. The enzymatic activities were evaluated by the quantification of RS produced using DNS 

(Miller 1959). 

 

In vitro experiments: 

Cryopreservation protocols applied in bulbs. In order to establish an efficient cryopreservation protocol that 

could be used for cryotherapy, protocols were developed through buds encapsulation-vitrification. Before buds 

encapsulation, the explants were disinfected. 

 

Explant disinfestation and excision. The bulbs were sectioned in 4 equal parts transverse to their base, in a 

laminar flow chamber, and the sections obtained were immersed in 70% alcohol for 1 minute. Subsequently, the 

fragments were immersed in 3% calcium hypochlorite solution, containing 5 drops of Tween® (Sigma Aldrich®, 

St. Louis, USA) 20 for each 100 mL of solution, for 20 minutes under stirring. The bulb sections were transferred 

to distilled water to avoid drying during explant removal in a laminar flow chamber. 

The bulb sections were again sectioned with a scalpel longitudinally to the basal plate to reduce the height 

of the scales, and transversely until ~8 mm scales were obtained. Each explant consisted of a pair of scales joined 

by the basal plate (double scales). During the excision process prior to inoculation, the explants were immersed in 

500 mg L-1 ascorbic acid solution for 15 minutes to prevent tissue dehydration and subsequent explant oxidation 

in the culture medium. 

 

in vitro multiplication. For explant multiplication, MS (Murashige and Skoog 1962), culture medium was used, 

supplemented with 30.0 g L-1 sucrose, 1.0 g L-1 polyvinylpyrrolidone (PVP; Sigma Aldrich®), 2.5 μM indoleacetic 

acid (IAA; Sigma Aldrich®), 10.0 μM of 6-benzyl aminopurine (BAP; Sigma Aldrich®), 8 g L-1 of agar and 2.0 g 

L-1 activated charcoal (Sigma Aldrich®). The pH of the medium was adjusted to 5.8 before autoclaving at 121 ºC 

and 1.5 atm for 20 minutes. Aliquots of 50 mL medium were dispensed into 75 x 150 mm flasks and 3 explants 

were inoculated per flask. The material was conditioned in a growth room under mixed red (630 nm) and blue 

(460 nm) (RB) LED light (Osram, Barueri-SP, Brazil), under irradiance of 86 μmol m-2 s-1, with a 16-hour 

photoperiod and temperature of 25 °C ± 2 °C for up to 14 days. From 14 days, the buds become very large for 

encapsulation and cryopreservation. 

 

Bud encapsulation. For the application of cryopreservation techniques, buds from in vitro multiplication with 

approximately 0.2-0.5 cm were transferred to MS (Murashige and Skoog 1962) preculture medium, added with 

0.3 M sucrose for 24 hours. Subsequently, the buds were immersed in MS (Murashige and Skoog 1962) medium 

supplemented with 0.09 M sucrose and 2.5% alginate (Sigma Aldrich®), individually rescued and dripped in 

calcium chloride solution (100 mM), in which they remained for 20 minutes, characterizing the complexation 

phase. The beads were immersed in distilled water autoclaved three times for the removal of excess calcium 

chloride.  

 

Encapsulation-vitrification. The beads were treated with loading solution (2M glycerol + 0.5M sucrose) for 20 

minutes before immersion in Plant vitrification solution 2 (PVS2) or Plant vitrification solution 3 (PVS3) at 0 °C 

for different periods (0, 30, 60, 120, 180 and 240 minutes). After treatment in PVS2 or PVS3, the beads were 

inserted into 2 mL cryotubes and immersed in liquid nitrogen, where they remained for 90 minutes. Buds thawing 

was carried out in a water bath at 40 ºC for three minutes and the beads were then immersed in discharging solution 

(1.2 M sucrose) at 25 °C for 15 minutes. 

After cryopreservation, the beads were partially de-complexed in potassium nitrate solution (100 mM) 

for 15 minutes and inoculated into the multiplication medium. The beads were maintained in a growth room with 

16-hour photoperiod under irradiance of 36 μmol m-2s-1 and temperature of 25 ± 2 °C. The variables evaluated 

after 30 days of cultivation were: percentage of survival and percentage of regrowth. 

 

Cryotherapy for viral cleaning. In order to evaluate the efficiency of viral disinfection methods, Hippeastrum 

buds, previously disinfested as previously described, were divided into 4 treatment groups: (i) in vitro bud culture 

(control); (ii) thermotherapy combined with in vitro bud culture; (iii) bud cryotherapy and (iv) thermotherapy 

combined with bud cryotherapy. All groups were maintained in the multiplication medium previously described 

after receiving their treatments, and the percentage of survival and regrowth were evaluated after 30 days of 

cultivation. 
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Genetic stability. For the determination of the DNA content by flow cytometry, the plant material in the 

acclimatization phase of the seedlings was ground in Petri dishes along with the reference standard - 9.09 pg of 

pea (Pisum sativum L.) DNA (Baranyi and Greilhuber 1995), and 1 mL of nuclei extraction buffer LB01 (Dolezel 

et al. 1989). The suspension obtained was filtered on a 50 μm gauze screen and then stained with 25 μL propidium 

iodide. The whole process was carried out on an ice container. 

The DNA analysis was performed using a FacscaliburTM flow cytometer (Becton Dickinson, Nova Jersey, 

EUA) cytometer and the histograms obtained with the Cell Quest software were analyzed statistically with 

WinMDI 2.8 software. Nuclear DNA content (pg) of the plants was estimated using the ratio between the 

fluorescence intensities of the G1 nuclei (nuclei in the G1 phase of Interphase) of the reference standard (Pisum 

sativum) and the G1 nuclei of the sample, multiplying this ratio by the amount of DNA of the reference standard 

at 9.09 pg (Baranyi and Greilhuber 1995). 

 

Detection of cytological alterations and viral inclusions. The observation of cytological alterations in semi-fine 

paradermal sections of leaf tissues, previously fixed in 70% alcohol and stained with 2% acetic carmine 

(Shunmugam et al. 2018), was performed under light microscopy. 

For the observation of viral inclusions, under light microscopy, semi-fine paradermal sections of fresh leaf tissues 

were stained with 1% Azure A on Cellosolve, with the Luxol brilliant green 1% blend in Cellosolve/Calcomine 

Orange 1% in Cellosolve (Christie and Edwardson 1986) or with Floxin 1% in water reverse osmosis (Rubio-

Huertos 1972).  

The obtained sections, with the inner face that was in contact with the downward-facing mesophyll, were 

immersed in Azure A with 0.2 M Na2HPO4 at the ratio 9:1 (v/v), in the Luxol brilliant green/Calcomine 

Orange/water reverse osmosis water (LCA) at the ratio 8:1:1 (v/v), or in Floxin. After 10-15 minutes, the excess 

dyes were removed by 5 passes in 95% ethanol and the sections were mounted on 60% glycerin. 

The coverslips were sealed with enamel to prevent glycerin evaporation. The sections were observed on 

a Zeiss Scope AX10® light microscope (Carl Zeiss, Oberkochen, Germany) coupled to a digital camera and the 

images were obtained by AxioVision R.L. 4.8® software. 

 

Viral diagnosis 

Total RNA extraction. Three procedures were used to obtain total RNA from control and treated Hippeastrum 

samples: Trizol LS Reagent, according to the instructions of the manufacturer Life Technologies Salzman et al. 

(1999) protocol; and with RNeasy Plant Mini Kit, as described by the manufacturer Qiagen (Qiagen, Hilden, 

Germany). In all procedures, 100 mg of each material were previously ground in the presence of liquid nitrogen. 

 

RT-PCR (Reverse Transcriptase – Polymerase Chain Reaction). Reverse transcription reactions of RNA 

(cDNAs) were performed with 2.5 μL of RNA and GoScript Reverse Transcription System, according to the 

manufacturer’s instructions (Promega; Madison, Wisconsin, USA). Enzyme amplification (PCR) was performed 

from 3 μL of cDNA and GoTaq G2 Hot Start Green Master Mix (Promega) and amplification conditions were 

those described by the authors of the primers used (Table 1) for the detection of viruses already reported in 

Hippeastrum sp., according to the literature: Cucumber mosaic virus, genus Cucumovirrus (Gutierrez-Villegas et 

al. 2004); Tomato spotted wilt virus, Impatiens necrotic spot virus and Hippeastrum chlorotic ringspot virus, genus 

Tospovirus (Dong et al. 2013; Berniak 2016); Sunflower mosaic virus (Smith 2012) and Hippeastrum mosaic 

virus (Alexandre et al. 2011), genus Potyvirus; Nerine latent vírus (Maat et al. 1978), genus Carlavirus; and 

Tobacco mosaic virus (De Leeuw 1972), genus Tobamovirus. For internal control of the reactions and validation 

of the obtained results, primers directed to the mitochondrial NADH dehydrogenase gene were used (Lee and 

Chang 2006). 

Subsequently, enzymatic amplification (PCR) was performed from 3 μL cDNA, 1 μL sense primer, 1 μL 

antisense primer, 12.2 μL GoTaq Master Mix (Promega) and 7.8 μL ‘nuclease free’. After initial denaturation at 

95 °C/2 minutes, the cDNA was amplified in 30 cycles of 95 °C/30s, 58 °C/50s, 73 °C/50 °C, and a final extension 

was made at 73 ° C/5min, in an MJ Research PTC-100 (Bio-Rad Laboratories, Hercules, USA) thermal cycler. 

The amplified products were analyzed in 1.5% agarose gel in horizontal electrophoresis prepared in TAE 

buffer (Tris + glacial acetic acid + 0.5 M EDTA, pH 8.0) containing ethidium bromide (0.05 μL/mL) (Seal & 

Coates, 1998). The electrophoretic run was performed at 80 V for 30-40 minutes and the gel was visualized and 

documented in a Major Science UVDI-365 transilluminator (UV) (Major Science, Saratoga, EUA). 
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Table 1. Primers used in RT-PCR assays with RNA extracted from samples of Hippeastrum sp. and their 

respective labor concentrations 

Virus Primers Reference 

Cucumber 

mosaic virus 

(CMV) 

Sense (CM1 - 25M): 5’ TATGATAAGAAGCTTGTTTTCGCG 3’ 
(Wylie et al. 

1993) 
Antissense (CM2 - 25M): 5’ GCCGTAAGCTGGATGGACAA 3’ 

Target: Protein coat 

Tospovirus 

Sense (S1 Univ - 10M): 5’ TGTARTGRTCCATWGCA 3’ 
(Mumford et al. 

1996) 
Antissense (S2 Univ - 10M): 5’ AGAGCAATYGTGTCA 3’ 

Target: Nucleocapsid 

Potyvirus 

Sense (M4T - 50M) for RT: 5’ GTTTTCCCAGTCACGAC(T)15 3’ 

(Chen and 

Adams 2001) 
PCR 

Sense (S - 20M): 5’ GGXAAYAAYAGYGGXCAZCC 3’ 

Antissense (M4 - 20M): 5’ GTTTTCCCAGTCACGAC 3’ 

Target: NIb/protein coat 

Carlavirus 

Sense (M4T - 50M) for RT: 5’ GTTTTCCCAGTCACGAC(T)15 3’ 

(Chen et al. 

2002) 
PCR 

Sense (pCar-1- 50M): 5’ ATGCCXCTXAXXCCXCC 3’ 

Antissense (M4 - 50M): 5’ GTTTTCCCAGTCACGAC 3’ 

Target: ORFs 3, 4, 5, 6 e 3’ UTR 

Tobamovirus 

Sense (Tobamo1 - 25M): 5’ TGATHAARMGDAAYWTBAAYDCDCC 3’ 

Antissense (Tobamo2 - 25M): 5’ TTBGCYTCRAARTTCCA 3’ 

Target: Viral polymerase  

(Gibbs et al. 

1998) 

Hippeastrum 

mosaic virus 

(HiMV) 

Sense (HiMV-R - 10M) 

Antisense (HiMV-F - 10M) 

Target: Protein coat 

Rivas et al., 

2012 

(not published) 

 

Statistical analysis. The experimental design was completely randomized for all experiments. The data were 

submitted to analysis of variance (ANOVA) using the statistical software R 3.2.5, a package of experimental 

analysis ExpDes.pt (Ferreira et al. 2013). According to the ANOVA results, the data were compared using the 

Tukey test (p<0.05) or modeled in polynomial regressions (p<0.05). All experiments were repeated completely at 

least three times. 

 

 

Results 

Thermotherapy: growth analysis. The plants from thermotherapy-treated bulbs showed a greater number of 

leaves until the third week of cultivation when the control plants reached similar values; the control plants 

presented a higher number of leaves than those treated from the sixth week (Fig. 1a). After the sixth week of 

cultivation, the flower stalk had higher growth in the control plants and a stagnation of this response in the plants 

coming from thermotherapy-treated bulbs (Fig. 1b). Leaf length and width were lower in the control plants; 

however, lower growth rates were observed in those derived from thermotherapy-treated bulbs, resulting in both 

treatments presenting similar values for these responses after ten weeks of cultivation (Fig. 1c-d). 

Both bulb and blooming survival percentages were lower (47% and 78%, respectively) in plants from 

thermotherapy-treated bulbs (Fig. 2). 

Bulbs lose 13% fresh matter and 28% dry matter when passing through the thermotherapy process (Fig. 

3a-b). In addition, subsequent growth was affected, so that the fresh root, bulb and leaf matter decreased by 35, 17 

and 38%, respectively, while the dry matter of the same parts decreased by 48, 31 and 33%, respectively (Fig. 3a-

c). 

 

Gas exchange measurements/Quantification of photosynthetic pigments, TSS, RS, and starch. In relation to 

gas exchanges, only photosynthesis differed significantly between the control and thermotherapy-treated plants: 

photosynthesis was 19.22% lower in those thermotherapy-treated (Fig. 4). Thermotherapy-treated plants had a 

reduction in the levels of chlorophyll a and b and carotenoids of 49.88; 52.97 and 70.19% in relation to the control, 

respectively (Fig. 5). Thermotherapy-treated plants had a lower TSS content in root and bulb, 65.23 and 61.55%, 

respectively (Fig. 6a). While the content of RS was lower in thermotherapy-treated roots and in the control bulb, 

54.25 and 79.37%, respectively (Fig. 6b). The starch content was lower only in the root (47.65%) of 

thermotherapy-treated plants (Fig. 6c). However, the content of TSS, RS, and starch was at the same level in the 

leaves of both treatments (Fig. 6a-c). 
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Activity of invertase isoforms. The activity of the cytosolic neutral invertase was higher in the root and in the 

bulb of thermotherapy-treated plants (Fig. 7a), whereas the activity of the vacuole acid invertase was higher only 

in the roots of these plants (Figure 7b). 

  

Cryopreservation protocols. During the toxicity test of the vitrification solutions, a high survival rate was 

observed with the use of the PVS3 cryoprotectant in comparison to PVS2, since it caused an increase of 40% in 

the regrowth percentage after 240 minutes of exposure (Fig. 8a). Similarly, PVS3 proved to be more efficient as a 

cryoprotectant, yielding more than 60% bud regrowth, whereas PVS2 yielded a maximum of 30% regrowth (Fig. 

8b). 

The buds used as the explant source in cryopreservation protocols were extracted between 10 and 14 days 

of cultivation of the explants in the multiplication medium, with a size between 0.2 and 0.5 cm when transferred 

to the preculture medium (Fig. 9a and b). The buds within the capsules maintained a green coloration at their 

apexes after cryopreservation or acquired this coloration during the first days of cultivation, when viable (Fig. 9c). 

The surviving cryopreserved buds were fully recovered and suitable for acclimatization after 60 days in the 

multiplication medium (Fig. 8d). 

 

Feasibility of viral cleaning techniques. The cryotherapy technique by means of encapsulation-vitrification 

yielded survival percentage 33% lower than the control, but a similar regrowth. Nevertheless, survival and 

regrowth were much higher than those of the thermotherapy and those of thermotherapy followed by cryotherapy 

(Table 2). 

 

Table 2. Comparison of the effects of buds culture, cryotherapy, thermotherapy, and thermotherapy + cryotherapy 

on survival and regrowth 

Methods Survival (%) Regrowth (%) 

Buds culture (control) 100a 95a 

Encapsulation-vitrification (cryotherapy) 67b 90a 

Thermotherapy 32c 78b 

Thermotherapy + cryotherapy 27d 70c 

Values followed by the same letter in the column did not differ according to the Tukey test (p <0.05) 

 

Genetic stability. The explants recovered after undergoing thermotherapy or cryotherapy treatments or their 

combination showed stability in the DNA content, relative to the control (Fig. 10), as determined by flow 

cytometry. Nuclear DNA contents for control and other treatments ranged from 55.27-55.87 pg (Table S1). 

 

Detection of cytological alterations and viral inclusions. Cytological changes were clearly detected between an 

asymptomatic infected leaf (Fig. 11a, b) and a leaf showing symptoms of viral infection (Fig. 11c, d). Directly on 

the leaf, it is possible to observe chlorotic depigmentation throughout the leaf blade characteristic of HiMV mosaic, 

indicating its interference with chlorophyll synthesis (Fig. 11c). Internally, densely stained structures are observed 

on the symptomatic leaf, indicating small necrotic areas of intense red color absent in the asymptomatic leaf (Fig. 

11b, d). 

In the young leaf of the infected and untreated bulb (Fig. 12a), no viral inclusions were observed (Fig. 

12a-d). On the other hand, in the bud leaf after in vitro regrowth (Fig. 12e), it was possible to detect the presence 

of fibrillary viral inclusions around the nucleus, mainly observable in stomatal cells (Fig. 12f-i). Similarly, the 

recovered bud leaf that underwent the cryotherapy process at growth stages 2 and 3 (Fig. 12i, m; Fig. S1d, e) had 

opaque inclusion bodies within the nucleus (Fig. 12n, o), in addition to fibrillary inclusions also in stomatal cells 

(Fig. 12l, p), indicating that the virus was not eliminated during cryotherapy. 

At growth stage 1 (Fig. S1), it was not possible to make paradermal sections. Likewise, due to the use of 

the thermotherapy material and the combination of thermotherapy with cryotherapy for the physiological and virus 

detection analyses, it was not possible to have material in conditions for performing the histological preparations. 

 

Viral diagnosis. More specifically, considering all controls, the viruses HiMV, CMV and Carlavirus (probably 

Nerine latent virus) were detected in the bulb scale, as well as in the fully expanded leaf; the latter was not detected 

in bulbs recovered in vitro (Table 3). It was also found that the viruses Tospovirus and Tobamovirus were absent 

in the samples. It is important to note that in the young bulb leaf and cryo-treated buds at growth stage 1 (Fig. S1), 

it was not possible to detect any of the viruses by RT-PCR, thus suggesting a very low viral load level in these 

materials.  

However, in cryo-treated bulbs from growth stage 2, in heat-treated bulbs, and in those that underwent 

thermotherapy followed by cryotherapy, HiMV and Potyvirus were detected. CMV was detected even after 

cryotherapy at growth stages 2 and 3, while Carlavirus was detected after cryotherapy, and the combination of 
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thermotherapy and cryotherapy, indicating that the thermotherapy reduces viral load but does not eliminate the 

virus (Table 3). 

 

Table 3. Results of RT-PCRs from RNA extracted from Hippeastrum submitted to the different treatments 

Treatment HiMV CMV Carlavirus Potyvirus Tospovirus Tobamovirus 

Control 

(completelly expanded leaf) 
+ + + + − − 

Scale + − − + − − 

Young leaf − − − n/e − − 

In vitro multiplication + + − n/e − − 

Thermotherapy + − − + − − 

Cryotherapy 

(growth stage 1) 
− − − n/e − − 

Cryotherapy 

(growth stage 2) 
+ + − n/e − − 

Cryotherapy 

(growth stage 3) 
+ + − n/e − − 

Cryotherapy (all stages) + − + + − − 

Thermotherapy + Cryotherapy + − + + − − 

−: negative result for virus analyzed; +: positive result for virus analyzed; n/e: not evaluated; CMV: Cucumber 

mosaic virus; HiMV: Hippeastrum mosaic virus; Carlavirus (Nerine latent virus); Potyvirus (Sunflower mosaic 

virus and Hippeastrum mosaic virus); Tospovirus (Tomato spotted wilt tospovirus, Impatiens necrotic spot 

tospovirus, and Hippeastrum chlorotic ringspot virus); Tobamovirus (Tobacco mosaic virus) 

 

Discussion 

The international trade in plants and seeds for planting and consumption and the regional and international 

exchange of plants for in vitro multiplication or genetic breeding presuppose that these plant materials are free 

from diseases, especially those of viral origin since there is no chemical control that can currently be applied in 

the crop for control. Thus, the strategy for virus control or avoiding the introduction of viruses into a crop is the 

use of virus-free plant material (Panattoni et al. 2013). 

In vitro techniques associated with thermotherapy, chemotherapy and cryotherapy have yielded worthy 

results in obtaining plants of economic interest and free of viruses (Wang et al. 2018b). However, thermotherapy, 

which is the most applied technique for the treatment of virus-infected amaryllis bulbs (Amaral et al. 2007) can 

dramatically affect bulb vigor during growth recovery, as evidenced in this study.  

Thermotherapy causes disruption of hydrogen and disulfide bonds of the protein coat, followed by 

phosphodiester bonds of nucleic acids and, consequently, deterioration of viral infectivity, which may include 

selective inhibition of viral replicase, changes in pH and cellular ionic strength, increase in lytic enzymes, 

competition between viral and messenger RNA by the ribosome binding site (Panattoni et al. 2013). However, it 

was observed in this study that thermotherapy has negative effects on the growth and development of hippeastrum 

cv. ‘Apple Blossom’. The lower number of leaves, flowering, and length of the floral stalk were observed, as well 

as reduced survival and biomass of treated bulbs. 

The negative physiological performance of the bulbs undergoing the heat treatment can be explained by 

their lower photosynthetic rate due to the reduction in the concentrations of chlorophyll a and b and carotenoids. 

As a consequence, there is less availability of carbohydrates to support plant growth and development. 

In terms of growth, it was noted that plants derived from thermotherapy-treated bulbs had a higher initial 

response than control plants. However, when the growth trend was observed over ten weeks, growth stabilization 

was clear, especially in relation to the number of leaves and the length of the flower stalk. The apparent better 

initial development of thermotherapy-treated plants may be an indication of a higher respiration and carbohydrate 

consumption triggered by the high temperature, which does not necessarily imply biomass accumulation (Brestic 

et al. 2016). 

With respect to these data, it is possible to infer that each species has an optimal temperature for its 

development, which reflects the most stable form of its proteins and when grown at suboptimal temperature, it 

shows a rapid development after being transferred to higher temperatures (Hatfield and Prueger 2015). Even so, 

the higher growth sustained at high temperatures does not, by itself, exceed the maximum growth characteristic of 

a species (Hatfield and Prueger 2015).  

Most significantly, the percentage of survival and flowering were lower in the plants derived from 

thermotherapy-treated bulbs, demonstrating that thermotherapy affected the capacity of the bulbs to complete their 

life cycle. In this aspect, literature data showed that the temperature of 32 ºC, considered high, was sufficient to 

reduce flowering, as well as other growth responses of the ornamental plants Antirrhinum majus, Calendula 

officinalis, Impatiens wallerana, Mimulus hybridus and Torenia fournieri (Warner and Erwin 2005). On the other 
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hand, it is also known that a hot-cold-hot temperature alternation is required for bulbous plants to complete their 

life cycle (Khodorova and Boitel-Conti 2013). Therefore, thermotherapy interrupts this alternation, contributing 

to lower plant growth and the appearance of physiological disorders during flowering. 

If on the one hand, thermotherapy may favor viral elimination; on the other hand, high temperatures can 

mean the creation and maintenance of an environment conducive to the development of phytopathogenic fungi for 

40 days (Sexton and Howlett 2006). Botrytis cinerea is an example of this type of fungus, which infects 

Hippeastrum and is responsible for major economic losses by causing host death (Elad et al. 2016). This data may 

explain, in part, the lower survival percentage of thermotherapy-treated plants, since the lethality of this treatment 

was associated to the development of necrosis associated with a fungal infestation (data not shown), although the 

fungus identity was not the target of this study. 

When analyzing the gas exchange responses, it was observed that only photosynthesis was significantly 

affected by thermotherapy. At the same time, the content of chlorophyll a and b and carotenoid pigments were 

lower. Thus, it is suggested that the negative effects of thermotherapy are partially overcome at the expense of 

carbon skeletons that would later be used in the biosynthesis of pigments, or even affecting the enzymatic capacity 

responsible for the biosynthesis of these pigments. In fact, studies point to the negative influence of the high 

temperature on the chlorophyll biosynthesis capacity, and the damage is in both biosynthesis and acceleration of 

degradation (MATHUR et al., 2014). 

Because of the lower pigment content and reduction in photosynthesis, thermotherapy-treated 

Hippeastrum plants presented lower TSS content in the root and bulb, as well as lower contents of RS and starch 

in the root. Bulbous species such as Hippeastrum accumulate the carbohydrates produced during photosynthesis 

in underground organs, resulting in an increase in bulb bulk and determining the ability to bloom (Khodorova and 

Boitel-Conti 2013). Therefore, the lower percentage of flowering in heat-treated plants was more a reflection of 

sugar depletion. 

However, more important than the carbohydrate reserve itself is its mobilization and transport to other 

organs, as it indicates the instant plant demand due to its physiological state (Khodorova and Boitel-Conti 2013). 

Thus, it was noticed that TSS, RS, and starch remained at the same levels in the control leaves and thermotherapy-

treated plants, while there was a clear contrast in the distribution of sugars in the bulb and root. 

One of these contrasts was the lower content of RS in the control bulb which, together with the higher 

content of TSS in the same organ, allows to infer that the sucrose content is also high in the bulb. Thus, it is 

possible to say that the control plants were in the storage phase, since the amount of sucrose was always higher 

than that of RS during this phase, as observed in more than 30 other geophytes (Ranwala and Miller 2008a). In 

addition, the activity levels of sucrose cleavage enzymes also remained low (Fig. 7), as also observed in tulip 

(Tulipa gesneriana) plants (Balk and de Boer 1999). 

Differently from the control, thermotherapy-treated plants did not enter the storage stage at 30 days of 

cultivation, since they have a higher content of RS and possibly less sucrose, besides sustaining greater activities 

of invertases. In this context, it is known that correctly stored bulbs at low temperatures result in plants with high 

expression of invertase genes and high activity of these enzymes in growing stems, which optimizes the hexoses 

metabolism (Lambrechts and Kollöffel 1993; Balk and de Boer 1999; Ranwala and Miller 2008b). 

Sucrose cleavage enzymes, such as invertase and sucrose synthase (SuSy), are activated in response to 

the demand for carbohydrates and energy (Zhang et al. 2016; Wan et al. 2018). It is believed that, in the deprivation 

of treatment with low temperature, the demand for carbohydrates in the shoots does not occur and, consequently, 

there is no activation of invertases and SuSy (Lambrechts et al. 1994; Ranwala and Miller 2008b). Nevertheless, 

sucrose cleavage enzymes play an important role in development control (Koch 2004; Gao et al. 2018), being the 

low activity of these enzymes in the stalks of bulbs stored at high temperatures (Lambrechts and Kollöffel 1993) 

a possible factor of delay of leaf development and subsequent carbohydrate storage (Khodorova and Boitel-Conti 

2013). 

The knowledge about the physiological effects of thermotherapy on Hippeastrum bulbs was important, 

as it revealed the potential of this treatment to affect subsequent growth and development of recovered plants. 

Moreover, it allows differentiating the physiological consequences of a combined treatment of thermotherapy and 

cryotherapy.  

However, prior to initiating the cryotherapy experiments, it was necessary to establish a cryopreservation 

protocol with cryoprotection and vitrification appropriate to Hippeastrum to reduce harmful tissue damage, since 

intracellular water content is a critical factor for the efficiency of the protocol related to this technique (WANG et 

al., 2018). 

Cryotherapy provided the survival and recovery of amaryllis bulbs by means of the use of the 

encapsulation-vitrification technique. The use of the cryoprotectant PVS3 led to more satisfactory results when 

compared to the PVS2 cryoprotectant. The main difference may be the composition of the PVS3 solution (50% 

glycerol and 50% sucrose), considered highly concentrated, allowing slow and uniform dehydration of bulbs that 

present high percentage of water in their vacuoles (Volk and Caspersen 2017).  
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In turn, the PVS2 cryoprotectant (30% sucrose, 15% ethylene glycol, 30% glycerol and 15% DMSO) also 

provides excellent protection against the damaging effects caused by freezing; however, DMSO is moderately 

toxic to plant cells, depending on the treatment temperature, duration of use and concentration (Fahy and Wowk 

2015). This happens because after thawing, excess DMSO may result in inhibition of mitochondrial respiration 

and increase in cytosolic calcium (Galvao et al. 2014), which would explain the lower bulb survival.  

 Another important factor is the explant size. The explants used in this study can be considered relatively 

large, varying from 0.2 to 0.5 cm (Fig. 9a). Based on the high sized explants, sensitivity to biochemical toxicity 

and high osmolality, the literature postulates that PVS3 is the most indicated cryoprotectant (Kim et al. 2009).  

When comparing the four groups of treatments, it was observed that the application of thermotherapy or 

cryotherapy, aiming at viral cleaning, reduced the percentage of survival and recovery, and the two techniques 

used had an additive effect when combined (Table 2). The much lower survival rate after thermotherapy was 

largely due to the high level of in vitro contamination. As previously mentioned, not only did the increase in the 

storage temperature of the bulbs affect their growth and development (Fig. 3) but also favored the appearance of 

pathogenic fungi, reducing the viability and health of the plant material during in vitro establishment. 

From a practical point of view, it is essential that any viral elimination method is both capable of 

eliminating the samples viral load and of allowing the normal development of the material undergoing the 

treatment (Milosevic et al. 2012; Panattoni et al. 2013). Thus, cryotherapy showed a more productive character, 

allowing more than double survival, compared to thermotherapy. 

However, viral cleaning techniques and the tissue culture itself present the risk of inducing genetic 

variation, which should be taken into account (Bota et al. 2014; Wang et al. 2018a). To date, there is no record in 

the literature on the genetic stability of Hippeastrum sp. submitted to thermotherapy, cryotherapy, or in vitro 

culture. Thus, this is the first study regarding the somaclonal variation of both cryopreservation and the application 

of thermotherapy and cryotherapy.  

In this context, the use of large explants (> 1 cm) and the use of PVS3 instead of PVS2 in the experiments 

minimized the induction of phenotypic and genetic variations by the treatments (Akdemir et al. 2013; Bota et al. 

2014). Thus, genetic stability in H. hybridum was observed after the treatments (Fig. 10).  

Cynara scolymus plants thermotherapy-treated and recovered by buds culture also did not demonstrate 

genetic alterations determined by simple sequence repeat (SSR) (Acquadro et al. 2010). However, in the same 

study, polymorphic bands were detected by amplified fragment length polymorphism (AFLP) markers, indicating 

that thermotherapy may induce genetic variations (Wang et al. 2018a). Likewise, Vitis vinifera somaclones 

recovered in vitro were genetically different from the original cultivars (Popescu et al. 2002). 

In turn, bud cryotherapy did not involve genetic instability of Platycladus orientalis (Ahn and Choi 2017), 

Asparagus officinalis (Carmona-Martin et al. 2018), Arachis glabrata (Dolce et al. 2018), Allium sativum (Liu et 

al. 2017), and Phoenix dactylifera (Alansi et al. 2017). But it induced modifications influenced by the cultivar 

genotype of Mentha x piperita and Chrysanthemum x morifolium (Martin et al. 2014), in addition to small 

modifications in the genome of Hedeoma todsenii (Pence et al. 2017), and Pistacia vera due to the toxic effect of 

PVS2 (Akdemir et al. 2013). 

Because a virus-infected plant does not always manifest symptoms clearly, it is important to use 

histological techniques that may aid in viral diagnosis. Thus, it was shown in the study that the internal structure 

of the fully expanded leaf infected and without the manifestation of symptoms differed from the leaf that clearly 

manifests the symptoms (Fig. 11).  

In this aspect, the coloration with acetic carmine was not sufficient to indicate the presence of the infection 

in an asymptomatic leaf. Originally, this dye is applied for nucleic acid staining, due to its general specificity for 

all weakly acidic cellular components (Chu 1946; Rattenbury 1952).   

Even with the aid of specific dyes for viral inclusions, it was not possible to detect them in young leaves 

(Fig. 12a-e); on the other hand, it was possible to detect the viral inclusion bodies in recovered bulb leaf in vitro 

(Fig. 12e-h). Since bulb culture is a technique that even alone has the potential to eliminate viral infection, as 

demonstrated in another bulbous plant, A. sativum (Murkute and Gawande 2018), this result may indicate that the 

bud size of Hippeastrum sp. (Fig. 10a) was too large and carried with it some infected cells. 

Likewise, the leaf of a bud recovered after cryopreservation at growth stage 2 and 3 also showed viral 

inclusions (Fig. 12i-p). These findings demonstrate that cryotherapy was ineffective at eliminating all remaining 

infected cells in the treated buds. The cryotherapy technique was also not successful in eliminating the viroids of 

C. morifolium, believing the authors to be due to the initial high concentration of the pathogen and to the plant 

genotype (Jeon et al. 2016). On the other hand, in Vitis sp. the failure was attributed to bud size and plant 

development stage (Wang et al. 2016). As the initial concentration of viroids is directly proportional to the size of 

the explant, in Hippeastrum sp. it is likely that the size was so large that cryotherapy was also unable to eliminate 

all remaining cells with the virus. 

The viral diagnosis by RT-PCR confirmed the infection of the bulbs used by HiMV, CMV, Carlavirus, 

and Potyvirus (Table 3), which are the most common in Hippeastrum plants with mosaic symptoms (De Leeuw 
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1972). On the other hand, the results showed the absence of Tospovirus and Tobamovirus, whose genera have viral 

species that infect H. hybridum (De Leeuw 1972; Xu et al. 2014). 

Although the viruses were confirmed, their detections were dependent on the plant organ and development 

stage of plant material. For example, only in fully expanded leaf were detected HiMV, CMV, Carlavirus, and 

Potyvirus at the same time, and in the young leaf, none of them were detectable. This observation suggests that 

viral concentration may vary as tissue grows and develops, with viral concentration being lower in younger tissues. 

Therefore, it is recommended to carry out detection tests after a certain culture time to minimize false-negative 

tests. 

The viral concentration in the sap determines the plant growth limitations in the midst of a viral population 

translocating within the host and therefore the effective size of the infection and the rate at which the viroids 

multiply in each plant tissue (Gutiérrez et al. 2012). As the new tissues are vascularized (Mazur and Friml 2017), 

the viral load in them tends to be much lower. 

Similarly, in bulbs that underwent cryotherapy and at growth stage 1 the viral infection was also not 

detectable, possibly due to its reduced development. Even so, at higher growth stages, the viruses were detected, 

reiterating the inefficacy of cryotherapy for viral cleaning in H. hybridum. The same was true for thermotherapy 

and the combination of thermotherapy followed by cryotherapy, with exception to CMV, which may have been 

eliminated by double treatment. However, the low bud survival rate after thermotherapy followed by cryotherapy 

makes the procedure not recommended. 

CMV is a cosmopolitan virus that affects many horticultural, fruit and ornamental crops, and the 

development of resistance to CMV is a valuable contribution to the containment of this and other pathogens (Zitter 

and Murphy 2009). This virus, transmitted by aphids, can infect more than 1200 plant species and the losses vary 

according to the intensity of the infection (Hooks and Fereres 2006). Despite the recurrence, CMV is not so 

highlighted by the productivity losses since it can remain asymptomatic in Hippeastrum sp. (Zitter and Murphy 

2009). 

Irrespective of the treatments applied for viral elimination were successful, the presented results point to 

possible strategies that could be used in order to eliminate the main viruses in H. hybridum. However, the 

percentage of viral elimination, the time required for the execution of the treatments and the costs should be taken 

into account when evaluating the viability of the procedure, in relation to the renovation of the nursery with absent 

virus matrices. 

This study demonstrated that thermotherapy, despite being a technique applied for viral elimination in 

Hippeastrum hybridum cv. ‘Apple Blossom’, affected the physiology of the species, delaying the growth and 

subsequent bulb development. These physiological consequences were in part due to the reduction in the 

concentration of photosynthetic pigments and, consequently, of photosynthesis. In addition, an efficient and 

reproducible cryopreservation protocol was developed by the means of encapsulation-vitrification and use of 

PVS3. This protocol, when applied to cryotherapy, ensured genetic stability, as well as thermotherapy and the 

combination of both. However, both thermotherapy and cryotherapy, or their combination, have not been effective 

in eliminating the viruses that infect hippeastrum. 

Particularly noteworthy is the evidence that samples analyzed in young tissues did not allow virus 

detection by a technique as sensitive as RT-PCR. This reinforces the need for care regarding the completion of 

viral elimination results reported for other species by thermotherapy or cryotherapy, where non-attention to this 

detail may have produced false-negative tests. In any case, subsequent studies should also be encouraged to access 

genetic stability and observe the field performance of virus-free plants obtained by heat-based methods. These 

studies would accelerate the transposition of virus-free plants into agricultural production on a large scale, 

improving crop productivity and quality. 
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Figures 

 

 

 
Fig. 1 Bulb growth responses subjected to thermotherapy for 10 weeks in a greenhouse; leaf number (a); floral 

stalk length (b); leaf length (c) and leaf width (d); bars indicate the standard error; *significant difference according 

to the Tukey test (p<0.05) 

 

 
Fig. 2 Survival and flowering of control and thermotherapy treated plants after 30 days in a greenhouse; bars 

indicate the standard error; *significant difference according to the Tukey test (p<0.05) 
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Fig. 3. Biomass allocation among the control and thermotherapy treated plants parts after 10 weeks in a 

greenhouse; fresh weight (a); dry weight (b); samples of the control and thermotherapy treated plants (c); bars 

indicate the standard error; scale bar = 30 cm; *significant difference according to the Tukey test (p<0.05) 

 

 
Fig. 4. Photosynthesis (A) of control and thermotherapy treated plants measured after 30 days in a greenhouse; 

bars indicate the standard error; *significant difference according to the Tukey test (p<0.05) 
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Fig. 5. Concentration of chlorophyll a, b and carotenoids in control and thermotherapy treated plants after 10 

weeks; bars indicate the standard error; *significant difference according to the Tukey test (p<0.05) 
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Fig. 6. Carbohydrates concentrations in control and thermotherapy treated plants after 30 days in a greenhouse; 

TSS: total soluble sugars (a); RS: reducing sugars (b); starch (c); bars indicate the standard error; *significant 

difference according to the Tukey test (p<0.05) 
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Fig. 7. Invertase isoforms activity after 10 weeks of cultivation; neutral cytosolic (a) and acid vacuolar (b); bars 

indicate the standard error; *significant difference according to the Tukey test (p<0.05) 
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Fig. 8. Survival percentage prior to liquid nitrogen immersion (a) and encapsulated shoot regrowth percentage 

exposed to different time in PVS2 and PVS3 solutions (0, 30, 60, 120, 180 e 240 minutes) after immersion in 

liquid nitrogen (b) at 30 days of in vitro culture; parameters estimated with p<0.05 
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Fig. 9. Hippeastrum shoots isolated from multiplication explants (a); shoots in pre-culture medium (b); 

hippeastrum beads after cryopreservation (c); shoots regeneration stages of hippeastrum beads after 1, 2, 3, 4, e 8 

weeks (d); scale bar = 0.5 cm 

 

 
Fig. 10. DNA content profiles as determined by flow cytometry in the control and after treatments 
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Fig. 11. Asymptomatic infected leaf (a) and respective paradermal section without apparent cytological alterations 

(b); symptomatic chlorotic mosaic leaf (c), and respective paradermal section showing apparent cytological 

alterations (d); acetic carmine staining; scale bars = 1 cm (a, c), 100 µm (b, d) 
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Fig. 12 Adaxial and abaxial surface of bulb young leaf in the beginning of regrowth (a); paradermal sections 

showing integral nucleus and absence of viral inclusions (b, c, d); adaxial and abaxial surface of in vitro 

regenerated shoot leaf (e); paradermal sections showing fibrillary inclusion in stomatal cell (f, g, h); adaxial and 

abaxial surface of in vitro regenerated shoot leaf after cryotherapy in growth stage 2 (i); paradermal sections 

showing nucleolus inside nucleus (j, k); paradermal sections showing fibrillary inclusion in stomatal cell  

cytoplasm (l); adaxial and abaxial surface of in vitro regenerated shoot leaf after cryotherapy in growth stage 3 

(m); paradermal sections showing opaque bodies inside nucleus (n, o) and fibrillary inclusion (o, p); N: nucleus; 

n: nucleolus; Ob: opaque bodies; Fi: fibrillary inclusion. Paradermal inclusions were stained with Azure A (b, f, j, 

n), LCA (c, g, k, o), and Floxin (d, h, l, p); scale bars: white = 1 cm e black = 25µm 
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Annexes 

 

Table S1. DNA content estimated by flow cytometry for hippeastrum (Hippeastrum hybridum) cv. ‘Apple 

Blossom’ under different treatments 

Treatment DNA (pg) SD 

Control 55.27 a 1.99 

Thermotherapy 55.44 a 1.94 

Cryotherapy 55.87 a 1.58 

Thermotherapy + Cryotherapy 55.83 a 1.81 

*Mean followed by the same letter did not differ among each other, accordingly Tukey test at 5% 

 

 
Fig. S1. Control bulb indicating young leaf and scale (arrow) led to analysis (a); control plant indicating completely 

expanded leaf (b); cryopreserved shoot in growth stage 1 (c); cryopreserved shoot in growth stage 2 (d); 

cryopreserved shoot in growth stage 3 (e); samples of further treatments analyzed as indicated (f); scale bar = 1 

cm  
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Fig. S2. Electrophoretic analysis, in agarose gel 1.5%, of PCR products for Nad5mt detection (reaction inner 

control). Bulb young leaf (39); in vitro cultivated shoot (40); cryotherapy stage 1 (41); cryotherapy stage 2 (42); 

cryotherapy stage 3 (43); scale (75); thermotherapy (76); cryotherapy all stages (77); thermotherapy + cryotherapy 

(78); completely expanded leaf (79); negative control (Co-); positive control (Co+). Marker (M) - DNA Ladder 

100pb e 1 Kb (Norgen) 

 

 
Fig. S3. Electrophoretic analysis, in agarose gel 1.5%, of PCR products for Carlavirus (Nerine latent virus) 

detection. Bulb young leaf (39); in vitro cultivated shoot (40); cryotherapy stage 1 (41); cryotherapy stage 2 (42); 

cryotherapy stage 3 (43); scale (75); thermotherapy (76); cryotherapy all stages (77); thermotherapy + cryotherapy 

(78); completely expanded leaf (79); negative control (Co-); positive control (Co+). Marker (M) - DNA Ladder 

100pb e 1 Kb (Norgen) 

 

 
Fig. S4. Electrophoretic analysis, in agarose gel 1.5%, of PCR products for CMV (Cucumber mosaic virus) 

detection. Bulb young leaf (39); in vitro cultivated shoot (40); cryotherapy stage 1 (41); cryotherapy stage 2 (42); 

cryotherapy stage 3 (43); scale (75); thermotherapy (76); cryotherapy all stages (77); thermotherapy + cryotherapy 

(78); completely expanded leaf (79); positive control (Co+). Marker (M) - DNA Ladder 100pb e 1 Kb (Norgen) 
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Fig. S5. Electrophoretic analysis, in agarose gel 1.5%, of PCR products for HiMV (Hippeastrum mosaic virus) 

detection. Bulb young leaf (39); in vitro cultivated shoot (40); cryotherapy stage 1 (41); cryotherapy stage 2 (42); 

cryotherapy stage 3 (43); scale (75); thermotherapy (76); cryotherapy all stages (77); thermotherapy + cryotherapy 

(78); completely expanded leaf (79); positive control (Co+). Marker (M) - DNA Ladder 100pb e 1 Kb (Norgen) 

 

 
Fig. S6. Electrophoretic analysis, in agarose gel 1.5%, of PCR products for Tobamovirus (Tobacco mosaic virus) 

detection. Bulb young leaf (39); in vitro cultivated shoot (40); cryotherapy stage 1 (41); cryotherapy stage 2 (42); 

cryotherapy stage 3 (43); scale (75); thermotherapy (76); cryotherapy all stages (77); thermotherapy + cryotherapy 

(78); completely expanded leaf (79); negative control (Co-); positive control (Co+). Marker (M) - DNA Ladder 

100pb e 1 Kb (Norgen) 
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Fig. S7. Electrophoretic analysis, in agarose gel 1.5%, of PCR products for Tospovirus (Tomato spotted wilt virus, 

Impatiens necrotic spot virus and Hippeastrum chlorotic ringspot virus) detection. Bulb young leaf (39); in vitro 

cultivated shoot (40); cryotherapy stage 1 (41); cryotherapy stage 2 (42); cryotherapy stage 3 (43); positive control 

(Co+). Marker (M) - DNA Ladder 100pb e 1 Kb (Norgen) 

 

 
Fig. S8. Electrophoretic analysis, in agarose gel 1.5%, of PCR products for Potyvirus (Hippeastrum mosaic virus 

and Sunflower mosaic virus) detection. scale (75); thermotherapy (76); cryotherapy all stages (77); thermotherapy 

+ cryotherapy (78); completely expanded leaf (79); negative control (Co-); positive control (Co+). Marker (M) - 

DNA Ladder 100pb e 1 Kb (Norgen) 
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Fig. S9. Gas exchange responses of control and thermotherapy treated plants after 30 days in a greenhouse; gs: 

stomatal conductance and E: transpiration (a); A/E: instant water use efficiency (b); Ci/Ca: inner carbon by 

atmospheric carbon ratio (c); A/Ci(Pa): carboxylation instant efficiency (d); bars indicate the standard error 
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CONCLUSIONS 

 

In conclusion, this thesis highlighted the economic importance of the ornamental plants market. The 

ornamental plants business is responsible for employing thousands of people and generates, annually, a billionaire 

turnover all over the world. As a worth bulbous ornamental species, Hippeastrum hybridum needs a continuous 

improvement of its commercial production to achieve the growing demand. In particular, the ‘Apple blossom’ 

cultivar had poor in vitro multiplication rate due to the lack of standard and explant oxidation. Hence, a highly 

productive protocol for quick propagation was developed by the means of explant size standardization, ascorbic 

acid, activated charcoal, and red and blue LED lamp use. 

Besides, this work demonstrated that thermotherapy affected the hippeastrum bulbs physiology, causing 

severe negative effects on growth and development due to the photosynthetic pigments and photosynthesis 

reduction. Moreover, the encapsulation-vitrification with PVS3 showed to be the more efficient procedure for this 

species cryopreservation. This protocol, when applied to cryotherapy, ensured genetic stability, as well as 

thermotherapy and the combination of both. However, both thermotherapy and cryotherapy, or their combination, 

decreased viral contamination, but did not eliminated the viruses in hippeastrum. Nevertheless, the finding reported 

are crucial to support new studies that surely will result in hippeastrum virus-free plants. 


